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Some 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) 

\ / 

/ \ 

—C=c— 

Simple example 

CH;CH3 

H,C=CHg, 

H—C=C—H 

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 
Methylamine 

-nitrile 

Ethanenitrile 

(Acetonitrile) 

None 

Nitromethane 

sulfide 
Dimethyl] sulfide 

sulfoxide 

Dimethy] sulfoxide 
ee hee Sd ia ge a ee 

*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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Carboxylic acid —-C—C—Cl 
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Carboxylic acid —-C—C—O—C—C 
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Simple example 
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H,C—SH 

i 
H,C—C—H 
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Hc—C—cH, 

1 
H,C—C—OH 

Ho-C=6— cH, 

1 
H,C—C—NH, 

| 
Hc 0--01 

O O 
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H,;,C—C—O—C—CHg 

Name ending 

sulfone 
Dimethyl sulfone 

-thiol 

Methanethiol 

-al 
Ethanal 

(Acetaldehyde) 

-one 
Propanone 

(Acetone) 

-oic acid 

Ethanoic acid 

(Acetic acid) 

-oate 

Methy] ethanoate 
(Methyl acetate) 

-amide 
Ethanamide 

(Acetamide) 

-oyl chloride 
Ethanoy] chloride 

(Acetyl chloride) 

-oic anhydride 
Ethanoic anhydride 

(Acetic anhydride) 
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Preface 

In the first edition of this text, I stated that my goal was to write a lucid, 
readable, and effective teaching text, while providing an accurate and 
up-to-date view of organic chemistry. The reception that edition received 
from both students and faculty suggests that the goal was largely met. 

This second edition of Organic Chemistry builds on the strengths of the 
first. All the features that made the first edition a success have been 
improved, and many new ones have been added: 

= The writing, already clear and accessible to students, has been 
reworked to enhance understanding further. Particular attention has 
been paid to such traditionally difficult subjects as stereochemistry 
and nucleophilic substitutions. 

= Much of the artwork has been redrawn with the added use of color 
and with the addition of computer-generated structures to ensure 
accuracy. 

= The summaries and problem sets have been expanded. Also, many 
carefully worked-out sample problems have been added to the text. 

= Other features of this second edition include expanded treatments of 
acid/base chemistry, resonance, and isomerism, and more detail in 
the coverage of spectroscopy. 

Organization 

This book uses a dual functional-group/reaction-mechanisms organization. 
The primary organization is by functional group, beginning with the simple 
(alkenes) and progressing to the more complex. Within this primary organ- 
ization, however, heavy emphasis is placed on explaining the fundamental 
mechanistic similarities of reactions. This is particularly evident in the 
coverage of carbonyl-group chemistry (Chapters 19-23), where mechan- 
istically related reactions like the aldol and Claisen condensations are 
treated together. 

ili 
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Insofar as possible, topics have been arranged in a modular way. Thus, 

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 a flexibility to teach in an order 

different from that used in the book. 

The Lead-Off Reaction: Addition of HBr to Alkenes 

Many students attach great importance to the lead-off reaction in a text, 
because it is the first reaction they see and it is discussed in such detail. I 
have:chosen 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 also an important polar reaction on 
a common functional group. As such, I believe that this choice is a more 
useful 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 most important 
advances of the last decade. For example, °C NMR is introduced as a 
routine spectroscopic tool; the advantages of using lithium diisopropylamide 
as a base for carbonyl-group alkylations are discussed; selenoxide elimin- 
ation as a method of introducing double bonds is covered; the chemistry of 

DNA sequencing and synthesis is treated; 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 (Chemistry of Benzene), clearly explain the thought 
processes involved in working synthesis problems. The value of starting 
from what is known and logically working backward one step at a time is 
emphasized. Also important in this respect are’ several summaries included 
in the appendixes. A summary of functional-group reactions, another on 
functional-group preparations, and a third on reagents used in organic 

“ synthesis are enormously useful when working problems. 
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Pedagogy 

Every effort has been made to make this second 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 
illustrated 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 1400 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, a list of 

reagents used in organic chemistry, a list summarizing functional-group 

reactions, and a list summarizing functional-group preparations. 

nnn 

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 the answers 

are obtained. In addition, the following supplemental materials are in- 

cluded: a list of study goals and additional problems for each chapter, a list 

of suggested readings, a table of acidities, a table of band-dissociation 

energies, a list of important organic compounds used in industry, and tables 

of spectroscopic information. 
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A Note for Students 

We have similar goals: Yours is to learn organic chemistry, and mine is to 
do everything possible to help you learn. It’s going to require some work on 
your part, but the following hints should prove helpful: 

Don’t read the text immediately. As you begin each new chapter, look it 
over first. Read the introductory paragraphs, find out what topics will 
be covered, and then turn to the end of the chapter and read the 
summary. 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 accompany- 
ing 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 
outline and list of study goals for each chapter, tables of supplementary 
material, and additional unsolved problems. 

Use the appendixes. The back of this book contains a wealth of sup- 
plementary material, including a large glossary of terms, an explana- 

tion 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 you’re 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 

visualize 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 edition 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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CHAPTER1 

Structure and Bonding 

\ \ hat is organic chemistry? The answer is all around. The proteins that make 
up our hair, skin, and muscles; the nucleic acids, RNA and DNA, that control 

our genetic heritage; the foods we eat; the clothes we wear; and the medicines 

we take—all are organic chemicals. 
The foundations of organic chemistry were built in the mid-eighteenth 

century as chemistry was evolving from an alchemist’s art into a modern 
science. At that time, unexplainable differences were noted between sub- 
stances derived from living sources and those derived from minerals. Com- 
pounds from plants and animals were often difficult to isolate and purify. 
Even when pure, these compounds were difficult to work with and were more 

sensitive to decomposition than compounds from mineral sources. In 1770, 

the Swedish chemist Torbern Bergman first expressed this difference 

between “organic” and “inorganic” substances, and the phrase 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 and undefinable “vital force” as a result of 

their coming from living sources. One consequence of the presence of this 

vital force, chemists believed, was that organic compounds could not 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 

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 

1Michel Eugéne Chevreul (1786-1889), b. Angers, France; Paris, Muséum d’Histoire Natu- 

relle, professor of physics, Lycée Charlemagne (1813); professor of chemistry (1830). 
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2 CHAPTER 1 STRUCTURE AND BONDING 

the first time, one organic substance (fat) had been converted into others 
(fatty acids plus glycerin) without the intervention of an outside vital force.” 

NaOH 
Animal fat rey Soap + Glycerin 

2 

Soap a “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. 

| 
NH; -OCN —<"5 H.N—C—NH, 

. ' 

Ammonium cyanate Urea 

By the mid-nineteenth century, the weight of evidence was clearly 
against the vitalistic theory. In 1848, William Brande* wrote in a paper 
that: “No definite line can be drawn between organic and inorganic chem- 
istry ... any distinctions ... must for the present be merely considered as 
matters of practical convenience calculated to further the progress of stu- 
dents.” Chemistry today is unified; the same basic scientific principles that 
explain the simplest inorganic compounds also explain the most complex 
organic molecules. The only distinguishing characteristic of organic chem- 
icals is that all contain the element carbon. Nevertheless, the division 
between organic and inorganic chemistry, which began for historical rea- 
sons, maintains its “practical convenience ... to further the progress of 
students.” 

Organic chemistry, then, is the study of carbon compounds. Carbon, 
which has atomic number 6, is a second-period element whose position in 
an abbreviated periodic table is shown in Table 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. 

Table 1.1 An abbreviated periodic table 

7In the equations that follow, a single arrow is used to indicate an actual reaction. Later in 
this book you will also see forward and backward arrows, =, indicating equilibrium, and a 
double arrow, >, indicating a multistep transformation whose individual steps aren’t specified. 

3Friedrich Wéhler (1800-1882); b. Escherheim; studied at Heidelberg (Gmelin); professor Géttingen (1836-1882). 
“William Thomas Brande (1788-1866); b. London; lecturer in chemistry, London (1808); Royal Institution (1813-1854). ; 
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Why is carbon special? What is it that sets carbon apart from all other 
elements in the periodic table? The answers to these questions are complex 
but have to do with 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, containing one carbon, to DNA, which can contain 
hundreds of billions. Nor are all carbon compounds derived from living 
organisms. Chemists in the past 100 years have become extraordinarily 
sophisticated in their ability to synthesize new organic compounds in the 
laboratory. Medicines, dyes, polymers, plastics, food additives, pesticides, 
and a host of other substances—all are prepared 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 Nature of Atoms: Quantum Mechanics 

Throughout the nineteenth century, and into the twentieth, scientists sought 
to understand the nature of the atom and the nature of the forces holding 
atoms together in molecules. A major breakthrough occurred in 1926 when 
the theory of quantum mechanics was proposed independently by Paul 
Dirac, Werner Heisenberg, and Erwin Schrédinger.® All three formulations 
are mathematical expressions that describe the electronic structure of 
atoms, but Schrédinger’s is the one most commonly used by chemists. 

The Schrédinger equation offers a detailed description of the electronic 
structure of atoms. It says that the motion of an electron around the nucleus 
can be described mathematically by what’s 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 function. If we could 

determine the wave function for every electron in an atom, we would have 

a complete electronic description of that atom. In practice, wave equations 

are mathematically so complex that only approximate solutions can be 

obtained, even with the fastest computers now available. These approximate 

solutions agree so well with experimental facts, however, that quantum 

mechanics is a universally accepted theory for understanding atomic 

structure. 

1.2 The Nature of Atoms: Atomic Orbitals 

How can we interpret quantum mechanical wave functions in terms of phys- 

ical 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. 

5Erwin Schrodinger (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, University of Zurich, Berlin, Graz, Dublin; Nobel prize in physics (1933). 
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The volume of space around a nucleus in which an electron is most 
likely to be found is called an orbital. It’s often 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 indi- 
cating where the electron has recently been. This electron cloud doesn’t 
have a discrete boundary, but for practical purposes we can set the limits 
of an orbital by saying that it 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. Electrons can be thought of as belonging 
to different layers, or shells, around the nucleus, where each shell contains 

different numbers and kinds of orbitals. For example, the first shell (the one 
nearest the nucleus) has only one orbital, called a 1s orbital. The second 
shell has four orbitals, one 2s and three 2p; the third shell has nine orbitals, 
one 3s, three 3p, five 3d; and so on. Relative energy levels of the different 
kinds of atomic orbitals are shown in Figure 1.1. 

Je btdemcilaa ny 4 ee i 

5s =_— 
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Figure 1.1 Relative energy levels of atomic orbitals 

The lowest-energy electrons occupy the 1s orbital. The s atomic orbitals 
are spherical and have the nucleus of the atom at their center, as shown in 
Figure 1.2. Next in energy after the 1s electrons are the 2s electrons. Because 
they are 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. 

The 2p electrons are next higher in energy. As Figure 1.3 indicates, 
there are three 2p orbitals, each of which is roughly dumbbell shaped. The 
three 2p orbitals are equal in energy and are oriented in space such that 
each is perpendicular to the other two. They are denoted 2px, 2p,, 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. This nodal plane 
has certain consequences with respect to chemical bonding that will be taken 
up in Chapter 30. 
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y-axis 

Nucleus of atom 258308 
, 

x-axis 

Spherical volume around nucleus 
where an s electron resides 

Figure 1.2 The spherical shape of an s atomic orbital 

A 2p, orbital A 2py orbital A 2pz orbital 

2py orbital 

Nodal plane 2pz orbital 

2px orbital 

A 2p orbital and its nodal plane Three mutually perpendicular 2p orbitals 

Figure 1.3 Shapes of the 2p orbitals: Each of the three dumbbell-shaped orbitals has a nodal 

plane passing between its two lobes. 
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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, one of which is shown in Figure 1.4. The d orbitals don’t 
play as important a role in organic chemistry as the s and p orbitals do, 
and we won’t be concerned with them. Note, however, that the 3d orbital 
shown has four lobes and two nodal planes. 

Figure 1.4 A 3d orbital 

1.3 The Nature of Atoms: Electronic Configurations 

The lowest-energy arrangement, or ground-state electronic configura- 
tion, of an atom is a description of what orbitals the atom’s electrons occupy. 
This arrangement can be found by using our knowledge of atomic orbitals 
and their energy levels. Available electrons are assigned to the proper orbit- 
als by following three rules: 

1. Always 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 
electron in each 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 
lowest-energy orbital. This gives hydrogen a 1s, ground-state configuration. 

& ®For the purposes of quantum mechanics, electrons can be considered to spin around an axis 
in much the same way that the earth spins. This spin can have two equal and opposite ori- 
entations, denoted as up, { , and down, | 
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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 

number Configuration 

2s 

Lithium 3 1s 

Atomic 

number Element Configuration Element 

te Hydrogen 1 Is 

2 & 2p 
2s 

Carbon 6 1s 

3s 

2p 
2s 

Sodium 11 ls keer ##P 
eeeee deg <-> 

e £ = = 

PROBLEM... cece cccccc ccc cece cece seer recesses esse seer ers essssesssesesnesesseesesssssesrssssesecs 

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

PROBLEM ccc ccc ccs ccc ccc ccc cc crn cere cee cere s sees sees esse esses eesseresesesesssessesererereseseses 

1.2 How many electrons does each of these elements have in its outermost electron shell? 

(a) Potassium (b) Aluminum (c) Krypton 

1.4 Development of Chemical Bonding Theory 

By the mid-nineteenth century, with the vitalistic theory of organic chem- 

istry dead and with the distinction between organic and inorganic chemistry 

nearly gone, chemists began to probe the forces holding molecules together. 

In 1858, August Kekulé® and Archibald Couper? independently proposed 

that, in all organic compounds, carbon always has four “affinity units.” That 

is, carbon is tetravalent; it always forms four bonds when it joins other 

elements to form compounds. Furthermore, said Kekulé, carbon atoms can 

bond to each other to form extended chains of atoms linked together. 

7A 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. 

8Friedrich 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). 

9Archibald 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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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 understanding bonding 
in organic molecules was the contribution made independently by Jacobus 
van’t Hoff!? and Joseph Le Bel.!° Although Kekulé had satisfactorily 
described the tetravalent nature of carbon, chemistry was viewed in an 
essentially two-dimensional way until 1874. In that year, van’t Hoff and Le 
Bel added a third dimension to our conception of molecules by proposing 
that the four bonds of carbon have specific spatial direction. Van’t Hoff went 
even further and correctly proposed 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 1.5. Note 
carefully the conventions used in Figure 1.5 to show three-dimensionality: 
Heavy wedged lines represent bonds coming out of the page toward the 
viewer; normal lines represent bonds in the plane of the page; and dashed 
lines represent bonds receding back behind the page, away from the viewer. 

A tetrahedron 

Figure 1.5 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 broken line goes back behind the 
plane of the page. 

PROBLEM fe leisin siiece "ote sior area ieteia' s\acelsyerd.ie. biolalwiele eieretensin eal fieies) 9a) bi ere sen tepenetevele’ oietal eerie’ a tela delete herd Yoedntstont eve) cies) eieisy mitre 

1.3. Draw a molecule of chloroform, CHCl3, using wedged, normal, and dashed lines to 
show its tetrahedral geometry. 

10Richard A. C. E. Erlenmeyer (1825-1909); b. Wehen, Germany; studied in Giessen and in 
Heidelberg; professor, Munich Polytechnicum (1868-1883). 

11Alexander Crum Brown (1838-1922); b. Edinburgh; studied at Edinburgh, Heidelberg, 
and Marburg; professor, Edinburgh (1869-1908). 

12Jacobus Henricus van’t Hoff (1852-191 1); b. Rotterdam; studied at Polytechnic at Delft, 
Leyden, Bonn, and Paris, and received doctorate at Utrecht (1874); professor, Utrecht, Amster- 
dam (1878-1896), Berlin; Nobel prize (1901). 

'8Joseph Achille Le Bel (1847-1930); b. Péchelbronn, Alsace; studied in the Ecole Polytech- 
nique, and at the Sorbonne; industrial consultant. 
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1.5 Modern Picture of Chemical Bonding: Ionic Bonds 

What is the modern picture of chemical bonding? Why do atoms bond 
together, and how does the quantum-mechanical view of the atom describe 
bonding? The why question is relatively easy to answer: Atoms form bonds 
because the compound that results is more stable (has less energy) than the 
alternative arrangement of isolated atoms. Energy is always released when 
a chemical bond is formed. The how question is more difficult. To answer 
it, we need to know more about the properties of atoms. 

We know through empirical observation that eight electrons (an octet) 
in the outermost electron shell impart special stability to the inert-gas 
elements in Group 0: Ne (2 + 8); Ar (2 + 8 + 8); Kr (2 + 8 + 18 + 8). We 
also know that the chemistry of many elements with nearly inert-gas con- 
figurations is dominated by attempts to achieve the stable inert-gas elec- 
tronic makeup. The alkali metals in Group I, for example, have single s 
electrons in their valence shells. By losing this electron, they can achieve 
an inert-gas configuration. 

The amount of energy it takes to pull an electron away from an atom 
is called the ionization energy (IE) of the element. Alkali metals, at the 
far left of the periodic table, give up an electron easily, have low ionization 
energies, and are thus said to be electropositive. Elements at the middle 
and far right of the periodic table hold their electrons more tightly, give 
them up less readily, and therefore have higher IE’s. In other words, a low 
IE corresponds to the ready loss of an electron, and a high IE corresponds 
to the difficult loss of an electron. Table 1.3 lists some ionization energies. 

Atom + Energy (IE) ——> 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 

Table 1.3 Ionization energies of some elements? 

Ionization 

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

Lip, (is-2s) oe, Li* (1s?—same as He) 125 

Na_ (1s?2s?2p®3s) ais Na* (1s?72s?2p°—same as Ne) 118 

K_ (...3s?3p%4s) =e K* (...3s?3p®—same as Ar) 100 

C  (1s?2s?2p”) BC! (1572572) 259 
Ct (1s?2s22p) =, (15228?) 562 

F  (1s?2s?2p°) i Ft — (1522s?2p') 401 

Ne (1s?2s22p°) =e Net (1s?2s2p*) 497 
ee 

¢Organic chemists have been slow to adopt SI (Systeme International) units, preferring to use 

kilocalories (kcal) as a measure of energy, rather than kilojoules (kJ, pronounced kilojools). This 

book will use dual units, with values shown both in kcal/mol and kJ/mol, where 1 kilocalorie 

= 4,184 kilojoule, or 1 kcal/mol = 4.184 kJ/mol. 
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Table 1.4 Electron affinities of some elements 

CHAPTER 1 STRUCTURE AND BONDING 

(Group VIIA 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 
achieve an inert-gas configuration. The measure of this tendency to gain an 
electron is called the electron affinity (EA). Energy is released when an 
electron is added to most elements, and EA’s are therefore negative numbers. 

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

Atom + (Electron)’ > Atom™ + Energy (EA) 

Element (electronic configuration) Anion (electronic configuration) eed 

Li (1s?2s) aes Liv (122s?) -13.6 
Na_ (1s72s?2p°3s) srs Na (1s72s?2p%3s") = 2() 

C  (1s?2s22p2) Lege C>  (18?2s22p°) ~28.9 

F (1s?2s?2p°) cs F (1s72s?2p°—same as Ne) -79.6 

Cl (..3s?3p%) “5 Cl (..8s’8pSsameas Ar) 83.2 
SSS 

The simplest kind of chemical bonding is that between an electropositive 
element (low IE) and an electronegative element (large negative EA). For 
example, when sodium metal [IE = 118 kcal/mol (494 kJ/mol)] reacts with 
chlorine gas [EA = —83.2 kcal/mol (—348 kJ/mol)], sodium donates an 
electron to chlorine forming positively charged sodium ions and negatively 
charged chloride ions. The product, sodium chloride, is said to have ionic 
bonding. That is, the ions are held together purely by electrostatic attrac- 
tion between the two unlike charges. A similar situation exists for many 
other metal salts such as potassium fluoride (KtF~), lithium bromide 
(Li*Br~), 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. 

1.6 Modern Picture of Chemical Bonding: Covalent Bonds 

Elements on the left and right sides of the periodic table form ionic bonds 
by gaining or losing an electron to achieve an inert-gas configuration. How, 

« ‘Walter 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 Tubingen (1947). 
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though, do elements in the middle of the periodic table form bonds? Let’s 
look at the carbon atom in methane, CH, as an example. Certainly the 
bonding in methane isn’t ionic, since it would be very difficult for carbon 
(1s#2s?2p?) either to gain or to lose four electrons to achieve an inert-gas 
configuration.!° In fact, carbon bonds to other atoms, not by donating elec- 
trons, but by sharing them. Such shared-electron bonds, first proposed in 
1916 by G. N. Lewis,!® are called covalent bonds. The covalent bond is 
the most important bond in organic chemistry. 

A simple shorthand way of indicating covalent bonds in molecules is to 
use what are known as Lewis structures, or electron-dot structures. In 
this method, the outer-shell electrons of an atom are represented by 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 the inert-gas configuration is achieved for all atoms, as 
in the following examples: 

H 

‘C> + 4H: —> H:C:H 

H 

Methane (CH,) 

2H: + -O: — H:0: 

H 

Water (HO) 

+ 

2H: + nie > H:0:H 

H 

Hydronium ion (H30*) 

H 

3 He *N: — H:N:H 

Ammonia (NHs3) 

H 

3IP ee “CP EE -O: a H:C:0O: 

HH 

Methanol (CH;0H) 

Lewis structures are valuable because they make electron “bookkeep- 

ing” possible and constantly remind us of the number of outer-shell electrons 

(valence electrons) involved. Simpler still is the use of “Kekulé” struc- 

tures, also called line-bond structures, in which a two-electron covalent 

15The electronic configuration of carbon can be written either as 1s72s72p? or as 1s2s”2p,2py. 

Both notations are correct, but the latter is more informative since it indicates which of the 

ivalent p orbitals are involved. 

eae wiae 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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PROBLEM 

1.4 

PROBLEM 

CHAPTER 1 STRUCTURE AND BONDING 

bond is indicated simply by a line drawn between atoms. Pairs of nonbonding 
valence electrons are often ignored when drawing line-bond structures, but 
you must still be mentally aware of their existence. It’s useful when starting 
out always to include them. Some of the molecules already considered are 
shown in Table 1.5. 

Table 1.5 Lewis and Kekulé structures of 

some simple molecules 

Name Lewis structure Kekulé structure 

Water (H,0) H: 0: H— : 
H 

H 

H 
H | 

Ammonia (NHs3) H:N:H H— N—H 

H 

H | 
Methane (CH,) H:C:H H— _ H 

H 
H 

H 

H, | 
Methanol (CH3;0H) H: C: O: H— C—O 

HH ial 
H H 

O19) 8)0)16. 6) 608 18), 6/16) 8) 4; :wi\e):@)re'Fe)/eie)/a\7a!:6! Jee) (eii8/i6(,4) 1 el oie) eh ei! (e016! 8, 6) Oa aia’; e'soy 60 6 «01 0) '0)'b: 6/6) 0.16: 6, pret eate ga; eer) e2ie) 41m lefle celta vaifay susan bate nal eles o 

Write Lewis structures for these molecules: 
(a) CHCls, chloroform (b) HS, hydrogen sulfide 
(c) CH3NHpg, methylamine (d) BHs, borane 
(e) NaH, sodium hydride (f) CH Li, methyllithium 

SERRE RN CNS ANON AU SN OSLO S ANNE OSHS SONU mia 9) 8/0} 61-0: 18):0: b:/0% 6 fa) wl erie alielievenere.er a ellelieia|e ler el etelelstn) susie! aia /aidietviells (anette cierarereteketetetenerte tata 

Which of these molecules would you expect to have covalent bonds and which ionic 
bonds? Explain. 
(a) CH, (b) CH2Cl, (c) Lil 
(d) KBr (e) MgCl, (f) Cl, 

1.7 Molecular Orbital Theory cae Stee Lg A as chs el bees wert SE Oe oe ee 

How can we describe the covalent bond in electronic terms? The most gen- 
erally satisfactory method for dealing with organic compounds is molecular 
orbital (MO) theory. The major postulate of molecular orbital theory states 
that covalent bonds are formed by an overlapping of atomic orbitals. For 

* example, we can describe the hydrogen molecule (H—H) by imagining what 
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might happen if two hydrogen atoms, each with a 1s atomic orbital, meet 
and join together. As the two spherical atomic orbitals approach each other 
and combine, a new egg-shaped orbital results. This new orbital is called a 
molecular orbital because it belongs to the entire Hg, molecule, rather than 
to one of the individual atoms. The molecular orbital is filled by two elec- 
trons, one from each hydrogen: 

1s atomic 1s atomic H, molecular orbital 
orbital orbital 

The new arrangement of electrons in the hydrogen molecule is consid- 
erably more stable than the original arrangement in individual atoms. Dur- 
ing the reaction 2 H- — Hg, 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 (heat) into the 
H—H bond in order to break the hydrogen molecule apart into two hydrogen 
atoms. Figure 1.6 shows the relative energy levels of the different orbitals. 

2H; ——~ H 

Two Is ee = 
H atomic orbitals = + 

Released when bond forms 
104 keal/mol 

Absorbed when bond breaks 

Hp molecular 44- 
orbital 

Figure 1.6 Energy levels of Hz orbitals 

How close are the two nuclei in the hydrogen molecule? If the two 

positively charged nuclei are too close together, they will repel each other 

electrostatically; 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. This optimum 

distance, called the bond length, is 0.74 angstrom (A) in the hydrogen 
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molecule.!7 Every covalent bond has both a characteristic bond strength 

and bond length. 
One further point that should be mentioned in 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 attention. 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 starting atomic orbitals, and the other molecular orbital is 
correspondingly higher in energy, as shown in Figure 1.7. 

H-H antibonding MO (unfilled) 

H 1s orbital H 1s orbital 

4 

H—H bonding MO (filled) 

Figure 1.7 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, whereas the higher- 
energy orbital is called an antibonding MO. The two electrons occupy the 
low-energy bonding orbital, and the high-energy antibonding orbital is 
unfilled. (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 1.8. 

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 
bonds are the most common kind, there are other types of bonds as well. 

1’The angstrom (A; 1 A = 10-1° m) is a convenient unit of measure still used by many 
chemists, even though it has been replaced in SI units by the picometer (pm, pronounced pea- 
co-meter) where 1 pm = 10°12 mand 1A = 100 pm. Because of the easy decimal conversion, 
only angstrom measurements will be given in this book. 
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ne ee 

He 

Circular cross-section 

Figure 1.8 The cylindrical symmetry of the H—H bond: The intersection of a 
plane cutting through the orbital looks like a circle. 
re ee ee ee ee eee 

Let’s consider the fluorine molecule, F,. A fluorine atom has seven outer- 
shell electrons and the electronic configuration 1s22s22p°. By bonding 
together, two fluorine atoms can each achieve stable outer-shell octets: 

: F Ose F >: — : F: F : 

Unlike the situation in the hydrogen atom, 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!8 
in 1931 when he stated the principle of maximum orbital overlap. 
According to this principle, the strongest bond will be 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 be oriented 
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 1.9. 

Sigma overlap : se “, = ™ 
(head-on) Ge a x ° 

p orbital p orbital 

Pi overlap + ) 
(sideways) £ 

p orbital p orbital p-p pi bond 

Figure 1.9 The formation of sigma and pi bonds by overlap of p orbitals 

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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PROBLEM 

1.6 

CHAPTER 1 STRUCTURE AND BONDING 

Though it’s difficult to predict which kind of bonding leads to maximum 

overlap and is favored, 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. 

pec meme rere eee e eee ee ee ee eee OeseeseeseoneeseoeseneeEseEFHeoesensseevrereseeeeeesesEeesesssese 

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? 

1.8 Hybridization: sp® Orbitals and the Structure of Methane 

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

unpaired in different 2p orbitals: 

2p ee A 

2s — 

1s + 

Ground-state electronic configuration of carbon 

The first question we face is immediately apparent: How can carbon 
form four bonds if it has only two unpaired electrons? Why doesn’t carbon 
bond to two hydrogen atoms to form CH? In fact, CHy is a known compound. 
It is, however, highly reactive and has only fleeting existence. We can see 
why carbon prefers to form four bonds instead of two by looking at the 
amount of energy released in forming CH, versus forming CH,. By exper- 
imental measurement, we know that a typical C—H bond has a strength 
of approximately 100 kcal/mol (420 kJ/mol). Thus, the reaction of a carbon 
atom with two hydrogen atoms to form CH, should be energetically favored 
by about 200 kcal/mol: 

i a? Ele — H:C:H + ~200 kcal/mol 

Alternatively, carbon can adopt an electronic configuration different 
from the ground-state configuration. If one electron is promoted from the 
2s orbital into the vacant 2p, orbital, carbon ¢an achieve the new configu- 
ration 1s*2s2p,2p,2p,. This new electronic arrangement is called an 
excited-state configuration; 96 kcal/mol (402 kJ/mol) of energy is required 

‘to accomplish the electron promotion from lower-energy ground state to 
higher-energy excited state. 
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“$ as : + oft 
3 ine an 96 kcal/mol ae 

fa 

1s ah ty 

Ground-state carbon Excited-state carbon 

In the excited state, carbon has four unpaired electrons and can form 
four bonds to hydrogens. Although 96 kcal/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. Approximately 300 
kcal/mol of energy is released in forming CH, versus the 200 kcal/mol of 
energy released in forming CHy. In Lewis structures: 

H 
-C. Skeit CBS WiG:H + ~400 kcal/mol 

H 
Net energy change = (400 — 96) kcal/mol ~ 300 kcal/mol 

What are the four C—H bonds in methane like? Since excited-state 
carbon uses two kinds of orbitals for bonding purposes, we might expect 
methane to have two kinds of C—H bonds. In fact this is not the case; a 
large amount of evidence shows that all four C—H bonds in methane are 
identical. How can we explain this? 

The answer was provided in 1931 by Linus Pauling, who showed that 
an s orbital and three p orbitals can mathematically mix or hybridize to 
form four equivalent new atomic orbitals that are spatially oriented toward 
the corners of a tetrahedron. These new tetrahedral orbitals, shown in Fig- 
ure 1.10, are called sp* hybrids,'® since they are mathematically con- 
structed from three p orbitals and one s orbital. 

ey. 

eee 
od by 

— e . . 
4 

Hybridization 

2p. 

Four equivalent sp° 

| hybrid orbitals 

Figure 1.10 The formation of four sp? hybrid orbitals by combination of an atomic 

s orbital and three atomic 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; it doesn’t tell how many electrons occupy 
that orbital. 
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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 hybrids are unsym- 
metrical about the nucleus. One of the two lobes of an sp? orbital is much 
larger than the other, as shown in Figure 1.11. As a result, sp® hybrid 
orbitals form much stronger bonds than do unhybridized s or p orbitals. 

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 
(Figure 1.11) is therefore strongly oriented in one direction. 

Subtractive overlap Additive overlap 

Hybridization 

p orbital s orbital ; : An sp? hybrid orbital 

Figure 1.11 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 
Pp lobe cancels out. The resultant hybrid orbital is strongly oriented in one direction. 

We describe the sp? hybrid as a directed orbital, and we find that it is 
capable of forming very strong bonds by overlapping the orbitals of other 
atoms. For example, the overlap of a carbon sp? hybrid orbital with a hydro- 
gen 1s orbital gives a strong C—H bond (Figure 1.12). 

% + 
> C + ae - Sa — i>» C H 

Carbon sp? hybrid orbital Hydrogen s orbital C-H sigma molecular orbital 

Figure 1.12 The formation of a C—H bond by head-on (sigma) overlap of a carbon 
sp® hybrid orbital with a hydrogen 1s orbital 

re 

The C—H bond in methane has a measured bond strength of 104 
kcal/mol (435 kJ/mol) and a bond length of 1.10 A. Since the four bonds 
have a specific geometry, we can also define a third important physical prop- 
erty of pairs of bonds, called the bond angle. The angle formed by each 

- H—C—H is exactly 109.5°, the tetrahedral angle. Methane therefore has 
the structure shown in Figure 1.13. 
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Figure 1.13 The structure of methane: The two lower drawings are computer generated. 

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 
MO’s are shown in Figure 1.14. 

Four antibonding C—H 
molecular orbitals (unfilled) 

+++- pt 
Four carbon Four hydrogen 

sp° orbitals 1s orbitals 

HHH 
Four bonding C—H 

molecular orbitals (filled) 

Figure 1.14 Molecular orbitals of methane 
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1.9 The Structure of Ethane 

A special characteristic of carbon is that it can form stable bonds to other 
carbon atoms. Exactly the same kind of hybridization that explains the 
methane structure also explains how one carbon atom can bond to another 
to form a chain. Ethane, C2Hg, is the simplest molecule containing a carbon— 
carbon bond: 

HH 
HH bce 

H:C:C:H H—C—C—H CH3CH3 
HH ed 

H 

Some representations of ethane 

We can picture the ethane molecule by assuming 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 are then used 
to form the six C—H bonds, as shown in Figure 1.15. The C—H bonds in 

sp°® carbon sp® carbon sp°-sp® sigma bond 

H 
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Figure 1.15 The structure of ethane: The carbon—carbon bond is formed by sigma overlap of 
two carbon sp? hybrid orbitals. 
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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 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°. 

1.10 Hybridization: sp” Orbitals and the Structure of Ethylene 

Although sp? hybridization is the most common electronic state of carbon 
found in organic chemistry, it’s not the only possibility. For example, let’s 
look at ethylene, C.H,. 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. How can we explain formation of the carbon—carbon double 
bond in molecular orbital terms? 

ba 

H, .H Hee _-H 
2G, eG H-sao ~H 7h “H ff 

H H 

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 excited-state carbon with four unpaired electrons. We then mathe- 

matically mixed the four singly occupied atomic orbitals to construct 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 

1.16 on page 22. 

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 1.17, page 22). 

To complete the structure of ethylene, we need only allow four hydrogen 

atoms to sigma bond to the remaining sp” orbitals. Thus, ethylene should 

be a planar (flat) molecule with H-C-H and H-C-C bond angles of approxi- 

mately 120°, a geometry that has been verified by experimental observation. 

Ethylene is indeed flat, with H-C-H bond angles of 116.6° and H-C-C bond 

angles of 121.7°. Each C—H bond has a length of 1.076 A and a strength 

of 103 kcal/mol (431 kJ/mol), as shown in Figure 1.18 on page 23. 
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An sp? hybrid orbital , Side view 

Figure 1.16 An sp?-hybridized carbon 

p orbitals 

sp” orbitals 
Pi bond 

sp” carbon sp” carbon Carbon-carbon double bond 

Figure 1.17 Orbital overlap in a carbon—carbon double bond 

We might also expect that the central carbon—carbon double bond in 
ethylene should be both shorter and stronger than the ethane single bond, 
an expectation that has also been verified. Ethylene has a C—C bond length 
of 1.33 A and a bond strength of 152 kcal/mol (636 kJ/mol). Note, however, 
*that the strength of the carbon-carbon double bond is not exactly twice as 
large as that of the corresponding C—C single bond in ethane (88 kcal/mol 
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Figure 1.18 The structure of ethylene 

versus 152 kcal/mol, respectively), because overlap in the pi part of the 
double bond is not as effective as overlap in the sigma part. 
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1.7. Draw all of the bonds in propene, CH3CH=CHhg. Indicate the hybridization of each 
carbon, and predict the value of each bond angle. 
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1.8 Carry out an analysis of 1,3-butadiene, H,}C—CH—CH=CHag, similar to the one 
you carried out in Problem 1.7. 

1.11 Hybridization: sp Orbitals and the Structure of Acetylene 

In addition to being able to form single and double bonds, carbon can form 
a third kind of bond. Acetylene, CjHo, can be satisfactorily pictured only if 
we assume that it contains a carbon—carbon triple bond. We must construct 
yet another kind of hybrid orbital, an sp hybrid, to explain the bonding in 

acetylene: 
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 

(180° apart on the x-axis), whereas the remaining two p orbitals are per- 

pendicular on the y-axis and the z-axis, as shown in Figure 1.19 (page 24). 
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Hybridization 

ad : 

2p orbital 2s orbital An sp hybrid orbital 

sp hybrid 
\ 

sp hybrid 

sp-hybridized carbon 

Figure 1.19 An sp-hybridized carbon atom 

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—that is, a carbon—carbon triple bond. The remaining sp hybrid orbit- 
als can each form a sigma bond to a hydrogen 1s orbital to complete the 
acetylene molecule (Figure 1.20). 

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 
bond length is 1.20 A, and its strength is 200 kcal/mol (837 kJ/mol). It’s 
not surprising to find that the triple bond is so short and so strong; in fact, 
these values (1.20 A and 200 kcal/mol) are the shortest and strongest known 
for 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 ——— ee EES, SO ee 
Molecule Bond Bond strength (kcal/mol) Bond length (A) 
Methane, CH, Ca—Hie 104 1.10 

Ethane, CH;CH; Capp Caps 88 1.54 
Cop aa lie 98 1.10 

Ethylene, Hx>C—CH, Cy2=C,,2 Zu 1.33 
Ci His 103 1.076 

Acetylene, HC=CH Ci p== Can 200 1.20 
Ca tis 125 1.06 

—_—s SSE 
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Figure 1.20 The carbon-carbon triple bond in acetylene 
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1.9 Draw all the bonds in propyne, CH;C=CH. Indicate the hybridization of each car- 
bon, and predict a value for each bond angle. 

1.12 Hybridization of Other Atoms: Nitrogen 

The description of covalent bonding we’ve developed up to this point isn’t 

restricted just to carbon compounds. All covalent bonds formed by other 

elements 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, NHs3, 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: 

-N-+3H- —> HiN:H or H—-N—H 
i | 

H 

What plausible geometry might ammonia have? Since the three 

unpaired electrons of nitrogen occupy half-filled 2p orbitals, one possibility 

is that hydrogen 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°, nearly the tetrahedral value (109.5°). 
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In fact, 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 1.21). Thus, 
ammonia is a tetrahedral molecule with 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). 

Lone pair 

Ground-state nitrogen sp*-hybridized nitrogen Ammonia 

Figure 1.21 Hybridization of nitrogen in ammonia: The nitrogen atom is sp? hybridized, just 
like the carbon atom in methane. 

Ammonia is tetrahedral because of stability—such an arrangement of 
bonds is the lowest-energy form of all possible alternatives. The energy 
required to hybridize the nitrogen 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 nearly as much space 
as an N—H bond and is very important in the chemistry that ammonia 
exhibits. 
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1.10 What kind of bonding do you think is present in the nitrogen molecule, Nz? (Both 
nitrogens are sp hybridized.) 

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 the structure of water, H.O. Ground-state oxygen has the electronic 
configuration 1s72s?2p22p,2p,, and oxygen is therefore divalent; that is, it 
forms two bonds. 

2He + -O: > H:0:H 
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We can imagine several hypothetical models 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 remain 
in 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 remain 
in the two unhybridized p orbitals. 

3. 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. 

Only the third model, the hybridization of oxygen into sp? orbitals, allows 
strong bonds and maximum distance between the outer-shell electrons. The 
oxygen in water is therefore sp? hybridized, as illustrated in Figure 1.22. 

sp*-hybridized oxygen 

Figure 1.22 The structure of water: The oxygen atom is sp? hybridized like the 

carbon atom in methane. 

Measurements 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 and thus compresses the H-O-H angle. 

One final example of orbital hybridization that we'll consider is found 

in molecules like boron trifluoride, BF3. Since boron has only three outer- 

shell electrons (1s22s?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 outer-shell electron 

octet for boron. 

OTH -B — :F:B or 
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Since boron has no lone-pair electrons to take into account, 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 BF; in which each fluorine bonds 

to a boron sp? orbital, with the remaining p orbital on boron left vacant. 

Boron trifluoride has exactly this predicted structure (Figure 1.23). 

ee es eh re ol ee eee 

Vacant p orbital 

Figure 1.23 The structure of boron trifluoride: The boron atom is sp” hybridized 

and has a vacant p orbital perpendicular to the BF; plane. 
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What geometry would you expect for each of the following? 

(a) The oxygen atom in methanol, H3C —O—H 

(b) The nitrogen atom in trimethylamine, H,C—N—CH; 

CH; 

(c) The phosphorus atom in PH; [Hint: How many outer-shell electrons does phos- 
phorus have? What element is it similar to?] 

1.14 Summary and Key Words 

Organic chemistry is the study of carbon compounds. For historical rea- 
sons, a division into organic and inorganic chemistry occurred, but there is 
no scientific reason behind the division. 

The electronic structure of any atom can be described mathematically 
by the Schrédinger wave equation, in which electrons are considered to 
occupy orbitals centered around the nucleus. Different orbitals have dif- 
ferent energy levels and different shapes. For example, s orbitals are spher- 
ical and p orbitals are dumbbell shaped. The electronic configuration of 
an atom can be found by assigning electrons to the proper orbitals, beginning 
with the lowest-energy ones. 

There are two fundamental 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 
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are formed when an electron pair is shared between two atoms. This 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 (7) bonds. 

In order to form bonds in organic molecules, carbon first hybridizes to 
an excited-state configuration. When forming only single bonds, carbon 
is sp? hybridized; it has four equivalent sp? hybrid orbitals with tetra- 
hedral geometry. When forming double bonds, carbon is sp? hybridized; it 
has three equivalent sp? hybrid orbitals with planar geometry and one 
unhybridized p orbital. The carbon—carbon double bond is formed when two 
sp*-hybridized carbon atoms bond together. When forming triple bonds, 
carbon is sp hybridized; it has two equivalent sp hybrid orbitals with 
linear geometry and two unhybridized p orbitals. The carbon—carbon triple 
bond results when two sp-hybridized carbon atoms bond together. 

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 Learning organic chemistry requires familiarity with a large 
number of facts. Each page in this book presents new factual information 
that has to be digested and correlated with what has come before. 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 information you’ve 

read and be able to use your knowledge in new situations. Working problems 

gives you the opportunity to do this. 

Each chapter in this book provides many problems of different sorts. 

The in-chapter problems are placed for immediate reinforcement of new 

ideas just presented. The end-of-chapter problems provide additional prac- 

tice 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 real 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. If you’re stumped 

by a particular exercise, check the accompanying Study Guide and Solutions 

Manual for an explanation that will help clarify the source of difficulty. 

Working problems takes effort, but the payoff in knowledge and understand- 

ing is immense. 
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1.12 How many outer-shell (valence) electrons does each of the following atoms have? 

(a) Magnesium (b) Sulfur (c) Bromine 



30 

1.13 

1.14 

1.15 

1.16 

1.17 
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Give the ground-state electronic configurations of the following elements. For exam- 

ple, carbon is 1s?2s?2p?. 

(a) Sodium (b) Aluminum (c) Silicon (d) Calcium 

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

(a) H-C=C—H _ —_b) AIH (c) CH;—S—CHs 

+, ie ss 

(d) H,C=CHCl: (e) HXC=CH—CH=CH, (f) CH;—C—O—H 

Write a Lewis (electron-dot) structure for acetonitrile, H;C-—C=N. How many 

electrons does the nitrogen atom have in its outer shell? How many are used for 

bonding, and how many are not used for bonding? » 

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

structures: 
‘ 

O 
| | 

Convert the following Kekulé (line-bond) structures into molecular formulas. For 

example, 

en 
scp oe ct = CoH¢ 

H H 

(a) i (b) H 
| | 

HK. Ax, 0H HA Ax, _O0—C—CH; 

I | | | 
a C C 

H oe H H~ ae COOH 

H H 

Phenol Aspirin 

(c) CH,OH (d) H N H 
th eee aia 

oar Leaoe tien 7 
O H~ S64 ten ~c H 

HC" aoe petit | 
H C4A4SC4H 

mee Hos | 

HO OH H HA 

Vitamin C Nicotine 
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(e) oN (f) CH,OH 

Lacan racos: Cl I O 

H H 
se ee \ (A ny / 

me en 
| | 

NH, H OH 

Novocain Glucose 

Convert the following molecular formulas into Kekulé structures that are consistent 
with valence rules: 

(a) C3H, (b) CH;N 

(c) C2H,O (2 possibilities) (d) C3H,Br (2 possibilities) 
(e) C.H,O (8 possibilities) (f) C3Hp9N (4 possibilities) 

Indicate the kind of hybridization you might expect for each carbon atom in these 
molecules: 
(a) Propane, CH3;CH,CH3 (b) 2-Methylpropene, (CH3),C—CH, 

(c) 1-Buten-3-yne, Hy} C—CH—C=CH (d) Cyclobutene, H x S H 
(e) Dimethyl ether, CH;OCH3 C=C 

| ae 
H,C—CH, 

What is the hybridization of each carbon atom in benzene? What overall shape would 

you expect benzene to have? 

What kind of hybridization would you expect for the following? 

(a) The oxygen in dimethyl ether, CH; -O— CHs3 
(b) The nitrogen in dimethylamine, CH;NHCHs3; 
(c) The boron in trimethylborane, (CH3)3B 

On the basis of your answers to Problem 1.21, what bond angles would you expect 

for the following? 

(a) The C-O-C angle in CH3—O—CHs3 (b) The C-N-C angle in CH;3NHCH3 

(c) The C-N-H angle in CH;NHCHs3 (d) The C-B-C angle in (CH3)3B 

What shape would you expect these species to have? 

(a) The ammonium ion, NHj (b) Trimethylborane, (CH3)3B 

(c) Trimethylphosphine, (CH3)3P (d) Formaldehyde, H3C—O 

Draw a three-dimensional representation of the oxygen-bearing carbon atom in 

ethanol, CH;CH,OH, using the standard convention of normal, heavy wedged, and 

dashed lines. 

Consider the molecules SO, and SO; and the ion SO7-. 

(a) Write Lewis structures for each. (b) Predict the shape of each. 
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1.27 

1.28 

1.29 

1.30 

1.31 

1.32 

1.33 

1.34 Although almost all stable organic species have tetravalent carbon atoms, species 

CHAPTER 1 STRUCTURE AND BONDING 

Draw line-bond structures for these covalent molecules: 

(a) Acetonitrile, CH;CN (b) Ethanol, CH;CH,OH (c) Butane, CH;CH,CH2CH3 

Sodium methoxide, NaOCHs, contains both covalent and ionic bonds. Which do you 

think is which? 

Indicate the kind of hybridization you might expect for each carbon atom in these 

molecules: 

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

O O 

| | 
CH; —C—OH H,C=CH—C—CHg3 

(c) Acrylonitrile, (d) Benzoic acid, 

H,C=CH—C=N H O 

What kind of hybridization would you expect for the following? 

(a) The nitrogen in aniline, (b) The nitrogen in pyridine, 

i i | 
HY Vee ae Hy See 

| | | | 
an Z~ eS Ze~ 

H 

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

CH;— Be—CHs3 (CH3)3P : 

On the basis of your answers to Problem 1.29, 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)2Be 
(c) The C-P-C angle in (CH3)3P 

Identify the bonds in these molecules as either ionic or covalent: 

(a) NaCl (b) CH3Cl (c) Cl, (d) HOCI 

Allene is an unusual molecule that has the structure HXC—C—CHg. Draw a picture 
of the hybrid orbitals in 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 1.32) is related structurally to carbon dioxide, CO,. Draw an orbital 
picture of CO, and identify the hybridization of carbon. 
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with trivalent carbon atoms are known to exist. Carbocations are one such class of 
compounds. 
(a) Ifa neutral carbon atom 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 BF? 

A carbocation 

A carbanion is a species that contains a negatively charged trivalent carbon atom. 
(a) 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? 
(d) What relationship do you see between a carbanion and a trivalent nitrogen 

_ compound such as NH3? 

A carbanion 

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. 
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Bonding and 
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2.1 Drawing Chemical Structures 

34 

In the Kekulé structures we’ve been using, a line between atoms represents 
the two electrons in a covalent bond. These structures have served chemists 
well for many years and comprise a universal chemical language. A chemist 
in China and a chemist in England may not speak each other’s language, 
but a chemical structure means the same to both of them. 

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, Co9H390, 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 a shorthand way of drawing structures 
that greatly simplifies matters. The rules for this shorthand are simple: 

Rule 1 Carbon atoms are not usually shown. Instead, a carbon atom 
is simply 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 for clarity. 

Rule 2 Hydrogen atoms bonded to carbon are not shown. Since carbon 
always has a valence of 4, we mentally supply the correct num- 
ber of hydrogen atoms to fill the valence of each carbon. 

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

Table 2.1 gives examples of how these rules are applied in specific cases. 
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Table 2.1 Kekulé and shorthand structures for several compounds 

Compound Kekulé structure Shorthand structure 

i H H A i 

Butane, C4Hi9 Pea 

oe C C 
. H H H H lo Bs Gas 

H H Ee 
\ 7. 

Chloroethylene (vinyl chloride), C.H3Cl C=C 
eas Do 

H Cl C Cl 

i 
H—C—H 

H | H 
\ / 

2-Methyl-1,3-butadiene (isoprene), C5Hg Ma ==) a = ee a 

H H H 

H 

Dy C 
HSCiarG i 

Cyclohexane, CgHj2 | 
mies ne 

C 

H H 

Hep SH eH 
Se WC, : . 

Nl za Ne 
H H H H 

H | | | | \/ 
C 

H decisis Sen co Sa oa O-H 

| | Hl i | ip 
Vitamin A, CooH300 i ka eauger! bes 

Lge eri Te 
Ea ali 

SS Ss IS oss OH 
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Convert these shorthand structures into molecular formulas: 

(a) 2 ) Oo (©) CI 

4 | 
Pyridine 

Cyclohexanone Indole 

Saath e eiseie sansane? Sey <sshbz. Seuss e008 aer ss Ohbne Shee pn Dees, 5) acs)se) Suvi! Oley o
b a74iss aire éceue\'s).$)/eijet eis'\sit8 \eiisicelle lee Shen anes 0 Sieeioi. alice Se eae acme 

Propose shorthand structures for compounds that satisfy these molecular formulas 

(there is more than one possibility in each case): 

(a) C5Hyi2 (b) C.H7N (c) C3HgO (d) C4H,Cl 

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 very easy technique that simplifies the learning of 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 is no 

substitute for building a molecular model and turning it in your hands to 

get different perspectives. 
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 skel- 
etal models such as Dreiding Stereomodels™. Both are quite 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, whereas skeletal models allow the 
user to measure bond angles and interatomic distances more readily. For 
student usé, ball-and-stick models are generally the least expensive and 
most durable. Figure 2.1 shows two kinds of models of acetic acid, 
CH3;COOH. 

(a) 

*Figure 2.1 Molecular models of acetic acid, CH;COOH: (a) space-filling; 
(b) ball-and-stick 
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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. 

2.3 Formal Charges 

Most organic molecules can be accurately represented by the Kekulé line- 
bond structures we saw in the last chapter. Sometimes, though, electron 
bookkeeping requires that we attach formal electrical charges to specific 
atoms within a molecule. For example, nitromethane (CH3NO2) must be 
represented as having a positive charge on nitrogen and a negative charge 
on the singly bound oxygen: 

H 1@))2 

| melas 

Sapa 
4 : O : 

Nitromethane 

Let’s see why it is necessary to show these charges. In the normal 
covalent bond, 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, there are 

four C—H bonds with a total of eight electrons. Carbon donated four of 

these bonding electrons and may still be considered to own 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 neu- 

tral—it has neither gained nor lost electrons. 

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 has only four (one from 

the C—N bond, one from the N—O single bond, and two from the N=O 

double bond). Thus, the nitrogen has lost an electron and must therefore 

have a positive charge. A similar calculation for the singly bound oxygen 

atom shows that it has 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.) 

It’s a good idea to work out the formal charges in a molecule in a logical 

manner to make sure that you understand the reasons behind the answers. 

To express the calculations in a general way, however, we can say that every 
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atom in a molecule can be assigned a formal charge, which is 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 

Formal charge = | valence electrons| — | valence electrons 

in free atom in bound atom 

Number of Half of Number of 
= valence — | bonding | — | nonbonding 

electrons electrons electrons 

For the methane carbon, 

{ H 

‘C-+4H: —> H:C:H 
H 

Carbon valence electrons =4 
Carbon bonding electrons = 8 
Carbon nonbonding electrons = 0 

Formal charge = 4 -3 -0 =0 

For the ammonia nitrogen, 

-N- +3H» ——> H:N:H 

H 

Nitrogen valence electrons 5 

Nitrogen bonding electrons =6 
Nitrogen nonbonding electrons = 2 

Formal charge 

For the nitromethane nitrogen, 

:N_ H: a 
.O 

CH3NO, 

Eos @e sip 

0, 

Nitrogen valence electrons _ 
Nitrogen bonding electrons 
Nitrogen nonbonding electrons 

lI 

oon 

Formal charge = 5 . £ = 0 
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For the singly bound nitromethane oxygen, 

| a Oxygen valence electrons 
Oxygen bonding electrons ae 

Oxygen nonbonding electrons ll a 

Formal charge = 6 — 2 = 6 

Molecules such as nitromethane that are neutral overall but have 
charges on individual atoms are called dipolar molecules. Dipolar char- 
acter in molecules often has important chemical consequences, and it’s 
important to be able to identify and calculate these charges correctly. 

PROBLEM eee eee ee ee eee ese sees essere e ees seeeeoceseese ee eorereeeeorese Heres ese e eee eeEereeeeoesee ooo eEESD 

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. 

ee 

H,C—S*CH; 

Dimethyl sulfoxide 
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2.5 Calculate formal charges for the atoms in these molecules: 

(a) Diazomethane, H,}C—=N= N : (b) Acetonitrile oxide, CH3 -C=N—O: 

(c) Methyl isocyanide, H3C—N=C: 

2.4 Polar Covalent Bonds: Electronegativity 

Thus far, we have viewed chemical bonding in an either/or manner: A given 

bond is either covalent or ionic. A more accurate view, however, is to look 

at bonding as a continuum of possibilities between a perfectly covalent bond 

with a symmetrical electron distribution on the one hand, and a perfectly 

ionic bond between positive and negative ions on the other (Figure 2.2). 

oS a 

X Gx xX @® Y Neen oo 

Symmetrical covalent Polar covalent Ionic bond 

bond bonds 

Figure 2.2 The continuum in bonding from covalent to ionic as a result of unsym- 

metrical electron distribution: The symbol 6 (Greek delta) means partial charge, 

either positive (5*) or negative (3). 
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The carbon—carbon bond in ethane, for example, is electronically sym- 
metrical and therefore perfectly covalent; the two bonding electrons are 
equally shared between the two equivalent carbon atoms. The bond in 
sodium chloride, by contrast, is purely ionic; positively charged sodium ions 
and negatively charged chloride ions are held together by electrostatic 
attraction. In between these two extremes lie the great majority of chemical 
bonds, in which the electrons are attracted somewhat more strongly by one 
atom than by the other. Such bonds are polar. A polar covalent bond is 
one in which the bonding electrons are unequally shared by two nuclei. 
Thus, the electron distribution in polar covalent bonds is unsymmetrical. 

Bond polarity is due to electronegativity—the intrinsic ability of an 
atom to attract electrons. As shown in the electronegativity table (Table 
2.2), carbon and hydrogen have similar electronegativities, and C—H bonds 
are therefore relatively nonpolar. Elements on the right side of the periodic 
table, such as oxygen, fluorine, and chlorine, are more electronegative than 
carbon; that is, they attract electrons more strongly than carbon. When 
carbon bonds to one of these elements, the bond is polarized so that the 
bonding electrons are drawn more toward the electronegative atom than 
toward carbon. 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 (5). For example, the C—Cl bond in chloromethane is a 
polar covalent bond: 

clo 
t 4 . 

HP Na 
H 

Chloromethane 

Table 2.2 Relative electronegativities of some 
common elements* 

Period 

H 

“Electronegativity values in this table are on an arbitrary scale, 
with H = 2.2 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. 
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An arrow + is used to indicate the direction of polarity. By convention, 
electrons move with the arrow. The tail of the arrow is electron-poor (5*), 
and the head of the arrow is electron-rich (65>). 

Metallic elements on the left side of the periodic table are less electro- 
negative than carbon and attract electrons less strongly. Thus, when carbon 
bonds to one of these elements, the bond is 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: 

es 

CH2CHs3 
s ef Sa 

a eC 

~CH2CHs 

Tetraethyllead 

When we speak 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 chemical reactivity 
and will be encountered many times throughout this text to explain a wide 
variety of chemical phenomena. 

wee eee eee seer eee ere reser eee He eeeeHeHeseseeeE EEE HES ET SHE SESE HOSE EH EHH EEE TE HED EH EH EE DEH EEE 

Which element in each of the following pairs is more electronegative? 
(a) Lior H (b) Be or Br (c) ClorlI (d) CorH 
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Use the 5*/5 convention to indicate the direction of expected polarity for each of 

the bonds indicated. 
(a) H3sC—Br (b) H3C —NH, (c) H3C—Li (d) H.N—H 

(e) H3C—OH (f) H3;C—MgBr (g) H3C —F 

2.5 Polar Covalent Bonds: Dipole Moment 

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. 

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

is a “center of gravity” of all positive charges (nuclei) in a molecule. Assume 

also that there is a center of gravity of all negative charges (electrons) in 

the molecule. If these two centers don’t coincide, then the molecule is elec- 

trically unsymmetrical and has a net polarity. The dipole moment, (Greek 
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mu), is defined as the magnitude of a unit charge e times the distance r 

between the centers, and is expressed in debye! units (D): 

iiespe: ire 104 

where 

Electric charge in electrostatic units (esu) 

Distance in centimeters (cm) 

II 

ll 

For example, if one proton and one electron (charge e = 4.8 x 10° 1° esu) 

are separated from each other by 1.0 A (10-8 cm), then the dipole moment 

is 4.8 D: 

jes (48 x 105"? lesu)(l05? em)(1088 =48D 
esu cm 

It is relatively easy experimentally to measure dipole moments, and 
examples are given in Table 2.3. 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. Let’s take chloromethane, = 1.87 D, as an example. 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 (1.78 x 10-8 cm), 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 1.87 D, the C—Cl bond is only 
about 1.87/8.5 = 20% ionic. Thus, the chlorine atom in chloromethane has 
an excess of about 0.2 electron, whereas the carbon atom has a deficiency 
of about 0.2 electron. 

Table 2.3. Dipole moments of some compounds 

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

NaCl 9.0 NH3 1.47 

O CH 0 
wie a 

Bae Ne 3.46 CCl, 0 

O- CH3CH; 0 

Nitromethane 

CH,C! 1.87 

HO 1.85 Benzene 

CH,0H 3 % 1.70 BF, 0 

Diazomethane 

1Peter Joseph Wilhelm Debye (1884-1966); b. Maastricht, Netherlands; Ph.D. Munich (1910); 
professor of physics, Zurich, Utrecht, Géttingen, Leipzig, Berlin; professor of chemistry, Cornell 
University (1936-1966); Nobel prize (1936). 
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Sodium chloride (NaCl) has an extraordinarily large dipole moment 
because it is 100% ionic. Nitromethane (CH3NO,) also has a large dipole 
moment because it has formal charges on two atoms (that is, it is dipolar). 
Water and ammonia (Figure 2.3) also have large dipole moments, and this 
too is easily explained. The electronegativity table (Table 2.2) shows that 
both oxygen and nitrogen are electron-withdrawing relative to hydrogen. 
In addition, the lone-pair electrons normally make large contributions to 
overall dipole moments since they have no atom attached to them to “neu- 
tralize” their negative charge. 

Lone pair 

e Net NY co 

eter fan 
Two lone as J d Net 

pairs 

Water, H2O (yu = 1.85 D) Ammonia, NH3 (u = 1.47 D) 

Figure 2.3 Dipole moments of water and ammonia: The lone-pair electrons make 
large contributions to the dipole moments of both molecules. 

By contrast, methane, tetrachloromethane, and ethane have zero dipole 
moments. Because of their symmetrical structures, the individual bond 
polarities in these molecules exactly cancel each other. 

H 
H ‘aH 

H Cl pcre 
| it I 

H 7-H ay al HH 
H Cl H 

Methane Tetrachloromethane Ethane 

(uw = 0D) (uw = 0D) (wu = 0D) 
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Account for the observed dipole moments of 
(a) Methanol, CH30H (1.70 D) (b) Benzene, (0 D) 
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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) HJC—CHe (b) CHCl, (c) CH2Cl, (d) H,C—CCl, 
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2.6 Acids and Bases: The Brgnsted—Lowry Definition 

Acidity and basicity are related to the concepts of electronegativity and 

polarity just described, and it’s a good idea to review these important 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. For example, when HCl gas dissolves in water, 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 H3,0* and Cl-. 
The species that results when an acid donates a proton is called the 

conjugate base of the acid; thus, Cl” is the conjugate base of HCl. The 

species that results when a base accepts a proton is called the conjugate 

acid of the base; thus, H,O is the conjugate acid of HO-. Other common 

mineral acids such as sulfuric acid, nitric acid, and hydrogen bromide behave 

similarly, as do organic carboxylic acids such as acetic acid, CH;COOH 

(Section 20.3). 
In a general sense: 

H—A+ :B =— A: + H—Bt 

An acid A base Conjugate Conjugate 
base acid 

For example: 

H—Cl: + :0O—-H == ics i ria 

H H 

Acid Base Conjugate Conjugate 
base acid 

H 
i 4 , | 

H—O—H + Hog NecH —= i-G, = Leta 

H H 

Acid Base Conjugate Conjugate 
base acid 

In all reactions of Brgnsted—Lowry acids, a proton is transferred from 
the acid to the base. Note that water can act either as an acid or as a base. 
In its reaction with HCl, water accepts a proton to give the hydronium ion, 
H30*; in its reaction with ammonia, water donates a proton to give the 
ammonium ion (NH7) and hydroxide ion, HO~. 

Acids differ in proton-donating ability. Strong acids such as HCl react 
almost completely with water, whereas weaker acids such as acetic acid 
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Strong 
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(CH3;COOH) react only slightly. Since all acid—base reactions are equilib- 
rium processes, we can describe them using equilibrium constants, K,,: 

HA +°H,0 "<= H3,;0* + A- 

x. _ 1H,0*1A7 
oa [HA][H,0] 

where HA represents any acid.2 
In the customary dilute aqueous solution used for measuring K,,, the 

concentration of water, [H,O], remains nearly unchanged at approximately 
55.5M. We can therefore rewrite the equilibrium expression using a new 
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 water: 

HASH OO eH. A 

K, = K,{(H,0] = S024 

Strong acids have their equilibria toward the right, and have large acidity 
constants. Weaker acids have their equilibria toward the left, and have 
smaller acidity constants. We normally express acid strengths by quoting 
pK, values, where the pK, is equal to the negative logarithm of the acidity 
constant: 

pK, = —log K, 

A strong acid (large acidity constant, K,) has a low pK,; conversely, a weak 
acid (small K,) has a high pK,. Table 2.4 lists the pK,’s of some common 
acids in order of their strength. 

Table 2.4 Relative strength of some common acids and their 
conjugate bases 

Conjugate 
Acid Name pK, base Name 

CH;CH,OH Ethanol 16.00 CH;CH,0- Ethoxideion Strong 
ae, base 

H,O Water 15.74 HO- Hydroxide ion 

HCN Hydrocyanic acid 9.2 CN- Cyanide ion 

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

HF Hydrofluoric acid 3.2 i Fluoride ion 

HNO; Nitric acid =1:3 NO3 Nitrate ion cent 

HCl Hydrochloric acid —7.0 Cl Chloride ion base 

2Recall that brackets, [ ], refer to the concentration of the enclosed species expressed in moles 
per liter. 
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Although we have considered only acids thus far, base strength can be 
viewed in a similar manner. Thus, the conjugate base of a strong acid must 
be a weak base, since it has little affinity for protons. Similarly, the conjugate 
base of a weak acid must be a strong base, since it has a high affinity for 
protons. For example, chloride ion (the conjugate base of the strong acid 
HC]) is a weak base, since it has little affinity for a proton; acetate ion (the 
conjugate base of the weaker acid CH3;COOH) is a stronger base, with a 
modest affinity for a proton; and hydroxide ion (the conjugate base of the 
weak acid HO) is a still stronger base with a high affinity for a proton. 
Table 2.4 also shows the relative strengths of several common conjugate 
bases. 

Ce er rd 

Formic acid, HCOOH, has pK, = 3.7; and picric acid, CgH3N30,, has pK, = 0.3. 
Which is the stronger acid? ’ 
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Amide ion, H2N , is a much stronger base than hydroxide ion, HO~. Which would 
you expect to be a stronger acid, HZN—H (ammonia) or HO—H (water)? Explain. 

2.7 Predicting Acid—Base Reactions from pK, Values 

Compilations of pK, values such as those in Table 2.4 are extremely useful 
for predicting whether or not a given acid—base reaction will take place to 
any great extent. In general, an acid will react with (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 2.4 indicate that hydroxide ion will react with 
acetic acid, CH;COOH, to yield acetate ion, CH3;COO, and water: 

i a ii 7 

sa ae aes + -:0—H See + H—O—H 
H H 

Acetic acid Hydroxide ion Acetate ion Water 
(pK, = 4.72) (pK, = 15.74) 

According to the pK, data in Table 2.4, water (pK, = 15.74) is a weaker 
acid than acetic acid (pK, = 4.72). Thus, hydroxide ion has a greater affinity 
for a proton than acetate ion has, and the reaction of hydroxide ion with 
acetic acid will occur. 

Another way for predicting acid—base reactivity is simply 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 base (acetate ion) is weaker than 
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the starting base (hydroxide ion), and the product acid (water) is weaker 
than the starting acid (acetic acid): 

CH3;COOH + HO- = H,0 + CH3;COO- 

Stronger acid + Stronger base Weaker acid + Weaker base 

Spehriniene esas) e ere ier ele leleiivie ia: s)4)eiele ee 8 fea) e\ele,.0 610.8) ¥'e\e 8 e9 616 ai016 610 6) ce e10.6e19 6 a ei6 ie .e.e:eleiele 6.6 alee ee 

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? 

H—C=c—H PH=01%-—, H=c=01-4 HOH 

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, the H—O- ion must have less affinity for a proton than the 
H—C=C:- ion. Inother words, the anion of acetylene is a stronger base than hydrox- 
ide ion, and the reaction will not proceed as written. 
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Is either of the following reactions likely to take place, according to the pK, data in 
Table 2.4? 

(a) H—CN + CH,COO- Nat —> Na*-CN + CH,COO—H 

(b) CH;CH,O—H + Na* -CN —> CH,CH,O- Nat + H—CN 
SHO eee lS, 6/18), 4s8) 6.1619) '6 oe 8,8 (2. 9:70) Ole ke 9.6 8 Oc e106 6 6 O00. 6 0 © © © de .0 10 le19..0 10:00 e urete eles 0.04 © 0.0.0),6 00.6 lel abevele es 00 0 0 ¢ 0 6 6.61008 

Ammonia, H,.N—H, has pK, ~ 36 and acetone has pK, = 20. Will the following 
reaction take place? 

0 
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2.8 Acids and Bases: The Lewis Definition 

The Brgnsted—Lowry concept of acidity is a 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 a substance that 
accepts an electron pair; a Lewis base is a substance that donates an 

electron pair. 
The Lewis definition of acidity is much broader than the Brgnsted— 

Lowry definition. Lewis acids include not only proton donors but many other 
species as well. For example, a proton (hydrogen ion, H*) is a Lewis acid 
because it has a vacant s orbital and needs a pair of electrons to fill its 
empty valence shell. In addition, compounds such as BF and AICl 3 are 
Lewis acids because they also have vacant orbitals that can accept electron 
pairs from Lewis bases, as shown in Figure 2.4. Both the boron atom in BF3 
and the aluminum atom in AICl3 have only six electrons in their outer 

shells. 
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Hort it hactitleatOiH a :0:H 

Hydrogen ion Hydroxide ion Water 

(Lewis acid) (Lewis base) 

CH CH 
F bree Re wih 

Rip <2 os TO: Tras, F:B:O:t 

F | F on 
CH; ; 

Boron trifluoride Dimethyl ether 

(Lewis acid) (Lewis base) 

Cl mpm hy FEIN 
Cl: Al sg of NCC Ha)s Saar aed Cis Al : N(CH3)3 

Cl Cl 

Aluminum trichloride Trimethylamine 
(Lewis acid) (Lewis base) 

Figure 2.4 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 arrow. 

Less obvious is the fact that many transition-metal compounds, such 
as TiCl,, ZnCl,, FeCl3, and SnCl,, are excellent Lewis acids. The bonding 
in such compounds is complex, since it involves d orbital hybridization, but 
all of these transition-metal compounds have a vacant valence orbital that 
can accept an electron pair. 

Note particularly how the acid—base reactions in Figure 2.4 are shown. 
A curved arrow indicates the direction of electron pair flow from the Lewis 
base (electron-rich) to the Lewis acid (electron-poor). This kind of arrow is 
used extensively 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. 

The Lewis definition of basicity—a compound that can donate an elec- 
tron pair—is quite similar to the Brgnsted—Lowry definition: A Lewis base 
has a lone pair of electrons that it can donate to a Lewis acid for use in 
forming a new bond. Thus, H2O, with its two lone pairs of electrons on 
oxygen, serves as a Lewis base by donating an electron pair to a proton in 
forming the hydronium ion, H30*: 

t i 
aH +:Q0—H == H—O*+H + :Cl:- 

Acid Lewis base Hydronium ion 

© In a more general sense, most oxygen- and nitrogen-containing organic 
compounds are good Lewis bases because they have lone pairs of available 
electrons. For example, dimethyl ether, ethyl alcohol, and acetone are Lewis 
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bases because their oxygen atoms each have two lone pairs; trimethylamine 
is a Lewis base because its nitrogen atom has a lone pair: 

CH;—O—CH; CH,CH,—O—H 

Dimethyl ether Ethyl alcohol 

ers i 

CH; CH3;—C—CH, 

Trimethylamine Acetone 

EE PUO BU HMA) fe cetecater yn) eva tole iohal ri for ope) 2) aa ols feo: sadist ahesia a\aye's) wine Mele toveunsele hs ba svare Savereeerabwallen aaa 

2.14 Which of the following are Lewis acids and which are Lewis bases? 

(a) CH,CH,—O—H (b) CH; -NH—CH, (c) MgBr, 
(a) oe (e) H—-O=H (f) CHy—P— CH 

CH; H CH; 

EOS EMAINE eterelater abel ovenalelalor © (ele) ois) sare ereteleye/sieisteleiciciaid ieee ails Fe wie cise Cee Te 6 hehe hetero ten wee cone: 

2.15 Explain by formal-charge calculations why the following acid—base complexes have 
the charges indicated: 

Ha 
(a) FB—O—CH, (b) ClaAl NCH 

CH, CH; 

EPEC OS EDU Aiteteite ic fehcleliclsreiieloselele clove cilsieteleysie ie’ ele el eieiial ol ehstaieiele.slsishere (es le, eye ells se 00. 0l8e sisi sicisies sels: leis alsiele eee eves ees 

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

a :O—BF; 

Ha CHa BE: aa ee tt 

Formaldehyde Boron 
trifluoride 

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 by no means accurate enough to determine the relative 
proportions of the elements. 

3 Antoine Lavoisier (1743-1794); b. Paris; studied at College Mazarin; considered the founder 

of modern chemistry; guillotined during French Revolution. 
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The second breakthrough came in 1831 when Justus von Liebig* devised 

the method of organic analysis that is 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, 

C.gHg, proceeds according to the following equation: 

C.He + 15Cu0 — 1 6CON+ 30 + 15 Cu 

The 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 

the tube before and after combustion, the amount of water formed can be 

accurately determined. The CO, produced 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 composition of 

carbon and hydrogen present in the original sample can be determined. 
The Liebig technique 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 do not total 100, then the 
percentage of oxygen present is taken as the difference. Let’s assume, for 
example, that we have analyzed a 0.55 gram (g) sample of a colorless organic 
liquid obtained by the distillation of wine. On weighing the CaCl, and KOH 
tubes, we find that 0.66 g H,O and 1.037 g CO, 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 Hz (2.016) 

Molecular weight of H,O (18.016) 
Weight of Hin sample = Weight of HO x 

ll (0.66)(0.112) = 0.074 gH 

Weight of H  __ 0.074 
Weight of sample — 0.55 

% H in sample = 13.44% 

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) 

(1.037)(0.273) = 0.283 gC 

Weight of C_—__. 0.283 
Weight of sample — 0.55 

Weight of C in sample = Weight of CO, x 

% C in sample = 51.47% 

4Justus von Liebig (1803-1873); b. Darmstadt; Ph.D. at Erl in 1822; i ee wane ; rlangen in 1822; professor, Giessen 
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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: 

_ BLAT% _ 
Ymo12:01es wae 

18.44% _ Hovey a apes 33 

35.09% 
15:00 sana 

The atomic ratio of elements in our sample is C, 4.29:H, 13.33:0, 2.19, 
which reduces to C, 1.95:H, 6.1:0, 1 when the numbers are divided by 2.19 
(the lowest number in the series). Rounding off these ratios gives the empir- 
ical formula C2H,O. 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 C2HgO would be impossible by the rules of valency. 
Since carbon has a valence of four, 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: 

Hee H 

mbes ells 
a 

C,Hon+2 

A formula such as C4H 20, for our unknown would be impossible, and the 
liquid (since it comes from wine) is ethyl alcohol, CH3CH2OH. 

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. They were, however, limited in 

their usefulness 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 4 gram 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. As the science of chemistry developed, however, scientific 

instrumentation became more sophisticated. Under the leadership of Fritz 

Pregl,® a microbalance of great precision was developed, allowing highly 

accurate weighing of submilligram amounts. Pregl further refined all 

aspects of the Liebig method and, in 1911, introduced a method of microanal- 

ysis that could be carried out on 5-10 milligram (mg) samples. For his 

accomplishments, he received the 1923 Nobel prize in chemistry. 

5Jean Baptiste André Dumas (1800-1884); b. Alais, France; professor, Ecole Polytechnique 

(1835), Ecole de Médecine, Sorbonne. 

6Fritz Pregl (1869-1930); b. Laibach, Austria; Ph.D. Graz (1893); professor, Innsbruck, Graz; 

Nobel prize in chemistry (1923). 
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2.17 

PROBLEM 

2.18 

PROBLEM 

2.19 
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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. 

Pe ee we mee eee re reer reese rer essere reeseseesesesesseseeesesesesesseesssesesenesseseereseese 

Calculate the percentage of each element in these molecular formulas: 
(a) Benzene, CgHg (b) Laetrile, C;4H,;;NO, 
(c) Quinine, CopHo4N202 (d) Diethylstilbestrol, CigH2902 

eee tener eee reer e eect ee eee sere se reese eseeseseseHreseeeesessseesesereeeeeeseeeeseseeeeeseeesese 

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? 

Ce mee ee Pere ene ras e ane ese eee SECS O CES EEH SETHE EEEE OTE CECH EH ESOT OR OER ETOH OCC EOE SCRE O EB ONS 

A sample of squalene, isolated from shark oil, was submitted for combustion analysis. 
An amount weighing 8.00 mg gave 25.6 mg CO, and 8.75 mg H,O. Calculate the 
empirical formula of squalene. If squalene has a molecular weight of 410, what is 
its molecular formula? 

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: 

_ (Number of valence electrons\ _ /Number of electrons 
or maiaseas ( in the free atom ) ( in the bound atom 

Organic molecules often have polar covalent bonds. Bond polarity is 
a result of unsymmetrical electron sharing due to the intrinsic electroneg- 
ativity of atoms. For example, a carbon—chlorine bond is polar because 
chlorine attracts the shared electrons more strongly than carbon does. Car- 
bon—metal bonds, however, 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 polarization of a molecule is measured 
by its dipole moment. 

Acidity and basicity are related to polarity and electronegativity. A 
. Brgnsted—Lowry acid is a compound that can donate a proton (hydrogen 

ion, H*); a Brgnsted—Lowry base is a compound that can accept a proton. 
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The exact strength of a Brgnsted—Lowry acid or base is expressed in terms 
of acidity constants, K,. More useful is the Lewis definition of acids and 
bases. A Lewis acid is a compound that has a low-energy unfilled orbital 
and can accept an electron pair; BF;, AlCl;, 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 
combustion products are weighed to give information that can be used to 
establish the empirical formula of an unknown. 

Chemists normally draw line-bond 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 intersections of lines 
(bonds), and the correct number of hydrogens is mentally supplied. For 
example: 

CH, 

coe “oe 

He CH 

Cyclohexene 

ADDITIONAL PROBLEMS 
eee meee eee eee eee rere essere oeeereserosesee Sees e eee rere see eerste eeeeseeeeeeeseseseeseeseseeereeeseseseeeeeeeseseoeeeeesee 

(a) “t " (b) * i 

He. PN eel Be a 

| | | 

r pent ga Pe 
th il 1,3-Pentadiene 

Naphthalene 

(c) Cl H (d) T 

Geel sik ek 

BGC edie 

H H I 

1,2-Dichlorocyclopentane 
Quinone 
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2.22 

2.23 
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Convert these shorthand drawings into Kekulé structures that show all carbons and 

hydrogens: 

(a) CN (b) 

( { 
(c) CHO (d) 
ar 

Calculate the formal charges on the atoms indicated: 

x 

be COOH 
(a) (CH3)30: BF, ' (b) HC—N=N: 

(c) H,C=N=N: (d) :0=0—0: 

(e) CH3 SSS 

eipeiund, let phil tee 2 | 3 N 

Si - 

Use the electronegativity table (Table 2.2) to predict which bond in each of the 
following sets is more polar: 
(a) H3C—Cl and CI—Cl (b) H3C—H and H—Cl 
(c) HO—CHs3 and (CH3)3Si— CH (d) H3sC—Li and Li—OH 

Indicate the direction of bond polarity for each compound in Problem 2.23. 

Which of these molecules have dipole moments? Indicate the expected direction of 
each. 

(a) Cl Cl (b) Cl H 
\ / x 
C=C C=C 

A # 
H H H Cl 

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

(c) LiH (d) F3B—N(CHs)3 

(e) < Z : OH (f) oe 

SN 
OH 

_ (g) Tas th) 2 : NH, 

HO SS 



2.26 

2.27 

2.28 

2.29 

2.30 

2.31 

2.32 

2.33 

2.34 

ADDITIONAL PROBLEMS 59 

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. | 

it 
apelin pie H 

H 

Acetic acid 

Classify the following reagents as either Lewis acids or Lewis bases: 
(a) AlBrg (b) CH3sCH,NH, (c) BH3 
(d) HF (e) CH3—S—CHs (f) TiCl, 
Draw Lewis electron-dot structures for each of the molecules in Problem 2.27. Make 
sure that you indicate the unshared electron pairs where present. 

Assign formal charges to these molecules: 

(a) a (b) HC—N—-N=N: — (c) HJC—N=N=N: 
H3C — ol 0 : 

CH; 

Rank the following four substances in order of increasing acidity: 

(a) ° (b) ° ° 

H,C— C —C H, H;,C— C —CH,— C —CH3 

Acetone 2,4-Pentanedione 

(pK, ~ 20) (pK, ~ 9) 

(c) (d) O 
OH | 

H,;,C— C —O—H 

Phenol Acetic acid 

(pK, ~ 10) ini) 

Which, if any, of the four substances in Problem 2.30 are strong enough acids to 

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

Is tert-butoxide anion a strong enough base to react with water? In other words, will 

the following reaction take place as written? (The pK, of tert-butyl alcohol is approx- 

imately 18.) 

CH, CH, 

Gates 03 Otro: mest mar ae HO? 

bar, bas, 
tert-Butoxide anion tert-Buty1 alcohol 

Sodium bicarbonate, NaHCO, is the sodium salt of carbonic acid (H2COs3), 

pK, ~ 6.4. Which of the substances shown in Problem 2.30 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 2.33, propose a simple qualitative way for telling what is in each bottle. 
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Identify the acids and bases in these reactions: 

_ 

(a) CH;0H + Ht ——> CH;0H2 

(b) CH30H + “NH, —~ CH;07 NES 

O O—TiCl, 

| 
(() CH3CCH3 te TiCl, a CH3;—C—CH3 

O + 
Na 

H H H ae 

(d) H H +. NaH —~— H + Ho 

H H BH, 
| \a/ 
N N 

(e) e J + BHs z [ J 

O O 

CH; BF, 

x ‘: 
SS 5 

(f) (CH3)30* BFg + () arn’ (et + CH;0CH3 

Calculate the percentage of each element in the following formulas: 
(a) Aspirin, CgH,O, (b) Muscone (musk oil), C;gH3 90 
(c) Morphine, C,7H,,NO; (d) Strychnine, C2,;H2.N,0, 

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 perfume. A pure sample of jasmone is analyzed and found to be 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 0.005 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 mg No» (1.0 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. 
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Cadaverine, an aptly named amine with a molecular weight of 102, was analyzed 
for C, H, and N. Analysis of a 0.040 g sample yielded 0.086 g CO,, 0.051 g H,O, and 
8.6 mL Np gas collected at standard temperature and pressure. How many grams 
of N2 gas were produced? What is the percentage of N in the 0.040 g sample? Using 
this information, derive the molecular formula for cadaverine. What olfactory prop- 
erties would you expect this molecule to possess? 

Dimethyl 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. 

rer aclipeae 

:0: 

Dimethy] sulfone 



CHAPTER3 

The Nature of Organic 
Compounds: Alkanes 
and Cycloalkanes 

Nene to Chemical Abstracts, the invaluable publication that abstracts 
and indexes the chemical literature, there are more than 8 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 8 million compounds with random reactivity, 
there are several dozen general families of organic compounds whose chem- 
istry is roughly predictable. 

3.1 Functional Groups 
Be reece bho a Elles erin ones burmese et | Beda ee Be en 

58 

The structural features that allow us to class compounds together by reac- 
tivity are called functional groups (see Table 3.1). A functional group is 
a part of a larger molecule; it is composed of an atom or group of atoms 
whose bonds have a characteristic chemical behavior. Chemically, a given 
functional group behaves approximately the Same in every molecule it’s a 
part of. For example, one of the simplest functional groups is the carbon— 
carbon double bond. We saw in Section 1.10 that a carbon—carbon double 
bond consists of two parts—a sigma bond formed by head-on overlap of an 
sp* orbital from each carbon, and a pi bond formed by sideways overlap of 
a p orbital from each carbon (Figure 3.1). 
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Pi bond (top) 

Sigma bond 

Pi bond (bottom) 

Figure 3.1 An orbital picture of a carbon-carbon double bond: The bond has two 
parts—a sigma bond formed by head-on overlap of sp? orbitals and a pi bond formed 
by sideways overlap of p orbitals. 

Since the electronic nature 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 3.2). 

H H 
\ j 
C— 
/ \ 

H H HO 

Ethylene Cholesterol 

Brg 

CH,—CHe2 HO 

| | Br | 
Br Br Br 

1,2-Dibromoethane Cholesterol dibromide 

Figure 3.2 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 is irrelevant. 
ee ee eee ee ee 

——— 



Table 3.1 Structures of some important functional groups 

Family name 

Alkane 

Alkene 

Alkyne 

Arene 

Halide 

Alcohol 

Ether 

Amine 

Nitrile 

Nitro 

Sulfide 

Sulfoxides 

Functional group 
structure® 

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

(X = F, Cl, Br, I) 

| 
—C—O—H 

| eo 

gee —C—0—C— 

Welt protmbleabet ns 
? ’ 

bee | 
H 

—-K 

_b_can: 
|: 

sis 

[Pee 
ie 

| 202° 

li basin’ 
—C—§--C— 

| | 

:O07 

eae 
—C—S§*-C— 

Simple example 

CH;CH3 

H,C—CH, 

H—C=C—H 

H> H 
ay 
C=C 

Hc CF 
\ 4 
C—C 

/ \ 
H H 

H;,C—Cl 

H,C—0—H 

H;,C—O—CHs 

H,C— NH, 

H;,C—C=N 

O 
+4 

H,C—N 

ale 
O 

H,C—S—CH; 

nt 

H;C—S—CH,; 

Name ending 

-ane 

Ethane 

-ene 
Ethene 

(Ethylene) 

~yne 
Ethyne 

(Acetylene) 

None 

Benzene 

None 

Chloromethane 

-ol 

Methanol 

ether 
Dimethyl ether 

-amine 
Methylamine 

-nitrile 

Ethanenitrile 

(Acetonitrile) 

None 

Nitromethane 

sulfide 
Dimethy] sulfide 

sulfoxide 

Dimethyl sulfoxide 
eee 

“The bonds whose connections aren’t specified are assumed to be attached to carbon or hydrogen 
atoms in the rest of the molecule. 



Functional group 
Family name structure® Simple example Name ending 

rd oy iz | 
Sulfone matig 2 a - H3;C—S* CH, sulfone 

03 i. Dimethy] sulfone 

Thiol a 7S--H H,;C—SH -thiol 
aa: | Methanethiol 

| 
Carbonyl, —C— 

| 
Aldehyde apa taigg ~pearstihry -al 

| Ethanal 

(Acetaldehyde) 

fault 
Ketone —C—C— C— H3;C—C—CH, -one 

| | Propanone 

(Acetone) 

| |i i 
Carboxylic acid —C—C— OH H,C—C—OH -oic acid 

| Ethanoic acid 

(Acetic acid) 

Way aks | 
Ester —C—C—0—C— H.C —_ C=O CH, -oate 

| | Methyl] ethanoate 
(Methyl acetate) 

oT I 
Amide = C-- Nae H.C=G=5NHa -amide 

| Ethanamide 
(Acetamide) 

OP 
do 3 CANS Hi 

| | 
at): 

| etch 
—C—C—N— 

| | 

ai 1 | | 
Carboxylic acid —-C—C—Cl H.C—C—-Cl -oyl chloride 

chloride | Ethanoyl chloride 

(Acetyl chloride) 

eae 19 oe 
Carboxylic acid —C—-C— o— C—C— H,C—C—O—C—CH3 _ -oic anhydride 

Ethanoic anhydride 
(Acetic anhydride) 

Ee 

anhydride 
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The example shown in Figure 3.2 is typical: The chemistry of all organic 

molecules, regardless of size and complexity, is determined by the functional 

groups they contain. 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 alkenes, alkynes, and aromatic rings, have 

only carbon-carbon double or triple bonds; others have a 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 will be familiar when you see them 

again. They can be grouped into several categories to aid memorization. 

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 some chemical similarities: 

‘ 7 \ /. 
C=C —C=C— C=C 

if \ 7 x 
eG C= 

\ 4 
C—C 

vA \ 

Alkene Alkyne Arene 
(aromatic ring) 

FUNCTIONAL GROUPS WITH CARBON SINGLY 
BONDED TO ELECTRONEGATIVE ATOMS 

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 (5*) and the electronegative atom bearing a slight negative 
charge (6): 

Alkyl Alcohol Ether 
halide 
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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 carbonyl-group carbon. 
Aldehydes have one carbon and one hydrogen bonded to the C=O, ketones 
have two carbons bonded to the C=O, carboxylic acids have one carbon 
and 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 chloro group 
bonded to the C=O, and so on: 

O 
| ll onic ce 

—C—C—H ‘ok i oe Se ee niece 

Aldehyde Ketone Carboxylic 

acid 

O 

| ll | | mrebteee 7/ lebyeil 
— —O—C— —C—C—N —C—C—Cl 

| | | . | 

Ester Amide Acid 
chloride 

PROBLEM 2 oes scccctese rec re acre ces ees esses sere ress eea reese re seer nresereseereeeensssoesrerscesene 

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

NH, 

ie CH,CHCOOH 

(a) at \-u-<_\-a 
(b) i 

DDT Phenylalanine 

d SS 

Acrolein 

Styrene 
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seco reese reer e reese wee ec merece errr eer eres cere rereeneeseeseseserneeseeenseenereeeeoeneneses 

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 

3.2 Straight-Chain Alkanes and Alkyl Groups 

We saw earlier (Section 1.9) that carbon—carbon single bonds result from 
overlap of two carbon sp? orbitals. If we imagine joining three, four, five, or 
even more carbon atoms together, it’s possible to generate a large number 
of compounds of increasing chain length, as shown in Figure 3.3. 

H H 
| land | | | 

ede < fi Wate < H—C—C—C—H < H—C—C—C—C—H 

Methane Ethane Propane Butane 

H H H H 

< HO—C—6-—6...C-H 
a 

C,Hen+2 

Figure 3.3 The increasing chain length of normal alkanes, C,,H>,,.9 

Compounds generated in this way are called straight-chain alkanes 
or normal alkanes. All have the general formula C,,H»2,,2, where n is any 
integer. Alkanes are often called saturated hydrocarbons—saturated 
because they have the maximum possible number of hydrogens per carbon 
and hydrocarbons because they contain only hydrogen and carbon. They are 
also occasionally referred to as being aliphatic, derived from the Greek 
word aleiphas, “fat.” As we’ll see in Chapter 28, animal fats do indeed contain 
long carbon chains similar to alkanes. 

A given alkane can be depicted arbitrarily in a great many ways. For 
example, butane, the straight-chain alkane with four carbons, can be rep- 
resented by any of the structures in Figure 3.4. These structures don’t imply 
any particular geometry for butane; they indicate only that butane has a 
chain of four carbons. In practice we soon tire of drawing bonds at all and 
refer to butane as CH;CH,CH2CH; or simply.as n-C,Hj9, where n signifies 
normal, straight-chain butane. 

With the exception of the first four compounds—methane, ethane, pro- 
pane, and butane—whose names have historical roots, alkanes are named 
from Greek numbers according to how many carbons are present (Table 3.2). 
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ei —e= 

CH3 CH2,—CH3 
| 

CH;— CH,—CH,— CH; = CH3—CH,—CH, II eee = CH3(CH2).CH; 

aes ta CHs CH. 
CH.—CH, GHz CH, 6 = met PS 

Figure 3.4 Some representations of butane, C4H,o9: The molecule is the same, regardless of 
how it’s drawn. 

ele ee eee SP e i 2 ees ete teh th 

ll ll 

Table 3.2. Alkane names 

Number of Formula Number of Formula 
carbons (n) Name (C,,Ho,+2) carbons (n) Name (C,,Hon+2) 

1 Methane CH, ite Undecane Cy,Ho4 

2 Ethane CoH, 12 Dodecane CyoHo6 
3 Propane C3Hg 13 Tridecane C13Hog 
4 Butane C4H 40 14 Tetradecane C14H 39 
5 Pentane CsHy2 20 Icosane CooH42 

6 Hexane CeHy4 21 Henicosane Co1Ha4 
a ~ Heptane C7Hi¢ 22 Docosane CooHag 
8 Octane CsgHi3 30 Triacontane CsoH¢o 

9 Nonane CoH 40 Tetracontane C4oHee 
10 Decane CioHe2 50 Pentacontane C5oHi02 

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. 
If one hydrogen atom is removed from an alkane, the part of the molecule 

that remains is called an alkyl group. Alkyl groups are named by replacing 
the -ane ending of the parent alkane by an -yl ending. For example, removal 
of a hydrogen from methane, CHy, generates the methyl group, CH3—. 
Similarly, removal of a hydrogen atom from an end carbon of any n-alkane 
produces the series of straight-chain n-alkyl groups shown in Table 3.3. 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 

a sable anne ee 

i i i 
Methane A methyl group Methylamine Methyl alcohol 

1The symbol s 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 3.3 Some straight-chain alkyl groups 

Alkane Alkyl group Example 

CH, CH3— CH;—OH 

Methane Methyl (abbreviated Me) Methyl alcohol 

CH3CH3 CH3;CH,— CH3;CH,— NHe 

Ethane Ethyl (abbreviated Et) Ethylamine 

CH3CH2CH3 CH3;CH,CH,— or n-C3H, CH;CH,CH,— Li 

Propane Propyl! (abbreviated Pr) Propyllithium 

CH3;CH,CH2CH3 CH;CH,CH,CH,— or n-C4Hyo CH;CH,CH,CH,— Br 

Butane Butyl (abbreviated Bu) Butyl bromide 

3.3 Branched-Chain Alkanes: Isomers 

Methane and ethane each have only one kind of hydrogen. That is, the four 
hydrogens in CH, are all equivalent, and the six hydrogens in C2Hg are all 
equivalent. No matter which of the four methane hydrogens or six ethane 
hydrogens we remove, only one kind of methyl group and one kind of ethyl 
group result. The situation is more complex with higher alkanes, however. 
Propane and butane each have two kinds of hydrogens, pentane and hexane 
each have three kinds of hydrogens, and so on, as shown in Figure 3.5. 

Orch Sere CH,—CH,—CH,—CH, 
Propane Butane 

CH,CH,CH.CH,CH, CH, CH,CH,CH,CH,CH, 
Pentane Hexane 

Figure 3.5 Kinds of hydrogen atoms in propane and some higher alkanes: The 
superscript letters denote the different kinds of hydrogens in each molecule. 

The simplest way to tell how many kinds of hydrogens a compound 
contains is to replace each hydrogen, one at a time, by some other atom 
such as Cl and see how many different compounds result. For example, 
replacement of any methane hydrogen by Cl would yield only one compound, 
CHsCl; replacement of one hydrogen at a time in propane, however, would 
lead to two compounds, CH3;CH2CH,Cl and CH;CHCICHs. 
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We generated the series of straight-chain alkanes in Table 3.2 by suc- 
cessively replacing a terminal hydrogen of a lower alkane with a methyl 
group. It’s equally possible to imagine replacing internal hydrogen atoms 
with alkyl groups and to generate thereby a vast number of branched- 
chain alkanes. 

Beginning with propane, for example, we can replace a terminal hydro- 
gen by a methyl group to generate butane, or we can replace an internal 
hydrogen by a methyl group to generate the branched four-carbon alkane, 
2-methylpropane or isobutane. Although butane and isobutane have the 
same formula, C4Hj0, they have clearly different structures. 

Hiei lise 

Fae eater asia 

pe © HOW OH 
sure i esis Butane 

| ‘ | f 

H = reyes H 

pri aight Ge fio a 
2-Methylpropane 

(Isobutane) 

Compounds that have the same formula but different chemical struc- 
tures are called isomers (from the Greek isos + meros, “made of the same 
parts”). Isomers are indeed made of the same parts: They have the same 
numbers and kinds of atoms, but their atoms are arranged differently. Com- 
pounds such as butane and isobutane, which have their atoms connected in 
a different order, 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. 

There are an enormous number of possibilities for branching in the 

alkane series. Although there is only one methane, one ethane, and one 

propane, there are two butane isomers, three pentane isomers, five hexane 

isomers, and so on. As Table 3.4 on page 68 shows, there are more than 62 

trillion possible isomers of C4oHgo! 

Constitutional isomerism is not limited to alkanes—it occurs widely 

throughout organic chemistry. It’s often useful to classify constitutional 

isomers into three subgroups—skeletal, functional, and positional. Skeletal 

isomers are compounds such as butane and isobutane that have the same 

formula but have different carbon skeletons. The differences are usually 

obvious: 

Skeletal isomers CH3 

ifferent carb | 
eobtonde ®" CH, —CH—CHs; and CH,—CH,—CH,—CH;, 
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Table 3.4 Numbers of possible alkane isomers 

Formula Isomers 

C,H, CH, 

CoHe CH3CH3 

C3H, CH3CH2CH3 

CHs 

C4Hj0 CH3;CH2CH2CH3 ener 

CH; fa 

C5Hi2 CH3CH2CH2CH2CH3 peers CH;—C—CHs 

dat, 

CHs CH3 

CeHi4 CH3CH,CH,CH2CH,CH3 PC onenientn Cer nents 

CH; CH3 CH 

CH3;CH—CHCH3 CH3— ¢ —CH,CH3 

CH; 

Formula Number of isomers Formula Number of isomers 

Gast 355 
OL, 18 CisHep 4,347 
Gates 35 Gookbe 366,319 
CipHos 75 Catt 4,111,846,763 

62,491,178,805,831 

Functional-group isomers are compounds that have the same formula 
but have different functional groups. For example, ethyl alcohol and 
dimethyl] ether both have the formula C2.H,O, but one contains an alcohol 
functional group (—OH) and the other contains an ether functional group 
(C—O—C). Again, the differences between functional-group isomers are 
usually obvious: 

Functional-group isomers CH;—CH,— OH and CH;—O—CH3 
(different functional groups) 

Ethyl alcohol Dimethyl] ether 

Positional isomers are compounds that have the same formula, carbon 
skeleton, and functional groups but have the functional groups located at 
different positions along the carbon skeleton. For example, 1-propanol and 
2-propanol are both straight-chain alcohols, but one has the —OH group 
attached to C1 and the other has the —OH group attached to C2: 

Positional isomers OH 

« (different position of 
functional group) CHz;—CH,—CH,—OH and CH;,—CH—CHs; 

1-Propanol 2-Propanol 
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There are seven constitutional isomers with the formula C,H,)0. Draw as many as 
you can. 

eee ee een sees aS pa eis is wise) 610 8 e © (60) 60's 06 4 616 00 6 0 0 seb 6 © Cyt CiOfe LEED TPO KC CHESCeeTOCreR TOF OOD Oe REO 

° . Se eee eee Hee ee Hoe ETE ETE HEHE HH EHH REO EEHEEHEHHEHHEE HEHEHE HEHEHE HH TE HEHE OHHH OHHH EOE EHO 

Propose structures that meet the following descriptions: 

(a) Two isomeric esters with formula C;H, 0, 
(b) Two isomeric nitriles with formula C,H;N 

. come ee wens eee seers eeeee ee ereseseeseeeereeesereseseeseeereserereerereeEeeeeHeseeHeHeeEeeEEee® 

How many isomers are there that have the following structures? 

(a) Alcohols with formula C3;H,O (b) Bromoalkanes with formula C,H Br 

3.4 Nomenclature of 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 
(C,7H;9NO3) is an analgesic (painkiller) isolated by Sertiirner? 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 we'll use in this book is 
that devised by the International Union of Pure and Applied Chemistry 
(IUPAC—usually spoken as eye-you-pac). IUPAC rules are available for 

dealing with all functional groups and for unambiguously naming all but 

the most complex structures. 
A chemical name has three parts in the IUPAC system: prefix, parent, 

and suffix. The parent tells how many carbon atoms are in the main chain 

and indicates the overall size of the molecule, 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— Se 
Ya t 

Where are substituents How many What functional groups 

and functional groups? carbons are present? 

in main chain? 

As we cover new functional groups in later chapters, the applicable 

IUPAC rules of nomenclature will be given. In addition, Appendix A at the 

end of this book 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. 

2Friedrich Wilhelm Adam Sertiirner (1783-1841); b. Neuhaus, Germany, apothecary in 

Paderborn, Eimbeck, and Hameln. 
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According to IUPAC rules, most branched-chain alkanes can be named 

by following four steps. For a few very complex alkanes, a fifth step is needed. 

Step 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— CH; Named as a substituted hexane 

ie 
CH3;— CHCH—CH,CHs Named as a substituted heptane 

CH,CH,CH3 

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

a 
CH,CHCHCH,CH,CH; Named as a hexane with two 

substituents 

CH.CHs3 

CH, NOT 

| 
CH3;CH— CHCH,CH.CH; as a hexane with one 

substituent 
CH2CH3 

Step 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 have identified: 

1CH3 7CH3 

2 iia 6 a 

CH3— Sem CH,CH3 NOT Poss CHCH .0HiGHs 

CH2CH.CH, | CHsCH;CHs 

6 The first branch occurs at C3 in the proper numbering sys- 
tem but at C4 in the improper system. 
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b. Ifthere 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 

CH3CH, fe ies 

CH3—CHCH,CH,CH—CHCH,CHz3 
Tt 6 5 4 3 2 1 

NOT 
I, 2 

CH,CH, CH, oeOus 

CH3— CHCH,CH,CH— CHCH,CHz3 
3.4 5a orn! 

Step 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 

CH;CH, Cs ake 
| 

CH3;— CHCH,CH,CH—CHCH,CH3 Named as a nonane 
io 5 4 3) #2 i 

Substituents: On C3,CH.CH, (3-ethyl) 
On C4, CH; (4-methy]) 
On C7, CH; (7-methy]) 

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: 

a 
CH3;CH,—C—CH,CHCH3 Named as a hexane 
6 5 4| 3 |2 Hl 

We CH; 

CH; 

Substituents: On C2, CH3 (2-methy]) 

On C4, CH; (4-methy]) 
On C4, CH,CH, (4-ethyl) 

Step4 Write out 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. 
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Full names for some of the examples we have been using follow: 

2 1 

CH.CH3 1CH3 

A § 43 | 
CH;CH,CH,CH—CH3 2 CH 

3-Methylhexane CH3— cana —CH,CH3 

CH,CH,CH3 
5 6 7 

a 4-Ethy]-3-methylheptane 

CH3;CHCHCH.CH.CH; 
1 2 8 4 5 6 

CH3 
CH,CH3 

6448 ee 2) it 
. CH;CH,—C—CH,CHCHs3 

3-Ethyl-2-methylhexane | 

| 
9 8 CH3 

CH3CH, CH; CH2CH3; 
4-Ethyl-2,4-dimethylhexane 

7 6 5 4 3 2 1 

CH3— CHCH,CH,CH—CHCH.CH3; 

3-Ethyl-4,7-dimethylnonane 

Application of the preceding four steps allows us to name many thou- 
sands of organic compounds. In some particularly complex cases, however, 
a fifth step is necessary. It occasionally happens that a substituent of the 
main chain has sub-branching: 

CH; 
1 2 3 4 5} 6 | 

CH3;CH—CHCH,CH,CH— CH,CH— CH; Named as a 2,3,6- 
| trisubstituted decane 

CH3 CH; Che Cue 
he 8 

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

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

CH 3 
| ‘ Molecul2—CH, —CH—CH, 
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We begin numbering at the point of attachment to the main 
chain and find that the complex substituent is a 2-methyl- 
propyl! group. To avoid confusion, this group name is set off in 
parentheses when the name of the complete hydrocarbon is 
given: 

CH; 
1 2 3.64 5 6 

CHs CHs CH,CH,CH.CH; 

Yi 8 9) 10 

2,3-Dimethyl-6-(2-methylpropyl)decane 

As a further example: 

CH; CHs CHs i 

CH3;CH,CH,CH,CH— CH— CHCH; —3—-CH—CHCHs; 
9 8 7 Gers 1 2aS 

: lake aa 5-(1,2-Dimethylpropy])- 

CH2—CH—CHs3 
3 2 1 

2-Methy1-5-(1,2-dimethylpropyl)nonane 

PRACTICE PROBLEM. ...ccccsscccccccccccccvescerere esses seresesesssssesssesessesresssssseseese 

What is the IUPAC name of the following alkane? 

CH,CH3 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. 

WE OBL Mi ccresceat ne eiietes cuete athe day sv eiveieNentuotiel ewe verie’ adeita sehohnileicn pla ielellee:\oie: si ecdinie, a ayerie) Sele {ee leieieis)'6 diena'../e) 008/10 a0) Wie) epsieie 2) So \¢ Se. 5:0/0 

3.7. Provide proper IUPAC names for these compounds: 

ib 
(a) The three isomers of C5Hj (b) re 

CH,CHs 

ee me 

(c) (CH3),CHCH,CHCH3 (d) (CH3)3CCH,CH2CH 

CH,CH3 
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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 

ae . 
G\ay.av'o.0 atte iy eave @% ip) M'e,Tol w\ute! al @) (8) 6) ie) (ei(el © [u/'s) wile (Aj ai (e\\e7ei'e/-e/(0) 6 (e\(o) 8)\'e),a) ella rele\telis)(o)/ei(eiim/eia.9\\6 ai 6) ile) seca) ear mMmmSu SS RaLe Lee (keg es 

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-methylhexane 

(e) 2,3-Methylhexane (f) 3-Dimethylpentane 

3.5 Nomenclature of Alkyl Groups 

Earlier in this chapter, we saw that straight-chain alkyl groups are formed 
by removal of a terminal hydrogen atom from straight-chain alkanes. It’s 
equally possible to generate an enormous number of branched alkyl groups 
by removing internal hydrogen atoms from alkanes. For example, there are 
two possible three-carbon alkyl groups and four possible four-carbon alkyl 
groups (Figure 3.6). The possibilities expand at an enormous rate as the 
number of carbon atoms increases. 

CH;CH,CH; CH;CH,CH2-3- and CH;CH> 

3C Propane Propyl oo 

1-Methylethyl 
(Isopropyl) 

CH;CH,CH,CH3 CH;CH,CH,CH,= and CH3;CH,CH + 

Butane Butyl ae 

1-Methylpropyl 
(sec-Butyl) 

4C ee ce CH; 

| 
CH3;—CH—CHs, CH;— CH— CH, 3 and CH;—C-> 

Isobutane 2-Methylpropyl iit 
(Isobutyl) 

1,1-Dimethylethyl 

(tert-Butyl) 

Figure 3.6 Generation of straight- and branched-chain alkyl groups from n-alkanes 

Branched-chain alkyl groups can be systematically named as discussed 
earlier in step 5 of Section 3.4. These groups are always numbered so that 
the point of attachment to the rest of the molecule is C1, with the longest 
continuous chain beginning from the point of attachment taken as the parent. 
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For historical reasons, some of the simpler branched-chain alkyl groups 
also have nonsystematic or common names. 

1. Three-carbon alkyl group: 

pay as 

CH; 

Isopropyl! (abbreviated i-Pr) 

2. Four-carbon alkyl groups: 

CH3 

CH;CH,CH-- CH;CHCH,-s- CH;— bs 

am Le a 

sec-Butyl (sec-Bu) Isobutyl (i-Bu) tert-Butyl 
(for secondary) or t-Butyl] (t-Bu) 

(for tertiary) 

3. Five-carbon alkyl groups: 

ree ia 

SCLC. Cite yn aes Hare Gee 

CH3 CH; CHs 

Isopentyl, Neopentyl tert-Pentyl, 

also called also called 
Isoamyl (i-Amy]) tert-Amy] (t-amyl) 

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

H3;C CH ce, 3 

CH 
| 

CH,CH,CH,CHCH,CH,CH, 

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

When writing an alkane name, the prefix iso- is considered to be part 

of the alkyl group name for alphabetizing purposes, but the hyphenated 

prefixes sec- and tert- are not. Thus, isopropyl and isobutyl] are listed alpha- 

betically under i, but sec-butyl and tert-butyl are listed under 0. 
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One further word of explanation about branched-chain alkyl groups is 

necessary: The prefixes sec- (for secondary) and tert- (for tertiary) refer to 

the degree of alkyl substitution at the carbon atom in question. A primary 

carbon is directly bonded to one other carbon atom, a secondary carbon is 

directly bonded to two other carbons, and so on. By extension, a primary 

hydrogen is one that is bonded to a primary carbon, a secondary hydrogen 

is bonded to a secondary carbon, and so on. There are four possible substi- 

tution patterns for carbon: 

i 
C 

h 
H 

C 

R H Primary carbon (1°); directly bonded to one other carbon 

| 
R 

R 
| 
C 
| 
R 

R 

R— 

R— H Tertiary carbon (3°); directly bonded to three other carbons 

| 

oa 
R 

—H Secondary carbon (2°); directly bonded to two other carbons 

R Quaternary carbon (4°); directly bonded to four other carbons 

The symbol R is used here and throughout this text to represent a 

generalized organic portion of the molecule—methyl, ethyl, propyl, or any 

of an infinite number of others. You might think of R as representing the 

Rest of the molecule, which we aren’t bothering to specify because it is 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: 

R represents Rest H CH;—CH,OH 
of molecule | 

hee (CH3),CHCH,—CH,OH 

H 
CH,—OH 

General class of 

primary alcohols, R—CH,0OH 

Specific examples of 
primary alcohols 
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3.10 There are eight five-carbon alkyl groups (pentyl isomers). Draw them and assign 
systematic names. 
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3.11 Draw and name alkanes that meet the following descriptions: 
(a) An alkane with three tertiary carbons 
(b) An alkane with two isopropyl groups 
(c) An alkane with one quaternary and one secondary carbon 
(d) A secondary alcohol 

PROBLEM SASL ERO MRS Ae Sa eC eS) Se 6) 6 (esse (sete Shae a) eee SS 8 ae Oe wLOLS Sig 6 eke, als slope Sa seis, 601 4.8.4)4. 8 do cace 6 eee Ce ee ey 

3.12 Identify the kinds of carbon atoms in these molecules as primary, secondary, tertiary, 
or quaternary: 

(a) (CH3)gCHCH,C(CHs)s3 (b) (CH3),;CHCH(CH3)CH,CH.CH3 
(c) CH3CH2C(CH3).C(CH3)2CH2CH3 

3.6 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-CggHgo), and 
the wood oil of the Jeffrey pine, common to the Sierra Nevada mountains, 
contains heptane. Beeswax contains, among other things, hentriacontane 

(n-C31 Hq). 
By far the major sources of alkanes are the world’s natural gas and 

petroleum deposits. Laid down eons ago, these natural deposits are 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 hydrocarbons are used in great quantities to heat our 
homes, cook our food, and fuel some of our industries. Petroleum is a highly 
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 3.7, page 78). 

Simple distillation of crude oil is only the first step in gasoline produc- 

tion. It turns out that straight-run gasoline is a rather poor fuel because of 

the phenomenon of engine knock. In the normal internal-combustion engine, 

the downward intake stroke of the piston causes a carefully metered mixture 

of air and fuel to be drawn into the cylinder. The piston then compresses 

this mixture on its upward stroke and, at a certain point just before the end 

of compression, the spark plug ignites the mixture. 

Not all fuels burn equally well. 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 in short order by putting excessive and 

irregular forces on the crankshaft and by raising engine temperature. 
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ee 

Asphalt 

Lubricating oils 
Waxes 

Gas oil Cy4—-Cyg5 hydrocarbons 

(bp 275—400°C) 

Kerosene C1,;—C,4 hydrocarbons 

(bp 175—300°C) 

Straight-run gasoline Cs5—C,, hydrocarbons 

(bp 30—200°C) 

Natural gas C,—C, hydrocarbons 

Petroleum 

Figure 3.7 The products of petroleum refining 

The fuel octane number is the measure by which the antiknock prop- 
erties of fuels are judged. It was recognized long ago that straight-chain 
hydrocarbons 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), which has excellent antiknock characteristics, is given a rating 
of 100. 

CHs CH; 

CH;CH2,CH,CH2,CH,CH2CH3 CH3— rye CH,— i CH; 

on, 
Heptane 2,2,4-Trimethylpentane 

Octane number = 0 (Isooctane) 
Octane number = 100 

Since straight-run gasoline has a high percentage of unbranched 
alkanes and is therefore a poor fuel, petroleum chemists have devised sophis- 
ticated methods for producing higher-quality fuels. Two such methods are 
known as catalytic cracking and catalytic reforming. Although the 
actual chemistry taking place is extremely complex, catalytic 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 hydro- 
carbons are then catalytically recombined to yield useful C7—Cj alkanes. 
Fortunately, the C7—Cj9 molecules that are produced are highly branched 
and are perfectly suited for use as high-octane fuels. 

Catalytic reforming is the process by which straight-chain alkanes pres- 
ent in straight-run gasoline are converted into aromatic molecules such as 
toluene and benzene. Aromatics have high octane ratings and are therefore 
desirable components of gasoline. 
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3.7 Properties of Alkanes 

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

Reaction with oxygen occurs during combustion in an engine or furnace 
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, + 20, — > CO, + 2H,0O + 213 kcal/mol (890 kJ/mol) 

Alkanes show regular increases in both boiling point and melting point 
as molecular weight increases (Table 3.5), a regularity that’s also reflected 
in other properties. For example, the average carbon-carbon bond param- 
eters are nearly the same in all alkanes, with bond lengths of 1.54 +1A 
and bond strengths of 85 + 3 kcal/mol (855 + 10 kJ/mol). The carbon— 
hydrogen bond parameters are also nearly constant, at 1.09 + 1 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 a O) 0.5788 
5 Pentane = PAS), 7/ 36.1 0.6262 

6 Hexane —95.0 68.9 0.6603 

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

9 Nonane ala) 150.8 0.7176 

10 Decane SPA 174.1 0.7300 

20 Icosane 36.8 343.0 0.7886 

30 Triacontane 65.8 450.0 0.8097 

4 Isobutane —159.4 aa 0.579 

5 Isopentane aloo 27.85 0.6201 

5 Neopentane —16.5 oo 0.6135 

8 Isooctane —107.4 99.3 0.6919 
2 

Table 3.5 also shows that increased branching has the effect of lower- 

ing 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 understood by looking at what occurs during boiling. 
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Nonpolar molecules such as 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 

3.8). 
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 rather than the gaseous state. Only when sufficient heat energy 

is applied to overcome these forces does the liquid boil. 

gt ac 5* 7 8+ 

ay sa 5 Ss 

Figure 3.8 Attractive van der Waals forces caused by temporary dipoles in 

molecules 

You might expect that van der Waals forces would increase as molecule 
size increases, an expectation that is borne out in the alkane series. 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 
straight-chain alkanes. As a result, they have smaller surface areas, fewer 
van der Waals forces, and consequently lower boiling points. 

3.8 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). 
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Alicyclic compounds with many different ring sizes abound in nature. 
For example, chrysanthemic acid contains a three-membered ring (cyclo- 
propane). Various esters of chrysanthemic acid occur naturally as the active 
insecticidal constituents of pyrethrum flowers. 

H COOH 

Chrysanthemic acid 

Prostaglandins, such as PGE, contain a five-membered ring (cyclopen- 
tane). 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. 

O 

Vee COOH 

Ho u@ -Ou 

Prostaglandin E, (PGE,) 

Steroid hormones such as cortisone contain four rings—three six-mem- 
bered (cyclohexane) and one five-membered (cyclopentane)—all joined 
together. 

HOH.2C O 
0H 

Cortisone 

Some physical data for simple unsubstituted cycloalkanes are given in 

Table 3.6. 

Table 3.6 Physical properties of some cycloalkanes 

Melting point Boiling point Density 

Name Formula (°C) (°C) (g/mL) 

Cyclopropane C3H¢ = 127.6 S32 

Cyclobutane C,H, —50.0 12.0 0.720 

Cyclopentane CsHio —93.9 49.3 0.7457 

Cyclohexane CeHi2 6.6 80.7 0.7786 

Cycloheptane C7Hi4 eal 2.0) 118.5 0.8098 

Cyclooctane CsHi¢ 14.3 148.5 0.8349 

Ce 
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3.9 Nomenclature of Cycloalkanes 

The systematic naming of cycloalkanes follows directly from the rules given 

previously for open-chain alkanes. For the majority of cases, there are only 

two rules: 

1. Use the cycloalkane name as the base name. Compounds are nor- 

mally 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 greater number of car- | 

bons than the ring. In such cases, the ring is considered to be a 

substituent on the parent open-chain alkane. For example, 

oS: BUT | >—CH,CH,CH,CH; 
a 

3 carbons 4 carbons 

Methylcyclopentane 1-Cyclopropylbutane 

2. Number the substituents on the ring so as to arrive at the lowest 

sum: 

CHs “ CHs 
1 1 

6 2 2 6 

5 3 3 5 
y CH, NOT 7° cH, 

1,3-Dimethylcyclohexane 1,5-Dimethylcyclohexane 

a. When two or more alkyl groups are present, they are numbered 
alphabetically: 

CH3 CH, 
9 1 

CH,CH CH,CH 3 2Ui13 Cpe arate 
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 1 
has NOT a 

2 1 ~Br 

CH; 

Br 

1-Bromo-2-methylcyclobutane 2-Bromo-1-methylcyclobutane 
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Some additional examples follow: 

Br ie 
1 

2 6 CHCH,CH; 

3 5 

CH3CH3 i CH; 

1-Bromo-3-ethyl-5-methylcyclohexane (1-Methylpropyl)cyclobutane 
(or sec-Butylcyclobutane) 

3 
CH,CH, 

1-Chloro-3-ethyl-2-methylcyclopentane 
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3.13 Give IUPAC names for the following cycloalkanes: 

) CH CH,CH2CH3; (c) ae 

CH3 

H.CH3 (e) a (f) Br 

CH(CH ee fin 
LAE ORIEL Merete netics siscsi'sleie’'s feet sin fev'oiley's/aieiattel» ipfei'sliclglejetelatate o\cn 0.6.0 sl. 6\0)a aia e: oie 'e, olglelle)alelaueiit els 'siiviel'sls cieilenelel sieve level esi 0.0. se. 

3.14 Draw structures corresponding to these [IUPAC names: 
(a) 1,1-Dimethylcyclooctane (b) 3-Cyclobutylhexane 

(c) 1,2-Dichlorocyclopentane (d) 1,3-Dibromo-5-methylcyclohexane 

3.10 Cis—Trans Isomerism in Cycloalkanes 

In many respects, the chemistry of the 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 marked 

differences between cyclic and acyclic alkanes. 

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 
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are cylindrically symmetrical. In other words, the intersection of a plane 

cutting through a carbon-carbon single-bond orbital looks like a circle (Fig- 

ure 3.9). 

Circular cross-section 

Figure 3.9 The cylindrical symmetry of carbon—carbon single bonds 

Because of the cylindrical symmetry of sigma bonds, there is free rota- 

tion around carbon-carbon bonds in open-chain molecules. In ethane, for 

example, C—C bond overlap is exactly the same for all geometric arrange- 

ments of the hydrogens (Figure 3.10). 

Rotate 

Figure 3.10 Free rotation can occur around the carbon-carbon single bond in 

ethane as a consequence of sigma bond symmetry. 

In contrast to the free rotation possible around single bonds in open- 
chain alkanes, there is much less freedom in cycloalkanes, which are geo- 
metrically constrained. For example, cyclopropane must be a flat, planar 
molecule with a rigid structure (three points define a plane). No bond rota- 
tion around a cyclopropane carbon-carbon bond is possible without breaking 
the ring (Figure 3.11). 
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\o Wf H 

y \ 
H 

An oblique view of 

cyclopropane 

Figure 3.11 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 (Co; 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 quite restricted in their molecular motions. 

The most important consequence of their cyclic structure is that cycloal- 
kanes have two distinct sides, a “top” side and a “bottom” side, leading to 
the possibility of isomerism in substituted cycloalkanes. For example, two 
different 1,2-dibromocyclopropane isomers exist. One isomer has the two 
bromines on the same side of the ring, and one isomer has them on opposite 
sides. The two isomers can’t be interconverted without breaking and reform- 
ing chemical bonds; both are stable compounds that can be isolated. Make 
molecular models to prove this to yourself. 

Br Br Do not Br H 

H H interconvert H Br 

H H 

cis-1,2-Dibromocyclopropane trans-1,2-Dibromocyclopropane 
(bromines on same side of ring) (bromines 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-dibromo- 

cyclopropanes have the same order of connection but differ in the spatial 

orientation of their atoms. Compounds that have their atoms connected in 

the same order but that differ in three-dimensional orientation are called 

stereoisomers. 

Constitutional isomers CH3 
different connections | 

aoe atoms) CH;—CH—CH; and CH3;—CH,—CH,—CHs3 

Stereoisomers 

(same connections but H3C CHs H3C H 

different three-dimensional rH and oH 

geometry) H H H CH3 
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The 1,2-dibromocyclopropanes 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. 

CH3 

XS cy 2 2 i 

4 

H . H . f Cl 

cis-1,3-Dimethylcyclobutane cis-1-Bromo-3-methylcyclopentane trans-1,4-Dichlorocyclohexane 
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3.15 Draw the structures of these molecules: 

(a) trans-1-Bromo-3-methylcyclohexane (b) cis-1,2-Dimethylcyclopentane 

(c) trans-1-t-Butyl-2-ethylcyclohexane 

3.11 Summary and Key Words 

A functional group is a part of a larger molecule. It is composed of an 

atom or group of atoms that has characteristic chemical reactivity. Because 

functional groups behave approximately the same 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. Constitutional isomers are conveniently 
classified into three subgroups: Skeletal isomers have different carbon 
skeletons; functional-group isomers have different functional groups; and 
positional isomers have their functional groups in different positions along 
the carbon chain. 

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, 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—compounds that have the same order of connection 
between atoms but differ in their three-dimensional arrangements. 
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3.16 

3.17 

3.18 

3.19 

3.20 

Locate and identify the functional groups present in these molecules: 

(a) Cr (b) O 

Phenol 

2-Cyclohexenone 

(c) ae (d) NHCOCHs3 

CH;CHCOOH CY 

Alanine 

Acetanilide 

(e) (f) O 

O 

Nootkatone (from grapefruit) 

HO 

Estrone 

(g) OH (h) eka 
aS N 

H 

HO 

Diethylstilbestrol 

3-Indoleacetic acid 

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: 
(a) A ketone, C,HgO (b) A nitrile, C;sHyN 

(c) A dialdehyde, C4HgO2 (d) A bromoalkene, CgH,,Br 

(e) An alkane, CgHy,4 (f) A cycloalkane, CgHj> 

(g) A diene (dialkene), C5Hg (h) A keto alkene, C;5HgO 

How many compounds can you write that fit these descriptions? 
(a) Alcohols with formula C,H, 90 (b) Amines with formula C5;H,3N 

(c) Ketones with formula C;H;.0 (d) Aldehydes with formula C;H;,90 

(e) Esters with formula CzHgO2 (f) Ethers with formula C,H,,0 

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 
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3.21 

3.22 

3.23 

3.24 

3.25 

3.26 

3.27 
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Draw and name all monobromo derivatives of pentane. 

Draw and name all monochloro derivatives of 2,5-dimethylhexane. 

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 

Draw a compound that: 

(a) Has both primary and tertiary (but no ek carbons 

(b) Has no primary carbons 

(c) Has four secondary carbons 

For each of the following compounds, draw an isomer having the same functional 

groups: . 

te 
(a) CH;CHCH,CH2Br (b) C7 OCH3 

(e) CH;CH,CHO (f}) ie sie 

Which of the following Kekulé structures represent the same compound, and which 

represent different compounds? 

1 
He Cty 

cna an iia i, (a 
(a) ma arene Doha aa Oe are, 

ee Cag 

H 

1 
HCH 

oe i, 9 ales ‘jou 
(b) Ba tire oat Hs alan abl cen 

H H H H H H H H fk 8 f 

CHs ia 

(c) CH3sCHBrCHCHs CH;CHCHBrCHs3 (CH3),CHCHBrCH2CH3 
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3.31 
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(d) OH OH 

OH = . 

OH HO 

ie an 

(e) Teese se Sie eee eokeet bee 

CHs CHs CH; 

Draw structures for these compounds: 

(a) trans-1,3-Dibromocyclopentane (b) cis-1,4-Diethylcyclohexane 
(c) trans-1-Isopropyl-3-methylcycloheptane (d) Dicyclohexylmethane 

Identify the kinds of carbons (1°, 2°, 3°, or 4°) in these molecules: 

CH; 
| 

(a) CH;CHCH,CH3 (b) (CH3)gCHCH(CH2CH3). 

CH3 
| 

(c) (CH3 eda ce (d) CH3 Sallie 
CH3 

Supply proper IUPAC names for these compounds: 

CHs 

(a) Pipe eter (b) CH3CH2C(CH3)2CHs3 

CH,CH3 i 

(ce) (CH3)gCHC(CH3)2CH2,CH2CH3 (d) CH3;CH,CHCH,CH,CHCHs; 

CH; CH2,CH3; 

(e) Pee nen (f) (CH3)3CC(CH3)2CH,CH2CHs3 

on, 
CH,CH,CH3 

(g) CH;CHCH,CCH2CH3 

CH3;CH, CHs 

Draw and name the five isomers of CgHy4. 
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CHAPTER 3: ORGANIC COMPOUNDS: ALKANES AND CYCLOALKANES 

The following names are incorrect. Supply 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 

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 

Malic acid, a compound of formula C4HgO;, 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. First formulate the cyclopropane-forming reaction and then predict the prod- 

uct that you might obtain from the following reaction. What geometry would you 

expect for the product? 

‘eae 

BrCH,—C—CHBr #4 

CH,Br 

The compound a-methylenebutyrolactone is a skin irritant that has been isolated 
from the dogtooth violet. What functional groups does it contain? 

CH 

a-Methylenebutyrolactone 

Formaldehyde, H,C=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. 



CHAPTER4 

Stereochemistry of Alkanes 
and Cycloalkanes 

U, to this point, we’ve been primarily concerned with the general nature of 
organic molecules. 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 the other carbon? 

We saw in the previous chapter (Section 3.10) that there is free rotation 
around carbon-carbon single bonds in open-chain molecules such as ethane, 
as a consequence of sigma bond symmetry. Bond overlap 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 structure is called a conformer (confor- 

mational isomer). Unlike other kinds of isomers, however, different con- 

formers cannot usually be isolated, because they interconvert too rapidly. 

Chemists have adopted two ways of representing conformational iso- 

mers. Sawhorse representations view the carbon-carbon bond from an 

oblique angle and indicate spatial orientation by showing all the C—H 

91 
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Rotate 

Rotate 

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. Substituents on the front 
carbon are represented by lines going to the center of the circle, and sub- 
stituents on the rear carbon are represented by lines going to the edge of 
the circle. The advantage of Newman projections is that the relationships 
among substituents on the different carbon atoms are easily seen (Figure 
4.2). 

In view of the symmetry of the sigma bond, it is perhaps surprising 
that we don’t 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 Iess 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 

1Melvin S. Newman (1908— _); b. New York; Ph.D. Yale University (1932); professor, Ohio 
State University. 
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H Back carbon 

H H 

H H 

Observer H Front carbon 

Sawhorse representation Newman projection 

Figure 4.2 A sawhorse representation and a Newman projection of ethane 

when viewed end-on in a Newman projection). The highest-energy, least 
stable conformation 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 pos- 
sibilities.) 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. 

1 kcal/mol 

ipa HY 
Rotate rear H 

H H carbon 60° 

H 1 kcal/mol ae 
4 Eclipsed conformation 

Staggered conformation of ethane 

of ethane (C—H bonds on front and back 
carbon atoms are parallel) 

The 2.9 kcal/mol of strain 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 

versus degree of rotation, where the angle between C—H bonds on front 
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Eclipsed conformers 

2.9 keal/mol 

eS: ee ee 

0° 60° 120° 180° 240° 300° 360° 

H 
H 

a H H 
Rotate 

_—_—_—_—_— 

| SS 
H H H 

H H H 

Lit H 

0°, 120°, 240° 60°, 180°, 300° 
Eclipsed Staggered 

Figure 4.3 A graph of potential energy versus bond rotation in ethane: The stag- 
gered conformers are 2.9 kcal/mol lower in energy than the eclipsed conformers. 

and back carbons (the dihedral angle) goes full circle from 0° to 360° when 
seen end on. Energy minima occur at staggered conformations; energy max- 
ima occur at eclipsed conformations, as shown in Figure 4.3. 

To what is torsional strain due? The reasons for its existence have been 
the subject of some controversy, but most theoretical chemists now believe 
that the 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 examine the interconversion of staggered 
and eclipsed forms. 
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4.2 Conformations of Propane eee eee Se 

PROBLEM 

4.2 

Propane is the next higher member in the alkane Series, and we again find 
a torsional barrier that results in slightly hindered rotation about the car- 
bon—carbon bonds. In the eclipsed conformer there are two ethane-type 
hydrogen—hydrogen interactions and one additional interaction between a 
carbon—hydrogen bond and a carbon-carbon bond. A slightly higher barrier 
to rotation is found in propane [3.4 kcal/mol (14 kJ/mol)] than in ethane 
(2.9 kcal/mol). Since we said that each eclipsing hydrogen—hydrogen in- 
teraction 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 

—_—_—_— 

OC 

Rotate 60° 
a re 1.4 kcal/mol cost 

H H 

H H Hy HH 

H ew, kcal/mol cost 

Staggered propane Eclipsed propane 

Figure 4.4 Newman projections of propane showing staggered and eclipsed con- 

formations: The staggered conformer is lower in energy by 3.4 kcal/mol. 

we meee eee ee ee eee eerste eee ee eee eeEEEEesseEFeeEe EHEC EEE EEE HEHE ER EEE EE EEE EE HEE EEE HEHE EEE EE OD 

Construct a graph of potential energy versus angle of bond rotation for propane. 

Assign quantitative values to the energy maxima. 

4.3 Conformations of Butane 

The conformational situation becomes more complex for higher alkanes. In 

butane, for example, a plot of potential energy versus rotation about the 

C2—C3 bond is shown in Figure 4.5 (page 96). 
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4.5 kcal/mol 

3.8 kcal/mol 

0.9 keal/mol 

CHs CHs CHs CH; CH CHs CHs 
H CHs H 

“ay a eee A “ay . A "ay" : HOM H H a On ca, ne so H Ae 7 H y H oe oH on 

| 
Anti Gauche Gauche Anti 

bo [oo at a ee Ee 
180° 120° 60° OP 60° 120° 180° 

Dihedral angle between methyl groups 

Observer Observer Observer 

CHg CHg CH3 
CH 

H H CHs H 

H H H H H H H H 

CHg H 

Anti Gauche Least stable eclipsed 

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. 
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Not all the 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 interac- 
tions that were previously derived from ethane and propane, we predict that 
this eclipsed conformation is 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. 

When the 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; it is the result of trying to force 
two objects to occupy the same space (Figure 4.6). 

te Mae » Steric interaction 

CH; im HN CH; } 
Se apy 

H H 

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. 

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 

kJ/mol) has been estimated for this conformation, allowing us to calculate 

a 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]. 

After 0°, the rotation becomes a mirror image of what we've already 

seen. Thus, another gauche conformation is reached, another eclipsed con- 

formation, and finally a return to the anti conformation occurs. 
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The concept of assigning definite energy values to specific interactions 

within a molecule is a very useful one. 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 

Interaction Cause Energy cost 

(kcal/mol) (kJ/mol) 

H—H eclipsed Torsional strain 1.0 4 

H—CHg3 eclipsed Mostly torsional strain 1.4 6 

CH;—CH3 _ eclipsed Torsional plus steric strain 2.5 aid 

CH;—CH3 gauche Steric strain, 0.9 4 
nnn EEUU EE EEE 

The same principles just developed for butane apply to pentane and to 
all higher alkanes. The most favored conformation for any alkane is the one 
where all carbon—carbon bonds have staggered arrangements and where 
large substituents are arranged anti to each other. A generalized alkane 

structure is shown in Figure 4.7. 

Figure 4.7 The most stable alkane conformation is the one where all substituents 
are staggered and where the carbon—carbon bonds are arranged anti, as in this 
computer-generated structure of decane. 

One final point It is important to remember that, when we speak of a 
particular conformer as being “more stable” than another, we don’t mean 
the molecule in question adopts and maintains only the more stable con- 
formation. At room temperature, enough thermal energy is present to ensure 
that rotation around sigma bonds occurs very rapidly and that all possible 
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. 
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4.3 Sight along the C2—C3 bond of 2,3-dimethylbutane and draw a Newman projection 
of the most stable conformation. 
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Consider 2-methylpropane (isobutane). Sighting along the C1—C2 bond: 
(a) Draw a Newman projection of the most stable conformation. 
(b) Draw a Newman projection of the least stable conformation. 
(c) Construct a qualitative graph of energy versus angle of rotation about the 

C1—C2 bond. 
(d) Since we know that a hydrogen—hydrogen eclipsing interaction costs 1.0 

kcal/mol and a hydrogen—methy] eclipsing interaction costs 1.4 kcal/ mol, assign 
quantitative values to your graph. 

4.4 Conformation and Stability of Cycloalkanes: 
The Baeyer Strain Theory 

Chemists in the late 1800s had accepted the idea that cyclic molecules exist, 
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 prepare 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) must 
be an equilateral triangle with bond angles of 60°, a four-membered ring 
(cyclobutane) must be a square with bond angles of 90°, a five-membered 
ring (cyclopentane) must be a regular pentagon with bond angles of 108°, 
and so on. According to this analysis, cyclopropane, with a bond angle 
compression of 109° — 60° = 49°, has 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 sug- 
gested that very large rings should be impossibly strained and incapable of 

existence. 

7 109° (tetrahedral) ‘ 
’ x 19° 

\ <49. 4 nN 

Cyclopropane Cyclobutane Cyclopentane 

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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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. We know today that rings of all sizes from 3 through 

30 and beyond can 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. 

4.5 Heats of Combustion of Cycloalkanes 

How can the amount of strain in a compound be measured? To do this, 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 com- 
pound. The difference between the two values should represent the amount 
of extra energy possessed by 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 Oo —> 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 CH, 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 CH, and reference heat of combus- 
tion per CH», and multiplying by the number of carbons, n, in the sample 
ring. 

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 perfectly strain-free. For rings of larger size, 
there is no regular increase in strain, and rings having more than 14 mem- 
bers 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 were 
flat. In fact, most cycloalkanes are not flat; they adopt puckered, three- 
dimensional conformations that allow bond angles to be nearly tetrahedral. 
Nevertheless, the concept of angle strain is a valuable one that goes far 
toward explaining the reactivity of three- and four-membered rings. 
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Table 4.2 Heats of combustion of cycloalkanes 
SSS 

Heat of Total 
Ring Heat of combustion strain 
size, combustion per CHy energy 

Cycloalkane (CH,),, 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 15724 0 

Cycloheptane 7 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 i 1742 158.4 11.0 

Cyclododecane 12 1891 157.6 2.4 

Cyclotridecane 13 2051 157.8 5.2 

Cyclotetradecane 14 2204 157.4 0 

Alkane (reference) 157.4 0 
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Figure 4.8 Cycloalkane strain energy as a function of ring size 

Several factors in addition to angle strain are important in determining 

the shape and total strain energy of rings. One factor is torsional strain 

(also called eclipsing strain). Torsional strain was encountered earlier in 

our discussion of alkane conformations (Section 4.1), in which we said that 

open-chain alkanes are most stable in the staggered conformation and least 
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stable in the eclipsed conformation. A similar conclusion holds for cyclo- 

alkanes—torsional strain is present in cycloalkanes unless all the bonds 

have a staggered arrangement. For example, cyclopropane must have con- 

siderable torsional strain (in addition to angle strain), because C— H bonds 

on neighboring carbon atoms are eclipsed (Figure 4.9). Larger cycloalkanes 

attempt to minimize this strain by adopting puckered, nonplanar 

conformations. 

EEF iy iy th ti Kh 
cH 
LJ 

(a) 

H 

H - Hb Kclipsed 

C 
H H / 

H Boy Eclipsed 

(b) (c) 

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 a molecule. 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 point in space. Such nonbonded steric interactions are 
particularly important in determining the minimum-energy conformations 
of medium-ring (C7—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 interaction of atoms 

approaching each other too closely 
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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 can be ascribed to eclipsing strain? 

° SL aC Tee Tec IIa Te Oe CC Ce MCC CC YC YC Ye TS We ee TT Weare er er 

cis-1,2-Dimethylcyclopropane 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? 
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If both propane and cyclopropane were equally available and equally priced, which 
would be the more efficient fuel? Explain. 

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, 
Aa 2Na 

BrH,C CH.Br ——™ HC CH, + 2 NaBr 

1,3-Dibromopropane Cyclopropane 

Since three points (the carbon atoms) define a plane, cyclopropane must be 
a flat, symmetrical molecule and must have C—C—C bond angles of 60°. 
How, though, 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 efficiency is achieved when two 
atoms are located so that their overlapping orbitals point directly toward 
each other. In cyclopropane, however, the orbitals can’t 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 normai alkane bonds. 

(a) (b) 

Figure 4.10 An orbital view of bent bonds in cyclopropane: (a) Normal alkane 

C—C bonds have good overlap; (b) cyclopropane bent bonds have poor overlap. 
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4.8 Conformations of Cyclobutane and Cyclopentane 

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)]. The reason for this 

similarity is that cyclobutane has more eclipsing strain than cyclopropane 

by virtue of its larger number of ring hydrogens, even though it has less 

angle strain. Spectroscopic measurements indicate that cyclobutane is not 

quite flat but is slightly bent so that 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 eclipsing strain, until a minimum- 

energy balance between the two opposing effects is achieved. 

Not quite 

eclipsed 

ey 
H ys Not quite 

eclipsed 

Observer (b) (c) 

Figure 4.11 Conformation of cyclobutane: Part (c) is a Newman projection along 
the C1— C2 bond. 

Cyclopentane was predicted by Baeyer to be nearly strain-free, but heat- 
of-combustion data indicate that this is not the case. Although cyclopentane 

‘has practically no angle strain, the 10 pairs of neighboring hydrogens intro- 
duce considerable eclipsing strain into a planar conformation. Cyclopentane 
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therefore adopts a puckered, out-of-plane conformation that strikes a bal- 
ance between increased angle strain and decreased eclipsing strain. Four 
of the cyclopentane carbon atoms are in approximately the same plane, with 
the fifth bent out of the plane. Most of the hydrogens are nearly eer 
with respect to their neighbors (Figure 4.12). 

Observer (b) (c) 

Figure 4.12 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. 

PROBLEM....+++-eseeee weer ecccce ee ence core cecrcrosesn ais) 4 @ wee Gia aisiglele a(n 44 b) aliailslia’ sllsheielelel(elieee ee erases eieieie 

4.8  cis-1,2-Dimethylcyclobutane is less stable than its trans isomer, but cis-1,3-dimethy]- 

cyclobutane is more stable than its trans isomer. Explain. 

PROBLEM..ccccescccsssscesersesscsercersseees atetelaileie clolaieletevelioie cele teieialetake elsle eleva s/s 9/6 elereis auejieilave s) siereleimvarel sie 

4.9 Draw the most favored conformation of cis-1,3-dimethylcyclobutane (Problem 4.8). 

PROBLEM ccc ccc ccessccseescrssseonscererscrs eatin ak visieuel evslelelereielsieieiareisieleteretsi¢:s).s shoe betel cis) oislelis erste! s) 0) si0)a1/e. eh siete ievale 

4.10 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? 
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a ee eee 

4.9 Conformation of Cyclohexane 

Cyclohexane compounds 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. Exper- 

imental data show that cyclohexane rings are strain-free; they have neither 

angle strain nor eclipsing strain. Why should this be? 

The answer to this question 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 footrest. Furthermore, if we sight along any one of the 

carbon—carbon bonds in a Newman projection, we find that chair cyclo- 

hexane has no eclipsing strain; all neighboring C—H bonds are perfectly 

staggered (Figure 4.13). 
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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. 

Ernst Mohr (1873-1926); b. Dresden; Ph.D. Kiel (1897); professor, University of Heidelberg. 
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The simplest way to visualize strain-free chair cyclohexane is to build 
and examine a 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 of such great importance that 
all organic chemists must learn how to draw it properly. The best way to 
do this is to follow the three steps shown in Figure 4.14. 

1. Draw two parallel lines, slanted 
downward and slightly offset from 
each other. This means that four of 
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 
connect the bonds. Note that the mM 
bonds to the bottommost carbon 

atom are parallel to the bonds to 
the topmost carbon. 

R-u=H 
U 

Figure 4.14 How to draw the cyclohexane chair conformation 

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. 

is pa aaee ae / This bond is in back. 

“.___ This bond is in front. 
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4.10 Axial and Equatorial Bonds in Cyclohexane 

The chair conformation of cyclohexane has many consequences. For exam- 
ple, we'll see later that the chemical behavior of substituted cyclohexanes 
is intimately involved with their conformation. Another consequence 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). 

« (c) Chair cyclohexane with all its hydrogen atoms 

Figure 4.15 Axial and equatorial hydrogen atoms in chair cyclohexane 
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As Figure 4.15 indicates (and molecular models illustrate much better), 
chair cyclohexane has six axial hydrogens that are perpendicular 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’—a top face and a bottom face. Each face has both axial and 
equatorial hydrogens in an alternating 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. 

a a 

a els e e Equatorial 

e : 
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(b) 

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—equa- 

torial positions. 

Note that we haven’t used the words cis and trans in this discussion. 

Two hydrogens on the same face of the ring are always cis, regardless of 

whether they are axial or equatorial and regardless of whether they are 

adjacent. Similarly, two hydrogens on opposite faces of the ring are always 

trans, regardless of whether they are axial or equatorial. 
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It’s important to practice drawing axial and equatorial bonds, a skill 
most easily learned using the following guidelines (illustrated in Figure 
4.17). 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. (Par- 
allel bonds are shown in red in Figure 4.17.) 

pe: 

Axial bonds eerie Completed cyclohexane 

Equatorial bonds 

Figure 4.17 How to draw axial and equatorial chair cyclohexane bonds 

4.11 Conformational Mobility of Cyclohexane 

In light of the fact that chair cyclohexane has two kinds of positions, axial 
and equatorial, we might expect a monosubstituted cyclohexane to exist in 
two isomeric forms. In fact, though, this expectation is wrong. At room 
temperature, there is only one methylcyclohexane, one bromocyclohexane, 
one cyclohexanol, and so on. 

The explanation of this paradox is that cyclohexane is conformationally 
mobile. Different chair conformations can readily interconvert, with the 
result that axial and equatorial positions become interchanged. The inter- 
conversion of chair conformations, usually referred to as a ring-flip, is shown 
in Figure 4.18. Molecular models show the process more clearly, and you 
should practice with models while studying this material. 

We can mentally ring-flip a chair cyclohexane by holding the middle 
four carbon atoms in place and folding the two ends in opposite directions. 
The net result of carrying out a ring-flip is the interconversion of axial and 
equatorial positions; an axial position in one chair form is equatorial in the 

“ring-flipped chair form, and vice versa. For example, axial methylcyclo- 
hexane becomes equatorial methylcyclohexane after ring-flip. Spectroscopic 
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Move this 

carbon down 

dis 

GEEP ree ot 
Move this 
carbon up 

Figure 4.18 A ring-flip in chair cyclohexane interconverts_ axial and equatorial 
positions. 

measurements indicate that the energy barrier to chair—chair interconver- 
sions 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. 

Anal 

cf, 

eBnetly flip Ae Equatorial 

ee an ee CH; 
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PRACTICE PROBLEM....-ccecceccscccees oc cecccscescccescs sfolelavelelelsle siele/el ets a cleleslsicielerciolele'e ee qecca0n 

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. 

oath Axial methyl group 

CH3 

CH3 

te Equatorial methyl group 
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4.14 

CHAPTER 4 STEREOCHEMISTRY OF ALKANES AND CYCLOALKANES 
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Draw two different chair conformations of bromocyclohexane, showing all hydrogen 

atoms. Identify each position as axial or equatorial. 

Cem e meee error ree ene eeHesese ees FEEHHoeTs ESE OCC CREE ELE CHEF ESOL O EEE HEHEHE HEHEHE ET EH OSE Eee 

Explain why a 1,2-cis disubstituted cyclohexane such as cis-1,2-dichlorocyclohexane 

must have one group axial and one group equatorial. 

ee WOO A DOLe ela Wee 6 eee € fa 66 6.9) 6 0 00.0 @ @:0 0 ¢ 06 0 6 ft 6 0 6 a ore 66) Nw 0 FAG wD 8 6 616 1e © 6. \a1e1/e\ 8 UL wee) e ©) 80;s 6) 8.8 8. eS) 6)/e)me ere Te) e)Le 

Explain why a 1,2-trans disubstituted cyclohexane must have either both groups 
axial or both groups equatorial. 

Cem meme eraser rere rere re eres ereereseeerereseHeeeseeeeeeeeesreseeeeEeseseeneEeeseeeeeeeeeeeee 

Draw two different chair conformations of trans-1,4-dimethylcyclohexane and label 
all positions as axial or equatorial. 

’ 

4.12 Conformation of Monosubstituted Cyclohexanes 

Let’s look at the consequences of axial and equatorial cyclohexane bonds on 
substituted cyclohexanes. We’ve said that cyclohexane rings rapidly flip 
conformations at room temperature. At any given instant, however, the 
substituent of a monosubstituted cyclohexane is either axial or equatorial. 
The two conformers are not equally stable; the equatorially substituted 
conformer is more stable than the axially substituted conformer. In methy]- 
cyclohexane, for example, the energy difference between axial and equa- 
torial methyl] is 1.8 kcal/mol (8 kJ/mol). 

It’s possible to calculate the exact percentages of any two isomers at 
equilibrium, as shown in Table 4.3. For example, since the energy difference 
between axial and equatorial methylcyclohexane isomers is 1.8 kcal/mol, 
Table 4.3 shows that, at any given instant, about 95% of methylcyclohexane 
molecules have the methyl group equatorial, and only 5% have the methyl 
axial. 

Table 4.3 The relationship between stability and isomer 
percentages at equilibrium? 

More stable Less stable Energy difference (25°C) 
isomer (%) isomer (%) (kcal/mol) (kJ/mol) 

50 50 0 0 
75 25 0.651 2.72 
90 10 1.302 5.45 
95 5 1.744 7.29 
99 1 ol oe 11.38 
99.9 0.1 4.092 Tee 

“The values in this table are calculated from the equation 
K = e GE/RT), where K is the equilibrium constant be- 
tween isomers; e ~ 2.718 (the base of natural logarithms); 

_ AE = energy difference between isomers; T = absolute tem- 
perature (in kelvins); and R = 1.986 cal/mol - K (the gas 
constant). 
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The reason for the energy difference between axial and equatorial con- 
formers is steric strain due to 1,3-diaxial interactions. The axial methyl 
group on C1 is too close to (suffers steric interference from) the axial hydro- 
gens three carbons away on C3 and C5 (Figure 4.19). 

Ring-flip 

oa Steric interference 

H <———. CH 

3 1 a 2 
<= 

H 1 

Axial methyl (5%) Equatorial methyl (95%) 

(less stable) (more stable by 1.8 kcal/mol) 

Figure 4.19 Interconversion of axial and equatorial methylcyclohexane: The equatorial con- 

formation is more stable by 1.8 kcal/mol. 

1,3-Diaxial steric strain is familiar to us; we’ve seen it before as the 

steric strain between methyl groups in gauche butane (Section 4.3). Recall 

how we remarked, during the discussion of alkane conformations, 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 

we look at a four-carbon fragment of axial methylcyclohexane as a gauche 
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butane, it’s apparent that the steric interaction is the same. Since methyl- 

cyclohexane has two such interactions, however, there is 2 x 0.9 a 1.8 keal/ 
mol steric strain. The origin of 1,3-diaxial steric strain is shown in Figure 

4.20. 

7 i H H HW eH i ~o7 

hee 2H Cc H 

H H H H 5 6 
4 6 H , H H 

Axial methylcyclohexane = Two gauche butane interactions Gauche butane 

(1.8 kcal/mol steric strain) (0.9 kcal/mol steric strain) 

H H H 

3 : H3C H 
CH3 

n 3 H CH; 
4 6 H 

Equatorial methylcyclohexane Antibutane 

(no steric strain) (no steric strain) 

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 C1. Both of these interactions are absent in equatorial 
methylcyclohexane, and we therefore predict an energy difference of 1.8 
kcal/mol (8 kJ/mol) between the two forms. Experiment agrees perfectly 
with this prediction. 

What is true for methylcyclohexane is also true for all other monosub- 
stituted cyclohexanes: A substituent is almost always more stable in an 
equatorial 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 some values for common substituents. 
As you might expect, the amount of steric strain increases through the series 
H3C— < CH3CH,— < (CH3)gCH— « (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 

Hiker’ 
Strain of one H—Y 3 1 
1,3-diaxial interaction 

Y (kcal/mol) (kJ/mol) 

—F 0.12 0.5 

==] 0.25 1.4 

—Br 0.25 1.4 

—OH 0.5 2:1 

—CH3 0.9 3.8 

—CH,CH3 0.95 4.0 

—CH(CH3)>. a 4.6 

—C(CH3)3 2.7 11.3 

—C,H; 1.5 6.3 

—COOH 0.7 2.9 

—CN 0.1 0.4 

wee ee ee eee oe eee eee THEE EHH HOHE HEHEHE HEHEHE HEHEHE HEH HEHE ER ET ETE H EEE LEH H HTH HE HEE TEBE DE OS 

How can 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. 

eee e eee eee eee ete eee e tresses eeseeeesesnerneteFeEEEHEEESE EES EEE ESE HES E EEE HEHE REE HEHE BE REEL OEE 

Why do you suppose an axial cyano substituent causes practically no 1,3-diaxial 

steric strain (0.1 kcal/mol)? 

isla aus! wible ie slave's 'e\sle'n.6/ 6/6) 0 6076 018) 0) 9) 0) 0) 6: 00:6) 4 J. ¢.0\ 0:9 8) 8, 0.0 10) 6,6 00 690) 0 6.49, 4 6 6 0) 0.08 0 5 0:'8).0 00 97409 ¢ 6 0 01.9) 4: 0)4, 6 0:0 0 

Look at Table 4.3 and estimate the percentages of axial and equatorial conformers 

present at equilibrium in tert-butylcyclohexane. 

ene 8 ee 

4.13 Conformational Analysis of Disubstituted Cyclohexanes 

Monosubstituted cyclohexanes almost always prefer to 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 of the steric interactions in the possible conformations must be 

analyzed before deciding which conformation is more favorable. 

Let’s look first at 1,2-dimethyleyclohexane. 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, page 116. (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.) 
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H Sse Cis 

4 H2 

= Ring-flip 
—— 

H CH 

cis-1,2-Dimethyl- One gauche interaction between CH3 One gauche interaction between CH3 

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 totalistrain: —90:9l5 leor— Pani, kcal/mol 

Figure 4.21 Conformations of cis-1,2-dimethylcyclohexane: The two conformations are equal in 
energy. 

Both conformations of cis-1,2-diméthylcyclohexane in Figure 4.21 have 
one methy] 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 the trans isomer, the two methyl] groups are on opposite 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 has one gauche butane interaction but no 
1,3-diaxial interactions. The conformation on the right, however, has both 

methyl groups axial. The axial methyl group at Cl 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-dimethyl- 
cyclohexane will exist almost exclusively (> 99%) in the diequatorial 
conformation. 

H 
4 3 4 

2 CH; Ring-flip 
5 2 oa ——— CH; / 

CH; 5 
6 1 H 

H 

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. 
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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 fol- 
lowing practice problem. 

PRACTICE PROBLEM COSTE HHHEHEHEH EH TESTE ETH HHHOH EHH EH EHOHHEHEHHOHHEH HEHE HHOHEHH HOHE EHTEHEHEHEH OHS 

What is the most stable conformation of cis-1-tert-butyl-4-chlorocyclohexane, 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<«——_3Cl C(CH3)3 <°H 

H H 

(CH3)3C Cl 

2 x 0.25 = 0.5 kcal/mol steric strain 2 x 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 an axial chlorine, and the compound therefore 

adopts the conformation having the chlorine axial and the ¢ert-butyl equatorial. 
aici cle ailel a) eine Glalelsieilelo\cie e76) 6.9.06 61.616 alle 06 0101610 6 016 910 0:6) 0)0:0:s:S1e (ele 9001006610) 0/016 0 viese'e 6.0) 6'0'e S:Slele 0 0 0/6 0/006 C o1s'e 60,80 .0,0 0 '0'0 0 8:0 

The extremely 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 wish to study 

the chemical reactivity of an immobile cyclohexane ring. 

EEL OEE Meteora Tenet Stare ar alata eiiavrevte rela ttoaN alot at elrayier strstrevvottavar"alat stat slio\"stet-evvel'elterate tee a'lel'n"e) YUray'
e'fer eivey"oiere're\ie/ietrel'elfolielishigiei(e:'eTeverenekenevehonsieie 

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 

eee Peep tye Bes lies tp oie b ef 
4.14 Boat Cyclohexane 

Molecular models indicate that, in addition to chair cyclohexane, a second 

conformation known as boat cyclohexane is free of angle strain. We haven’t 

paid it any attention thus far, however, because boat cyclohexane is much 

less stable than chair cyclohexane. As Figure 4.23 (page 118) shows, boat 

cyclohexane has a high degree of both steric strain and eclipsing strain. 
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Steric strain of hydrogens 
at C1 and C4 

H <—— H 4 

CHe H H 

H CHe H 
fe H il Eclipsing 

ee aes “‘ strain 

2 6 

eo Ae & Hy Ht 

H H Observer 

Figure 4.23 The boat conformation of cyclohexane: There is no angle strain in this confor- 

mation, but there are large amounts of both steric strain and eclipsing 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. The Newman projection in Figure 4.23, obtained 
by sighting along the C2—C3 and C5—C6 bonds, shows this eclipsing 
clearly. 

Spectroscopic measurements indicate that boat cyclohexane is approx- 
imately 7.0 kcal/mol (29 kJ/mol) less stable than chair cyclohexane, al- 
though this value is reduced to about 5.5 kcal/mol by twisting slightly, 
thereby relieving some eclipsing strain (Figure 4.24). Even the twist-boat 
conformation is still far more strained than the chair conformation, and 
molecules adopt this geometry only rarely and under special circumstances. 
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4.19 There is good evidence for believing that trans-1,3-di-tert-butylcyclohexane exists 
largely in a twist-boat conformation. Why might this be so? Draw the likely twist- 
boat conformation. 

4.15 Conformation 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 
polycyclic molecules such as decalin. 

i CH.| CH; exes 
HCW acs “CH, 5 4 ; 

Ce eC ee . 4 
CH | CH, 4 

, H 

Decalin (two fused cyclohexane rings) 
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H H 

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. 

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. 

Note that trans- and cis-decalin are not interconvertible by ring-flips 

or other rotations. They are stereoisomers (Section 3.10) and bear the same 

relationship to each other that cis- and trans-1,2-dimethylcyclohexane do. 
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H 
H 

= H3C 

H H H 

trans-Decalin Bridgehead hydrogens on opposite trans-1,2-Dimethylcyclohexane 

sides of cyclohexane rings 

H 

H H H < 

H;C 

- H 

H CH; 

cis-Decalin Brideghead hydrogens on same cis-1,2-Dimethylcyclohexane 

side of cyclohexane rings 

Figure 4.25 Representations of trans- and cis-decalin, compared with trans- and 
cis-1,2-dimethylcyclohexane 

Polycyclic compounds are of great importance, 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 quite complicated in comparison to 
cyclohexane or decalin, they consist simply of chair cyclohexane rings locked 
together. The same principles that we applied to the conformational analysis 
of simple cyclohexane rings apply equally well (and often better) to steroids. 

CH3 

HO Hy 

Cholesterol (a steroid) 
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Another common fused-ring system is the norbornane or bicyclo- 
[2.2.1]heptane structure. Norbornane has a conformationally locked boat 
cyclohexane ring in which carbons 1 and 4 are joined by an extra CHg group. 
Note how, in drawing this structure, we show one bond crossing in front of 
another by indicating a break in the rear bond. It’s particularly helpful to 
make a molecular model when trying to see the three-dimensionality of 
norbornane. 

Norbornane 

Bicyclo[2.2.1]heptane 

Substituted norbornanes, such as camphor, are found widely in nature, 
and many have played an important historical role in developing organic 
structural theories. 

H3C CH, 

CH; 

O 

Camphor 
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4.20 Which isomer do you think is the more stable, trans-decalin or cis-decalin? Explain 
your answer in terms of the steric interactions present in the two molecules. 

4.16 Summary and Key Words 

Carbon—carbon bonds in alkanes are formed by sigma overlap of two carbon 
sp® hybrid orbitals. Rotation occurs around sigma bonds as a result of their 

cylindrical symmetry, and alkanes therefore have a large number of rapidly 

interconverting conformations. Newman projections allow us to visu- 

alize 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 conformation as a result 

of torsional strain. In general, any alkane is most stable when all of its 

bonds are staggered. 

H Ay 
H H Rotation aah 

ee 
H 

H H nee 
H 

Staggered ethane Eclipsed ethane 
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Most organic molecules contain saturated rings. These alicyclic (ali- 
phatic cyclic) molecules have special characteristics that affect the chemistry 
they undergo. Data obtained from studies on heats of combustion 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. 

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) eclipsing strain 
(torsional strain), the energy cost of having neighboring C—H bonds 
eclipsed rather than staggered; and (8) steric strain, the result of the repul- 
sive van der Waals interaction that arises when two groups try to occupy 
the same spatial position. ' } 

Cyclopropanes are highly strained (27.6 kcal/mol) because of both angle 
strain and eclipsing strain. Cyclobutane is also highly strained (26.4 
kcal/mol) because of both angle strain and eclipsing strain. Cyclopentane 
is free of angle strain but suffers from a large number of eclipsing inter- 
actions. Both cyclobutane and cyclopentane pucker slightly away from plan- 
arity in order to relieve eclipsing strain. 

Cyclohexane rings are the most important of all ring sizes because of 
their wide occurrence. Cyclohexane is strain-free by virtue 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; they can undergo a 
ring-flip that interconverts axial and equatorial positions: 

Substituents on the ring are more stable in the equatorial position, 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 PROBLEMS 
PEELE LA 8G 9:9 00, 0) oe Tet AKOHOe£/:0x0%4, ea]! Wehesele.6/6 6:8, eiin's)e 0 'eieieie- 6.0/6 (0.0) 6,076,001 6ie 0) 0: 0,10 )8i6ia: 4,66 /018i6,e1s/e16ie via a tlure eis TareTerereeanG 

4.21 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 
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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) Ifa CH;—CH; eclipsing interaction costs 2.5 kcal/mol and a CH; CH; 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? 

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 » = 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 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? 

Y 
N 

Lal 
N-Methylpiperidine 

=" CH3 

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 6-glucose in its more stable chair conformation. 

HO O CH,OH 

HO OH 

OH 

Glucose 
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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 

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 

Draw the two possible chair conformations of cis-1,3-dimethylcyclohexane. The diax- 
ial conformation is approximately 5.4 kcal/mol (23 kJ/mol) less stable than the 
diequatorial conformation. Can you suggest a reason for this 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. 

Comic genes S + NaCl + NHg 

If axial chlorocyclohexanes are generally more reactive than their equatorial iso- 
mers, which do you think would react faster, cis-2-chloro-tert-butylcyclohexane or 

trans-2-chloro-tert-butylcyclohexane? 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 meth- 
ylcyclohexane (one CH3—H interaction costs 0.9 kcal/mol) and calculate the mag- 
nitude 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. 

Propose an explanation of the observation that the all-cis isomer of 4-tert-butyl- 
cyclohexane-1,3-diol reacts readily with acetone and an acid catalyst to form an 
acetal, but that other stereoisomers do not react. 

H._C(CHs)s H._ .C(CH Hae ° He . 3)3 

HO CH3CCH. 

HOt Of 
H3C a 

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. 
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Increased substitution around a bond always leads to increased strain. Take the four 
substituted 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 
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 



CHAPTER 5 

An Overview of 
Organic Reactions 

hen first approached, organic chemistry often seems like a bewildering col- 
lection of facts—a collection of millions of compounds, dozens of functional 
groups, and a seemingly endless 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. 

5.1 Kinds of Organic Reactions SR = ea ahaa ne en ie 
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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, as their name implies, occur when two reactants 
add together to form a single new product with no atoms “left over.” We 
might generalize the process as: 

These reactants ... to give this + > 

add together... a B 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 alky] halides: 

H—Br 

+ 

These two H H HW hes 

reactants... Xi y | | : 
c—c ane eae . add to give 

/ \ don! 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... oor 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: 

Beene Ah This one eae NaOH CHC + Hope 12 these 

reactant... | yi \ two products. 

H H H 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 ... to give these two 
ieee. = ey ees cS ek: 

exchange parts... ee See oe 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 halides. 

A —Cl group from chlorine replaces (substitutes for) the —H group of 

methane, and two new products result: 

H H 
... give these These two | Light | 

——@—- Hot Cl Cla N= C-—-Cie H—Cl 
reactants... de i iB Cian | c two products. 

H H 

Methane Chloromethane 

(an alkane) (an alkyl halide) 
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Rearrangement reactions occur when a single reactant undergoes a 
reorganization of bonds and atoms to yield a single 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.GH==CH ws" CH,CH=CHCH, 

1-Butene *  2-Butene 

Cee ee ee ee Ce 

Classify these reactions as additions, eliminations, substitutions, or rearrangements: 

(a) CH3Br + KOH —~> CH;30H + KBr 

(b) CH3CH,OH ——~ H,C—CH, + H,0 

(c) HXC—CH, + H, —~> CH3CH3 

5.2 How Organic Reactions Occur: Mechanisms 

Having looked at the organization of organic chemistry according to the 
kinds of reactions that take place, let’s now see the organization according 
to 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 each step 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 only two ways that a 
covalent two-electron bond can break: A bond can break in an electronically 
symmetrical way such that one electron remains with each product fragment, 
or a bond can break in an electronically unsymmetrical way such that both 
bonding electrons remain with one product fragment, leaving the other 
fragment with an empty orbital. The symmetrical cleavage is called a ho- 
molytic process, and the unsymmetrical cleavage is called a heterolytic 
process. 

¥ \ Homolytic bond breaking (radical) 
A ae AEB (one electron stays with each fragment) 

- ie A= SE Be Heterolytic bond breaking (polar) 
(two electrons stay with one fragment) 
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Conversely, there are only 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 way (heterogenic) when 
both bonding electrons are donated to the new bond by one reactant. 

A ar B A:B Homogenic bond making (radical) 
(one electron donated by each fragment) 

Ret Vas Aer Heterogenic bond making (polar) 
(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 always involve species that contain an even num- 
ber of valence electrons. Polar processes are the more commonly encountered 
reaction type in organic chemistry, 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 peri- 
cyclic reactions now, though, we’ll study them in more detail at a later point. 

5.3 Radical Reactions and How They Occur 

Radical reactions aren’t 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 odd number of electrons (usually seven) in their 

outer shell rather than a stable inert-gas configuration (an octet). They can 

achieve the desired octet in several ways. For example, a radical can abstract 

an atom from another molecule, leaving behind a new radical. The net result 

is a radical substitution reaction: 

[ 
Rad* 

Unpaired electron te electron 

Beet At) Buse Gast A at) i 

Reactant Substitution Product 

radical product radical 
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Alternatively, a reactant radical can add to an alkene, taking one elec- 
tron from the alkene double bond and yielding a new radical. The net result 
is a radical addition reaction: 

Unpaired electron Unpaired electron 

Rad 
ig \ i \ y ) 

Rad: + C=C — — C—C: 
ye x vi i. 

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 only 
important 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 

| Light | 
Fira nea + Cl—C] ———> Fiery o8 Yh + H—Cl 

H H 

Methane Chlorine Chloromethane 

A more detailed discussion of this radical substitution reaction is given in 
Chapter 10. For the present, it’s only important to know that careful 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 step The initial production of radicals: The initiation 
step begins the reaction by producing reactive radicals. In the pres- 
ent case, the relatively weak chlorine—chlorine bond is homolyti- 
cally broken by irradiation with ultraviolet light. Two reactive 
chlorine radicals are produced, and further chemistry ensues. 

‘Clicl: HY. 97 G1- 

2. Propagation steps Radicals undergo substitution reactions: Once 
chlorine radicals have been produced in small amounts, propagation 
steps take place. When a highly reactive chlorine radical collides 
with a methane molecule, it abstracts a hydrogen atom to produce 
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HCl and a methy] radical (- CH3). This methy] radical reacts further 
with Cl, in another substitution step to give the new products chlo- 
romethane and chlorine radical. The chlorine radical then 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. 

a. :Cl- + HiCH; —> H:Cl: + -CH, 
b. -CH; + :ClsCl! —» :Cl:CH, +:Cl- 

c. Repeat steps a and b over and over. 

3. Termination steps The chain is broken when two radicals combine: 
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, however, 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. 

eee eee eer ols cl 

:Cl- fa Olhis > FClECH, Possible termination steps 

H.C - + -CHs —— H3C : CHs | 

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. 

eee eT a Telaliaiel pinay eneior uals eisielisiisiar ens (oie tl ese savers. © elev auieie lle) (enebe:jais..4ze'ib:'eiel'e\:¢)-ayalfeijelie) e,\e:ie) eile! jsl-0. 8) ¥ 92 s/1e.'e) sas e)ie le bade. coc 

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? 

EE eres Pere Bey aiehe tte tetc eto ana fciersho whevekolagatecots roils outs fole
asage eh Suet eitehals|elalshenvsepeke lalefe: eke sheiledetancs: seis ocsi

eieveieies ne * 

Draw and name all monochloro products you would expect to obtain from reaction 

of 2-methylpentane with chlorine. 

cobs aaiele role (a70) an) pi@))6) 5) \e cel oe,:6 6 (0) [e' eo. 4/0) eaves. 6) 6/\e/0:0/te: 9/18) a) 66 
Ghat aetats eliel ele c1,o ie! 6 (60:.0, 0) See re..2 (0. 0is 1088/8 eee 

a) e1 a) 816) o).4c0, 0 esa) Be © 814.6. ee) aelele 

Radical chlorination of pentane is a poor way to prepare 1-chloropentane, 

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? 
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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; that is, they have no 

net charge, either positive or negative. We saw in Section 2.4, however, that 
specific bonds within a molecule, particularly the bonds in functional groups, 
are often polar. Bond polarity is a consequence of unsymmetrical electron- 
density distribution in the bond and is due to the electronegativity of the 
atoms involved. A table of electronegativities (Table 5.1, which repeats Table 
2.2 for convenience) shows that atoms such as oxygen, nitrogen, fluorine, 
chlorine, and bromine are more electrohegative than carbon. A carbon atom 
bonded to one of these electronegative atoms has a partial positive charge 
(6*), and the electronegative atom has a slight negative charge (6). For 
example, 

+—> 

oe 
tens where Y = O,N, F, Cl, or Br 

Table 5.1 Relative electronegativities of some 
common elements 

Group 

Period VIA | VITA a aaah endl 
H 

When carbon forms bonds to atoms that are less electronegative, polarity 
in the opposite sense results. For example, the reaction of bromomethane 
with magnesium metal yields methylmagnesium bromide—a so-called 
Grignard reagent. In Grignard reagents, and in most species that contain 
carbon—metal (organometallic) bonds, the carbon atom is negatively polar- 
ized with respect to the metal: 

H H 
| Ree ies? 

Sey +Mg — saa 

H H 

A Grignard reagent 



5.5 POLAR REACTIONS AND HOW THEY OCCUR 133 

ea polarity patterns of some common functional groups are shown in Table 

Table 5.2 Polarity patterns in some common functional groups 

Functional group Functional grou 
Compound type structure ae structure Compound type 

Noe ase Tee 
Alcohol —C —OH Carbonyl % — 6 

/ / 
O = 

A any, my? 
Allcene C=C Carboxylic acid ail me 

/ \ \ 

Symmetrical, nonpolar ae 

Osis 
’ Nigetings ot U 

Alkyl halide WY — Carboxylic acid chloride a he 

Cl 5 

; Nee as 
Amine —C—NHp, One 

if a1. 
Aldehyde —C 

; Nevis Otsy, x 
Ether —C—O—C— H 

/ x 
oe O° gor Os 

Nitrile —C=N J 8 
6° 

Neca Kster == 

Grignard reagent —C—MgBr \ 
/ O—C 

oa alae: 0» 
Alkyllithium —C—Li Rey 

7. 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 
crihdetiataaieg hi eeu Side a 

Eee ete tsi oO Hes 
ee Vi | 

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, 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 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 symmetrical according to the electro- 
negativity 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; conversely, bonds are broken 
when one of the two product fragments leaves with the electron pair. 

As we saw earlier in Section 2.8, chemists normally indicate the electron 
pair movement that occurs during polar reactions by using curved arrows. 
A curved arrow indicates the motion of electrons, not atoms. It means that 
an electron pair has moved from the tail to the head of the arrow during 
the reaction. In referring to this 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 elec- 
tron-rich sites and can form a bond by donating a pair of electrons to an 
electron-poor site. Nucleophiles are often negatively charged, though this 
is not always the case. An electrophile, by contrast, is “electron-loving”; 
electrophiles have electron-poor sites and can form a bond by accepting a 
pair of electrons from a nucleophile. 

This curved arrow shows that electrons are 
moving from :B~ (electron-rich) to A” (electron-poor). 

ah od opb wklgg Vite oa: 

Electrophile Nucleophile The electrons that moved from : B~ 
(electron-poor) (electron-rich) end up here in this new bond. 

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. Thus, Lewis bases are electron donors and usually behave 
as nucleophiles, whereas Lewis acids are electron acceptors and usually 
behave as electrophiles. The major difference, however, is that the terms 

 electrophile and nucleophile are usually used only when bonds to carbon are 
involved. We'll explore these ideas in much more detail in Chapter 11. 



PROBLEM... 

5.5 

PROBLEM 

5.6 

5.6 AN EXAMPLE OF A POLAR REACTION 135 

Pewee reece eee eee sree Eee Fee DBs EEE e Here eH HEH EHH EH ETE DORE EHO HO EEE DEES eee ee ee renee eees 

Identify the functional groups present in these molecules and show the direction of 
polarity in each. 

1 
(a) Acetone, CH;CCH; 

| 
(b) Ethyl propenoate, H}C—CHCOCH,CH; 

(c) Chloroethylene, H,C—=CHCl 

(d) Tetraethyllead, (CH3;CH2)4Pb (the “lead” in gasoline) 

wee eee eee eee eee ee eee rete esse eee eEeEEEEEEEEEE HHH EHH EH ESE HEE HEHE ETOH HE HERE TE EEE OEE HEHE EEE 

Which of the following would you expect to behave as electrophiles and which as 

nucleophiles? 

(a) H* (b) HO: () :Brt 

(d) :NH; (e) CO, (f) Mg?* 

5.6 An Example of a Polar Reaction: 
Addition of HBr to Ethylene 

Let’s look in detail 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 reac- 

tion can be formulated as follows: 

H H H Br 

C=C ap H—Br ee et eet 

H \y 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 

earbon—carbon double bond results from orbital overlap of two sp?-hybrid- 

‘zed carbon atoms. The sigma part of the double bond results from sp*—sp” 

overlap, whereas 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, since 

all valence electrons are tied up in strong, relatively nonpolar, carbon— 

carbon and carbon—hydrogen bonds. Furthermore, we know that the bond- 

ing electrons in alkanes are inaccessible to external reagents since they are 

sheltered in sigma orbitals between nuclei. 
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The electronic situation in ethylene and other alkenes is quite different, 
however. For one thing, double bonds have greater electron density than 
single bonds—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 external reagents because they are located above and below the plane of 
the double bond, rather than being sheltered between the nuclei (Figure 
5.1). 

Carbon-carbon sigma bond: 
strong; inaccessible bonding electrons Carbon-carbon pi bond: 

weak; accessible electrons 

Figure 5.1 A comparison of carbon—carbon single and double bonds: A double bond 
is both more electron-rich (nucleophilic) and more accessible than a single bond. 

Both electron richness and electron accessibility lead us to predict high 
reactivity for carbon—carbon double bonds. In the terminology of polar reac- 
tions 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 is really no such species. Protons are always associated with another 
molecule for stability, for example in H,0*.) 

Although we'll see more details about alkene electrophilic addition reac- 
tions shortly, 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 shows an electron pair moving out from the double bond to form a single 
bond to hydrogen.) 

One of the double-bond carbons 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 
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The electrophile, HBr, is attacked by the pi electrons of 
the alkene, and a new C—H sigma bond is formed. 
This leaves the other carbon atom with a + charge and 
a vacant p orbital. 

Carbocation 

intermediate 

:Br:~ donates an electron pair to the positively charged - 
carbon atom, forming a C—Br bond and yielding a *Bri~ 
neutral addition product. 

:B 

H Tin 

| Ox 

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. 

with the positive charge. This positively charged species, a carbon cation or 

carbocation, is itself an electrophile that can accept an electron pair from 

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 is used 

to show the electron pair movement from bromide anion to carbon. 

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 donation of an electron pair from a nucleophile to an 

electrophile. 

Me Bite aic oie. sce abccecr eri Creeioieishels sce sinus ele setae ee siece lene Oils Ais tien siecle sie cds Sacet Cec eye S82 fcr * tte ee 

What product would you expect from reaction of HBr with cyclohexene? 

(eu 
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5.7 Describing a Reaction: Rates and Equilibria 

In principle, all chemical reactions can be written as equilibrium processes. 

Starting materials can react to give products, and the products can revert 

back to starting materials. We can express a chemical equilibrium by an 

equation in which K,,, the equilibrium constant (Section 2.6), is equal to 

the product concentrations multiplied together, divided by the concentra- 

tions of the starting materials multiplied together. For the reaction 

aA + 6B = cC + dD 

we have 

x. = tProducts] _ [C]*{D]? 
ea [Reactants]  [A]?[B]° 

This equation tells us the position of the equilibrium—that is, which 

side of the reaction arrow is energetically more favored. If K,, is larger than 

1, then the product concentrations [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. 
What the equilibrium equation doesn’t tell us is the rate of reaction. 

How fast is the equilibrium established? Some reactions are extremely slow 
even though they have highly favorable equilibrium constants. For example, 
gasoline is stable indefinitely when stored, because the rate of its reaction 
with oxygen is slow under normal circumstances. Under other circum- 
stances, however—contact with a lighted match, for example—gasoline 
reacts rapidly with oxygen and undergoes complete conversion to the equi- 
librium products water and carbon dioxide. Rate (how fast a reaction occurs) 
and equilibrium (how much a reaction occurs) are entirely different. 

What determines the equilibrium position of a reaction? Let’s again 
look at the addition reaction of ethylene with HBr as an example. We can 
write the reaction as an equilibrium and can determine experimentally that 
the equilibrium constant is approximately 10°: 

H,C—CH, + HBr == CH;3CH,Br + Energy 

[CH3CH,Br] 

[H,C—CH,|[HBr] K oq = 108 

Since K,, is relatively large, the reaction proceeds as written and energy 
is given off. 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%). 

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 
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of the starting materials.) For a reaction where AG? is negative, energy is 
released; for a reaction where AG? is positive, energy must be added. 

Because the equilibrium constant, Kg, and the free-energy change, AG’, 
ste ae whether or not a reaction is favored, they are mathematically 
related: 

AG® = Free energy of products — Free energy of reactants 

BG eee tt, IDK os OF Kagem ni RE 
where 

R = 1.986 cal/mol : K (the gas constant) 

T = Absolute temperature (in kelvins) 

e ~ 2.718 (the base of natural logarithms) 

In K.g = Natural logarithm of K,, 

As an example of how this mathematical relationship can be used, the 
reaction of ethylene with HBr has K,, ~ 108, and we can therefore calculate 
AG®° = 12 kcal/mol (50 kJ/mol) at room temperature (300 K). 

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°: 

DG shH ea TAS: 

where T is the absolute temperature. 
The enthalpy term, AH°, called the standard heat of reaction, is a 

measure of the change in total bonding energy during a reaction. If AH”® is 
negative, heat is evolved and the reaction is said to be exothermic. If AH° 
is positive, heat must be added 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 (positive AH°) 100 kcal/mol 
Strength of bonds formed (negative AH°) —120 kcal/mol 

Net change = —20 kcal/mol 

The entropy term, AS°, is a measure of the amount of “disorder” caused 

by a reaction. To illustrate, in an elimination reaction of the type 

oe eo 

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 

of entropy during the reaction, and AS° has a positive value. 

On the other hand, for addition reactions of the type 

Ae eo) 

exactly the opposite is true. Because such reactions restrict the freedom of 

movement of two molecules by joining them, the products have less disorder 
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than the reactants, and AS° has a negative value. The reaction of ethylene 
and HBr is one such example. 

Of the two terms that make up AG’, the enthalpy term (AH’°) is usually 
larger and more important than the entropy term (TAS°) 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?°. 

In summary, the standard Gibbs free-energy change, AG°, is a measure 
of the overall amount of energy change during a reaction. It is the net result 
of two contributing terms, one term that deals with changes in bond 
strengths between reactants and products (AH°), and one term that deals 
with the amount of disorder caused by the reaction (AS°). Table 5.3 describes 
these terms more fully. : 

’ 

Table 5.3 Explanation of thermodynamic quantities: AG° = AH° — TAS° 
eeepc eve eo 
Term Name Explanation 
AG° Gibbs free-energy change Overall energy difference between reactants and 

(kcal/mol) products. When AG? is negative, a reaction can 
occur spontaneously. AG° is related to the equi- 
librium constant by the equation 

AG* = -RT in K,, 
AH” Enthalpy change Heat of reaction; the energy difference between 

(kcal/mol) strengths of bonds broken in a reaction and bonds 
formed 

AS° Entropy change Overall change in freedom of motion or “disorder” 
(cal/degree - mol) resulting from reaction; usually much smaller 

than AH° 
_ 

BR ERI ss afk he ioc ea Seana wine n teusaalnsa quite Whsis nsec aatet ace nists 6 Watetyc yeaa Nee Oe san eae 

5.8 Which reaction is more favored, one with AG° = —11 kcal/mol or one with 
AG®° = +11 kcal/mol? 

FPL O BLM oss sie cit Sean 8s 5 sca go aie wialtdte ai¥'a\s's. 0’ QUUWAW aL DARI Gme 4 oi6\s/d nv pu au. ie micas or a er 

5.9 Which reaction is more exothermic, one with K., = 1000 or one with K.g = 0.001? 

5.8 Describing a Reaction: Bond Dissociation Energies 

We’ve just seen that energy is released (negative AH°) when a bond is made, 
and energy is consumed (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 
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amount of energy required to homolytically break a given bond into two 
radical fragments when the molecule is in the gas phase at 25°C. 

Bond dissociation A:B A: + +B 
energy 

Each specific bond has its own characteristic strength, and extensive 
tabulations of bond strength data are available (Table 5.4). 

Table 5.4 Bond dissociation energy data for the reaction A—B —> A+ + B- 

AH? 

(kcal/mol) 

CH;—H 

CH3;—Cl 

CH;—Br 

CH;—I 

CH3;— OH 

CH3;— NH2 

C,H;—H 

C2H;— Cl 

C.H;— Br 

C,H;—I 

C2,H;— OH 

(CH3)2,CH— H 

(CH3),CH— Cl 

(CH3)2CH— Br 

(CH3)3C —H 

(CH3)3C —Cl 

(CH3)3C —Br 

[ema ___—_|itined [aont | Bond (kcal/mol) || Bond (kcal/mol) 
(CH3)3C—I 50 CH3— CH3 88 

C2H;— CH3 85 

(CH3)2CH— CH3 84 

(CH3)3C—CH3 81 

H2,C—CH—CHs3 97 

H,C—CHCH,—CH3| 74 

aoe CH, 
ee 102 

CT CH,— CH3 

en 72 

Cy 
CH3;C—H 86 

HO—H 119 

HO— OH 51 

CH3;0—H 102 

CH3;S—H 88 

C,H;0—H 103 

O 

rue CH3 Wa 

CH3CH,0— CH3 81 

NH,—H 103 

H—CN 130 
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Let’s look at methane as an example. Methane has a measured 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. 

AH® = +104 keal/mol 

Sighercy abcomved)) = 

CH= -CH; +H- 

104 kcal/mol 

(energy released) 

The data given in Table 5.4 are extremely useful—if enough bond 
strengths were known, it would seem possible to turn organic chemistry 
into a more quantitative science. Ideally, if we want to know whether a 
predicted reaction could occur, we could calculate AH° for the process and 
avoid a lot of time-consuming work in the laboratory. Unfortunately, there 
are two problems. The first is that the calculation says nothing about the 
probable rate of reaction; a reaction may have a favorable AH” and still not 
take place. The second problem is that bond dissociation energy data refer 
only to reactions occurring in the gas phase; the data aren’t directly relevant 
to solution chemistry. 

In practice, the vast majority of organic reactions are carried out in 
solution, and solvent molecules can interact strongly with dissolved reagents 
(solvation). Solvation effects can weaken bonds and cause large changes in 
the value of AH° for a given reaction. 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 bond dissociation energy 
data to get a rough idea of how thermodynamically favorable a given reac- 
tion 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 subtracting the energy required to break 
old bonds, we can calculate AH° for the overall reaction: 

H H H Br 
i 7 | a 
Gee + H—Br —> H—C—C—H 

fee aD 
Bonds broken Bonds formed 

H—Br AH° = 88 kcal/mol C—H AH° = —-98 kcal/mol 
2 C=C AH° = 64 kcal/mol C—Br AH° = -—68 kcal/mol 

AH®° = 152 kcal/mol AH° = —166 kcal/mol 

Net change: AH°® = —14 kcal/mol 
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We calculate that the gas-phase reaction of HBr with ethylene is favor- 
able by approximately —14 kcal/mol (59 kJ/mol), and the reaction might 
therefore occur under suitable conditions. We can’t be certain that the reac- 
tion will actually take place, since the calculation says nothing about reac- 
tion rates. In fact, though, the reaction does occur as written. 

We've just seen an example of how bond dissociation energy data can 
be used to calculate the energetics of reaction taking place in the gas phase. 
It has to be emphasized again, though, that the majority of organic reactions 
take place in solution. In practice, many reactions, particularly those that 
take place through polar mechanisms, are often highly susceptible to solvent 
influences. Thus, the accuracy of bond energy calculations is correspondingly 
lower. We'll see examples of solvent effects on reactions at numerous places 
in later chapters. 

eee eee sees eeeeeeesoesee seers eee eee eesreoseserereseoeee ee HeeeoeeEe HEE EEE EEE EET OH OHHH H EE HOES 

Calculate AH° for each step in the radical substitution reaction of chlorine with 
methane (Section 5.4): 

(ajo Clea ——> 92 Cl: (DCH eCl-e > CH. + HCl 

(c) *CHs sis Cl, aaa CH;Cl Tae le 

What is the overall AH° for the reaction? Consider only the propagation steps (b) 

and (c) in deciding your answer. 

See eee eee ese esses eseseeseseseeeeseseeseseeeeseeHreeeeeeeeesEeEeEeEeseHEH EE HEHEHE EE HERES TEBE HEED E REE 

Calculate AH° for these polar reactions: 

(a) CH;CH,OCH3 + HI a CH;CH,OH T CHI 

(b) CH;Cl1 + NH; ——> CH3NH, + 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. As an example, let’s again 

look at the addition reaction of HBr and ethylene: 

“= fash an H H H H 
af | oe ee ees \ iy H—Br Ho oe] WG-68: 

H H H H Hae 

Carbocation 

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 
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reaction energy diagrams of the sort shown in Figure 5.3. The vertical 
axis of the diagram represents the total energy of all reactants, whereas 
the horizontal axis 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. 

oe state 

LS Carbocation product - 

CH;CH, Bro 

Activation 
energy 

| 
AG’ AG 

H,C=CH, + HBr 

Reaction progress ———> 

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*, con- 
trols 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 far left side of the 
diagram. As the two molecules approach each other and reaction commences, 
a repulsive interaction occurs and the energy level therefore rises. This 
repulsive interaction is due to the steric strain introduced by crowding the 
reactants too closely together. In electronic terms, the electron clouds of the 
two reactants approach and repel each other. If the collision has occurred 
with sufficient force and proper orientation, however, the reactants continue 
to approach each other 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. 

Since the transition state represents the highest-energy structure 
involved in the step, it is unstable and can’t be isolated. We can get no direct 
information about the exact nature of the transition-state structure, but 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). 
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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, called the 
activation energy, AG*, determines how rapidly the reaction occurs. (The 
double dagger superscript, *, is always used to refer to the transition state.) 
A large activation energy, corresponding to a large energy difference 
between reactants and transition state, results in a slow reaction because 

few reacting molecules collide with enough energy to climb the high barrier. 
A small activation energy, however, results in a rapid reaction since almost 
all reacting molecules are energetic enough to climb to the transition state. 

The situation of reactants needing enough energy to climb the barrier 
from starting material to transition state may be likened to 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 accurately, most organic reactions 

have activation energies in the range of 10-35 kcal/mol (40-150 kJ/mol). 
Reactions with activation energies less than 20 kcal/mol take place spon- 
taneously at room temperature or below, whereas reactions with higher 
activation energies normally require heating. Heat provides 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 carbocation or revert back to starting 

materials. Since both choices are energetically “downhill” from the high- 

point of the transition state, both are equally likely. If reversion to starting 

materials occurs, of course, no net change in the system is observed. If, 

however, the reaction 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. 
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Not all reaction energy diagrams are like that for the reaction of eth- 
ylene 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 value of AG° and some have a positive value of AG°. 
Figure 5.5 illustrates some different possibilities for energy profiles. Note 
in this figure the use 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 
stated earlier, though, chemists often make the simplifying assumption that 
AG° and AH” are approximately equal. 

Reaction progress ———> Reaction progress ———> 

(a) (b) 

Disks gng 

Reaction progress ———> Reaction progress 

(c) (d) 

Figure 5.5 Hypothetical reaction energy diagrams: (a) A fast exothermic reaction 
(small AG*, negative AG°); (b) a slow exothermic reaction (large AG*, negative AG®); 
(c) a fast endothermic reaction (small AG*, small positive AG*); (d) a slow endo- 

« thermic reaction (large AG*; positive AG°) 
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‘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. 
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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 Keak 

5.10 Describing a Reaction: Intermediates 

How can we describe 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’s not a transition state and it’s not a final 
product. 

H es H H H H 
\ 7. H—Br | | :Br:7 | | 

yr tf) —> at Ly abil —_ igo) 

H H H H Heer 

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, bro- 

moethane. This second step has its own activation energy, AG*, its own 

transition state, and its own energy change, AG°. We can view the second 

transition state as an activated complex between the electrophilic carbo- 

cation intermediate and nucleophilic bromide anion, in which the new 

C—Br bond is just starting to form as bromide ion donates a pair of electrons 

to the positively charged carbon atom. 

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 considerably 

higher than the level of either starting material (ethylene and HBr) or 

product (bromoethane), the intermediate is highly reactive and can’t be 

isolated. It is, however, more stable than either of the two transition states 

that surround it. 
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First transition Carbocation intermediate 
state 

Second transition state 

ae ee a ee ee 

CH3CHoBr 

Reaction progress ———> 

Figure 5.6 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. 

In general, each individual 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 regardless of the shape of the reaction energy curve. 
Figure 5.7 illustrates some different possible cases. 

Reaction progress Reaction progress ———> 

(a) (b) 

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. 
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Draw a single reaction energy diagram for the two 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‘. 

Light 
—— > Chae CH) CH,Cl + Hcl 

5.11 Summary and Key Words 

Organic chemistry can be organized either according to the kinds of reactions 
that take place or according to how reactions take place. There are four 
important kinds of reactions—additions, eliminations, substitutions, 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 reor- 
ganization of bonds and atoms to give a new product. 

Addition ee pe 

Elimination A — Bic 

Substitution A—B + C—D — A—C + B—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 site (nucleophile) in the functional group of one molecule and an 
electron-poor site (electrophile) in the functional group of another molecule. 
Bonds are formed in polar reactions when the nucleophile donates an elec- 

tron 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 B:—+ “At ——> A? B 

Nucleophile Electrophile 

ere Ge ae AB 

The energy changes taking 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 
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in strength of chemical bonds broken and formed during reaction. The 
entropy term (AS°) corresponds to the change in 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 
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 
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Identify the functional euurs present in these molecules and predict the direction 
of polarity in each. 

(a) CH;CN (b) caren aera 

orllee 
I | 2 (c) CHsCCH,COCH, (a) 

O 

A quinone 

Identify these reactions as being additions, eliminations, substitutions, or rearrange- 
ments: 

(a) CH;CH,Br + NaCN —> CH;CH,CN (+ NaBr) 

ote 0 Oyo ate (Se no 
O 

-O-- * 
oe 

NO, 
Light 

10 foe + O,.N—NO, —— (+ HNO.) 
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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 

Which of these would you classify as nucleophiles, and which as electrophiles? 

(a) 1Cliv (b) BF3 () HO: (d) CHjNH, 
Draw a 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? 

Draw a reaction energy diagram for a two-step exothermic reaction. Label the overall 
AG* and AG, transition states, and reaction intermediate. Is AG® positive or 

negative? 

Describe the difference between a transition state and a reaction intermediate. 

Draw a reaction energy diagram for a two-step exothermic reaction for which the 

second step is faster than the first step. 

Draw a reaction energy diagram for a reaction with K,, = 1. What is the value of 

AG’ in this reaction? 

Consider 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) CH,0OH + HBr ——> CH,Br + H,O 

(b) CH;CH,OH + CH;Cl ——> CH;CH,OCH; + HCl 
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5.28 

5.29 

5.30 

5.31 
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Use the information in Table 5.4 to calculate AH° for the reaction of ethane with 

chlorine, bromine, and iodine: 

(a) CH;CH; + Cl, —~ CH3CH,Cl + HCl 

(b) CH;CH3 + Bre —— CH3CH,Br + HBr 

(c) CH;CH3 + I, ——~ CH3CH,I + HI 

What can you conclude about the relative ease of chlorination, bromination, and 

iodination? 

An alternative course for the reaction of bromine with ethane would result in the 

formation of bromomethane: 

H,C—CH3 t Bro > '2 CHsBr 

Calculate AH° for this reaction, and comment on how it compares with the value 

you calculated in Problem 5.27 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. You should use the bond 
dissociation energies measured for CH;CH,—H, H—CH(CH3)2, and H—C(CH3)s3 
as representative of typical primary, secondary, and tertiary C—H bonds. 

Provide IUPAC names for each of the products formed in Problem 5.29. 

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 single monohalogenation products? 

(a) CoH. (b) (CH3)2CH2 (c) i 

(d) (CH3)3CCH2CHs (e) CHg (f) CH3;C=CCH; 

Ep 
We've said that the chlorination of methane proceeds by the following steps: 

Light 
————> (a) Cl, 2Cl: 

(b) Cl: + CH, ——> HCl + -CH; 

(c) -CH3 + Cle —~> CH;Cl + Cl: 

Alternatively, one might propose a different series of steps: 

(d) Cl, —> 2Cl- 

(e) Cl- + CH, —-> CHCl + H:- 

(f) Hy + Cl, —> HCl + Cl: 

Calculate AH® for each individual step in both possible routes. What insight does 
this provide into the relative merits of each route? 
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When isopropylidenecyclohexane is treated with strong acid at room temperature, 
isomerization occurs to yield 1-isopropyleyclohexene by the mechanism shown below: 

Cl Cx LO = OX 
1-I Icycloh Isopropylidenecyclohexane es 

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 4.3 to calculate AG° 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. 



CHAPTER 6 

Alkenes: Structure 
and Reactivity 

BA breve 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 
HOC =. Sy 

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. 

QW SS ~S aS =S Saas =S aS 

B-Carotene 
(orange pigment and vitamin A precursor) 

154 
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6.1 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 30 
billion lb of ethylene and almost 15 billion lb of propylene are produced each 
year in the United States for use in the synthesis of polyethylene, polypro- 
pylene, ethylene glycol, acetic acid, acetaldehyde, and a host of other raw 
materials (Figure 6.1). 

CH;CH,OH Ethanol 
CH3;CHO Acetaldehyde 
CH;COOH Acetic acid 
O 
Te 
CH,CH2 Ethylene oxide 

H,C=CH, => ; HOCH,CH,0OH Ethylene glycol 
C1CH,CH,Cl Ethylene dichloride 

SS H.C=CHCI Vinyl chloride 
(30.5 billion lb/yr) 

CH,CH=CH, > 

Propylene 
(14.9 billion lb/yr) 

| 
Vinyl acetate 

-+CH,CH,CH.CH2> Polyethylene 

CH3CH(OH)CH3 Isopropyl alcohol 
O 

Loa 
CH3CH— CH, 

r CH(CHs3)e 

CH; ve 

CHCH,CHCH,= 

Propylene oxide 

Cumene 

Polypropylene 

Figure 6.1 Compounds derived industrially from ethylene (ethene) and propylene 

(propene) 

Ethylene, propylene, and butene are synthesized industrially by ther- 

mal cracking of both natural gas (C;—C, alkanes) and straight-run gasoline 

(C4-Cg n-alkanes): 

850-900°C 

Steam 
He ot CH, te H,C=CHy, 

a CH;,CH=CH, ae CH;CH,CH =CHy2 

CH;(CH2),CH3 

n = 0-6 
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Thermal cracking, introduced in 1912, takes place in the absence of 
catalysts at extremely high temperatures up to 900°C. Although it undoubt- 
edly 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: 

H 
4 | 

GH;CH,==CHsCH,; “52 CH, — CH-. > 2H,C=CH, + He 

Thermal cracking is an example of a reaction whose energetics are 
dominated by entropy (TAS°) rather than by enthalpy (AH°) in the free- 
energy equation AG° = AH° — TAS*°. The large positive 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, thus favoring the cracking reaction. 

6.2 Calculation of the Degree of Unsaturation 

Because of their double bond, alkenes have fewer hydrogens than alkanes 
with the same number of carbons (C,,H2, for an alkene versus C,,H»,,+9 for 
an alkane). Thus, alkenes are often referred to as being unsaturated. 
Alkanes, by contrast, have as many hydrogens as possible and are 
saturated. 

In general terms, each ring or double bond in a molecule causes a pair 
of hydrogens to be removed from the alkane formula, C,,H>,,.9. This knowl- 
edge is quite useful because it allows us to work backward from a molecular 
formula to calculate the degree of unsaturation of a molecule—the num- 
ber of rings and/or pi bonds present in an unknown. 

Let’s assume, for example, that we want to find the structure of an 
unknown hydrocarbon. A molecular weight determination on the unknown 
yields a value of 82, which corresponds to a molecular formula of CgHyo. 
Since the fully saturated Cg hydrocarbon, hexane, has the formula CgH14, 
we can calculate that the unknown compound has two fewer pairs of hydro- 
gens (Hy4 — Hio = H4 = 2 Hg). The unknown therefore contains 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 our simple calculation has 
told us a lot about the molecule. 

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 
(both are monovalent), we can add the number of halogens and the 
number of hydrogens to arrive at a base hydrocarbon formula from 
which the number of double bonds and/or rings can be found. 



6.2 CALCULATION OF THE DEGREE OF UNSATURATION 157 

a cy 

Br—CH,CH —CHCH,— Br = H—CH,CH=CHCH,— H 

C,HgBrg = “C4Hg” One unsaturation: 

is d d one double bond 

2. Organooxygen compounds, C,H, O: Since oxygen is divalent, it 
doesn’t affect the formula of the parent hydrocarbon. The easiest 
way to convince yourself of this is to look at what happens when 
an oxygen atom is inserted into an alkane C—C or C—H bond: 
There is no change in the number of hydrogen atoms. For example, 

O removed from here 

H,C =CHCH=CHCH,— O—H = H,C—CHCH= CHCH, LH 

C5HgO “CsH,” Two unsaturations: 

two double bonds 

3. Organonitrogen compounds, C, H, N: Since nitrogen is trivalent, 
an organonitrogen compound has one more hydrogen than its base 

hydrocarbon. We therefore subtract the number of nitrogens from 

the number of hydrogens to arrive at a base 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 nitro- 

gen, and we must therefore mentally subtract this extra hydrogen 

atom to arrive at the corresponding base hydrocarbon formula. For 

example, 

H CH, H H CH, H 
Pee, POSEN / 
ea v4 aN 

He (cH, NH nee ao 
| N 
H | removed 

H 

Cs5HoN = “CsH,” Two unsaturations: one ring 

and one double bond 
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6.1. Calculate the degree of unsaturation in these hydrocarbons: 

(a) CgHi4 (b) C5H¢ (c) Ci2H20 

(d) CooH32 (e) CaoHs6,; B-carotene 

PORCH BLN NUMER ere everest eh aie teks eae) < ofate «eda aielope  eisuet= oil ois) eels.2* site Sete. isiiele Artie cis esse Se ewes cies sein eec ese 

6.2 Calculate the degree of unsaturation in these formulas, and then draw as many 

structures as you can for each. 

(a) C4Hg (b) C4H¢ (c) C3Hy 
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6.3. Calculate the number of pi bonds and/or rings in these formulas: 
(a) CgH5N 

(d) CyH,¢Br2 

(b) CgH;NO2 (c) CgH,Cl3 

(e) C19Hi2N203 (f) Co9H3202 

6.3 Nomenclature of Alkenes 

Alkenes are named systematically by following a series of rules similar to 
those developed for. alkanes, with the suffix -ene instead of -ane. Three basic 

steps are used: 

Step 1 

Step 2 

Step 3 

Name the parent hydrocarbon. Find the longest carbon chain 
containing the double bond, and name the compound accord- 
ingly, using the suffix -ene: 

CH;CH,CH, 

C—CHCHs; Named as a heptene 

CH3;CH.CH.CH, 
NOT 

CHCHs3 | as an octene, since the double bond 
is not contained in the eight- 
carbon chain 

Number the carbon atoms in the chain. Beginning at the end 
nearer the double bond, assign numbers to the carbon atoms 
in the chain. 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 lowest possible 
numbers: 

Gr, iSh apd 2. 
CH3CH2,CH,CH=CHCH3 

CH3 one re Correct numbering 

CHCH—CHCH.CH ie 2CH3 

CH3 

Write out the full name. Number the substituents according to 
their position in the chain and list them alphabetically. Indicate 
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. 
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CH3 
bes 48 ap =“ 
CH3;CH,CH,.CH=CHCH, CHCH=CHCH.CH3 

2 4 5 6 

2-Hexene CH3 

2-Methyl-3-hexene 

CHACHGHs CHs 
| 

C=CHCH; H,C—=C—CH=CH, 
ie Gurnee 47 202 41. te a 4 
CH3CH2CH2CH, 

2-Methyl-1,3-butadiene 

3-Propyl-2-heptene 

Cycloalkenes are named in a similar way. Since there’s no chain end 
to begin from, though, we number the cycloalkene so that the double bond 
is between C1 and C2 and the first branch point has as low a value as 
possible: 

4,5-Dimethylcycloheptene NOT 5,6-Dimethylcycloheptene 

A small number of alkenes have names that, 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 (page 160) lists several other common names that are often used and 

that are recognized by IUPAC. Note that an H,C—CH— substituent is 

called a vinyl group, and an HXC=CH—CH,— substituent is called an 

allyl group: 

A vinyl group An allyl group 
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Table 6.1 Common names of some alkenes? 

Compound Systematic name Common name 

H,C—CHg, Ethene Ethylene 

CH;CH=CHy, Propene Propylene 

CH3 

C=CHy, 2-Methylpropene Isobutylene 

dit 
CH3 

H,C= i —CH=CH, 2-Methy]1-1,3-butadiene Isoprene 

CH;CH=CHCH=CH, 1,3-Pentadiene Piperylene 

H.C=CH-> Ethenyl Vinyl (an alkenyl group) 
H,C—=CH—CH,-> 2-Propenyl Allyl 

H.C = Methylene 

CH,;,CH+ Ethylidene 

“Both common and systematic names are recognized by IUPAC. 

CROC eee aoe aeRO EHEC eH E HHO MELE e OES OT Ooo ERE EE DEBS eeEFesererenereneoeeerCeseeecECe 

Give proper IUPAC names for these compounds: 

(a) HJ}C—=CHCH(CH3)C(CHs3)z (b) CH3CH,CH=C(CH3)CH,CHs 

(c) CH;CH=CHCH(CH3)CH=CHCH(CHs)2 

Cems eerererrereserceceseesreseeserereserereeeeeeresseneeesereeeeeeeeeesereeeeeeeeeereseneeece 

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-Diisopropyl-2,5-dimethyl-3-hexene 
(e) 4-tert-Butyl-2-methylheptane 
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Provide proper names for these cycloalkenes: 

(a) (b) (c) 

6.4 Electronic Structure of Alkenes 

We saw earlier (in Section 1.10) that a carbon—carbon double bond consists 
of two parts—a sigma bond and a pi bond. The carbon atoms are sp” hybrid- 

, 1zed and have three equivalent orbitals directed to the corners of an equi- 
lateral triangle. The fourth carbon orbital is an unhybridized Pp orbital, 
which is perpendicular to the sp? plane. 
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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. The doubly bonded carbons 
and the four groups attached to them therefore lie in a plane, with bond 
angles of approximately 120° (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 (page 162) compares the experimentally deter- 
mined bond parameters of ethylene and ethane. 

H ep 

Pee ieee 
Hoo Sy y nn 

H H 
Ethylene 

Ethane 

sp? hybrid orbitals sp?-hybridized carbon 

(top view) 

p-p pi bond 

sp2-sp” sigma bond a pa a 

HG 
en aa 

Carbon-carbon double bond; Carbon-carbon double bond; 

sigma bonds only pi bond only 

Figure 6.2 An orbital picture of the carbon—carbon double bond 
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Table 6.2 Molecular parameters for ethylene and ethane 

Ethylene Ethane 

H—C—H bond angle (degrees) 116.6 109.3 

H—C—C bond angle (degrees) 121.7 109.6 

C—C bond strength (kcal/mol) 152 88 

C—C bond length (A) os 1.54 

C—H bond strength (kcal/mol) 103 98 

C—H bond length (A) 1.076 1.10 

2The double bond is both stronger and shorter than the single 

bond. 

The presence of the double bond in alkenes has numerous consequences. 
One consequence is the phenomenon of restricted rotation. We know from 
Section 4.1 that relatively free rotation is possible around sigma bonds, and 
that open-chain alkanes such as butane therefore have an infinite number 
of rapidly interconverting conformations. The same is not true for double 
bonds. Carbon—carbon double bonds do not have circular cross-sections, and 
rotation can’t occur freely (Figure 6.3). 

Carbon-carbon single 

cross-section 

Carbon-carbon double 
bond; unsymmetrical 

cross-section 

Figure 6.3 Cross sections cut through carbon-carbon single and double bond: Free 
» rotation is possible around a single bond but not around a double bond. 
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If we were to force rotation to occur, 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. 

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. 

Breaking a chemical bond normally requires a large amount of energy. 
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 from the total bond strength value 
for ethylene. This calculation predicts an approximate bond strength of 64 
kcal/mol (268 kJ/mol) for the ethylene pi bond, and it is 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 there are two substituents other than hydrogen 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 sub- 
stituted cycloalkanes (Section 3.10). Figure 6.5 shows the two 2-butenes. 
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PROBLEM 

6.7 
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Side Eiereyyecten lt Side Hi-trreapa Gg 

view H.C” “CH, view HW07. = 

H H H CH; 

view / . view 7. ‘ 

CH; CH; CH3 H 

cis-2-Butene trans-2-Butene 

Figure 6.5 The two cis—trans isomers of 2-butene 

Since bond rotation can’t occur, the two 2-butenes can’t spontaneously 
interconvert. They are distinct, isolable compounds. As with substituted 
cycloalkanes (Section 3.10), we call such compounds cis—trans stereoiso- 
mers because they have the same formula and overall skeleton but differ 
in the spatial arrangement of 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 a common feature of alkene chemistry and is 
not limited to disubstituted alkenes. Isomerism can occur whenever each 
of the double-bond carbons is 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 

ae a es — a These two compounds are identical; 
\ y/ \ they are not cis—trans isomers. 

B D A D 

A D B D 

ae a ro These two compounds are not identical; 
/ \ y \ 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. 

See wet 9K er Oe OE OK 01: 8) O18) 016) Beso! lie [6 je/e ei eerie 6\ 66) (8 ia) aie ieie\e) wah lef! @ 84; 08) ee 19.6 8,6 6)6 958) 0.018) 0) 6.8.8 6 b1e 6 fehb lee eb) ¥ 606 66) selene 

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),C = CHCH3 

» (c) CH;CH,CH+CHCH, (d) (CH3)gC =C(CH3)CH2CH3; 

(e) CICH=CHCl1 (f) BrCH=CHCl 
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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. 

6.6 Sequence Rules: The E,Z Designation 

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 nomenclature 
is unambiguous and quite acceptable for all disubstituted alkenes. But how 
do we denote the geometry of trisubstituted (three substituents other than 
hydrogen) and tetrasubstituted (four substituents other than hydrogen) dou- 
ble bonds? 

The answer is provided by the E,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 groups on each 
carbon 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 word zusammen, “together”). If the higher-priority groups are on 
opposite sides, the alkene is designated EF (for the German word entgegen, 
“opposite”). The easiest way to learn which is which is to think with a 
German accent: Z = groups on “ze zame zide” (E = the other guy). These 
assignments are shown in Figure 6.7. 

: YY 

Z double bond E double bond 

Figure 6.7 The E,Z system of nomenclature for substituted alkenes 
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Introduced by Cahn, Ingold, and Prelog in 1964, the sequence rules 
have proven to be extraordinarily useful. The rules are as follows. 

Sequence rule 1 Look at the atoms directly attached to each carbon 
and rank them in order of decreasing atomic number. That is, an atom 
with higher atomic weight number receives higher priority than an 
atom with lower atomic weight. Thus, the common atoms that we might 
find attached to a double bond would be assigned the priority sequence 
Br >Cl>O>N>C >H. For example, 

Low High Low Low 
priority H |! Cl priority priority H |! CHs3_ priority 

\ cele : are, 
C=C C==¢€ aed aE a | 

High CHs | CH; Low High . CH3; Cl High 
priority priority , priority priority 

(Z)-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 considering the first 
atoms in the substituent (rule 1), look at the second, third, or fourth 
atoms away from the double-bond carbons until a difference is found. 
Thus, an ethyl substituent, —CHjCH3, and a methyl substituent, 
—CHsz, are equivalent by rule 1, since both have carbon as the first 
atom. By rule 2, however, ethyl receives higher priority than methyl 
since the second atoms in the group are one carbon and two hydrogens 
rather than three hydrogens. Look at the following examples to see how 
this rule is applied: 

il ae i | 
Tien 20-0 aa 

H H H Lower H 

Lower Higher Higher ee) 

act ie a 
ae baat oN Saas 

H H H 

og Higher Lower Lower Higher 



6.6 SEQUENCE RULES: THE E,Z DESIGNATION 167 

Sequence rule3 Multiple-bonded atoms are considered to be equivalent 
to the same number of singly bonded atoms. For example, an aldehyde 
substituent ~-CH=O), which has a carbon atom doubly bound to one 
oxygen, is considered equivalent to a substituent having a carbon atom 
singly bound to two oxygen atoms: 

i H 

| 
—-Ce= 0 is equivalent to — ) ey 

C 

This carbon is This oxygen is This carbon is This oxygen is 
doubly bound to doubly bound to singly bound to singly bound to 
one oxygen one carbon two oxygens two carbons 

As further examples, the following pairs are equivalent: 

H H H H 

zon same as sage ihe 

i (ee 

Cant 

3C=C—H - same as oe Cee a tL 

b ¢ 
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. 

Be iis 

H ) =CH, H;C—CH Br 

C=C Ca 
/ N / x 

CH; CH3 ES H 

(E)-3-Methy1-1,3-pentadiene H 

(E)-1-Bromo-2-isopropy]-1,3-butadiene 

i 
CHs C—OH 

ip 
Cc 
i ‘ 

H CH,OH 

(Z)-2-Hydroxymethyl-2-butenoic acid 
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PRACTICE PROBLEM. .cccsccccscccccvccccvcccscesesecscesecsccsscesssssssesssssessesesssssssesee 

Assign E or Z configuration to the double bond in this compound: 

aN eERCrsy 

C=C 
i ‘N 

H3C CH,OH 

Solution Look at the two double-bond carbons individually. The left-hand carbon 
has two substituents, —H and —CHs, of which —CHsz receives higher priority by 
sequence rule 1. The right-hand carbon also has two substituents, —CH(CH3)2 and 
—CH,0OH, 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(CH3). 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. 

Low H yee Low 

C=C 
i ‘ 

High H3C CH,0H High 

Z configuration 

PROBLEM 9 jore:c 50,5 yoga stag ale oie 0 Wei puere eaarO Tw alia ca ereceyo7s aks eis caee pe SPIO 2c 

6.9 Which member in each set is higher in priority? 

(a) —H or —Br (b) —Cl or —Br (c) —CHg3 or —CH,CH3 

(d) —NH, or —OH (e) —CH,OH or —CH3 (f) —CH,OH or —CH=O 

PROBLEM sion gn:sce Aden and bas Mea gvs + 02a ce kh ae b oeee ou CP aac k Open SUR aeeR aed abet lade eee eee 

6.10 Rank the sets of substituents in order of Cahn—Ingold—Prelog priorities: 

(a) —CH3;, —OH, —H, —Cl 

(b) —CH 3, —CH,CH3, —CH=CH,, —CH,OH 

(c) —COOH, —CH,OH, —C=N, —CH,NH, 

(d) —CH,CH3;, —C=CH, —C=N, —CH,OCH; 

PROBLEM SUSE ANC TON SCN ONS 8) B8! 0118 10) 8 8 10.10 (8:0 Tei le OMe ele (a aie e/a Wie) m8; ©; We) -8)0) 8) 0/6): 6) 6) 0:69 016/10 018 0) 6 wee @)ele) 6 ole, (me e)15 Ole e168) bLeCs eel ee a, 6) 6) ares aud 

6.11 Assign E or Z configuration to these alkenes: 

(a) CH3 CH,OH (b) Cl CH.CH 
any, ia oe 
C6 CC 

aa 
CH3CH, Cl CH;0 CH,CH.CH; 

(c) CHs ee (qd) Ee CN 

C=E - ==((' 
A 

i. CH,OH CH; CH,NH, 
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6.7 Alkene Stability eee masta Gas ANN) ji oicitilaildpigua wm matia le soil =, 
Although the cis—trans interconversion of alkene isomers does not occur 
spontaneously, it can be made to happen under appropriate experimental 
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 are not of equal stability. At 
equilibrium, the ratio of isomers is 76% trans to 24% cis. 

H CH CH CH 
\ 7 : Acid \ ; : 
C=C ———— C—€ 

7. N catalyst We \ 

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 

More stable Less stable Energy difference at 25°C 
isomer (%) lsomer (%) (kcal/mol) (kJ/mol) 

50 50 0 0 

75 25 0.65 2.72 

90 10 1.30 5.45 

95 5 1.74 7.29 

99 1 Qeie, 11.38 

99.9 0.1 4.09 17.11 

It turns out to be a general phenomenon that 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 previously in the axial conformation 
of methylcyclohexane (Section 4.12). 

Ze 

C=C 
we 

H 

Steric strain in No steric strain in 

cis-2-butene trans-2-butene 
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Although it is 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 catalytic hydrogenation. In the presence of catalysts such as 
palladium or platinum, hydrogen adds to carbon-carbon double bonds to 
yield the corresponding saturated alkanes: 

H CH, Gite Nee 

‘c d a tone Vey Bice v a Pa CH3CH2CH2CH3 Call vi men 

CH; ».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 products 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. 

eee 

Butane | 

Reaction progress 

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 1 kcal/mol and 
therefore gives off more energy in the reaction. 

EE 

; If we were to measure the heats of reaction for the two hydrogena- 
tions and find their difference, we could determine the relative stabilities 
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of cis and trans isomers without having to measure an equilibrium 
position. A large number of such heats of hydrogenation (A Hhydrog) 
have been measured, and the results bear out our expectation. For 
cis-2-butene, AFtydrog = 28.6 kcal/mol (120 kJ/mol); for the trans isomer, 
AF byarog = 27.6 kcal/mol (116 kJ/mol). (Note that these AH” values really 
should be negative numbers since heat is evolved during hydrogenation. 
The minus sign is usually dropped, however, to make comparisons easier.) 

H CH CH CH ‘ y, 3 3 3 

C—C C=C 
ye ‘ fi \ 
CH; H H H 

Trans isomer Cis isomer 
AP hyarog = 27.6 kcal/mol AFF yarog = 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 dif- 
ference calculated from equilibrium data (0.66 kcal/mol), the two numbers 
aren't exactly the same. There are two reasons for this. The first is simply 
experimental error; heats of hydrogenation require considerable expertise 
and specialized equipment to measure accurately, and we are looking 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 quan- 
tity. 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 mea- 
surements. 

Although heats of hydrogenation are not quite as accurate as we might 
like, we can nevertheless gain some useful and interesting information from 
them. Table 6.4 lists some representative data. 

Table 6.4 Heats of hydrogenation of some alkenes 

AT sdrog 

Substitution Alkene (kcal/mol) (kJ/mol) 

H,C CH, 32.8 137 

Monosubstituted CH;CH—CH, 30.1 126 
(one alkyl CH;CH,CH —CHy, 30.3 127 
group next to (CH3),CHCH=CH, 30.3 127 
double bond) (CH3)3;CCH=CH, 30.3 27 

Disubstituted Cis CH;CH=CHCH, 28.6 120 

(two alkyl groups) Trans CH;CH=CHCH3 27.6 115 

CH3CH,(CH3)C= CH, 28.5 119 

Trisubstituted (CH3)gC—=CHCH3 26.9 113 
(three alkyl groups) 

Tetrasubstituted (CH3),C = C(CH3)> 26.6 111 

(four alkyl groups) 



172 CHAPTER 6 ALKENES: STRUCTURE AND REACTIVITY 

The data in Table 6.4 show that alkenes become more stable with in- 

creasing substitution. For example, ethylene has AH}yarog = 32.8 kcal/mol 

(137 kJ/mol); but, when one alkyl substituent is attached as in 1-butene 

(AH}yarog = 30.3 kcal/mol), the alkene becomes approximately 2.5 kcal/mol 

more stable. Further increasing the degree of substitution leads to still 

further stability. As a general rule, alkenes follow the stability order 

Tetrasubstituted > Trisubstituted > Disubstituted > Monosubstituted 

R R R H R H R H R H 

/ ‘ / nN i \ iL ef / 
C=C > C=C > C=C C=C > C=C 

\ / \ h \ \ 
R R R R H R R A H H 

The reasons for the observed stability order for substituted alkenes are 
not well understood. Several different explanations have been advanced, but 

none has received universal acceptance. Some chemists feel that the stability 
order is due to a phenomenon termed hyperconjugation (Figure 6.9). 
Hyperconjugation is a stabilizing effect due to orbital overlap between the 
carbon—carbon pi bond and a properly oriented carbon—hydrogen sigma bond 
on a neighboring substituent. The more substituents that are present, the 
more opportunities exist for hyperconjugation and the more stable the 
alkene. 

Carbon—carbon pi bond 

| Carbon—hydrogen sigma bond 

pe rH 

Figure 6.9 Hyperconjugation—a stabilizing overlap between a p orbital and a 
neighboring C—H sigma bond orbital 

Other chemists view hyperconjugation as unlikely and prefer a simple 
bond strength argument to account for 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 the two isomers, 
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. 
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Biguly 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? 

y y t { 
CH3;—_CH=CH—CH, CH3;—CH,—CH=CH, 

2-Butene 1-Butene 
(more stable) (less stable) 

Regardless of which explanation ultimately gains acceptance, this ongo- 
ing controversy underscores the fact that chemistry is a living science. There 
are many observations in organic chemistry that are still not well 
understood. 

SEIS ESR IOC ON OL CEG TCHEY CTO EE COON ACC ECS CRC ECACC ESIC MORO UOOCTCHTS CHIT RICERCA Cn ae Pe 

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 

einen ica ib hemo Un 8 Lis) Sins AiR 8)8/8/ W' is SA, 8:6. 6's A, 4.8) aS llaiie O} eile hel ei Nelm aseieiieefa.00 86's) 9) 5y'e: sila WO NSo ce Oa, Om eG e rea a eel ar¥-e.8 

The double bonds in small-ring cycloalkenes must have cis geometry, because a 
stable trans double bond is impossible within the confines of 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: 

AH Pace 

(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 20.7 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. 

6.8 Reactions of Alkenes 

Before beginning a detailed discussion of alkene reactions, let’s review 
briefly what was said in the previous chapter (Sections 5.6—5.10). At that 
time, we said that alkenes behave as nucleophiles. The carbon—carbon dou- 
ble bond is electron-rich and can donate a pair of electrons to an electrophile 
in polar reactions. For example, reaction of ethylene with HBr leads to the 

formation of bromoethane. Careful study of this and other electrophilic 
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addition reactions by Sir Christopher Ingold! and others many years ago 

has led to the generally accepted mechanism shown in Figure 6.10. 

> HLBr 

H.C _u 
HC” qa ~H 

The electrophile, HBr, is attacked by the pi 
electrons of the alkene, and a new C—H sigma 
bond is formed. This leaves the other carbon atom 
with a * charge and a vacant p orbital. 

Carbocation 

intermediate 

: Br:~ donates an electron pair to the positively 
charged carbon atom, forming a C—Br bond and : Bri 
yielding a neutral addition product. 

:Br: H 
Q pop 

HjO+7 ee AcH 
CH,/ 2H 

Figure 6.10 Mechanism of the electrophilic addition of HBr to ethylene: The reac- 
tion occurs in two steps and involves a carbocation intermediate. 

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 
shown by the curved arrow at the top of Figure 6.10. 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 6.11, 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 
Seas are indicated in Figure 6.11 by the fact that AG: is larger than 
AG>. 

1Sir Christopher Ingold (1893-1970); b. Ilford, England; D.Sc., London (Thorpe); professor, 
Leeds (1924-1930), University College, London (19380-1970). 
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First transition Carbocation intermediate 
state 

Second transition state 

Reaction progress ———» 

Figure6.11 Reaction energy diagram for the two-step electrophilic addition of HBr 
to ethylene: The first step is slower than the second step. 

6.9 Addition of HX to Alkenes: Carbocations 

Eleetrophilic addition of HX to alkenes is a general reaction that allows us 
to synthesize a variety of products.” 

2Organic reaction equations may be written in different ways depending on the emphasis 
desired. For example, the reaction of 2-methylpropene with HC] might be written in the format 
A +B-—C, emphasizing that both reaction partners are equally important for the purposes 
of the present discussion. The reaction solvent and notes about any other reaction conditions 
such as temperature or cencentration can be noted either above or below the reaction arrow: 

(CH,),C= CH; + Hcy == (CH,),Ccl 
2 

9, 

Alternatively, we might choose to write the same reaction in the format 

B 
A — C 

emphasizing that reagent A is the starting material whose chemistry is of greater interest. 

Reagent B is then noted above the reaction arrow, together with notes about solvent and reaction 

conditions: Reagent 

HCl 
(CH3),>C—=CH, —————— (CHs3)3CCl 

Ether, 25°C 

Solvent 

Both reaction formats are used in this book, and it is important that the different roles of 

chemicals shown above or below the reaction arrow be understood. The only way to be sure 

whether the indicated substance is a reagent or a solvent is to look carefully at the transfor- 

mation itself. 
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For example, addition of HC] and HBr is straightforward: 

CHs CH3 

c=CH, —. # CH;—C—Cl 
uh Ether ff 

CH, CH 

2-Methylpropene 2-Chloro-2-methylpropane 

(94%) 

HBr 

ey Ether ele 
Br 

ae eres 

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 

| 
CH3,CH,CH.CH —CH, ae CH;,CH,CH2zCHCH3; 

1-Pentene F (HD) - 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-methy]l- 
propene might have reacted with HCl to give 1-chloro-2-methylpropane 
(isobutyl chloride) in addition to 2-chloro-2-methylpropane, but it did not. 
We say that such reactions are regiospecific (pronounced ree-jee-oh-spe- 
cific), when only one of two possible directions of addition is observed. 

CHs CH3 

x =CH, + HC] ——— cH, Cl 

CH3 CH; 

2-Methylpropene 2-Chloro-2-methylpropane 
(sole product; a regiospecific reaction) 

CH; 

/CHCHLC1 

CH, 

1-Chloro-2-methylpropane 

(not formed) 
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By looking at the results of many such reactions and cataloging the 
results, the Russian chemist Vladimir Markovnikov? proposed in 1869 what 
has become known as Markovnikov’s rule: In the addition of HX to an 
alkene, the acid hydrogen becomes attached to the carbon with fewer alkyl 
substituents, and the X group becomes attached to the carbon with more alkyl 
substituents: 

1 alkyl group 

CH; on this carbon Cl 

2 alkyl \ Ether 
aagitinee —C =CHCH,CH; + HCl Fiat, (CH3)2CCH,CH2CH3; 
on this 

carbon CHs 

2-Methyl-2-pentene 2-Chloro-2-methylpentane 

CH; CH, 
“—_ 2 alkyl] groups here KI I —_<—<——<_ > 

“— 1 alkyl group here H3P04 

1-Methylcyclohexene 1-Iodo-1-methylcyclohexane 

When both ends of the double bond have the same degree of substitution, 
a mixture of products results: 

i Br 

CH3;CH,CH =CHCH; a CH;CH,CH,CHCH; + CH3CH»CHCH.CH; 

2-Pentene 2-Bromopentane 3-Bromopentane 

Since carbocations are involved as intermediates in these reactions, 
another way to state 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 example, 
as shown on page 178, addition of H* to 2-methylpropene yields the inter- 
mediate tertiary carbocation rather than the primary carbocation, and addi- 
tion to 1-methylcyclohexene yields a tertiary rather than a secondary cation. 

Why should this be so? 

3Vladmir Vassilyevich Markovnikov (or Markownikoff) (1833-1904); b. Nijni-Novgorod, Rus- 

sia; pupil of Butlerov, Erlenmeyer, Baeyer, and Kolbe; professor in Odessa (1871) and Moscow 

(1873). 
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CH 
6—CH,—H | ——>. _ Cl—C(CHs); 

CH3 2-Chloro-2-methylpropane 

tert-Butyl carbocation CHs —e 

. “cu, ae (tertiary; 3°) 

CH3 

2-Methylpropene CH oe 

H—C—CH; — CH ORC HCl 

CH3 1-Chloro-2-methylpropane 

(not formed) 
Isobutyl carbocation (primary; 1°) 

(not formed) 

CH Mou.) NS 5 2 —- I 

[ak 3 H H 
H H 

CHs Tertiary carbocation 1-Iodo-1-methylcyclohexane 
pei 

H 

1-Methylcyclohexene CH CH; 

2 

cane] I 

H 

Secondary carbocation 1-Iodo-2-methylcyclohexane 
(not formed) (not formed) 

PROBLEM Cee Oe Cee Hee ee eH EEE HEHEHE THEO H HEHEHE THE H EHH HEHE EH HEHEHE HEHEHE DEE HEHE TERE EEE HEHE EEE EH EEE EEE EEE 

6.14 Predict the products of these reactions: 

(a) + HCl (b) (CH3)oC—=CHCH,CH, —#2:— 

CH, 

(c) CH;CH,CH,CH—CH, a. (d) “tinue 

PROBLEM fee eno essere se eee e eee eee sees eee HEHE HEHEHE HES E OE HEHEHE ESET OT OE HHO HOE HHO HEHEHE EHH HHH HOO EEE ES 

6.15 What alkenes would you start with to prepare these alkyl halides? 
, (a) Bromocyclopentane (b) CH3CH,CHBrCH,CH,CH; 

(c) 1-lodo-1-ethylcyclohexane 
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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 points to the conclusion 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 6.12. 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 BF3 (Section 1.13).] 

~) Vacant p orbital 

s pp” ~ Wg 
: R" Recall: 4 ——S eee 

R’ a ‘ 1 20° F i 

Figure 6.12 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-Methylpro- 
pene might react with HCl to form a carbocation having three alkyl sub- 
stituents (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 
tertiary cation is evidently favored over formation of the primary cation. 
Thermodynamic measurements show that, indeed, the stability of carbo- 
cations increases with increasing substitution: More highly substituted car- 
bocations are more stable than less highly substituted ones. 

One way of determining carbocation stabilities is to measure the amount 
of energy required to form a carbocation from its corresponding alkyl halide: 

R= Xt Re Xe 

Tertiary halides ionize to give carbocations much more readily than do 

primary ones (see Table 6.5, page 180). 
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Table 6.5 Enthalpies of ionization? for alkyl halides in the gas phase: 

R—Cl— Rs: Cle 
oe 8 ee 

AH” 

Type Reaction (kcal/mol) (kJ/mol) 

Methyl CH.Cla== 20H: + <0 227 950 

Primary CH,CH,Cl —> CH,CH} + ‘Cl: 195 816 

Scsoniiary et CHA SCHCL >“ (CH);CH Clr 173 724 

Tertiary (GHA; CCl B=SeaCHp Cie Ganiclie 157 657 

7Enthalpies are calculated in the following way: 

Net: 

84 kcal/mol bond strength 
226.7 kcal/mol ionization energy 
—83.2 kcal/mol electron affinity 

CH. Cl "CH, -siCla aes 
CH;: == CH se AH” 
Ce — > ch AH” 
CH;—Cl ——> CH + Cl” AH° 

oll 

227 kcal/mol net ionization enthalpy 

As Table 6.5 shows, there are large differences in the gas-phase stabil- 
ities of substituted carbocations. Trisubstituted (tertiary, 3°) carbocations 
are more stable than disubstituted (secondary, 2°) ones, which are more 

stable than monosubstituted (primary, 1°) ones: 

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl 

CH; CH; H H 
| | | | 

Bea > Gea > Hee > Hea 

CH; H H H 

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. 

Why are more highly substituted carbocations more stable than less 
highly substituted ones? Most chemists think 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 earlier (Section 6.7) in con- 
nection 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 the vacant carbocation p orbital and a neighbor- 
ing C—H sigma bond acts to lower the energy level of the carbocation 
(Figure 6.18). 
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H Rewiee 2 

>C Ce 
R64 \H 

H 

Figure 6.13 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 over a greater volume invariably 
leads to greater stability. In the present instance, the more alkyl groups 
that are present 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 earlier (Section 2.4) in connection with polar 
covalent 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 neigh- 
boring 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. 

6.12 The Hammond Postulate 

To summarize our knowledge of electrophilic addition reactions up to this 
point, we know two facts: 

1. We know that electrophilic addition reactions to unsymmetrical 
alkenes involve the more highly substituted carbocation. 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 pieces of information are related. 
Why is it that the stability of the carbocation intermediate determines 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 quan- 
tities aren’t directly related. 
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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 is 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 6.14, where the reaction energy profile shown in part 

(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 over 

each other. 

Less | + Slower Less 
Slower stable ’ reaction stable 
reaction intermediate : intermediate 

Faster 

reaction 

“A 
ly Sy : 

: More 
Faster stable . 
reaction intermediate 

intermediate 

Reaction progress ————> , Reaction progress ——>~ 

(a) (b) 

Figure 6.14 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. 

An explanation of the relationship between reaction rate and inter- 
mediate stability was first advanced in 1955. Known as the Hammond 
postulate,‘ this explanation isn’t a thermodynamic law; it is simply a rea- 
sonable 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 nearest stable species. In 
terms of reaction energy diagrams, we can imagine the two cases shown in 
Figure 6.15. 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. 

4George 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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Transition state 
Transition state 

Product 

Reaction progress ———> Reaction progress ———> 

(a) (b) 

Figure 6.15 Reaction energy diagrams for endothermic and exothermic steps: 
(a) In the endothermic step, the energy levels of transition state and product are 
similar. (b) In the exothermic step, the energy levels of transition state and reactant 
are similar. 

In the endothermic reaction in Figure 6.15(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 is also closer structurally. In other 
words, we can say that the transition state for an endothermic reaction step 
structurally resembles the product. 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. 

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. 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 6.16 on page 184. 
Since the transition state for alkene protonation shown in Figure 6.16 

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 stabilized. The more alkyl groups that are present, 
the greater the extent of charge stabilization in the transition state and the 
faster it forms. Figure 6.17 summarizes the situation by showing competing 
reaction energy profiles for the reaction of 2-methylpropene with HCl. 



s 
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1 a 2k 

R6. oF 
Alkene 

Alternative reactant-like ‘ Product-like transition state 

transition state | 

: Carbocation 

Figure 6.16 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*). 

Reaction progress — 

Figure 6.17 A reaction energy diagram for the electrophilic addition of HC] to 
2-methylpropene: The tertiary cation forms faster than the primary cation inter- 
mediate because it is more stable. The same factors that make the tertiary cation 
more stable also make the transition state leading to it more stable. 
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6.16 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)? 
pee a rough drawing of what you would expect the transition-state structure to 
ook like. 

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 with absolute certainty. 
Although incorrect reaction mechanisms can be disproved by demonstrations 
that they don’t satisfactorily account for observed data, correct reaction 
mechanisms 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,° who found that struc- 
tural rearrangements often occur during the reaction of HX with an 
alkene. For example, reaction of HC] with 3-methyl-1-butene yields a sub- 
stantial amount of 2-chloro-2-methylbutane in addition to the “expected” 
product, 2-chloro-3-methylbutane: 

CH; CH; te 

casei ee + HC] —> pecicrcre + CH,CCH,CH; 

by by 
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 that is undergoing rearrangement. For example, 
the secondary carbocation intermediate formed by protonation of 3-methyl- 
1-butene can rearrange to a more stable tertiary carbocation by a hydride 

5Frank C. Whitmore (1887-1947); b. North Attleboro, Mass.; Ph.D. Harvard (E. L. Jackson); 
professor, Pennsylvania State University. 
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shift—the shift of a hydrogen atom and its electron pair (a hydride ion, 

:H-) from C2 to Cl. 

H H H 
| e ce [ee eee Hydride sy 

CH —O—CH= CH, CHIC = CH=CH — Cote 

CH; CH, CH; 
A 2° carbocation A 3° carbocation 

ee Lae 
H Cl Cl H 

ee eee 7 ee ee 

du, ba, 

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: 

CH; CHs H CHs 

CH, —C—cH<CH, “ata, cH, —¢_CH— On, —— cH, —6_CH—cH, 
on, on, bn, 

3,3-Dimethyl-1-butene A 2° carbocation A 3° carbocation 

H3;C Cl Cl CHs 

eer Give ee een 

oo bn, 

2-Chloro-3,3-dimethylbutane 2-Chloro-2,3-dimethylbutane 
(~50%) (~50%) 

Note the similarities of these two carbocation rearrangements. In both 
cases, a group (:H™ or ~:CHs3) is moving to a positively charged carbon, 
taking its electron pair with it. In both cases also, a less stable carbocation - 
is rearranging 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 
mechanistic evidence for the presence of carbocation intermediates. 
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Propose a mechanism to account for the observation that reaction of vinylcyclohexane 
with HBr yields 1-bromo-1-ethylcyclohexane as the major product. 

y CH,.CH; OY +m O Br 

Vinylcyclohexane 1-Bromo-1-ethylcyclohexane 

6.14 Summary and Key Words 

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). 

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 

ReC—CR, > R,C=CHR > RCH=CHR ~ R,C=CH, > RCH=CH, 

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 HA. Carbocation stability follows the order 

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl 

R3C* > R,CHt > RCH3 > CH 

Markovnikov’s rule can be restated by saying that, in the addition of HX 
to an alkene, the more stable carbocation intermediate is formed. 
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Although there is no mathematical reason why a more stable inter- 

mediate must be formed faster than a less stable one, the Hammond pos- 

tulate provides an intuitive explanation. According to the Hammond 

postulate, the transition state of an exothermic reaction step structurally 

resembles the reactant, whereas the transition state of an endothermic reac- 

tion step structurally resembles the product. Since an alkene protonation 

step is endothermic, 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 

6.19 

6.20 

6.21 
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Calculate the number of double bonds and/or rings in these formulas: 
(a) Benzene, CeHe, (b) Cyclohexene, CgHio (c) Myrcene (bay oil), CipHig 

(d) Lindane, CgH,Cl, (e). Pyridine, C;H3N (f) Safrole, Cj9H; 902 

Calculate the number of pi bonds and/or rings in these formulas and then draw five 

possible structures for each: 
(a) CioHi¢ (b) C3H,0 (c) C7Hj Cle 

(d) Ci9H i602 (e) CsH gNOz2 (f) C3H,)CINO 

A compound of formula C;9H,4 undergoes catalytic hydrogenation but absorbs only 
two equivalents of hydrogen. How many rings does the compound have? 

Provide IUPAC names for these alkenes: 

CH CH,CH,CH,CH; 

(a) CH;CH=CHCHCH,CH; (b) CH;CH=CHCHCH,CH,CHCH; 

bt, 
CH, 

(c) HyC=C(CH,CHs3). (d) eee 
CHs te 

(e) CH;CH,C—=CHCH=CH, (f) H,C=C=CHCH, 
(g) H»C=CHC(CH,)s (h) (CH3);CCH=CHC(CHs)s 

6.22 The triene ocimene is found in the essential oil of many plants. What is its correct 
IUPAC name? 

Be Sk SS 

Ocimene 
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a-Farnesene is a constituent of the natural wax found on apples. What is its IUPAC 
name? 

ae oa aa 

a-Farnesene 

Draw structures corresponding to these systematic names: 
(a) 2,4-Dimethyl-1,4-hexadiene (b) 3,3-Dimethyl-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 
These names are incorrect. Draw structures and provide 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;Hj9. Ignore E,Z isomers. 

Draw and name the 13 possible hexene isomers, CgHj5. Ignore E,Z isomers. 

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. 

AH hydrog 

(kcal/mol) (kJ/mol) 

Trans CH;CH=CHCHs; 27.6 116 

Cis (CH3)3;CCH=CHC(CHs3)s 36.2 151 

Trans (CH3)3;CCH—CHC(CHs3)z 26.9 112 

Allene (1,2-propadiene), H}C—C—CHkg, 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}yarog = 
60.8 kcal/mol, which is, as expected, approximately twice the value for propene 

(AH? yarog = 30.1 kcal/mol). However, 1,2-propadiene has AH fyarog = 71.3 keal/mol. 
What does this tell you about the stability of 1,2-propadiene? What explanation 
might there be for these results? 

Predict the major product in each of these reactions: 

CH3 

(a) avidiaan eave + HCl —— (b) 1-Ethylcyclopentene + HBr ——> 

(c) 2,2,4-Trimethyl-3-hexene + HI —~ (d) 1,6-Heptadiene + 2HCl —— 

_CHs 

(e) able 
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Rank the following sets of substituents in order of priority according to the Cahn— 

Ingold—Prelog sequence rules: 

(a) —CH;3, —Br, —H, —I 

(b) —OH, —OCH3, —H, —COOH 

(c) —COOH, —COOCH3, —CH,OH, —CH3 

O 

(d) —CH3, —CH,CH3, —CH,CH,OH, ane 

(e) —CH=CH,, —CN, —CH,NH2, —CH,2Br 

(f) —CH—CH,, —CH2CH3, —CH2,0CH3, —CH,0H 

Assign E or Z configuration to the following alkenes: 

(a) HOCH,  CHs (b) HOOC H 
‘ / a J. 
c=C c=C 

Le \ i \ 
CH, H Cl OCH; 

() NC CH; (d) CH,0,C CH=CH, 
\ x / 
C=C . C=C 

he jr \ 
CH,CH, CH,OH 7 HO,C CH,CH; 

Name these cycloalkenes according to IUPAC rules: 

(b) 

“Co 
nes) 

Which of the given E,Z designations are correct, and which are incorrect? 

(a) 

(c) 

(e) 

COOH x / 
/ =O 

C=C / \ 
‘ H3C CH ,CH(CHs3)o 

Z E 
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(cy Br CH,NH, (@) NC CH Seer oer 
ee 

C= 

y. \ “ H CH,NHCH; (CH3)2NCH, CH,CH3 

Zz E 

(e) at (f) HOCH, COOH aa _ 
iy Vi iN 
H CH30CH, COCH; 

Z E 

Calculate the degree of unsaturation of these formulas: 
(a) Cholesterol, C2;H,,0 

(c) Prostaglandin E,, C29H3405 
(e) Cortisone, Co,H230; 

(b) DDT, C,,H,Cl; 
(d) Caffeine, CgHi9N402 

(f) Atropine, C,7H23NO3 

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 6.37). Identify each structure as resembling either starting 
material or product. 
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Alkenes: Reactions 
and Synthesis 

' e 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. 

7.1 Addition of Halogens to Alkenes 

192 

Bromine and chlorine both add readily to alkenes to yield 1,2-dihaloalkanes. 
For example, more than 5 million tons per year of 1,2-dichloroethane 
(ethylene 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. 

Cl Cl 
icey 

HC CH == HC CH: 

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 
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. 
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+ Hees 
Gell Brin CCl, 

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. 

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 (Section 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 car- 
bocation then immediately reacts with nucleophilic bromide ion to yield the 
dibromo addition product. 

H H 
\ on or 

pe Dorman ia gee 
H H UY 

The electron pair from the alkene pi bond 
attacks the positively polarized end of the | 
bromine molecule, forming a C—Br sigma 
bond and causing the Br—Br bond to break. H Br 
Bromide ion departs with both electrons from Neen ee 
the Br—Br bond. yn ae hai Bre 

ea 

Bromide anion then uses an electron pair to 
attack the carbocation intermediate, forming a Br Br 
C—Br bond and yielding neutral dibromo 

addition product. H—C—C—H 

H H 

Figure 7.1 A possible mechanism for the electrophilic addition of Br2 to an alkene 

Although the mechanistic description shown in Figure 7.1 for the addi- 

tion of halogen to alkenes is consistent with what we’ve learned thus far, 

further examination shows that it is not fully consistent with known data. 

In particular, the proposed mechanism does not explain the stereochemistry 

of halogen addition. Let’s look more closely at the addition reaction of bro- 

mine with the cyclic alkene cyclopentene to see what is meant by “stereo- 

chemistry of addition.” 
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Let’s assume that Br* adds to cyclopentene from the bottom face to 

form the carbocation intermediate shown in Figure 7.2. Since the positively 

charged carbon is planar and sp” hybridized, it could be attacked by bromide 

ion 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. 
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 con- 

formational context (Section 4.3). In both cases, the two groups being 

referred to are 180° apart. i 

sire 
/ (Bottom 

attack) 

Br Yr 
—_— 

cis-1,2-Dibromocyclopentane 

H 
(not formed) 

2 Br H 

Be abe \ Bre 

Cyclopentene Carbocation oe 

intermediate 
Br H 

trans-1,2-Dibromocyclopentane 

Figure 7.2 Stereochemistry of the addition reaction of bromine with cyclopentene: 

Only the trans product is formed. 

An explanation of the phenomenon of anti addition was suggested in 
1937 by George Kimball and Irving Roberts, who postulated that the true 
reaction intermediate is not a carbocation, but a bromonium ion. A bro- 
monium ion is a species containing a positively charged, divalent bromine, 
R,Br*. (A chloronium ion, similarly, contains a positively charged, divalent 
chlorine, R,Cl*.) In the present case, the bromonium ion is in a three- 
membered ring 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 three-membered-ring bromonium ion formation 
as stepwise, this is done only for clarity. It’s likely that the bromonium ion 
is formed in a single step by interaction of the alkene double-bond electrons 
with Br*. 
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os 
Alkene pi electrons attack bromine, 

pushing out bromide ion and leaving 
a bromo carbocation. 

ge a 

eC te Ce ; =f cee 

0 \ 
The neighboring bromo substituent 
stabilizes the positive charge by using 
two of its electrons to overlap the 
vacant carbon p orbital, giving a ae 
three-membered-ring bromonium ion. “Br * 

am ce ioe 
ae 
\ 

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 observed anti stereo- 
chemistry 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 alkene double bond. Attack by bromide ion in the second step 
could then occur only from the opposite, unshielded face to give anti product. 

: Br: 

Br ise 

CCl4 

H ~~ = * Br.) Br H 

Cyclopentene Bromonium ion intermediate trans-1,2-Dibromocyclopentane 
(bottom side is blocked so 

reaction with bromide occurs 

from the top side) 

The halonium ion postulate, made some 50 years ago to explain the 

stereochemistry of halogen addition to alkenes, is a remarkable example of 

the use of deductive logic in chemistry. Arguing from known experimental 

results, chemists were able to make a hypothesis about the intimate mecha- 

nistic details of alkene electrophilic reactions. Much more recently, strong 

evidence supporting the postulate has come from the work of George Olah, 
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who has observed and studied specially prepared stable solutions of cyclic 

bromonium ions. Thus, it appears that bromonium ions are indeed a reality. 

SbF; 
6 

Gila abroad err ay HC Wa CH, 

(F Gives anil 

A bromonium ion 

stable in SO, solution 

PROBLEM 6 cieisic.« 0.0. 6:6 t c/cieisie.c's) ae cle wie viele eisxstervie op) shalaieyel sioiole iol sreutimiere loses e/ajsxeys)aLaisiciegaios>isiaieipeic! © she Sisi0i2 ic icicl chs)cae 

7.1 What product would you expect to obtain from addition of Cl, to 1,2-dimethylcy- 

clohexene? Show the stereochemistry of the product. 

PROBLEM 6 cic. 6 6.10:020 6101 9 51,06) 6) 010 (001: ole: ele ol19 (oo lovee, 016.6 9056 8)'6)l0i0'0 160.0: a0 .0. e010 0p 0.\9 oe, esp wee ss) 015.4 4 eee vie)s) 6) 6 in) 6/(e eis ts = sie Aai sae 

7.2 Unlike the reaction in Problem 7.1, 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. 

7.2 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 

conditions 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 HOCI. Rather, the addition is done indirectly by reaction of the alkene 

with either Bro or Clg in the presence of water. 

X HO 
‘ Se \ Vs 

Sa = + HX 
of 

a c 6 . 

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. For example, when an alkene reacts with bromine in the presence 
of water, 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. 

In practice, few alkenes are soluble in water, and bromohydrin for- 

» mation is often carried out in a solvent such as aqueous dimethyl] sulfoxide 
(DMSO), using a reagent called N-bromosuccinimide (NBS) as a bromine 
source. (NBS is a stable, easily handled compound that slowly decomposes 
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H CH . 
; Br Le 

C=C i 
/ N 

H3C H 

Reaction of the alkene with Bro 
yields a bromonium ion intermediate. | 

ain tae se oe 

: Bre) 

Vis 
Cra Ce 4.2 Bria HY NCH ee 

CH 
Water acts as a nucleophile, using a 7 o 

lone pair of electrons to open the >OH, 
bromonium ion ring and form a bond i 
to carbon. Since oxygen donates its | 
electrons in this step, it now has the Br eH 

: positive charge. a 

SS 

Loss of a proton (H*) from oxygen ide 
then gives HBr and the neutral | . 
bromohydrin product. 

Bree 
| 

Gute pact + HBr 

H OH 

3-Bromo-2-butanol 

(a bromohydrin) 

Figure 7.4 Mechanism of bromohydrin formation by reaction of an alkene with bromine in 

the presence of water 

in water to yield Br, at a controlled rate. Bromine itself can also be used 

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 
OH 

N—Br (NBS) | 
CH=CH, CH—CH,—Br 

On ea 
H,0/CH;SOCH3 (DMSO) 

Styrene 2-Bromo-1-phenylethanol (76%) 
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Note that the aromatic ring in the 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 prop- 

erty that will be examined in Chapter 15. 

eee eee errr erro eres e eee 
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What product(s) would you expect from the reaction of cyclopentene with NBS and 

water? Show the stereochemistry. 

eee rere oer ere ee eeeee 
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When an unsymmetrical alkene such as propene is treated with N-bromosuccinimide 

in aqueous dimethy] sulfoxide, the major product has the bromine atom bonded to 

the less substituted carbon atom: 

OH 
NBS, H2,0 

> 
| 

CH,CH=CH, CH,CHCH,Br 

How can you account for this result? Is this Markovnikov or non-Markovnikov 

orientation? 

eee eee oer rere eee ease ee eer eee ee ee ee eraeeeeesseeeeeereseeeeeeeeeeereseeerEseeeseseeseseseeene 

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: 

7 

CH;CH,CH=CH, + I—N3 —~ CH3CH,CHCHgI 

In light of this result, what is the polarity of the I—N3 bond? Propose a mechanism 
for the reaction. 

7.3 Hydration of Alkenes: Oxymercuration 

* 

Water can be added to simple alkenes such as ethylene and 2-methylpropene 
to yield alcohols. This hydration reaction takes place on treatment of the 
alkene with water and a strong acid catalyst (H— A) by amechanism similar 
to that of HX addition. Thus, protonation of an alkene double bond yields 
a carbocation intermediate that then reacts with water as nucleophile to 
yield a protonated alcohol product (ROH3). Loss of H* from this proto- 
nated alcohol gives the neutral alcohol and regenerates the acid catalyst 
(Figure 7.5). 

Alkene hydration by the acid-catalyzed route is suitable for large-scale 
industrial procedures, and over one-half million tons per year of ethanol are 
manufactured in the United States by hydration of ethylene at 300°C. Never- 
theless, the reaction is of little value for most laboratory applications 
because the high temperatures and strongly acidic conditions required are 
simply too vigorous for many organic molecules to survive. In practice, most 
alkenes are best hydrated by the oxymercuration procedure. 
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H 
eS H.C H eae H—OH 3 Si FY, Be . i | :Aq 

| \ 
a4 CC _ he OCC 

oe, | | H3C 3 H H;C 4 H;c H 

2-Methylpropene Carbocation Protonated 
intermediate alcohol 

ses: 
H;C—C—C—H + H—A 

H;C H 

2-Methyl-2-propanol 

Figure 7.5 Mechanism of the acid-catalyzed hydration of an alkene 

When an alkene is treated with mercuric acetate [Hg(O.CCH3)o, usu- 
ally abbreviated Hg(OAc).] in aqueous tetrahydrofuran (THF) solvent, elec- 
trophilic addition to the double bond rapidly occurs. The intermediate 
organomercury compound is then treated with sodium borohydride, NaBHg, 
and an alcohol is produced. For example, 

CH 1. Hg(OAc)2, H,O 3 
(Y- CH 2. NaBH, ace 

1-Methylcyclopentene 1-Methylcyclopentanol 

(92%) 

The oxymercuration reaction is initiated by electrophilic addition of 
mercuric ion to the alkene (Figure 7.6) to give an intermediate carbocation. 
Nucleophilic attack of water followed by loss of a proton then yields a stable 

organomercury addition product. The final step, reaction of the organo- 

mercury 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. 
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Hg—OAc Hg— OAc 

ar a aes iN se CH, 
(Src. aa a “CH, _OH2 , 

22! OH, 

Hg— OAc 

CE el a cee "NaBH, ee 
—_ —— 

Q OH OH- 
Tetrahydrofuran, i 
a common organic _ 1-Methylcyclopentanol Organomercury 

solvent (92%) intermediate 

Figure 7.6 Mechanism of the oxymercuration of alkenes to yield alcohols: This 
electrophilic addition reaction is similar to that of halohydrin formation. 
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7.6 What products would you expect from oxymercuration of these alkenes? 
(a) CH3;CH,CH,CH=CHp, (b) 2-Methyl-2-pentene 

7.4 Hydration of Alkenes: Hydroboration 

One of the most useful of all alkene additions is the hydroboration reaction 
first reported by H. C. Brown! in 1959. Hydroboration involves addition of 
a B—H bond of borane, BHs3, to an alkene to yield an organoborane: 

H H BH. 
\ N / x 7 
BH eet C= Oi Cl-Cat 

Lives LEN. 
H 

An organoborane 
Borane 

Borane is highly reactive by itself since the boron atom has only six 
electrons in its valence shell. In tetrahydrofuran (THF) solution, however, 

BHz3 accepts an electron pair from a solvent molecule to complete its octet 
and form a stable BH; — 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 com- 
plex behaves chemically as if it were BHs. 

‘Herbert Charles Brown (1912— ); b. London; Ph.D. (1938) University of Chicago 
(Schlessinger); professor, Purdue University (1947— ); Nobel prize (1979). 
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H 

, Sea 
Heb + 20: —— HBO 

Q” o 

Borane THF BH3;—THF complex 

When an alkene reacts with BH3 in tetrahydrofuran solution, rapid 
addition to the double bond occurs. Since BH has three hydrogens, addition 
occurs three times and a trialkylborane product, R3B is formed. For example, 
one equivalent of BH3 adds to three equivalents of ethylene to yield tri- 
ethylborane (Figure 7.7). 

SH Oae CH GiMeUalETT p> | CH,CH. BH, | 

Ethylene Monoethylborane 

| H,C=CH2 

CH.CH3 ee 

A BR nr ie CH 
CH;CH, CH,CHs; Zea 

Triethylborane Diethylborane 

(a trialkylborane, R3B) 

Figure 7.7 The hydroboration of ethylene to yield triethylborane 

Alkylboranes are of great value in synthesis because of the further 

reactions they undergo. For example, when tricyclohexylborane is treated 

with aqueous hydrogen peroxide (H2O2) in basic solution, an oxidation 

takes place. The carbon—boron bond is broken, a hydroxy] group is added, 

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. 

Oem hay ae OT 
Cyclohexanol lohexene Cyclohe (87%) 

Tricyclohexylborane 
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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 hydroxyl 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 

oxymercuration. 

eee . 

H. Bae H. OH 

-OH 

CHs a CH3 

1-Methylcyclopentene Alkylborane trans-2-Methylcyclopentanol 

intermediate (85%) 

Why does alkene hydroboration take place with “non-Markovnikov” 

regiochemistry? Alkene hydroboration differs from other 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 tran- 

sition state in which both carbon—hydrogen and carbon—boron bonds form 

at approximately the same time (Figure 7.8). Since both carbon—hydrogen 

i 
H—B—H 

+ 

Addition of borane to the alkene pi bond ~c=Cy 
occurs in a single step through a cyclic 
four-membered-ring transition state. The | 
dotted lines indicate partial bonds that are 
breaking or forming. t 

H 

| 
H:--B—H 

eox0S 
A neutral alkylborane addition product is 
then formed when reaction is complete. | 

H BH» 
\ 7 

ee 
y | \ 

Figure 7.8 Mechanism of alkene hydroboration 
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and carbon—boron bonds form simultaneously from the same face of the 
alkene, this mechanism satisfactorily explains why syn stereochemistry is 
observed, 

The regiochemistry of the reaction can also be accounted for by the 
mechanism shown in Figure 7.8. Although hydroboration does not involve 
charged intermediates as other addition reactions do, the interaction of 
borane with an alkene nevertheless has a large amount of polar character 
to it. Borane, with only six valence electrons on boron, is a powerful elec- 
trophile because of its vacant p orbital. Thus, the interaction of BH3 with 
a nucleophilic alkene must involve 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, 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 7.9). 

—_ 

H.C H H.C H 

Hoo 
Xl 
B 

Partial 3° cation 

(more stable transition state) 

H + 

| 5 
eT oe: Hoa 

pate et wy 
: B H 

fe i es 

Partial 2° cation 

(less stable transition state; not formed) 

Figure 7.9 Mechanism of the hydroboration of 1-methylcyclopentene: The favored 

transition state is the one that places the partial positive charge on the more highly 

substituted carbon. 
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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: 

-R R--. 
B— H 

sake BN ak, Steric crowding No steric Resa: : 
versus 

rset -R { here crowding H-. eerie Gc -R 
HZ c= = HZ oF 

Both steric and electronic arguments predict the observed regiochemistry, 
and it is difficult to say which is more important. Evidence is accumulating, 
however, that suggests steric factors probably have greater influence than 
electronic factors. 

Cee m eee rene rere ee ees e reser eeeereC ees esEeeeEEeHeseresereseseeseEreeeseseeHevEeseesEeeesereseese 

What product will result from hydroboration—oxidation of 1-methylcyclopentene 
with deuterated borane, BDs? Show both the stereochemistry (spatial arrangement) 
and regiochemistry (orientation) of the product. 

H 

1. BDs, THF 
— > 

ce 2, HO, OH 

Cee ee meme rere were eee eee ereree eee Hees ee ee HHee ZEEE EEE EEE ETE EET E SEE HEHEHE HEHEHE HEHEHE EEO 

What alkenes might be used to prepare these alcohols by hydroboration—oxidation? 

(a) (CH3)gCHCH,CH,OH (b) Sean s (c) ()-cHoH 

OH 

7.5 A Radical Addition to Alkenes: HBr/Peroxides 

The polar mechanism of electrophilic addition reactions is now well estab- 
lished. When HBr adds to an alkene under normal conditions, we 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, 

Br H : H Br 

108 | | | 
H,C—CHCH,Br —UsedHBr, CH,—CHCH.Br + én, —dHcH,Br 

3-Bromopropene 1,3-Dibromopropane 1,2-Dibromopropane 
SS 

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 serve to catalyze a radical addition of 
HBr to the alkene, rather than an electrophilic addition. In subsequent work, 
it was found that non-Markovnikov radical addition of HBr occurs with 
many different alkenes. For example, 

H,C—CH(CH,)sCOOH ——  BrCH,CH,(CH.),COOH 
Peroxides 

10-Undecenoic acid 11-Bromoundecanoic acid 

Peroxide-catalyzed addition of HBr to alkenes proceeds by a radical 
chain process involving addition of bromine radical, Br-, to the alkene. As 
with the radical chain mechanism 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 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-. 

1. R—-O—O—R “=. 2R—0- 

A peroxide Alkoxy radicals 

2) esa Lies —> 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. 

3. cages Os Cea —> Br—CH,—CHCH,CH, 

H 
Pee PO0T ae ee | ae 

4. Br—CH,—CHCH,CH; + isles —> Br—CH,—CHCH,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, 
however, indicate that only the more substituted secondary radical is formed 
(Figure 7.10). How can we explain these results? 

CH3;CH2 

fetta Br:| —> CHCHCHaCHs 

CHGHS-. CH H | ed EE 

Ns Cc 2° radi¢al (only product) 

/ x 
H H 

CHCHs H 

cH—C: — Ge 

: Br : H Br 

1° radical (not formed) 

Figure 7.10 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 observed Markovnikov regiochemistry of polar electro- 
philic addition 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 observed regiochemistry of the rad- 
ical 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 dissociation energies for different kinds of carbon—hydrogen 
bonds (Table 7.1). 

Table 7.1 Bond dissociation energies of different kinds of C—H bonds in alkanes 
——$———— I OE a aa fe See 

Band Bond dissociation energy, AH° 

Bond broken Radical products type (kcal/mol) — (kJ/mol) 
H—CH, H: + CHs: Methyl 104 435 

H—CH,CH,CHsz H: + CH;CH.CH, - Primary 98 410 

I 
CH,CHCH, H- + CH,CHCH; Secondary 95 397 
H—C(CHs3)z3 H- + (CHs3)3C- Tertiary 92 385 

“Tertiary C—H bonds are weaker than secondary ones, and secondary bonds are weaker than 
primary ones. 



7.5 A RADICAL ADDITION TO ALKENES: HBr/PEROXIDES 207 

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 
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 (CH3CH2CH 2°) and the sec- 
ondary propyl radical (CH3;CHCHsS). In other words, the secondary propyl 
radical is more stable than the primary propy] radical by 3 kcal/mol. 

A similar comparison between a primary C—H bond of 2-methylpro- 
pane [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: 

Tertiary > Secondary > Primary > Methyl 

REC ek eR CHm =e RCH Sl cnt 

This stability order of radicals is identical to the stability order of carbo- 
cations, and for much the same reasons. Carbon radicals, even though they 
are uncharged, are electron-deficient like carbocations. Thus, the same sub- 

stituent effects stabilize both. 

AN EXPLANATION OF THE REGIOCHEMISTRY OF 

RADICAL-CATALYZED ADDITION OF HBr TO ALKENES 

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-oriented 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 7.11 on page 208. 
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PROBLEM 

7.9 

PROBLEM 

7.10 

s 

CHAPTER 7 ALKENES: REACTIONS AND SYNTHESIS 

Reaction progress 

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. 

eee were errer seer sere er eee soe eeeeeeeeersesereeeoe ee Fe THEE FESO SESE TES ETOH EHH OEE EHH ERE OH EE ES 

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) bie aie 2 (b) CH;CH,CH,CH,Br (c) SiR asta roses ea 

Br H3;C Br 

Ce ee oor eee eee e seers eeaseresesesreseerereoHesereoereseeE EEE EEE OEE EEE CHEE EEE EOE EHO EO SO oe 

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? 

7.6 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, the reaction also has enormous practical value. 

H ve 

GO 4s ea Poh. 

An alkene An alkane 
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Hither platinum or palladium is used as the catalyst 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 PtOg, areagent known as Adams 
catalyst after its discoverer, Roger Adams.” 

Catalytic hydrogenation, unlike most other organic reactions, is a het- 
erogeneous process rather than a homogeneous one. That is, the hydrogena- 
tion 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; 
Hp, PtO2 m= H 
> 
CH,CO.H eee 

CH3 ' 

CH; 
1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexane 

(82%) 

The first step in the reaction is adsorption of hydrogen onto the catalyst 
surface. Complexation then occurs between catalyst and alkene by overlap 
of vacant metal orbitals with alkene pi electrons. In the final steps, hydrogen 
is inserted into the pi bond, and the saturated product diffuses away from 
the catalyst (Figure 7.12). It’s clear from this picture why the stereochem- 
istry of hydrogenation is syn: It must be syn because both hydrogens add 
to the double bond from the same catalyst surface. 

wer’, ‘ i 
H H C=C FH Ca © 

Hy aN Yao 

Catalyst Hydrogen adsorbed Complex of alkene 

on catalyst surface to catalyst 

NAG 

VIE 
‘ ts H H C 

—~oo Co 

fa x + Pye Lom 
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. 

2Roger Adams (1889-1971); b. Boston; Ph.D. (1912), Harvard (Torrey, Richards); professor, 

University of Illinois (1916-1971). 
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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 
———— —_ — 
Pd/C in ethanol 

2-Cyclohexenone Cyclohexanone 

Ketone not reduced 

CO.CH3 - CO.CH3 

Ss H, 

Pd/C in ethanol 

Methyl] 3-phenylpropenoate Methyl 3-phenylpropanoate 

Benzene ring, ester not reduced 

CN CN 

Hy 
—_ 
Pd/C in ethanol 

Cyclohexylideneacetonitrile Cyclohexylacetonitrile 

Nitrile not reduced 

Note that, in the hydrogenation of methyl 3-phenylpropenoate, the ben- 
zene 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 unreactivity of aromatic rings. 

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. 

7.7 Hydroxylation of Alkenes 

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,). 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 (diols, also called glycols). 
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HO OH 

x 7 \ 7, 
oe ow  RMnOPor Us07" => 7 Cee Ort 

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 
medium to yield 1,2-diols. Unlike many other addition reactions we’ve stud- 
ied, hydroxylation does not involve a carbocation intermediate. Instead, the 
reaction occurs through an intermediate cyclic manganate species, formed 
in a single step by addition of permanganate ion to the alkene. This cyclic 
manganate is then hydrolyzed to give the diol product. For example, oxi- 
dation of cyclohexene, which was first carried out in 1879 by Vladimir 
Markovnikov, 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. 

iH 
H Ons 1, OH 

KMnO, OE NIUIYA H,O 
Te Mn ——— 

H i%O O | OH 

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: 

H: H.C 

CH: a 0 O 1 20H 
Os04 a NZ NaHSO; 

> Os Se 
Pyridine We fos H,0 Non 

CH pax O 
‘ H;C H,C 

1,2-Dimethylcyclopentene Cyclic osmate cis-1,2-Dimethyl-1,2- 

intermediate cyclopentanediol (87%) 

ee ee ey atiath ngay a uopa. 3) Neue ae Lereialens, pene 65m iis we shopey ekeXGis) ai wise aslaie Ske suse es) sia eek aie sce vs ais Sigs Si eL Bist shee 08 ¢ #5. ea) ote 

7.11 How would you prepare the following compounds? Show the starting alkene and the 

reagents you would use. 

a) CH, (b) CH,CH,CH(OH)C(OH)(CHs)2 

—OH (c) CH,(OH)CH(OH)CH(OH)CH,OH 
—OH 
H 
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7.12 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.) 

7.8 Oxidative Cleavage of Alkenes 

In all the alkene addition reactions we’ve seen thus far, the carbon skeleton 
of the starting material has been left intact. The carbon—carbon double bond 
has been converted into a new functional group (halide, alcohol, 1,2-diol) 
by adding different reagents, but no carbon bond framework has been broken 
or rearranged. There are, however, powerful oxidizing reagents that cleave 
carbon—carbon double bonds to produce two fragments. 

Ozone (O3) 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 molo- 
zonide coming apart into two fragments, which then recombine in a new 
way.) 

3 O Electric ) O 

Z2 discharge 3 

O e=0 C=O 
Pe ae 

bs Wu: d 0; O O 7 nA Zn x 
/ \ CHCl, -78°C ar Cc. i 0 ae CH,COOH/H,O 

eo) 4 0=G 

A molozonide An ozonide 

Low-molecular-weight ozonides are highly explosive and are therefore 
not isolated. Instead, ozonides are usually further treated with a reducing 
agent such as zinc metal in acetic acid to convert them to carbonyl com- 
pounds. 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 tetra- 
substituted 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. 
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CH, O yal boiz ena 
\ Prarie + CH3,CCH3 

CH; 

Isopropylidenecyclohexane Cyclohexanone Acetone 
(tetrasubstituted) — 

84%; two ketones 

CH3(CH2)7CH =CH(CH2);,COOCH; 5 o re CH;(CH,),CH=O 

Methyl 9-octadecenoate Nonanal 

(disubstituted) Bi 

O=CH(CH,);COOCH; 

Methyl] 9-oxononanoate 
SS 

78%; two aldehydes 

CH; CHg 

H,C H;C 

Cian On O= Cl. 
2. Zn, H30* 

B-Pinene Nopinone Formaldehyde 
(disubstituted) oe ke ae ae 

75%; one ketone, one aldehyde 

Certain oxidizing reagents other than ozone also cause double-bond 
cleavage. For example, potassium permanganate in neutral or acidic solu- 
tion cleaves alkenes, giving carbonyl-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 7.7). 

CH3 

| KMnO, 
(CH3)2,CHCH,CH,CH,CHCH= CH2 a cae 

3,7-Dimethyl-1-octene 

iu 
(CH3)2CHCH,CH,CH,CHCOOH + CO, 

2,6-Dimethylheptanoic acid (45%) 

RPP P tate caine gioire rakel oneal ol she ke/o Kae Kal siev.sira)isie) 9] 9)-si,,.0)-s\¢ 616 9" 0) 81618 1610)j0,8),9)\0).0s6 8 (0) ae) 8.650) ope-faniel eee /e\ie'.ei6ieye eiehe.(e 8) @ie:0.50 416 910.8 
woe eee ese eee seeeee PROBLEM 

7.13 What products would you expect from reaction of 1-methylcyclohexene with these 

reagents? 

(a) Aqueous acidic KMnO, (b) Os, followed by Zn, CH;COOH 
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7.14 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 

7.9 Oxidative Cleavage of 1,2-Diols 

1,2-Diols can be oxidatively cleaved by reaction with periodic acid (HIO,) 
to yield carbonyl compounds in a reaction similar to the potassium per- 
manganate 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. | 

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 via a cyclic periodate intermediate. 

CH; Hay OH Ley oe hag i 1. O30, ee HIO, io Zi 
———— >. os I =O 
2. NaHSO, Jas 

| ‘OH iO) O 
H H 

A 1,2-diol Cyclic periodate 

intermediate 

| 
rec 

6-Oxoheptanal (86%) 

1. OsO,4 HIO, : ; 

i ee: ee Ne 
HO OH ue 

Cyclopentylidenecyclopentane A 1,2-diol ®-0H 

Cyclic periodate 

intermediate 

| 
eueas 

Cyclopentanone (81%) 
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Snes ee a ee 
7.10 Addition of Carbenes to Alkenes: Cyclopropane Synthesis 

The last alkene addition reaction we'll consider is the addition of a carbene, 
R2C :, to an alkene to yield a cyclopropane. A carbene 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 substance. 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. 

C= a R-C— Rf’ saab tC ce 

An alkene A carbene 

A cyclopropane 

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). 

Cl 

| o—o-y 

Strong base abstracts the chloroform Cl 
proton, leaving behind the eae 
electron pair from the C—H bond | On 
and forming the trichloromethanide 

anion. 
(cl 

| 
Cl an 2 + H,O 

Cl 

Trichloromethanide 

anion 

Loss of a chloride ion and associated 

electrons from the C—Cl bond yields 

the neutral dichlorocarbene. 

Cl 
ee a :Clé 

Figure 7.13 Mechanism of the formation of dichlorocarbene by reaction of chlo- 

roform with strong base 
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The dichlorocarbene carbon atom is sp? hybridized, with a vacant Dp 
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 hybridization of carbon and to the pres- 
ence of a vacant p orbital. 

Q <— Vacant p orbital =? Q 
@le Rese tat 
~C@ Roo 

Cl O Dee orbital O 

Dichlorocarbene A carbocation 

(sp* hybridized) 

If dichlorocarbene is generated in' the presence of an alkene, addition 
of the electrophilic carbene to the double bond occurs, and a dichlorocyclo- 
propane 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 

| @ 
US 0= Can et CHEL —— s Ho ae 

CH,CH, 3 CH;CH> 3 
cis-2-Pentene 65% 

H 
@) + CHCl, ete | <s + KCl 

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 reagent with carbene-like reactivity. When diiodomethane is treated with 
a specially prepared zinc—copper alloy, (iodomethyl)zinc iodide, ICH>Znl, is 
formed. If an alkene is present, (iodomethyl)zinc iodide transfers a CH 
group to the double bond and yields the cyclopropane. For example, cyclo- 
hexene reacts cleanly and in good yield to give the corresponding cyclopro- 
pane. 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 Chap- 

“ter 30. 
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CHoIp + Zn(Cu) Pe, I—CH,—Zn—I = “:CH,” 

Diiodomethane (lodomethyl)zinc iodide 

(a carbenoid) 

H 
Zn(Cu) Ne 6S + CH, 2202, (pew. + Dl 

H 
Cyclohexene 

Bicyclo[4.1.0]heptane (92%) 
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What products would you expect from these reactions? 

i ( )mci, + cnc, a 

(b) (CH3)eCHCH,CH=CHCH; + CH,I2 
Zn(Cu) 
a 

See eee eee eee ees eeseese sees eeeeeseeseseseeeeseseseoeseeEeseseEeeEeEESE EEE EEE EEE HE ORE HERE EEE OE 

Simmons-—Smith reaction of cyclohexene with diiodomethane gives a single cyclo- 
propane product. Reaction with 1,1-diiodoethane, however, gives (in low yield) a 
mixture of two isomeric methylcyclopropane products. Formulate the reactions, and 
account for the formation of the product mixture. 

7.11 Some Biological Alkene Addition Reactions 

The chemistry of living organisms is a fascinating field of study—the sim- 

plest 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 

applying 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 

example, 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: 

H COOH COOH 
Ky 

Fumarase CH, 

H.O, pH 7.4 i ie 

ye’ | 
HOOC H COOH 

Fumaric acid Malic acid 
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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: 

COCHs3 COCH3 

Chloroperoxidase 
 — 

pH 3, H2O», Br~ 

48% 

Enzyme-catalyzed reactions in organisms are usually much more chem- 
ically selective than their laboratory'counterparts. Fumarase, for example, 
is completely inert toward maleic acid, the cis isomer of fumaric acid. Never- 
theless, the fundamental processes of organic chemistry are the same in the 
living cell and in the laboratory. 

7.12 Preparation of Alkenes: Elimination Reactions 

Just as the chemistry of alkenes is dominated by addition reactions, the 
preparation of alkenes is dominated by elimination reactions. Additions 
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 alky] halide or an alcohol, whereas an elimination reaction might 
involve the Joss of HBr or H,O from an alkyl halide or alcohol to form an 
alkene. 

% / \ / 
pC Oe ee ae Ic) 
/ ‘ A N 

OVP RESP An alkyl halide An alkene 

reactions 

H OH 

‘o cf. Eases od H,O 
a7 a a catalyst yA a \ sh 2 

An alcohol An alkene 

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. For example, 
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bromocyclohexane yields cyclohexene when treated with potassium hydrox- 
ide in ethanol solution: 

H 
Br H 

KOH 

"CH,CH,OH + 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 takes place and 1-methylcyclohexene is 
formed when 1-methylcyclohexanol is warmed with aqueous sulfuric acid 
in tetrahydrofuran solvent: 

H3;C OH CH; 

H,0°, THF 
See as + H,O 

1-Methylcyclohexanol 1-Methylcyclohexene (91%) 

Both kinds of elimination reactions are mechanistically complex 
enough, however, so that it is 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. 

EEE OR ELE: Milofetchisheisiteles(el sol sv attsyie tere) Or afeal ate teva tots st eye, 2's fofoWalres ches ost eltcyseire ler ote 1a. “airevvoNte ievrete site cal/ave are a: er rae atedereras Sve. ave 6 corel eel eceienavar’ 

7.17 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 
ethanol yields a mixture of two alkene products. What are their structures? 

Br 

| 
CH.CH.C\CH.).4 542 

7.13 Summary and Key Words 

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 hav- 

ing anti stereochemistry. If water is present during halogen addition reac- 

tions, a halohydrin is formed. 
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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 

R,C- > RCH > RCH, > -CH, 

Alkenes are reduced by addition of hydrogen in the presence of a 

catalyst such as platinum or palladium. Catalytic hydrogenation is a 

heterogeneous process that occurs on the surface of catalyst particles, rather 

than in solution. The reaction occurs with syn stereochemistry. Cis 1,2-diols 
can be made directly from alkenes by hydroxylation with osmium tetraox- 
ide, OsO,. Alkenes can also be cleaved to produce carbonyl-containing com- 
pounds by reaction 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 CHCls by reaction with base, adds to alkenes to give 1,1-dichlorocyclo- 
propanes. Nonhalogenated cyclopropanes are best prepared by treatment of 
the alkene with CHI, and zinc—copper alloy—the Simmons—Smith 
reaction. 

Methods for the preparation of alkenes generally involve elimination 
reactions. For example, treatment of an alkyl halide with a strong base 
effects elimination of HX (dehydrohalogenation) and yields the alkene. 
Alcohols undergo a similar elimination of water (dehydration) by treat- 
ment with strong acid. 

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 flash cards; 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 short cuts. 
Learning organic chemistry takes effort. 
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7.14 Summary of Reactions ene nee Me 

1. Addition reactions of alkenes 

a. Addition of HX, where X = Cl, Br, or I (Sections 6.9 and 6.10) 

\ ileal, se HX 

Jie ak eas, 

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 Xj = Cle or Brg (Section 7.1) 

nC ee We Ce 
CCl, zo 4 NN 

Anti addition is observed. 

c. Halohydrin formation (Section 7.2) 

= =e RT ae Xe as is 

OH 

Markovnikov regiochemistry and anti stereochemistry are ob- 
served. 

d. Addition of water by oxymercuration (Section 7.3) 

HO H 

Nf HalOAe, 120 , er 
Y ASNRUR VG. SEB; + > 

Markovnikov regiochemistry is observed, with the OH group at 
the site of the more substituted carbon. 

e. Addition of water by hydroboration—oxidation (Section 7.4) 

i 
el hacen OS aC 

Non-Markovnikov syn addition is observed. 

f. Radical addition of HBr to alkenes (Section 7.5) 

Ea Br 

erie, sibs eg 
Pe os Peroxides ey i ae 

Non-Markovnikov addition is observed. 
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g. Hydrogenation of alkenes (Section 7.6) 

ial 
= “(ee ee H,/catalyst ee Cc—C ks 

Syn addition is observed. 

h. Hydroxylation of alkenes (Section 7.7) 

Pe ae 
x uals, 1. OsO4 <i cba bia Naisonecealuny: — —\ 

Syn addition is observed. 

i. Addition of carbenes to alkenes to yield cyclopropanes (Section 

7.10) 

(1) Dichlorocarbene addition 

cL me 

‘ : JOS 
C=C + CHCL —>  ~C—Cc. 

i 4 \ 

(2) Simmons—Smith reaction 

En a 

as SNe oe Zn(Cu) 
~c—CN te CH,I, Tina 7e4 A he 

2. Oxidative cleavage of alkenes (Section 7.8) 

a. Treatment with ozone, followed by zinc in acetic acid 

ax os eee \ ys 

yoTER 2 Zn/Hj0" yi 4 Cea 

b. Reaction with KMnO, in acidic solution 

R R R R 
\ ib KMn0O,4 H30+ \ / c=c SS. 36C=0 + 0O=C 
ae \ / \ 

R R R R 

H 

\ KMn04, H0* | / 
C=C ——— R—C—OH + / \ CO, 

R H 
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3. Oxidative cleavage of 1,2-diols (Section 7.9) 

nie OH 
/ Ho, eN i 

ee Oe 0 van 0 ~ Ore 

4. Synthesis of alkenes (Section 7.12) 

a. Dehydrohalogenation of alkyl halides 

in ; 

a Base S 4 
ECS-GC C=O 
d x wo ~ 

b. Dehydration of alcohols 

H OH 

: é #0, bod 4 H0 
Pe eee Heat Ge 2 

ADDITIONAL PROBLEMS 
wee eee eees se oeeeeeZeSeTESFT FFF OF FETS ETETETHETHHOEOEETEESOSETEHHOHEE HEHEHE HEHE SEO O ETE LE HOO LEST OHO EEO EEE OE 

7.18 Predict the products of the following reactions (the benzene ring is unreactive in all 
cases). Indicate regiochemistry when relevant. 

H,/Pd 
(a) 2 

(b) —————*+—> 
CH=CH, 

Cy (c) HBr 

ne OsO, 

(d) 
2. NaHSO, 

(e) D./Pd 

7.19 Suggest structures for alkenes that give the following reaction products. There may 

be more than one answer for some cases. 

(a) ? ee 2-Methylhexane 

(b) ? 2 ees 1,1-Dimethylcyclohexane 

(cya? eee 2,3-Dibromo-5-methylhexane 

(a) 9 4 eRe 0, CHjCH»CH,CH(OH)CH, 
. 4 

(e) ? eee 2-Bromo-3-methylheptane 

(Pan Eee 2-Chloro-3-methylheptane 
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7.24 
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Predict the products of the following reactions, indicating both regiochemistry and 

stereochemistry where appropriate. 

How would you carry out the following transformations? Indicate the proper 

reagents. 

1. ASOSE es KMn0O, 

2. Zn, 2. Zn, HO” 

BH, rae 1. Hg(OAo, HO 
2. HO, -OH 2. Nabhan 

’ 

(a) nw 9H (b) H. 0H 

el ie 9 A —— nite 
Cl 

Cl 

Pio oa 
(a) CH,CH=CHCH(CH;), —> CH,CHO + (CH,),CHCHO 

(ec) H,C=C(CH,). —> (CH;),CHCH,OH 

CH, 
CH 

(Cae 
Give the structure of an alkene that provides only (CH3)2C =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, n-C,HgCHO, on ozonolysis. Write 
out the reactions involved. 

Show the structures of alkenes that give the following products on oxidative cleavage 
with KMnO, in acidic solution. 

(a) CH3;CH,COOH + CO, (b) (CH3),C=O + CH3CH,CH,COOH 

(c) ¢ =O + (CH3),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, with formula 
Ci9H160z. 
(a) How many rings does A have? (b) What are the structures of A and B? 
(c) Formulate the reactions. 
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An unknown hydrocarbon, A, with formula CegHy2, reacts with 1 equiv of hydrogen 
over a palladium catalyst. Hydrocarbon A also reacts with OsO, to give a diol, B. 
When oxidized with KMnQ, 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 out all 
reactions, and show your reasoning. 

Using an oxidative cleavage reaction, explain how you would distinguish between 
the following two isomeric dienes: 

O-O 
Compound A, with formula C,)9H,0, undergoes reaction with dilute H,SO, at 250°C 
to yield a mixture of two alkenes, Cj9H,,¢. The major alkene product, B, gives only 
cyclopentanone after ozone treatment followed by reduction with zinc in acetic acid. 
Formulate the reactions involved and identify A and B. 

Which reaction would you expect to occur faster, addition of HBr to cyclohexene or 
to 1-methylcyclohexene? Explain your answer. 

Predict the products of the following reactions, and indicate regiochemistry if 
relevant. 

(a) CH;CH=CHCH, BB 

H,O2 

~OH 
—=> (b) CHs3CH+CHCH3 A B 

HBr 
ae 

Peroxide 

HI 
————— 

Peroxide 

(c) (CH3)gC—=CHe, 

Draw the structure of a hydrocarbon that absorbs 2 mol equiv of hydrogen on catalytic 
hydrogenation and gives only butanedial, CHOCH,CH,CHO, on ozonolysis. 

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. 

(a) (CH3)2C aa CHCH3 (CH3),CHCHICH3 
Peroxides 

H 
1 O20, isOH 

es 
2. NaHSO, 

/ 

HO H 

(b) 

(c) toe , CHO 
Sars CHO 

H 

ie BH; 
— 

or ae ae 
H 
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Which of these alcohols could not be made selectively by hydroboration—oxidation 

of an alkene? 

OH a 
| 

(a) CH3CH,CH,CHCH3 (b) (CH3)gCHC(CHs3)2 

d OH tae ACH ‘o : 7 in 

i OH i H 

What alkenes might be used to prepare these cyclopropanes? 

(a) | >—CH(CHs), ) Cone 

Cl 
Predict the products of the following reactions. Don’t worry about the size of the 
molecule; concentrate on the functional groups. 

Brg ba 

HBr B 

1. OsO4 
C 

2. NaHSO, 

1. BH, THF 
—_- 

HO 2. H,0>, OH £ 

CHoI, 
Cholesterol mpaeuat K 

Compound A has the formula CgHsg. It reacts rapidly with KMnO, to give CO, and 
a carboxylic acid, B, with formula C7H,Oz2, but reacts with only 1 equiv of H, on 
catalytic hydrogenation over a palladium catalyst. On hydrogenation under condi- 
tions that reduce aromatic rings, 4 equiv of H, are taken up, and hydrocarbon C, 

formula CgH;., is produced. What are the structures of A, B, and C? Formulate the 
reactions. 

Reaction of cyclohexene with mercuric acetate in methyl alcohol rather than water, 

followed by treatment with NaBHy,, yields cyclohexyl methyl ether rather than 
cyclohexanol. Suggest a mechanism to account for this ether synthesis. 

1. Hg(OAc), CH;0H 
Seca aie H = 2. NaBH, OCHs 

Cyclohexene Cyclohexyl 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 7.37.] 

O CH,B H,C-—=CHCH,CH.CH.OH one 2pr 

4-Penten-1-ol 2-(Bromomethyl)tetrahydrofuran 
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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 
Kthylidenecyclohexane, on treatment with a strong acid, isomerizes to yield 1-ethyl- 
cyclohexene. Propose a mechanism for this reaction. Which is the more stable alkene, 
ethylidenecyclohexane or 1-ethylcyclohexene? 

ea dae ey 

———————_ 

Ethylidenecyclohexane 1-Ethylcyclohexene 

In addition to its preparation from CHCl, dichlorocarbene can also be generated 
by heating sodium trichloroacetate: 

Cl O Cl 
| | i 

oS el Naaman © eC Orga) 

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, C9Hj¢, 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, Cj 9H»). On ozonolysis, 

followed by reduction with zinc and acetic acid, a-terpinene yields two products, 
glyoxal and 6-methyl1-2,5-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. 

OHC—CHO CH;COCH,CH,COCH(CHs3), 

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. 

H OH 

A B 

(cis diol) (trans diol) 
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Alkynes 

Se (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 chemi- 
cals, but more efficient routes using ethylene as starting material are now 
more common. Acetylene is still used in the preparation of acrylic polymers, 
however, and is prepared industrially by high-temperature decomposition 
(pyrolysis) of methane. This method is not of general utility in the 
laboratory. 

SCH eae eae 
1200°C 

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: 

i t 
CS0=0 CScFeec=6 
I \ 

Cleef etn eCty 

H H 

A triyne 

228 
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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 
adopt a linear geometry. They lie at an angle of 180° to each other along 
an axis that is perpendicular to the axes of the two unhybridized 2p, and 
2p, orbitals. When two sp-hybridized carbons approach each other for bond- 
ing, the geometry is perfect for the formation of one sp—sp sigma bond and 
two p—p pi bonds—a net triple bond (Figure 8.1). 

P orbitals p orbitals 

J Se 

The carbon-carbon triple bond 

Figure 8.1 Formation of a carbon-carbon triple bond by overlap of two sp-hybrid- 
ized carbons 

The two remaining sp orbitals form bonds to other atoms at an angle 
of 180° from the carbon—carbon bond. For example, acetylene, C2Ho, has 
been shown by experimental measurement to be a linear molecule with 
H-C-C bond angles of 180° (Figure 8.2, page 230). 
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> Ta 180° 
we f iam, 

Cy . 

Figure 8.2 The structure of acetylene: The H-C-C bond angles are 180° 

The strength of the carbon-carbon triple bond is approximately 200 

kcal/mol (837 kJ/mol), making it the strongest known carbon-carbon bond. 

The bond length is 1.20 A. 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=c— —> —C=C— AH? = 200 — 152 = 48kcal/mol 

x Va Nee B/ , 
C= Chas eC AH® = 152 — 88 = 64kcal/mol 

ye \ i \ 

\ y \ tee xf; 
—C—C—- — —C C— AH? = 88 kcal/mol 
de Ny ve \ 

Although the two alkyne pi bonds are actually equivalent, our crude 
calculation shows that approximately 48 kcal/mol (200 kJ/mol) are 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 substituted for -ane 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 begins at the chain end nearer the triple 
bond. 

8 a 6 5 4 32 1 

CH3;CH2,CHCH,C=CCH,CH3 ~~ Begin numbering at 

| the end nearer the 
CH; triple bond 

6-Methyl-3-octyne 
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Compounds with more than one triple bond are called diynes, triynes, 
and so forth; compounds containing both double and triple bonds are called 
enynes (not ynenes). Numbering of an enyne chain always starts from the 
end nearer the first multiple bond, even though this might give the triple 
bond the lower number. When there is a choice in numbering, however, 
double bonds receive lower numbers than triple bonds. For example, 

a 
HC=CCH,CH,CH.CcCH= CH, HC=CCH,CHCH,CH,CH=CHCH, 

tl 65 4 3 2 1 1 23 4 5 6 a 89 

1-Hepten-6-yne 4-Methy1-7-nonen-1-yne 

As was the case with hydrocarbon substituents derived from alkanes 
and alkenes, alkynyl groups are also possible: 

CH3CH,CH2CH, = CH3;CH,CH=CH=- CH3;CH,C= C+ 

Butyl 1-Butenyl 1-Butynyl 

(an alkyl group) (a vinylic group) (an alkynyl group) 

PROBLEM ee i4} @) 6) 000 (eile 79 (6's |p (6 (0/0 (Selo olfaiel Sie) e 6c © 6166 0 6) 0 0) 0 000 0.666010 010 se sie Cassis C6 o.c bebo wee cles tieccec secede e esis 

8.1 Provide correct IUPAC names for these compounds: 

(a) (CH3)g,CHC=CCH(CH3)2 (b) HC=CC(CH3)3 

(c) CH3;CH=CHCH=CHC=CCHz3 (d) CH3CH2C(CH3)2C=CCH,CH,CH3 

(e) CH3sCH,C(CH3)2.C=CCH(CH3)o (f) 

PROBLEM. 2... ccccscccccccrccccr cree seer ener seers reser sere eseseressreresessesrsssessssesesserssesens 

8.2 There are seven isomeric alkynes with the formula CgHj9. Draw them and name 

them according to IUPAC rules. 

8.3 Reactions of Alkynes: Addition of HX and X_ 

You might expect, based on the electronic similarity of alkenes and alkynes, 

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 electrons 

are readily accessible to attacking reagents. Alkynes do indeed exhibit much 

chemistry similar to that of alkenes, but there are also significant dif- 

ferences. 
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 can usually be stopped 

after addition of 1 equiv of HX, an excess of acid leads to a dihalide product. 
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For example, reaction of 1-hexyne with 2 equiv HBr yields 2,2-dibromo- 

hexane. As the following examples indicate, the regiochemistry 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. 
Br 

HBr 
— =C CH3;CH,CH2CH,C =CH "creo: CH;CH,CH,CH2zCH 

1-Hexyne 2-Bromo-1-hexene 

HBr 

iy 
Seite ACE 

Bret 

2,2-Dibromohexane 

Cl pong 

x 
CH.CH.O=CCH.CH, = C=C 

CH,COOH yy, 

3-Hexyne CH3;CH, H 

(Z)-3-Chloro-3-hexene 

(95%) 

The vinyl! chloride (chloroethylene) used as starting material for prep- 
aration of poly(vinyl chloride) (PVC) was once produced on an immense 
industrial scale by mercuric chloride-catalyzed addition of HCl to acetylene. 
Now, however, other synthetic methods are used. 

H—C=c—H + HCl 2), -tc=—cHel 

Acetylene - Vinyl chloride 

(Chloroethylene) 

Bromine and chlorine also add to alkynes to give addition products, and 
trans stereochemistry again results: 

Cis Br 

— Bry Bro 
CH3;CH2C =CH cc, bg = a CCl, CH3CH2C BrSH Bro 

1-Butyne Br H 1,1,2,2-Tetrabromobutane 

(Z)-1,2-Dibromo-1-butene 

Although you might expect alkynes to be more reactive than alkenes 
in electrophilic additions because the triple bond has four pi electrons rather 
than two, the reverse is true. Triple bonds are less reactive toward electro- 

} philic addition than double bonds. For example, ethylene reacts rapidly at 
room temperature with concentrated H2SO,, but acetylene is inert to this 
reagent. Why should this be? 
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The probable reason for the decreased reactivity of alkynes toward elec- 
trophilic 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.] 

Br 
aN + :Br? | R—CH CH, [R—CHcH,| “> rCHCH, 

Alkene An alkyl cation An alkyl bromide 
intermediate 

. Br 
H iy + Ld selene | R= 0=CH eC eC een ee cre 

Alkyne A vinylic cation A vinylic bromide 
intermediate 

Vinylic carbocations are generally less stable than similarly substituted 
alkyl cations. Thus, a secondary vinylic cation is only about as stable as a 
primary alkyl cation. The relative order of carbocation stability is as follows: 

hoe RCH RO-=CH. = RCH, = RCH-=CH 
Tertiary Secondary Secondary Primary Primary 

alkyl alkyl vinylic alkyl vinylic 

The reasons for the relative instability of vinylic carbocations are not 
fully understood but involve, at least in part, the lack of any stabilizing 
interaction 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). 

+ 

CB 

ee 

Figure 8.3 The electronic structure of a vinylic carbocation: The cationic carbon 

atom is sp hybridized. 
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8.3 What products would you expect from these reactions? 

(a) CH;CH,CH,C=CH + 2Cl, ——> (b) [ -cacx ‘per tire” 

(c) CH;CH,CH,CH,C=CCH3 + 1 HBr ——> 

8.4 Hydration of Alkynes 

Alkynes cannot be hydrated as easily as alkenes because of their lower 

reactivity toward electrophilic addition. For example, aqueous sulfuric acid 

by itself has no effect on a carbon-carbon triple bond. In the presence of 

mercuric sulfate catalyst, however, hydration occurs readily: 

OH 
| 

CH;CH,CH,CH,C= CH Saree CECE eae 

1-Hexyne L 

An enol 

i 
CH3CH,CH2,CH,C —CH3 

2-Hexanone 

(78%) 

Markovnikov regiochemistry is observed for the hydration, but the prod- 
uct is not the expected vinylic alcohol or enol (ene + ol). Although the 
vinylic alcohol may well be an intermediate in the reaction, it immediately 
rearranges to a more stable isomer, a ketone (RgC=O). It turns out that 
enols and ketones rapidly achieve an equilibrium—a process called tau- 
tomerism. Tautomers (pronounced taw-toe-mers) are special kinds of con- 
stitutional isomers that are readily interconvertible through a rapid 
equilibration, a process we will study in more detail in Section 22.1. With 
few exceptions, the keto—enol tautomeric equilibrium lies heavily on the 
side of the ketone. Vinylic alcohols are almost never isolated. 

H 

-. es °\ re 
C=C 7 C_—c— 

ie x pp \ 

Enol tautomer Keto tautomer 

(less favored) (more favored) 

s The mechanism of the mercuric ion-catalyzed alkyne hydration reaction 
is probably analogous to the oxymercuration reaction of alkenes (Section 
7.3). Electrophilic addition of mercuric ion to the alkyne gives a vinylic 
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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 
pane are sufficient to allow replacement of mercury by hydrogen (Figure 

a eee es 
>OH» 

eee ch) OC = a oS Se 

An alkyne ace Ae 

A vinylic cation 

H O 
{i Se | 

anaes on Ba sale 

OH 

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 (R—C==C—H), since only methyl] ketones are formed. 

An internal alkyne 

1 1 : | 
R—C=C—R' oe R—C—CH,—R’ + R—CH,—C—R’ 

E9U4 

A mixture 

A terminal alkyne 

1 
—_ H30* aaa 

R—C=C—H Ee R—C—CHs3 

A methyl ketone 
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8.4 Whatalkynes would you start with to prepare these ketones by a hydration reaction? 

1 | 
(a) CH;CH,CH,CCHs (b) CH;CH,CCH,CH,CH3 
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8.5 Hydroboration of Alkynes 

We saw in Section 7.4 that addition of BH; 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. 

yf 

3 CH,CH,C =CCH,CH; se CH,CH;C=CCH,CH, 

3-Hexyne A vinylic borane 

H,O, HO~ | H202 

O HO H 
! Ve 

3 CH,CH,CCH,CH,CH,; <— 3 CH;CH,C =CCH,CH, 
3-Hexanone An enol 

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: 

Bo 

BH, BH “ 
R—C=CH ri [R—CH =CHBH,] ——> R—CH,—CH 

\ 
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 disiamy]l- 
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. 
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H BR, H OH 

2 

1-Octyne A vinylic borane An enol 

| 
CH;(CH2);C HSC—H 

O 
| 

Octanal (70%) 

where ReEBH = (CH3),CHCHCH; 

Sey 

(CH,),CHCHCH, 

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: 

1 H,0, H2SO, RG = CH 

HgS0O, 

A methyl] ketone 

R—C =CH 

A terminal i 
alkyne 1. R3BH, THF a fee ie 

2. HOs, -OH R—CH,—C—H 

An aldehyde 

we wee eee meres ese ese as reer es ee eeeaeeeeseeereeE ESSE HEHEHE ESE EEE EEE OHHH EEE REDE OEE EERE DOOD 

What alkynes would you start with to prepare these compounds by a hydroboration— 

oxidation reaction? 

O 

| 
(a) (\-crcno (b) (CH3)gCHCH,CCH(CH3).2 
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Disiamylborane is made by addition of BH; to 2 equiv of an alkene. What alkene 

is used? 

Seagal 

CH; 

Disiamylborane 
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8.7. What organic product, other than the aldehyde, is formed after oxidation when 

disiamylborane is used to hydroborate a terminal alkyne? 

eee 

8.6 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 
atalys 3 

H,C—CH, ——-—> CH;—CH,  AHfyarog = 33 keal/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 7.6), alkynes yield cis alkenes on 
reaction with 1 equiv of hydrogen. This reaction has been explored exten- 
sively by the Hoffmann-LaRoche pharmaceutical company, where it is used 
in the commercial synthesis of vitamin A. 

Hy, oe CH3(CH,)sCH3 

Decane (96%) 

CH3(CH2)3C= C(CH2)3CH3 

5-Decyne H H 
Hy \ ye 

C=C 
Lindlar 

catalyst a \ ys _CH;(CHg)s3 (CH2)3CH3 

cis-5-Decene (96%) 

\\ Q 
C H, 

Lindlar 13 

catalyst <4 

CH,OH 
15 

7-cis-Retinol 

(7-cis-Vitamin A; vitamin A has 

a trans double bond at C7) 
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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. 

n-C4Ho ye 

CH3CH,CH,CH,C= CCH,CH,CH,CH, ~=“", C=C 
5-Decyne H C4He-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). 

R—C=C—R’ 
Lithium metal donates an electron to the alkyne to 
give an anion radical... [u 

har nit aA... ee! 
R—C=C—R’ + Li* 

... which abstracts a proton from ammonia solvent Rn 

to yield a vinylic radical. | H—NH, 

R’ 

. 7. es 
R—C == C + :N H. 

The vinylic radical accepts another electron from a Ne 
second lithium atom to produce a vinylic anion... H 

| Li 
R’ 

i 

... which abstracts another proton from ammonia 
solvent to yield the final trans alkene product. 

H R’ 
\ i ee 
C=C + :NH2” 

/ - 
R H 

Figure 8.5 Mechanism of the lithium/ammonia reduction of an alkyne to produce 

a trans alkene ESE SS a EE SE ee 
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The trans stereochemistry of the final alkene product is established 

during the second reduction step when the less hindered, trans vinylic anion 

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. 
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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 

8.7 Alkyne Acidity: Formation of Acetylide Anions 

The most striking difference between. the chemistry of alkenes and that of 

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: 

alas ee 
RCL lH + :NH,Nat+ — > R—C=C: Na™ + :>NH3 

Acetylide anion 

According to the Brgnsted—Lowry definition, an acid is a species that 
donates-a proton. Although we usually think of oxyacids (H2SO,4, H2O) or 
halogen acids (HCI, HBr) in this context, any compound containing a hydro- 
gen atom can be considered to be an acid under the proper circumstances. 
As discussed earlier (Section 2.6), we can establish an acidity order by 
measuring 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, 

1 
Sulfuric H—O—S—O—H ~—-9 Strong acid 

acid | 
O 

| 
Acetic CH;,C—O—H 4.72 

acid 

Water H—O—H 15.74 

Ethanol CH;CH,0O— H 16 ° 

Acetylene H—C=C—H 25 

Ammonia H,.N—H 35 Weak acid 
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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 allows us to know what bases 
are needed to deprotonate what acids. For example, since acetic acid 
(pK, = 4.72) is a stronger acid than ethanol (pK, = 16), we know that the 
anion of ethanol (ethoxide ion, CH3CH;0 :) will remove a proton from acetic 
acid. Similarly, amide ion (: NH»), the anion of ammonia (pK, = 35), will 
remove a proton from ethanol (pK, = 16). 

O O 
ss nal z zl CH,CH,O:- + H—OCCH,; ~@ CH;CH,O—H + -:OCCH; 

H,N “> + H— OCH,CH, are TN H to's OCH,CH, 

Stronger Stronger Weaker Weaker 
base acid acid base 

Where do hydrocarbons lie on the acidity scale? As the data in Table 
8.2 indicate, both methane (pK, = 49) 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 quite susceptible to depro- 
tonation by a sufficiently strong base. The anion of any acid whose pK, is 
greater than 25 will abstract a proton from acetylene. 

Table 8.2 Acidity of simple hydrocarbons 

Type 

Alkyne 

Alkene 

Alkane 

Example K, pK, 

HC=C— H eo. HC=C:- + H3;0* LOmes 25 Stronger acid 

H,C=CH—H —2& H,C=CH- + H;,0* 10-44 44 T 

CH;— H oe. :CH3 + H;,0+ 10es2 49 Weaker acid 

The acidity data in Table 8.2 indicate that alkynes are much more acidic 
than either alkanes or alkenes. Any base whose conjugate acid has a pK, 
greater than 25 should be able to effect acetylide formation. Amide ion, 
NHsg, for example, is the conjugate base of ammonia (NH3; pK, = 35) and 
is therefore able to abstract a proton from terminal alkynes. 

What makes terminal alkynes so acidic? The best intuitive explanation 
is simply that acetylide anions have more “s character” in the orbital con- 
taining 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 

hybridized and therefore have one-third s character; and acetylide anions 

(sp) have one-half s character.] Since s orbitals are lower in energy and are 

nearer the positively charged nucleus than p orbitals, a negative charge is 
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stabilized to a greater extent in an orbital with high s character than in an 

orbital with low s character (Figure 8.6). 

a N : 

| oc io Ce. : 

H 

CHz3 anion; + s Vinylic anion; 4 s ; Acetylide anion; 4 s 
4 3 

Figure 8.6 A comparison of alkyl, vinylic, and acetylide anions: The acetylide anion 

is more stable. 
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The pK, of acetone, CH3;COCHs, is 20. Which of the following bases are strong enough 
to deprotonate acetone? , 

(a) KOH (pK, of H2,O = 15.7) (b) Nat -C=CH (pK, of C2H, = 25) 
(c) NaHCOs (pK, of HpCO3 = 6.4) (d) Na* OCH; (pK, of CH30H = 15.6) 

8.8 Alkylation of Acetylide Anions 

The chemistry of acetylide anions is both interesting and useful. For exam- 
ple, the presence of an unshared electron pair makes acetylide anions 
strongly nucleophilic. When treated with an alkyl halide such as bromo- 
methane, acetylide anions substitute for halogen and bond to the alkyl- 
group carbon: 

H H 
LX Fe | 

H—C=C: Na* + ead igi — H—C=C a + NaBr 

H H 

Although we won’t study the details of this substitution reaction until 
Chapter 11, we might 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 
bromide 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. 
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The nucleophilic acetylide anion uses its H 
electron lone pair to form a bond to the 
positively polarized, electrophilic carbon | 
atom of bromomethane. As the new C—C 
bond begins to form, the C—Br bond H 
begins to break in the transition state. s- | 5- 

HS C= Oo Ora bre Na” 

HH 

Transition state 

| 
The new C—C bond is fully formed and By 
the old C—Br bond is fully broken at the H—C=C—C.- + NaBr 
end of the reaction. Nid 

Figure 8.7 A possible mechanism for the substitution reaction of acetylide anion 
with bromomethane 

Alkyne alkylation is not limited to unsubstituted 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: 

a 1. NaNH,, NH; = 
CH;CH,CH,CH,C=CH ay CHC CILCiLEn Tar CH3CH2.CH2,CH,C=CCH,CH2CH2CH; 

1-Hexyne 5-Decyne (76%) 

Acetylide ion alkylation is limited to the use of primary alkyl bromides 
and iodides, R—CH»2—-X, 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, as shown on page 244. 
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H ee 

H 

Cyclohexene H 
Br 

= CH,C=C:— 

Ve ois 
\\ 

C 
Bromocyclohexane 

(a secondary alkyl halide) 

PROBLEM 

Not formed 

CeCe i er 

8.10 Show the terminal alkyne and alkyl halide starting materials from which the fol- 

PROBLEM 

8.11 

lowing products can be obtained. Where two routes look feasible, list both choices. 

(a) CH3sCH,CH,C=CCHs3 (b) (CH3)gCHC=CCH,CH3 

C=CCH: 
(c) fees (d) 5-Methyl-2-hexyne 

(e) 2,2-Dimethyl-3-hexyne 

ee eee eee eee eee eee ere rere saeseHnereeererereerH He He He oEe Eee eS EE Eee REE HE ETH OEE EH HEE EHH E EERE 

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.) 

8.9 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. 

An internal alkyne R—C=C—R’ KM, RoOOH + R'COOH 
A terminal alkyne R—C=C—H SMe. RCOOH + CO, 

The major application of alkyne oxidation reactions is in structure deter- 
mination. For example, when the substance 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 per- 
manganate gave a product identified as hexanedioic acid, the position of the 
triple bond could be defined. 



8.10 PREPARATION OF ALKYNES 245 

CH3(CH»)90C= C(CH2),COOH arte CH;(CH2);p(COOH + HOOC(CH,),COOH 
6-Octadecynoic acid Decanoic acid 1,6-Hexanedioic acid 

(Tariric acid) (Lauric acid) (Adipic acid) 
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8.12 Propose structures for alkynes that give the following products on oxidative cleavage 
by KMn0,: 

COOH 

(a) ew + CO, (b) 2 CH3(CH)7COOH + HO,C(CH,),COOH 

8.10 Preparation of Alkynes: 
Elimination Reactions of Dihalides 

Perhaps the best method for the preparation of alkynes is the alkylation of 
acetylide anions. Remember that both terminal and internal alkynes can 
be prepared by suitable alkylation of primary alkyl halides: 

H—C=C:" Na* + RCHBr —> H—C=C—CH,R A terminal alkyne 

R—C=C: Na* + R'CHBr —» R—C=C—CH,R’ An internal alkyne 

Alkynes can also be prepared by elimination of HX from alkyl halides 
in much the same manner as alkenes can (Section 7.12). Since an alkyne 
is doubly unsaturated, however, we have to eliminate two molecules of HX. 
Treatment of a 1,2-dihalide (a vicinal dihalide) with excess strong base such 
as KOH or NaNHg 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: 

CH=CH XS bUNIy: CHBr CHBr ZA 

| Saale a | 
ee —_ 

1,2-Diphenylethylene 1,2-Dibromo-1,2-diphenylethane 

(Stilbene) (a vicinal dibromide) 

—2 HBr 

OQ 
Diphenylacetylene (85%) 

“i 2 KOH 
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Although different bases can be used for dehydrohalogenation, sodium 

amide (NaNH,) is normally preferred since it usually gives higher yields. 
The twofold dehydrohalogenation takes place in discrete steps through a 
vinylic halide intermediate. This suggests that vinylic halides themselves 
should give alkynes when treated with strong base, which is indeed the 

case. For example, 

| 
eco ==: CH,C=CCH,O0H 

Cl 2-Butyn-1-ol (85%) 

3-Chloro-2-buten-1-ol 
(a vinylic chloride) 

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: 

PRACTICE RROBLE M cess « cisiais aie iclelace dap sinie'a Sls ar3 W Alas Iya Cealaieid reieia ele Wale le Os SESER ox eee: 

Prepare octane from 1-pentyne. 

Solution First alkylate the acetylide anion of 1-pentyne with 1-bromopropane, and 
then reduce the product using catalytic hydrogenation: 

eer 1. NaNH2, NH3 — CH3;CH,CH,.C=CH 2. BrCH,CH,CH,, THF CH3;CH2CH2,C =CCH,CH.CH; 

1-Pentyne 4-Octyne 

| H,/Pd in ethanol 

Peet 

Srrertente = : CH,CH2CH; 

Lf 
Octane 
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; 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 houses. 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 work- 
able plan—it helps us learn organic chemistry. 

There’s no secret to planning organic syntheses. All it takes is a knowl- 
edge of the different reactions and lots 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, ifthe end product is an alkyl 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. 

eC CABBIE Magis caer eco cserch ssa rcr cree sss tere ee ce toes Cree We Ose RI Re 

Starting from 1-pentyne and any alkyl halide needed, synthesize cis-2-hexene. More 
than one step is required. 

CHa Het Es aa 
2 

1-Pentyne H H 

cis-2-Hexene 

Solution First ask the question “What is an immediate precursor of a cis-disub- 
stituted 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-disub- 
stituted alkene (using catalytic hydrogenation over the Lindlar catalyst). Thus, 
reduction of 2-hexyne by catalytic hydrogenation using the Lindlar catalyst should 
yield cis-2-hexene: 

CH3CH2CH, CH3 
\ i 

Lindlar 

catalyst H H 

CH;CH,CH2C=CCH3 

2-Hexyne 

cis-2-Hexene 

Next ask “What is an immediate precursor of 2-hexyne?” We’ve seen that internal 

alkynes can be prepared by alkylation of terminal alkyne anions (acetylides). In the 
present instance, we are told to start with 1-pentyne. Thus, alkylation of the anion 
of 1-pentyne with iodomethane should yield 2-hexyne: 

CH,CH,CH,C=C—H + NaNH, —2~" CH,CH,CH,C=C:Na* 

1-Pentyne 

CH,CH,CH,C=C:-Na* + CH,1 —-“> CH;CH,CH,C=C—CH, 

2-Hexyne 
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In three steps we have synthesized cis-2-hexene from the given starting materials: 

1. NaNH,2, NH; 2s 
CH;CH,CH,C=CH 2. CHI, THF CH;CH,CH,C=CCH3; 

1-Pentyne 2-Hexyne 

[ii Lindlar catalyst 

CH;CH.CH, CH; 
_ yo 
C=C 

H H 

cis-2-Hexene 

PRACTICE PR OBEE Mic aioe wee lei l<le cle e's eevee ie alclsiels/elelele/e)slelele/era/eleieletes elsl’s wjera leis ele ere etotare! staverete © cle) statefa vat eheletere 

Starting from acetylene and any alkyl halide needed, synthesize 2-bromopentane. 
More than one step is required. 

2 
HC=CH + RX > CH3CH,CH,CHBrCH3 

- 2-Bromopentane 

Solution First ask “What is an immediate precursor of an alkyl halide?” Perhaps 
an alkene: 

CH3CH,CH,CH— CH, fk 

or See CH3CH,CH,CHCH; 

CH3;CH,CH= CHCHs 

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 Sopa CH;,CH,CH,CH =CH 
catalyst 

Next ask “What is an immediate precursor. of a terminal alkyne?” Perhaps 
sodium acetylide and an alkyl halide: 

Na* :C=CH + BrCH,CH,CH, —> CH3;CH,CH,C=CH 
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In four steps we have synthesized the desired material from acetylene and 
1-bromopropane: 

HC=CH — ie Ns, CH,CH,CH,C=cH —. CH,CH,CH,CH=CH, 2. CH3;CH.CH.Br, Lindlar 
THF Acetylene 1-Pentyne pelalyat 1-Pentene 

| HBr, ether 

edad Owe tos 

Br 

2-Bromopentane 

PRACTICE PROBLEM SRAsh se oe ack hes neha eS 9 Sy8I'e O18; a36 ie) e's) 4) 6 eterere Fes Sieh alie «) see ¢(a]e ales je 16faala\e"efel¥ie eielbieie 0,0 0:0:616:6.0:0.% 

Synthesize 1-hexanol from acetylene and any alkyl halide needed. 

m 
H—C=C—H + RX = HOCH,CH,CH,CH,CH,CH; 

1-Hexanol 

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 
H20,: 

sieges H.C— CHCH,CH,CH,CH, oe CH,—CHCH,CH,CH,CH; 
+ £122; 

“What is an immediate precursor of a terminal alkene?” Perhaps a terminal alkyne, 
which could be reduced: 

H—C=C—CH,CH,CH,CH, ——“"——+ H,C=CHCH,CH,CH,CH, 
indlar catalys 

“What is an immediate precursor of 1-hexyne? Perhaps acetylene and 1-bromo- 
butane: 

NaNH2 Br CH2,CH2CH2CH3 
———> —. H—C=C—H H—C=C:~ Nat H—C=C—CH,CH,CH,CH; 

We have completed the synthesis in three steps, by working backward. 

EERE OES TES Mifapairetsstratiayios o7(oPa' 0 fai(el(elisl/s}-eiie) o\e1/s\iejis al/s\(eilaleN@l(e \aice/le\-aifaite)ie/iee\ e163 0 (¢-6 ole ial ofebalgh a aya) sP9hai reteielete ie 4) elie) siege vehehe) Sais aaa a eMe rs abs oie, ote 

8.13 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 

“POV AEIS Ty cic Orne an o Bae iets di tenet rca rar rae ror bes eke coe Seco : 

8.14 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 
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8.12 Summary and Key Words 

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. 

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 Cl, 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 (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. 

There are relatively few general methods of alkyne synthesis. The two 
best are the alkylation of acetylide anions and the twofold elimination of 
HX from vicinal dihalides. 

8.13 Summary of Reactions i 

1. Reactions of alkynes 

a. Addition of HX, where X = Br or Cl (Section 8.3) 

‘ : X 

R—C=cH ae R—C=cH, —*. pr—c—cu, —— 
Ether | 

X 
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b. Addition of Xj, where X = Br or Cl (Section 8.3) 

X R’ 
Xs Aa ti Rete es isto C 6 CR—CX,—CX,—_R’ 

CCl, fi \ CCl, 

R X 

c. Mercuric sulfate-catalyzed hydration (Section 8.4) 

R—C=CH  _H:80«H20 

| OH 

HgSO, 

| | 
R—C=CH, — > R—C—CH, 

A methyl] ketone 

d. Hydroboration—oxidation (Section 8.5) 

isiam: rane | RCC =H R— CH. C—H 
2. H,02., NaOH 

e. Reduction (Section 8.6) 

(1) Catalytic hydrogenation 

R=C=C— Rees R—CH,CH,R 

H H 
H ye 

R=¢=C—R 2 C=C 
Lindlar N 

catalyst R R 

A cis alkene 

(2) Lithium/ammonia 

H B 
: x 

R=c=c—Ro oO, cane 

R H 

A trans alkene 

f. Acidity: Conversion into acetylide anions (Section 8.7) 

R—C=C—H ee R=C=C: Nats Ni. 
3 

g. Acetylide ion alkylation (Section 8.8) 

H—C=C: + RCH,Br —“ R—CH,—C=CH +:Brt 

R—C=C: + R’—CHBr  R-C=C—CH,R’ + : Bri 
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h. Oxidative cleavage (Section 8.9) 

R200 hi oS RCOOH + R'COOH 
3 

2. Preparation of alkynes 

a. Acetylide ion alkylation (Section 8.8) 

R—C=C: + R'CH,Br “=; R—C=C—CH,R’ + :Brt 

b. Dehydrohalogenation of vicinal dihalides (Section 8.10) 

R—CHBrcHBr-=R’ 22 OC ek RCC RO ker 
or NaNH2, NH3 

i 

R—C=CHR’ CH Eien’, R—C=C—R’ + H,O + KBr 
or NaNH2, NH; 

ADDITIONAL PROBLEMS 

8.15 Provide proper IUPAC names for these compounds: 

(a) CH;CH,C=CC(CHs3)z3 (b) CH;C=CCH,C=CCH,CH3 

(c) CH;CH=C(CH3)C=CCH(CHs3)2 (d) HC=CC(CH3)2CH,C=CH 

(e) HAC—=CHCH=CHC=CH 

(f) CH3sCH,CH(CH,CH3)C=CCH(CH2CH3)CH(CHs3)2 

8.16 Draw structures corresponding to these names: 
(a) 3,3-Dimethy]-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-1-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 

8.17 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 

8.18 These two hydrocarbons have been isolated from various plants in the sunflower 
family. Name them according to IUPAC rules. 

(a) CH;3CH=CHC=CC=CCH=CHCH=CHCH=CH, (all trans) 

(b) CH;C=CC=CC=CC=CC=CCH=CH, 

8.19 Predict the products of these reactions: 
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A hydrocarbon of unknown structure has the formula C,H, 9. On catalytic hydro- genation over the Lindlar catalyst, 1 equiv of Hz is absorbed. On hydrogenation over a palladium catalyst, however, 3 equiv of Hp 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) 1 equiv HBr (b) 1 equiv Cl, 
(c) Hp, Lindlar catalyst (d) NaNH, in NH3, then CH;Br 
(e) H,0, H,SO,, HgSO, (f) 2 equiv HCl 
Predict the products from reaction of 5-decyne with these reagents: 
(a) Hg, Lindlar catalyst (b) Li in NHs 
(c) 1 equiv Br, (d) BH; in THF, then H,O, 
(e) H,O, H,SO,4, HgSO, (f) Excess Hz, Pd/C catalyst 
Predict the products from reaction of 2-hexyne with these reagents: 
(a) 2 equiv Br, (b) 1 equiv HBr 
(c) Excess HBr (d) Li in NH, 
(e) H,O, H,SO,, HgSO, 

Acetonitrile, CH3CN, 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 —> CH,CH,CCH, 
(b) CHsCH,C=CH —> CH,CH,CH,CHO 

C=CH C=C—CH; 

©) Cr used 

-H 

C=CCHs | eu 
(d) mee 

CH; 

) 

(e) CH3CH,C=CH —~> CH;CH,COOH 

(f) CH,CH,CH,CH,CH=CH, 7“, 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 some of the reactions learned earlier in the proper sequence. 
How would you carry out these reactions? 

42 : 
(a) trans-5-Decene ——  cis-5-Decene 

(b) cis-5-Decene eee trans-5-Decene 
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Propose structures for hydrocarbons that give the following products on oxidative 

cleavage by KMnQ, or Os. 

(a) CO, + CH3(CH2)s;COOH 

COOH 
(b) CH;COOH + Cr 

(c) HOOC(CH2)s,COOH 

O 

(d) CH;CHO + PEieGEECHacoor: + CO, 

O 

(e) BHOCHIEHIeERCRICObOH + 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 
H CH,CH, 

(b) (CH;),CHCH,C=CH —> pia 
(CH,),CHCH, \y 

How would you carry out the following transformation? More than one step is 

required. 

HO Al 

9 a cK 
CH3;CH,CH,CH,C=CH ——> H7 SH 

CH;CH,CH.CH, CH3 

How would you carry out the following conversion? More than one step is needed. 

H 
‘ 
C=CH, 

cae 
Predict the products of these reactions: 

1. H—B[CH(CH;)CH(CHs)olo, THF 
(a) CH3(CH2),C=CH > H,0, OH 

Fe ' Br 

| 
C=CH CCH 

(b) CY ? 1. NaNHg, NH; (c) ei, ) Seer ee 

2. H30+* Br 2. H30* 
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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 ner ced. 
(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) CH;CH,C=CCH,CH; 

| (c) (CH3)pCHCH,CH=CH, (d) CH;CH,CH,CCH,CH,CH,CH; 

(e) CH;CH,CH,CH,CH,CHO 

How would you carry out these reactions to introduce deuterium into organic 
molecules? 

D D 

(a) CH;CH,C=CCH,CH; ——> ome 

CoH; \ Os 

D CoH; 

(b) CH;CH,C=CCH,CH; —> C=C 

| cn, 
(c) CH;CH,CH»C=CH —~> CH;CH,CH,C=CD 

C=CH CD=CD, oy — CF 
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 ae C a C — CR, 

A cumulene 

Although it is geometrically impossible for a triple bond to exist in a small ring, 
cycloalkynes with large rings 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, )7CH = CH(CHg2),2CH3 

Muscalure 

Compound A, with formula CgHj., absorbed 3 equiv of hydrogen on catalytic reduc- 
tion over a palladium catalyst to give compound B, with formula CyH,,. On ozo- 
nolysis, compound A gave, among other things, a ketone that was identified as 
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cyclohexanone. On treatment with NaNH, in NHs, followed by addition of iodo- 
methane, compound A gave a new hydrocarbon, C, with formula Cj9H,4. What are 
the structures of A, B, and C? 

Hydrocarbon A has the formula C,,Hg. It absorbs 8 equiv 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. Formulate 
these reactions and propose a structure for A. 

Organometallic reagents such as sodium acetylide undergo an addition reaction with 
ketones, giving alcohols: 

i , 1. Nat :C=CH | , 
— —_— — — 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;gH:g02, is an interesting acetylenic fatty acid that turns a 
vivid red on exposure to light. On catalytic hydrogenation over a palladium catalyst, 
5 equiv of hydrogen are absorbed, and stearic acid, CH3(CH,),,COOH, is produced. 
Ozonolysis of erythrogenic acid gives four products, which can be identified as follows: 
formaldehyde, CH,0; oxalic acid, HOOC—COOH,; azelaic acid, HOOC(CH,),COOH; 
and the aldehyde acid OHC(CH2),COOH. With this information, draw two possible 
structures for erythrogenic acid. Suggest a way to tell them apart by carrying out 
some simple reactions. 
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Stereochemistry 

A. 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 chemistry as a direct 
consequence of the tetrahedral stereochemistry of sp*-hybridized carbon. 
Let’s see how handedness in organic molecules arises. 

9.1 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 phy- 
sicist, was investigating the nature of plane-polarized light. Now, a beam 
of 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 

1Jean Baptiste Biot (1774-1862); b. Paris, physicist, Collége de France. 
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the name plane-polarized light. The polarization process is represented in 

Figure 9.1. 

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 

Figure 9.1 Plane-polarized light 

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 
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 9.2. A solution of opti- 
cally active organic molecules is first placed in a sample tube; plane-polar- 
ized 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. 
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| Observer 
| 

Polarizer Ss. Anal | ample tube SINAN 
containing 

organic 

molecules 

Figure 9.2 Schematic representation of a polarimeter 

In addition to determining the extent of rotation, we can also find out 
its direction. 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. 

9.2 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. Thus, the exact 
amount of rotation observed is dependent both on sample concentration and 
on 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 is dependent 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 nanometers (1 nm = 10~? 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 wavelength, the so-called sodium D line, is the 

yellow light emitted from common sodium lamps.) 

Observed rotation, a 

lalp = Path length, / (dm) < Concentration of sample, C (g/mL) 

Qa 

LSE 
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When optical rotation data are expressed in this standard way, the 
specific rotation, [a]p, is a physical constant that is characteristic of each 
optically active compound. Some examples are listed in Table 9.1. 

Table 9.1 Specific rotations of some organic molecules 

lalp (degrees) Compound lalp (degrees) Compound 

Camphor +44,26 Penicillin V EZ2O 

Morphine —132 Monosodium glutamate +25.5 

Sucrose +66.47 Benzene 0 

Acetic acid > Cholesterol 

OO eee eo oe eH eee Oe eee EEE EEE EEE EHO EH EHH HHH HEHEHE EEE RHEE EE HEHEHE EEE OEE HEED EEE EEE EHO HERE 

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?] 

Pewee were eee er eee rere reee esses eee eee rese eee eee eee HEHEHE EEO OOH EEE EEE EE HEHE EEO EEE EOS 

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. 

9.3 Pasteur’s Discovery of Enantiomers 

After Biot’s discovery of optical activity in 1815, little was done until Louis 
Pasteur” entered the picture in 1849. Pasteur, who received his formal 
training in chemistry, had become interested in the subject of crystallog- 
raphy. 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 
solution of sodium ammonium tartrate below 28°C, two distinct kinds of 
crystals precipitated. Furthermore, the two kinds of crystals were nonsu- 
perimposable mirror images of each other. That is, the crystals were not 
symmetrical, but were related to each other in exactly 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 9.3. 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. 

“Louis 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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(a) (b) Sodium ammonium tartrate 

Figure 9.3 Crystals of sodium ammonium tartrate: One of the crystals is “right- 
handed” and one is “left-handed.” The drawings are taken from Pasteur’s original 
sketches. 

Pasteur was far ahead of his time. Although the structural theory of 
Kekulé had not yet been proposed, in explaining his results Pasteur spoke 
of the molecules themselves, saying: “It cannot be a subject of doubt that [in 
the dextro tartaric acid] there exists an asymmetric arrangement having a 
nonsuperimposable image. It is no less certain that the atoms of the levo 
acid possess precisely the inverse asymmetric arrangement.” Pasteur’s 
vision was extraordinary, for it was not until 25 years later that the theories 
of van’t Hoff and Le Bel confirmed his ideas regarding the asymmetric carbon 

atom. 
Today, we would describe Pasteur’s work by saying that he had discov- 

ered the phenomenon of optical isomerism, or enantiomerism. Enan- 
tiomers (pronounced e-nan-tee-o-mers; from the Greek enantio, “opposite”) 
are molecules that are mirror images of each other. The two “right-handed” 
and “left-handed” tartaric 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 spectroscopic properties. They are, however, related to each 

other as a right hand is to a left hand. Let’s look further into the phenomenon 

of enantiomerism to see how it relates to the tetrahedral geometry of carbon. 

9.4 Enantiomers and the Tetrahedral Carbon 

By 1874 a sufficient number of pieces were available to complete the puzzle 

of stereochemistry, but they had not yet been assembled into a coherent 

picture. Let’s see what facts were known: 

1. Kekulé’s structural theory indicated that carbon was always 

tetravalent. 

2. Only one isomer of the general formula CH3X was known to be 

possible. 
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3. Only one isomer of the general formula CH2XY was known to be 

possible. 

4. Two isomers of the general formula CHXYZ were known to be 
possible. Pasteur’s (+)- and (—)-tartaric acids were the first exam- 
ples, but by 1874 twelve other pairs of enantiomers had been found, 
including (+)-lactic acid from muscle tissue and (—)-lactic acid from 

sour milk. 

Molecules of general formula CHXYZ: 

H H H 

Na’ -OOCCH(OH) 6 c00- *NH, H,C » F cooH 224; 

bu bn -y 
Sodium ammonium tartrate Lactic acid 

Starting with these four facts, Jacobus van’t Hoff (Section 1.4) reasoned 
in the following way: 

1. The fact that there is only one isomer for formula CH3X indicates 
that all four valences on carbon are identical. There is only one 
known CH3— Cl, one known CH3— OH, one known CH3— COOH, 
and so on. If we imagine these molecules to be derived from methane 
by the replacement of one hydrogen atom with an X group, it doesn’t 
matter which of the four methane hydrogens we replace. Replace- 
ment of any one of the four leads to the same CH3— X product, 
because all four hydrogens of methane are equivalent. 

What does the equivalence of methane hydrogens imply about 
the geometry of organic compounds? Van’t Hoff reasoned that there 
were only three geometries in which all methane hydrogens could 
be equivalent—planar geometry, pyramidal geometry, and tetra- 
hedral geometry. (You can convince yourself of the correctness of 
van’t Hoff’s reasoning by building molecular models; Figure 9.4 
will help.) 

i : Wie SESSA ioe | 

Planar Pyramidal Tetrahedral 

Figure 9.4 Three possible geometries of methane in which all four hydrogens are 
"equivalent 
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2. The fact that there is only one known isomer of formula CHyXY 
indicates that the planar and pyramidal geometries are not cor- 
rect. Methane must therefore be tetrahedral. There is only one 
known CH3;—CH2—COOH, one known CH;—CH,—Br, one 
known CH3;CH,—CH,— OH, and so on. If we imagine deriving 
these molecules by replacement of two hydrogens from planar meth- 
ane or pyramidal methane, two isomers of each would be possible, 
as Figure 9.5 shows. 

ee. 

Oe » Trans 
ete Ny 

ae ating i 

Figure 9.5 Hypothetical cis—trans isomers of CH2XY that would result if methane 

were planar or pyramidal 

Only tetrahedral methane allows for just one CH2XY isomer. We there- 

fore conclude with van’t Hoff that carbon has tetrahedral geometry. Again, 

you can convince yourself that this reasoning is sound by studying molecular 

models (Figure 9.6, page 264). 
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Rotate 180° 

Figure 9.6 The tetrahedral geometry of carbon: Only one molecule of general 
formula CH,XY is possible for tetrahedral carbon. 

The logic that led van’t Hoff to postulate the tetrahedral carbon is a 
remarkable piece of reasoning, but is still unsatisfying because its premises 
rest on negative evidence—the lack of.a certain observation. Just because 
no one has yet observed two isomers with formula CH,XY doesn’t mean 
that at some future time two-isomers with that formula won’t be found. 
Some form of positive evidence for the tetrahedral geometry of carbon—the 
positive observation of a predicted result—would be much more convincing. 
Fortunately, Pasteur’s discovery of optical isomerism provides exactly this 
positive evidence. The tetrahedral geometry of carbon predicts the existence 
of two enantiomers of formula CHXYZ. 

Look at the CH3X, CH2XY, and CHX YZ molecules shown in Figure 9.7 
to see why tetrahedral geometry predicts the existence of mirror-image 
enantiomers for CHXYZ molecules. On the left of Figure 9.7 are three 
molecules; on the right are their images reflected in a mirror. The CH3X 
and CH2XY molecules are identical with their mirror images. If we were 
to make molecular models of each molecule and of its mirror image, we 
would find that we could superimpose one on top of the other. 

The CHXYZ molecule, by contrast, is not identical with its mirror 

image. Try as we might, we can’t superimpose a model of the molecule on 
top of a model of its mirror image for the same reason that we can’t super- 
impose a left hand on a right hand. We might get two of the substituents 
superimposed, X and Y for example, but H and Z would be reversed. If the 
H and Z substituents were superimposed, X and Y would be reversed. Tetra- 
hedral geometry predicts that a CHXYZ molecule can exist as a pair of 
enantiomers. Whenever a tetrahedral carbon is bonded to any four different 
substituents (one need not be H), optical activity can result. 

To take an example of a molecule that is not identical with its mirror 
image, lactic acid, CH;CH(OH)COOH, exists as a pair of enantiomers 
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CGH, XY 

Left hand Right hand 

Figure 9.7 Tetrahedral carbon atoms and their mirror images: Molecules of the type CH3X 

and CH>XY are identical to 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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because there are four different groups (-H, —OH, —CH3, —COOH) 

attached to the central carbon atom: 

Mirror 

H ! H 
| 

, Cae 
Fag) ! ee 
HeG COOH H¢ C J CHs 

(+)-Lactic acid (—)-Lactic acid 

[a]p = +3.82° la]lp = —3.82° 

No matter how hard we try, we 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 9.8 shows. If any two groups, say —H and —COOH, 

match up, the remaining two groups do not match. 

He eeeccvccccccccsccevccccrversces H H m———__ Mismatch ————> COOH 

Mismatch _ Mismatch 

eS peat = se 

ie. Cie SS HO-“er ce Aa Roe eee aan ) 
COOH ceccceeeeccess Ff secceeeee COOH OOH H 

CH3 7) ee HO CHa terres tenets eetecceseccsccoes CH3 

(+) Mismatch ©) 

(a) (b) 

Figure 9.8 Attempts at superimposing (+)-lactic acid and (—)-lactic acid to see if they are 
identical: (a) When —H and —COOH match up, —OH and —CHsg3 don’t match. (b) When 
—QOH and —CH3 match up, —H and —COOH don’t match. 

9.5 The Reason for Handedness in Molecules: Chirality 

Why are some molecules handed but others aren’t? How can we predict 
whether a certain compound is or is not optically active? A compound is 
optically active if it is not superimposable on its mirror image. Such com- 
pounds are said to be chiral (pronounced ky-ral, from the Greek cheir, 
“hand”). We can’t take a chiral molecule and its mirror image (enantiomer) 
and place them on top of each other so that all atoms coincide. 

A compound cannot be chiral if it contains a plane of symmetry. A plane 
of symmetry 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, an object like a flask has a plane of symmetry; if 
a plane were to cut the flask in half, one half would be an exact mirror 
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image of the other half. An object like a hand, however, has no plane of 
symmetry. One “half” of a hand is not a mirror image of the other half 
(Figure 9.9). 

(a) (b) 

Figure 9.9 The meaning of “symmetry plane”: An object like a 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” 

Molecules that have planes of symmetry must be superimposable on 

their mirror images and hence must be nonchiral or achiral (pronounced 

a-ky-ral). Thus, hydroxyacetic acid contains a plane of symmetry and is 

achiral, whereas lactic acid (2-hydroxypropanoic acid) has no plane of sym- 

metry and is chiral (Figure 9.10, page 268). 

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 carbons are referred 

to as chiral centers. Detecting chiral centers in complex molecules is some- 

times tricky because it’s not always immediately apparent that four different 

groups are bonded to a given carbon. The differences don’t necessarily appear 

right next to the chiral center. For example, 5-bromodecane is a chiral 

molecule because four different groups are bonded to C5, the chiral center 

(marked by an asterisk): 

Br Substituents on carbon 5 

| 
CH,CH,CH,CH,CH,CCH,CH,CH,CHs att 

i —Br 

j —CH,CH,CH,CH3 (butyl) 

5-Bromodecane (chiral) _CH,CH,CH,CH,CH, ners 
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Symmetry plane NO symmetry plane 

HO—CH,COOH CH;CH(OH)COOH 
Hydroxyacetic acid Lactic acid 

(achiral) F (chiral) . 

Figure 9.10 The achiral hydroxyacetic acid molecule versus the chiral lactic acid molecule: 

Hydroxyacetic 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. 

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 chiral 

center, but there is still a difference. 
As other examples, look at methylcyclohexane and 2-methylcyclohex- 

anone. Are either of these molecules chiral? 

H CH; O 

‘A Q 1 CH 6 2 6 Z 2 3 

He ie om Ma 
Hee _CHe ee _ CH 

CHa, CH. 
4 4 

Methylcyclohexane (achiral) 2-Methylcyclohexanone (chiral) 

Methylcyclohexane is achiral because no carbon atom in the molecule 
is bonded to four different groups. We can immediately eliminate all 
—CH,— carbons and the —CHs3 carbon from consideration, but what about 
C1 on the ring? The C1 carbon atom is bonded to a —CHsz 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 
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is to realize that methylcyclohexane has a symmetry plane passing through 
the methy] 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— CH; group, an— H atom, a—COCH— ring bond (C1), 
and a —CH,CH,— ring bond (C3). Several more examples of chiral mol- 
ecules appear in Figure 9.11. Check for yourself that the labeled centers 
are indeed chiral. [Remember: —CH,—, —CH3, and C=C centers can’t be 
chiral, because they have at least two identical bonds.] 

O CH; HAG CH 
CHs 0 x .| CH3 ; 

CH3 * 
2 CH; 

| O 

CH, Muscone (musk oil) Nootkatone (grapefruit oil) 

Carvone (spearmint oil) 

Figure 9.11 . Some chiral molecules: Note that nootkatone has three chiral centers. 

NOEs CP ES Ts PoE cies latignerieie ete: ccsiai elt ieke ies clalc,(peraie ele <0 <4) 0 (aneiip'lsileliéle ave) 6/10) e150 '16, 6, (9ile.le./e.9\ ee 6,161.9 09a ohm) 0114) e \plel@ '0)'e) ¢'16)/0)|8)/e 18) 0/0 (allo 18i(@ 9) 0 0). @ ¥en 8 

9.3. Which of these objects are chiral (handed)? 
(a) A screwdriver (b) A screw (c) A bean stalk 

(d) A shoe (e) A hammer 

PRGREEM ee oe i ences a atareleraaa suclsletistabesiey sissies) 46) 9 elleie © olen «6/6 6'e lero leiele @0ele e1e\els.¢ (ole 014) 9)u 410 6201108 686 8 8 wis) 9 

9.4. Which of these compounds are chiral? Build molecular models if you need help seeing 

spatial relationships. 

(a) H (b) HOCH,CH(NH,)COOH  (c) HO C=CH 

| é 
ose er Serine 

= 1-Ethynylcyclohexanol 
Coniine 

SUELO RL Mcrae aia e rat ato ek ale aye deletes Const) se hoitges irks oh eerie ores afc, oa fe nhe o's) sie keuelo ely ol eibfe) eishe © eisiieye Sie qhalie/e"e/e/ehelaje) ec. 

9.5 Place asterisks at all the chiral centers in these molecules: 

(a) HO CH, (b) HsC\_CHs (c) CH30 

CH; 
H,C 

O 

Cts NCH, 

Menthol Camphor 

Dextromethorphan 

(a cough suppressant) 
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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 chiral center is also necessary. The method used employs the same 

sequence rules that we used in connection with 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 con- 
figuration of a chiral center. You should refer to Section 6.6 for an expla- 

nation of each rule. . 

1. Rank the atoms directly attached to the chiral 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. 

3. Multiple-bonded atoms are considered as an equivalent number of 
singly bonded atoms. For example, a— CHO substituent is equiv- 
alent to meter Oa 

O 

Following these sequence rules, we can assign priorities to the four 
substituent groups attached to a chiral carbon. To describe the stereochem- 
ical configuration around the chiral carbon, we mentally orient 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 9.12). 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 chiral center 
has the R configuration (Latin rectus, “right”). If a curved arrow from the 
highest to second-highest to third-highest priority substituent (1 > 2 > 3) 
is counterclockwise, the chiral 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 as 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 it 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). 
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Priorities 

pie 4—H (Low) 

H—co~ Cs 3 —CH; 
\ 
COOH 1 

(+)-Lactic acid 2 —C— OH 

1—OH (High) 

The next step is to orient 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 counterclockwise (left 
turn of the steering wheel), we assign the S configuration to (+)-lactic acid. 
Applying the same procedure to (—)-lactic acid should (and does) lead to the 
opposite assignment, as shown in Figure 9.12. 

eas 
Observer 

(+)-Lactic acid 

a jek Ge mg 
H.@ H OH 

LA OH Oe: 7 
Ae C ——H cv —____b => 
Ss Observer | 

COOH 
COOH 

(—)-Lactic acid 2 

R configuration (right turn of steering wheel) 

Figure 9.12 Assignment of configuration to (S)-(+)-lactic acid and (R)-(—-)-lactic acid 
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Further examples of how to assign configuration are provided by nat- 

urally occurring (+)-alanine and (—)-glyceraldehyde, which have the S con- 

figurations shown in Figure 9.13. 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 ( aes 

There is no correlation between R,S configuration and direction or magni- 

tude of optical rotation. 

4 
H 

\ 
3 \ 

4:C 2 . aa COOH 

| 2 

/ 

/ 
NH, 

1 

1 

. (S)-Alanine 
[(S)-(+)-2-Aminopropanoic acid] 

[2]p = +8.5° 

(S)-Glyceraldehyde 
{(S)-(—)-2, 3-Dihydroxypropanal] 

[ely =—8.7° 

Figure 9.13 Assignment of configuration to (+)-alanine and (—)-glyceraldehyde: 
Both happen to have the S configuration. 

One further point bears mentioning—the matter of absolute config- 
uration. 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 
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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 our spatial representations of molecules are 
correct. 

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) —CH,CHs, (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— 8 is clockwise (right turn), and then tilt the molecule 
slightly to bring the rear hydrogen into view and end up with a standard tetrahedral 

representation: 

H Cl 

C = C-._ 

l ei 
CH, 3 CH,CH3 

Using molecular models is a great help in working problems of this sort. 
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Assign priorities to these sets of substituents: 
(a) —H, —Br, —CH,CHs, —CH,CH,OH 

(b) —CO.H, —CO,CH;, —CH,OH, —OH 
(c) —CN, —CH,NHbp, —CH,NHCHs3, —NH, 

(d) —Br, —CH,Br, —Cl, —CH,Cl 

eifahatataieiatiess chiara, es) aleliale ‘el: nievie/ie 10\4)160e%e'e\w ra) ele (em (0) 61900) e @..8/ale 0/0 8/:0),6/800 8) lel.01'910)'#' (si e118) \@! O/H) Oeiesm A)18)10\19/0\.0) 0 {gheriel a) eee) a \gie e's e).¢ 

Assign R,S configurations to these molecules: 

\ H Ha «COOH Ha’ @) Br 000 (b) ee () SCS 3 

H CH; CN 

en 

9.7 Diastereomers 

Molecules such as lactic acid, alanine, and glyceraldehyde are relatively 

simple to deal with, since each has only one chiral center and can exist in 

only two enantiomeric configurations. The situation becomes more complex, 

however, for molecules that have more than one chiral center. 

Look at the essential amino acid threonine (2-amino-3-hydroxybutanoic 

acid), for example. Since threonine has two chiral centers (C2 and C3), there 

are four possible stereoisomers, as shown in Figure 9.14. (Check for yourself 

that the R,S configurations are correct as shown.) 
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Mirror Mirror 

aC Soe 

2K, 3S 2S, 3R 

Enantiomers Enantiomers 

Figure 9.14 The four stereoisomers of threonine (2-amino-3-hydroxybutanoic acid) 

A careful look at the four threonine stereoisomers shows that they can 
be classified into two mirror-image pairs of enantiomers. The 2R,3R ste- 
reoisomer 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 con- 
figurations that are not mirror images? What, for example, is the relation- 
ship between the 2R,3R compound and the 2R,3S compound? These two 
compounds are stereoisomers, yet they aren’t superimposable and they 
aren’t enantiomers. To describe such a relationship, 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. 
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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 chiral centers; 
diastereomers must have opposite configurations at some (one or more) chiral 
centers, but the same configurations at other chiral centers. A full descrip- 
tion of the four threonine stereoisomers is given in Table 9.2. 

Table 9.2 Relationships between four 
stereoisomeric threonines 

Stereoisomer Enantiomeric with Diastereomeric with 

2R,3R 25,39 2R,3S and 25,3R 
25,38 2R,3R 2R,3S and 2S,3R 
2R,3S 25,3R 2R,3R and 28,38 
2S8,3R 2R,3S 2R,3R and 2S,3S 

Of the four possible stereoisomers of threonine, only one, the 2S,3R 
isomer, [a]p = —29.3°, occurs naturally in plants and animals. Most bio- 
logically important molecules are chiral, and usually only a single stereo- 
isomer is found in nature. 

wee e meee eee eee teeter eee eres seeeeseesesereeeeseeesneseeesEeeeseseeeseeeeeseneseEEeseeeseeeese 

Assign R,S configurations to these molecules. Which are enantiomers and which 

are diastereomers? 

(a) Br (b) CH; (c) CH; (d) H 
Sci pies saat Bra 4=CHs 

| 
H7- 9 SoH H,C7 ° SH H-°~cH, H,c7 ° OH 

CH; OH OH H 

Pe aiun etter Clay ctah ckenac aie) ditclele (shal eie\alend 6.0050, 400,06. 0\ anes ia ale) #9) 6,086: 8:6(¢j0leleLe"|e.:).91ie)s..6)/€.i6,0. 9 'a.€,6.'0.)9: S118 0/8 e107 ee.8 B.Aei/e eles enc Sisie 4 

Chloramphenicol is a powerful antibiotic isolated in 1949 from the Streptomyces 

venezuelae bacterium. It is active against a broad spectrum of bacterial infections 

and is particularly valuable against typhoid fever. Assign R,S configurations to the 

chiral centers in chloramphenicol. 

NO, 

HOw 44H 

H7 9 ~NHCOCHCI, 
CH,OH 

Chloramphenicol 
[alp = +18.6° 
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9.8 A Brief Review of Isomerism 

We have seen several different kinds of isomers in the past few chapters, 
and it’s probably a good idea at this point to see how they all relate to one 
another. As noted earlier, isomers are compounds that have the same chem- 
ical formula but have different structures. There are two fundamental types 
of isomerism, both of which we’ve now encountered: constitutional isomer- 

ism and stereoisomerism. 
Constitutional isomers (Section 3.3) are compounds that have their 

atoms connected in a different order. Among the different kinds of consti- 
tutional isomers we’ve seen are skeletal, functional, and positional isomers. 

Constitutional isomers (different connections between atoms): 

Skeletal isomers CH3 
(different carbon skeletons) 

Functional-group isomers 

(different functional groups) 

' 

CH,-—_CH,— CH, CH, 

CH; —O—CH, 

| 
CH3;—CH—CHg3 and 

CH;—CHy, —OH and 

Ethyl alcohol Dimethyl] ether 

Positional isomers OH 

(different position of | 
functional group) CH;—CH—CHs and CH3;— CH,—CH,— OH 

2-Propanol 1-Propanol 

Stereoisomers (Section 3.10) are compounds that have their atoms 
connected in the same order but have a different geometry. Among the 
different kinds of stereoisomers we’ve seen are enantiomers, diastereomers, 
and cis—trans isomers (both in alkenes and in cycloalkanes). To be perfectly 
accurate, however, cis—trans isomers are really just a special category of 
diastereomers, since they meet the definition of being non-mirror-image 
stereoisomers. 

Stereoisomers (same connections between atoms, but different geometry): 

Enantiomers COOH HOOC 

(nonsuperimposable | | 
mirror-image H3;C fA Ho CH; 
stereoisomers) Heo H 

(R)-Lactic acid (S)-Lactic acid 

Diastereomers COOH COOH 
(nonsuperimposable, Ha * SN H 
non-mirror-image ay th i ae ae 
stereoisomers) C ‘ 

. Hel OH HOt fie 
Configurational CH, CH 

_ diastereomers : 
2R ,3R-2-Amino-3- 

hydroxybutanoic acid 
2R ,3S-2-Amino-3- 
hydroxybutanoic acid 
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Cis—trans diastereomers H3C H 
(substituents on same ‘ / ; Rie Fe C=C side or opposite side of / 
double bond or ring) H CH; 

trans-2-Butene 

trans-1,3- 

Dimethylcyclopentane 

277 

H3C CH; 

and C=C 

H H 

cis-2-Butene 

d H3C y CH; 
an H’ “H 

cis-1,3- 
Dimethylcyclopentane 

9.9 Meso Compounds 

Let’s look at one more example of a compound with two chiral 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 
stereoisomers: 

Mirror Mirror 

1 COOH 1 COOH 1 COOH 1 COOH 
woo Had! HOs_'} 4H 

3 3 3 3 
Ho? fH Ho OH Hu? 9~oH HOT oH 

4COOH 4COOH 4 COOH 4COOH 

2R,3R 28,3S 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. We can see this readily by rotating 

one structure by 180°: 

1COOH 

Hai OH 

2 | Rotate 

3 180° 

Hoo OH 
4COOH 

2R,3S 

HOs. 
2 

1COOH 

oon 
| 

3 
HOT *H 

4 COOH 

2S,3R 

a 

Identical 

The identity of the 2R,3S and 2S,3F 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 9.15, page 278). 
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COOH 
H | 
Se 

OH 

Symmetry plane 

‘A 
H 

~ 

| 

| 
C 
| 
| OH 
Cc 

2R,3S or 28,3R 

Figure 9.15 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 9.15 must be achiral, despite the fact that it has two chiral centers. 
Compounds that are achiral by virtue of a symmetry plane, yet contain 
chiral centers, are called meso compounds (pronounced me-zo). Thus, tar- 
taric acid exists in three stereoisomeric configurations: two enantiomers and 
one meso form. 

PROBLEM i iefwvejeistelete ole siore' svevalerolal elele. setae lorehatere sesr save lSuata, sValavevate fetene valttaieateterst cin anes eta cater Ia oes eee 

9.10 Which, if any, of these structures represent meso compounds? 

(a) ae (b) 1 OH 

OH --OH 
‘H H 

C 
HsG"=—" "HH 

. Br 

PEI ESTS Mneley ees Be 8 E* Cus ene 16 pehie ney Susi Go)'6''S io Miele faler'e) Eieies oie ‘aps aie 6, a: ele ‘ee sattede, wiole, ei ale tebsiainduuadelsie abet eter ete avatars ar creterev eter ere 

9.11" Which of these substances have a meso form? 
(a) 2,3-Dibromobutane (b) 2,3-Dibromopentane (c) 2,4-Dibromopentane 
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9.10 Molecules with More than Two Chiral Centers 

We have seen how a single chiral center in a molecule gives rise to two 
stereoisomers (one pair of enantiomers), and how two chiral centers in a 
molecule give rise to a maximum of four stereoisomers (two pairs of enan- 
tiomers). In general, a molecule with n chiral centers gives rise to a max- 
imum of 2” stereoisomers (2”~! pairs of enantiomers). For example, 
cholesterol contains eight chiral centers, making possible 28 = 256 stereo- 
isomers (128 enantiomeric pairs), although many would be too highly 
strained to exist. Only one, however, is produced in nature. 

Cholesterol 
(eight chiral centers) 

PROBLEM... cscs cece ccc cee reer een e eee e eee eee e eee e reece eres eee sees essere sesssesesssssseunesees 

9.12 How many chiral centers does morphine have? How many stereoisomers of morphine 

are possible in principle? 

N—CH3 

HO O OH 

Morphine 

9.11 Racemic Mixtures 

To conclude our discussion of stereoisomerism, let’s return to 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 dif- 

ferent chemical compound from the two chiral enantiomers, and can’t inter- 

convert 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 
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(pronounced ray-see-mic) mixture, or racemate, and is often denoted by 

the symbol (+). Racemic mixtures must show zero optical rotation because 

equal amounts of (+) and (—) forms are present, and the rotation from one 

enantiomer exactly cancels the rotation from the other enantiomer. 

Through good fortune, Pasteur was able to resolve (+)-tartaric acid 

into its (-) and (+) enantiomers. Unfortunately, the method he used (frac- 

tional crystallization) does not work for most racemic mixtures, and other 

techniques are required. The method of resolution most often used is dis- 

cussed in Section 25.5. 

ce 

9.12 Physical Properties of Stereoisomers 

We have seen how seemingly simple compounds such as tartaric acid can 

exist in several different stereoisomeric configurations. The question there- 

fore arises whether the different 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 are listed in Table 9.3. As indicated, the (+)- and (—)-tartaric acids 

have identical melting points, solubilities, and densities, as they must since 

they are mirror images. 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 

pure 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. 

Table 9.3 Some properties of the stereoisomers of tartaric acid 

Melting point [alp Density Solubility at 20°C 
Stereoisomer CC) (degrees) (g/cm) (g/100 mL H,O) 

Ge) 168-170 +12 1.7598 139.0 

(=) 168-170 —12 1.7598 139.0 

Meso 146-148 0 1.6660 125.0 

(+) 206 0 1.7880 20.6 

9.13 Fischer Projections 

When learning to visualize chiral molecules, it is 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 
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standard method of representation is needed for depicting the three-dimen- 
sional arrangement of atoms on a flat page. In 1891, Emil Fischer suggested 
a convention based on the projection of a tetrahedral carbon atom onto a 
flat surface. These Fischer projections were soon adopted and are now a 
standard means of depicting stereochemistry at chiral centers. 

A tetrahedral carbon atom is represented in a 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. 
For example, (R)-lactic acid can be drawn as follows: 

Bonds out Bonds 

of page into page 

reals COOH COOH 

Hw ! ,OH 
rom eee - H OH 

H 4 ~CH; 
OH gis CH; 

(R)-Lactic acid Fischer projection 

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 

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 

u—[-on 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. 
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but: 

H OH Not same as 

CH; y OH 

—COOH and —CHs groups go into plane of paper in 
one projection but come out of plane of paper in other 
projection. 

90° 

eae COOH H 

Hse COOH 

2. A Fischer projection can have one group held steady while the other 
three rotate in either a clockwise or counterclockwise direction. For 
example, 

Hold steady 

COOH COOH 
a eS 
H OH same as HO + CH; 

\ dee H 

These are the only kinds of motion allowed. Moving a Fischer projec- 
tion 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 9.16). 

es COOH COOH 

HM 
H OH same as mane 

cu, / CH, 

| Co (R)-Lactic acid 

OH OH 
HOOCG, 1. 3CH 

wooc—}—ch, same as 0 ca ; 

H | H 

(S)-Lactic acid 

e 

Figure 9.16 Rotation of a Fischer projection by 90° inverts its meaning. 
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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 CH.2CHs OH 

H3C —~cn.cn, HoH ncn, 

OH CHs3 CH,CH3; 

A B C 

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: 

Hs OH H 

Hof ——— tL en.cu. —— HC} —cH.CH 

oe mee Noi Sew on 
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 

N 
atom) Bee HEC {3 ae, con 

180° if Rotate other 

CH,CHs OH ae CH2CHs 
wise 

C Not A 

By performing two allowed movements on projection C, we can match up 

the —H and —CH; 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. 

FEL OVE LRT ae oes e oeie clelea toro (ea! e/elaaraiecale.siehsieuaie| eejeyel ele) s\aiexeio eit ci eheke aie (s+ 0)(9-9/0) #¥ers:
eleisie\ei ekeini ghee /eclsi 6(0.8)6)2 s:c'20\ 

9.13 Which of these Fischer projections of lactic acid represent the same enantiomer? 

COOH COOH H CH3 

HoH Hio—}—H Ho CH3 Hoo 

CH3 OH COOH OH 

A B Cc D 
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9.14 Are these pairs of Fischer projections the same, or are they enantiomers? 

CH; H 

(a) an and ono—t—c1 

CHO CH; 

CH,OH CHO 

(b) nt OH and Ho} CH,OH 

CHO H 

9.14 Assigning R,S Configurations to Fischer Projections 

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. 

PRACTICE PROBLEM, .\sycieveee/cie'oieisjsieie\sievelela’sisalole' alsie isle’ efele sietelnis vere lale’a (eral /eleis)arelerelatatele eraale eels eiatalelerntele 

Assign R or S configuration to this Fischer projection of serine, an amino acid: 

COOH 

H,N H 

CH; 

Serine 

Solution First, assign priorities to the four substituents on the chiral carbon. 
According to the sequence rules, the priorities are (1) NH», (2) —COOH, 
(3) —CHs3, and (4) —H. 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 —CHsz group steady while rotating the other 
three groups counterclockwise: 

Rotate 
a 4 
COOH counterclockwise H 

1 ao wea 2 1 
H.N H > HOOC NH» 
Sle 

3 CH; 3 CH; 

nee —CHg steady 
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Going now from first to second to third highest priority requires a counterclockwise 
(left-hand) turn, corresponding to S stereochemistry. 

4 

2 ‘ Sinan 
1000} NH ss Ie, 

3 CH3 3 CHs 

ee cee eeoee eae ee Le eeneiTage neal ae) 80,8 8 1018/6) eae) 65688 16.8) 6:14) ¢ lec aie are: @:0;(0 (6) 816) (ee 088) (a) Ge elie e:/6:,8 aie DR 6b inal e) o16.6 \0u0/ 0) e)p)-6).0r er 8L 861g 616 @ eee) er acs\.8 8! 68 18.0 

Fischer projections can be used to specify more than one chiral center 
in a molecule simply by “stacking” the chiral centers one on top of the other. 
For example, threose, a simple four-carbon sugar, has the 2S,3R config- 
uration: 

1CHO CHO 
HO 9 H aa stp 

H—2+— 0H 
H-° oH 

4CH,OH CH,OH 

Threose [(2S,3R)-2,3,4-Trihydroxybutanal] 

Molecular models are particularly helpful in visualizing these structures. 
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9.15 Assign either R or S configuration to the chiral centers in these molecules: 

COOH CH3 

(a) a CH3 (b) Ho—|—cHACH 

Br H 

H 

(c) Ho—| cH 

CHz3 

Ee 

9.15 Stereochemistry of Reactions: Addition of HBr to Alkenes 
oie ng a I ec gee tere 

Many organic reactions, including some that we have studied, yield products 

with chiral centers. For example, HBr adds to 1-butene to yield 2-bromo- 

butane, a chiral molecule. What predictions can we make about the stereo- 

chemistry of this chiral product? If a single enantiomer is formed, is it R 

or S? If a mixture of enantiomers is formed, how much of each is present? 
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In fact, the 2-bromobutane produced is a racemic mixture of R and S 
enantiomers. 

i 

CH,;CH,CH—CH, —, CH,CH,CHCH; 

1-Butene (+)-2-Bromobutane 

(achiral) (chiral) 

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 
this ion 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 9.17). 

: Bri 

yes Top (S)-2-Bromobutane 

(50%) 

aes 
CH,CH, CH=CH, 22" > 

1-Butene 

Carbocation 

intermediate 
(achiral) : up Bottom afte 

Be CHC 
| 

Br: 

(R)-2-Bromobutane 

(50%) 

Figure 9.17 Stereochemistry of the addition of HBr to 1-butene: The intermediate 
achiral carbocation is attacked equally well from both top and bottom, leading to a 
racemic product mixture. 
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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 9.18. 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. 

P So, ee ; eo TS ‘Br: + ‘Br 
:Br? C 

ot a > (Cae 
\ H yan 

CH3;CH, Che CH;CHy CHs 

S-2-Bromobutane 

On CHICH = c=" 3 2 @ CH: 

1-Methylpropy] cation 

TS2 | 9 tBr: ‘Br 
R-2-Bromobutane 

Figure 9.18 Attack of bromide ion on the 1-methylpropyl 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 Brz to Alkenes 

Addition of Br, to 2-butene leads to the formation of 2,3-dibromobutane and 
the generation of two chiral 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 9.19, page 288), 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 
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H :Brt 

HON of 
Path a / \ u 
a ‘Br : CH, 

: Br! (2S,3S)-Dibromobutane 
He. feet Bry cf 2% 

HC a arCH. HY \H ee teeet cece Mirrors-s- cesses 

cis-2-Butene ees 

(achiral) : Br? Path b : i ; H 
a eee (CH; 

Hf \ 
H3C Br 

Bromonium ion 

ee eae " (2R,3R)-Dibromobutane 

Figure 9.19 Stereochemistry of the addition of Br. to cis-2-butene: A racemic mixture of 2S,3S 
and 2R,3R products is formed. 

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 Br, 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 9.20). 
Attack of bromide ion on the bromonium ion intermediate takes place 
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. 

de eee 
HsCas / 

CH 
Path a m \ 3 

sinha 1 
‘Br (2S,3R)Dibromobutane 

a ate alas: Br. a Ce inaeap) 

H2C H H 4 \ GH bf Ghé 6) eniittesd.& Mirror ===--25-<- 

2-B isi i trans-2-Butene = 

Br: Path b ates ces 

Cc 
1 - 4 \ 

Bromonium ion H;C :Br: 

intermediate (2R,3S)-Dibromobutane 

(meso) 

Figure 9.20 Stereochemistry of the addition of Br, to trans-2-butene: A meso product is formed. ———- —_———— EEE forme. 
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: 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. 
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What is the stereochemistry of the product that results from addition of Br, to 
cyclohexene? Is the product optically active? Explain. 

Sinise chee bene e IM Oh SEAS Gn) Ke te cece, ee. ee. a) ler 8) sala) eMeuel se 18a Mie bie. OUR eee) 8 OSCE e lane: (8e: Bi 466 \0:0) 61.0) biel 6 € a eee aac 86.0: 4.8 we 

Addition of Br, to an unsymmetrical alkene such as cis-2-hexene leads to racemic 
product, even though attack of bromide ion on the intermediate: (unsymmetrical) 
bromonium ion is not equally likely at both ends. Make drawings of the intermediate 
and the products, and explain the observed stereochemical result. 
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Predict the stereochemical outcome of the reaction of Br2 with trans-2-hexene. Show 
your reasoning. 

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 chiral centers and might exist 
in any of four stereoisomeric configurations. 

CH3 Br 

to — + HBr —> CH3CH,CHCH,CHCH; 

H CHg 2-Bromo-4-methylhexane 

R-4-Methyl-1-hexene 

Let’s think about the two chiral 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 chiral center is unaf- 
fected by the reaction, its configuration remains unchanged. Thus, the con- 
figuration of C4 in the product is also R. 

What about the configuration at C2, the newly formed chiral center? 
As illustrated in Figure 9.21, 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 
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two faces is likely, for steric reasons, to be a bit more accessible than the 
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. 

os Top Bottom \, 

CHg CH3 

(2S,4R)-2-Bromo-4-methylhexane (2R,4R)-2-Bromo-4-methylhexane 

Figure 9.21 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 always 
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. 
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What products would be formed and in what amounts from reaction of HBr with 
racemic (+)-4-methy]l-1-hexene? Is the product mixture optically active? 
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What products would be formed and in what amounts from reaction of HBr with 
“4-methylcyclopentene? 
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9.18 Stereoisomerism and Chirality 
in Substituted Cyclohexanes eee eee eer aemmmneinmress Waxes Asie EE SEN AAO Wr lw Co'eiot Ut 

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 chiral centers by virtue of a sym- 
metry 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 
9.22). 

Symmetry plane Symmetry plane 

CH, CH, 

Top view 

CH; CH; 
cH ; 

Chair view ace re CH 

PEGs. HyCy, 

cis-1,4-Dimethylcyclohexane _ trans-1,4-Dimethylcyclohexane 

Diastereomers 

(stereoisomers but not mirror images) 

Figure 9.22 The stereochemical relationships among 1,4-dimethylcyclohexanes: 

Both cis and trans isomers are achiral. 

1,3-DISUBSTITUTED CYCLOHEXANES 

1,3-Disubstituted cyclohexanes have two chiral centers, and a maximum of 

four stereoisomers is therefore possible. cis-1,3-Dimethylcyclohexane, how- 

ever, 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 
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enantiomers. Again, these symmetry properties are evident both from flat 
views and from conformational views (Figure 9.23). 

Mirror 
plane 

CH3 
Symmetry 

plane ~.. 

Top view yO 

H3C Y Pact go 

, CHa Aa S. 
- same as E i 

Chair view Oy, era a 
H3C ad ' re CH, 

Meso cis-1,3-dimethylcyclohexane 

Mirror 

plane 

CH; “si CH; 

we : ee 

H,C cf aa | Nc aa 

Enantiomers 

(+)- and (—)-trans-1,3-Dimethylcyclohexane 

Figure 9.23 The stereochemical relationships among 1,3-dimethylcyclohexanes: 
The cis isomer is a meso compound, and the trans isomer is a pair of enantiomers. ata lg eS a eae ee 

1,2-DISUBSTITUTED CYCLOHEXANES 

1,2-Disubstituted cyclohexanes have two chiral centers, and four stereoiso- 
mers are again possible. The situation here is more complex, however. When 
we considered the stereoisomeric relationships in the 1,3- and 1,4-disubsti- 
tuted cyclohexanes, we were able to look at flat structures to obtain the 
correct answers about stereoisomerism in these compounds. With 1,2-disub- 
stituted cyclohexanes, however, we have to be more careful. 

A top view of trans-1,2-dimethylcyclohexane shows that the molecule 
has no symmetry plane and must therefore exist as a pair of (+) and (—) 

“enantiomers (Figure 9.24). A top view of cis-1,2-dimethylcyclohexane, how- 
ever, shows an apparent symmetry plane and leads to the conclusion that 
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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, and we now predict that cis- 
1,2-dimethylcyclohexane exists as a pair of (+) and (—) enantiomers. 

Mirror 

Not a symmetry plene Not a symmetry 
plane plane 

Top view . “CHg : H.C a 

CH; | CH; 

Cha . Ring-flip 
alr Vlew SS 

CH, : HC 

cis-1,2-Dimethylcyclohexane 

(interconvertible enantiomers) 

Mirror 

plane 

. ‘CH; H.C” 3 

CH; CHs 

yeni aa | Nguoi 
CH, ! CHs 

Enantiomers 
(+)- and (—)-trans-1,2-Dimethylcyclohexane 

Figure 9.24 Stereochemical relationships among the 1,2-dimethylcyclohexanes: 

The cis isomer exists as a pair of enantiomers that are interconvertible by a ring- 

flip. The trans isomer exists as a noninterconvertible pair of enantiomers. 

Although the prediction that cis-1,2-dimethylcyclohexane exists as a 

pair of optically active enantiomers is true in principle, we observe no optical 

activity in practice because the two enantiomers can’t be separated; they 

are interconverted by aring-flip (Section 4.11). (This interconversion is much 

easier to see with molecular models.) 
In general, it is possible to predict the presence or absence of optical 

activity in any substituted cycloalkane merely by looking at flat structures, 

without considering the exact three-dimensional chair conformations. The 

reasons for the lack of optical activity in a given case may be complex, 

however, as the situation present in cis-1,2-dimethylcyclohexane shows. 
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9.21 How many stereoisomers of 1-chloro-3,5-dimethylcyclohexane are there? Draw the 

most stable conformation. 

9.22 How many 1,2-dimethylcyclopentane stereoisomers are there? What are the stereo- 

chemical relationships among them? 

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 chiral centers. Silicon, nitrogen, phosphorus, 
and sulfur are all commonly encountered in organic molecules, and all can 
be chiral 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 ethyl- 
methylamine exist as a pair of enantiomers? 

Mirror 

Noe fe Ne 
AY \ ANH 
H,C CH2CH3 CH3CH2 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 of no great 
importance. 

Mirror 

CH.CH = | a 3 aa S : : & Near bane 

H;C CH3 

Rapid 

9.20 Chirality in Nature 

We saw in Section 9.12 that the different stereoisomeric forms of tartaric 
acid have different physical properties. It is usually the case that stereoiso- 
mers have different chemical and biological properties as well. One partic- 

ularly 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, 
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more properly named 2-amino-3-(3,4-dihydroxyphenyl)propanoic acid, has 
a single chiral center and can thus exist in two stereoisomeric forms. 
Although the dextrorotatory enantiomer, p-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 

hears: otra 
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 only fit into a right glove, so a particular 
stereoisomer can only fit into 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 mol- 
ecule and a chiral biological receptor is shown in Figure 9.25. One enan- 
tiomer fits the receptor perfectly, but the other doesn’t. 

(a) (b) 

Figure 9.25 (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. ieee i(i euneeeee) overnite | Pe eset A 
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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. Enan- 
tiomers 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 
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. 

3 2 2 
H3Ca + COOH HOOC. 2 CH. 

1 

H cu : 

C C 

hid AES 
(S)-(+)-Lactic acid (R)-(—)-Lactic acid 

Some molecules possess more than one chiral center. Enantiomers have 
opposite configuration at all chiral centers, whereas diastereomers have 
the same configuration in at least one center but opposite configurations at 
the others. A compound with n chiral centers can have 2” stereoisomers. 

Meso compounds contain chiral 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. 
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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 chiral center remains. 

ADDITIONAL PROBLEMS 

9.24 

9.25 
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9.29 
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Cholic acid, the major steroid found in bile, was observed to have a specific rotation 
of +2.22° when a 3.0 g 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]p for cholic acid. 

Polarimeters for measuring optical rotation are quite sensitive and can measure 
rotations to 0.001°, an important fact when only small amounts of sample are avail- 
able. 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]p for ecdysone. 

What do these terms mean? 
(a) Chirality (b) Chiral center (c) Optical activity 
(d) Diastereomer (e) Enantiomer (f) Racemate 

Which of these compounds are chiral? Draw them and label the chiral centers. 
(a) 2,4-Dimethylheptane (b) 3-Ethyl-5,5-dimethylheptane 
(c) cis-1,4-Dichlorocyclohexane (d) 4,5-Dimethyl-2,6-octadiyne 

Draw chiral molecules that meet these descriptions: 
(a) A chloroalkane, C;H,,Cl (b) An alcohol, CgH,,0 
(c) An alkene, CgHj2 (d) An alkane, CgHj, 

There are eight alcohols that have the formula C;H,,0. 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 C5H; 02 
(c) A compound with two chiral centers 
(d) A chiral aldehyde having the formula C3H;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 chiral 

centers. Identify them with asterisks. 

H H _ CH; 
OCH,CONHa! jUS 

CH3 
N H 

O COOH 
Penicillin V 

(antibiotic) 

Draw examples of the following: 

(a) A meso compound with the formula CgHj, 

(b) A meso compound with the formula CoH 

(c) A compound with two chiral centers, one R and the other S 
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What is the relationship between the specific rotations of 2R,3R-dichloropentane 
and 2S,3S-dichloropentane? Between 2R,3S-dichloropentane and 2R,3R-dichloro- 

pentane? 

What is the stereochemical configuration of the enantiomer of 2S,4R-dibromooctane? 

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=CH,, —CH(CHs3)o, —C(CHs3)s3, —CH,CH3 

(b) —C=CH, —CH=CH, —C(CH;)s, < \ 

(c) —CO,CHs, —COCHs, —CH,OCHs, —CH,CH; 

(d) —C=N, —CH,Br, —CH,CH,Br, —Br 

Assign R,S configurations to the chiral centers in these molecules: 

(a) H OH (b) ClH (0) H OCH; 
/ 

/ 

HOCH, COOH 

Assign R or S configurations to each chiral center in these molecules: 

(a) OH ! (b) ~ -H CH; 

= cual 
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, 
HSCH2CH(NH2)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 CN 

(a) HsC H and nfo 

CN CH3 

COOH Br 

(b) H CN and H—}-c00H 

Br CN 

CH; OH 

(c) H CH,CH,; and nor, 

OH CH,CH3 
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CH3 COOH 

(d) wows and Hoh 

COOH H 

9.43 Assign R,S configurations to these Fischer projections. 

CN CH=CH, Br 

(a) no (b) ncn (c) =<) 

CH3 CO.H CH2CH3 

9.44 Assign R or S configurations to each chiral center in these molecules: 

(b) a) H 

H3C Br 

ates H,C—|— 0H 
CHs3 H3C H 

OH 

CO2H (d) NHe 

H CO.H 

H OH 

H H 

CH,OH 

9.45 Draw Fischer projections that fit these descriptions: 
(a) The S enantiomer of 2-bromobutane 

(b) The R enantiomer of alanine, CH3;CH(NH2)COOH 

(c) The R enantiomer of 2-hydroxypropanoic acid 

(d) The S enantiomer of 3-methylhexane 

9.46 Assign R or S configurations to each chiral carbon atom in ascorbic acid (vitamin C). 

O 
\ 

| 
even | 

| Oo 
HO—C 

H 

HO H 

CH,0H 

Ascorbic acid 
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Xylose is a common sugar found in many woods (maple, 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 chiral centers in xylose: 

CHO 

H OH 

HO H 

H OH 

CH,0H 

(+)-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 7.7 if necessary.) 

Hydroxylation of trans-2-butene with OsO, also yields 2,3-butanediol. What stereo- 

chemistry do you expect for the product? 

Alkenes undergo reaction with peroxycarboxylic acids (RCO3H) to give three-mem- 
bered-ring cyclic ethers called epoxides. For example, 4-octene reacts with peroxy- 
acids to yield 4,5-epoxyoctane: 

a 
CH,CH,CH,CH=CHCH,CH,CH, —“°.. 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 
chiral centers does it have? How would you describe the product stereochemically? 

Answer Problem 9.50, assuming that the epoxidation reaction was carried out on 
trans-4-octene. 

Write the products of the following reactions and indicate the stereochemistry 
obtained in each instance. 

(a) Bro, HO 

DMSO 

CT (b) —Bre 0Cls 

1. OsO. 
(c) — 

2. 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, C;Hj2, was found to be optically active. On catalytic reduction over 
a palladium catalyst, 2 equiv of hydrogen were absorbed, yielding compound B, 
C7Hj,. On ozonolysis, two fragments were obtained. One fragment was identified as 
acetic acid. The other fragment, compound C, was an optically active carboxylic acid, 

,, CsH1002. Formulate the reactions, and draw structures for compounds A, B, and C. 
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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 compound A with dilute sulfuric acid, dehy- 
dration occurred, and an optically inactive alkene B, with formula 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, 
with formula CgH,O, was shown to be a ketone. How many multiple bonds and/or 
wee does compound A have? Formulate the reactions and identify compounds A, 

, 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 member 
of this class was synthesized in 1979. Construct a model (carefully!) of tetrahedrane. 
Consider a substituted tetrahedrane with four different substituents. Is it chiral? 

Explain your answer. 

( 
( (X) 
| 
C 

ee ila See W a © 

| 
® 

A tetrahedrane 

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) 

Long before optically active allenes were known to exist (Problem 9.59), the reso- 

lution 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 

chiral center. Why is this molecule chiral? What geometric relation does this mol- 

ecule have to allenes? 

COOH 

4-Methylcyclohexylideneacetic acid 
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9.61 (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? 

9.62 Grignard reagents, R—Mg—X, react with aldehydes to yield alcohols. For example, 

the reaction of methylmagnesium bromide with propanal yields 2-butanol: 

1 ie 
CH,;CH,—C—H Sear CHeOHoen aatilis 

Propanal H 

2-Butanol 

(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? 

9.63 Imagine that another Grignard reaction similar to that in Problem 9.62 is carried 

out between methylmagnesium bromide and (R)-2-phenylpropanal to yield 3-phenyl- 

2-butanol: 

H CH 3 
or OH 

SS 

\ 

Dae | Za ee H,MgBr 

H 

(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 ste- 

reochemical relationships, and what are their relative percentages? 



CHAPTER 10 

Alkyl Halides 

L would be difficult to study organic chemistry for long without becoming 
aware of halo-substituted alkanes. For example, alkyl halides such as 
tetrachloromethane, trichloromethane, and 1,1,1-trichloroethane are widely 
used as industrial solvents (although all are known to cause liver damage 
on chronic exposure); freons such as dichlorodifluoromethane (Freon 12) are 
used as refrigerants; and halogenated polymers such as polytetrafluoro- 
ethylene (Teflon) and poly-1,1-dichloroethylene (Saran) are used as plastics. 

F F cw i H Cl H Cl 
ee ae Lea eee 

C=C ae C—C C—C ead asl 

ioe Dea | ee! de 
F F F F/n Ho) Clin H Cl 

Tetrafluoroethylene Teflon Saran 1,1-Dichloroethylene 

Alkyl halides also occur widely in nature, though mostly in marine 

rather than terrestrial organisms. The 1970s and 1980s have seen an explo- 

sive growth in the chemical investigation of marine organisms, and the 

structures of many naturally occurring halogenated molecules have been 

elucidated. Thus, simple halomethanes such as CHCl, CCl4, CBr4, CHgl, 

and CH;Cl are constituents of the Hawaiian alga Asparagopsis taxiformis. 

In addition, many substances isolated from marine organisms exhibit inter- 

esting biological activity. For example, plocamene B, a trichlorocyclohexene 

derivative isolated from the red alga Plocamium violaceum, is similar in 

potency to DDT in showing insecticidal activity against mosquito larvae. 

303 
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CH 

“oer cl 4 Za Cy 

Plocamene B, a trichloride 

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. 

xX 

R—=C Xx oa ce 

| x 
Alkyl halide Aryl halide Vinylic halide 

10.1 Nomenclature of Alkyl Halides 

Alky] halides are named by an extension of the rules of alkane nomenclature 
(Section 3.4). According to IUPAC rules, halogens are considered substit- 
uents on a parent chain in the same sense that alkyl groups are substituents. 
Three rules suffice for naming alkyl] halides: 

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, 
however, the parent chain must contain it.) 

2. Number the parent chain beginning at the end nearer the first 
substituent, regardless of whether it is alkyl or halo. For example, 

Br CH3 

1 3 5| 7 1 3 sl a 
CH, CH. .CH CH, CH, CH, CH CH, 
cf ‘of ~\ 4 7 te Ne ea 

2 4) (He 2) ae ie 

CH, CH, Br CH3 

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, 

] 
2 

or  CHeeCH 
heel AO Nag Le! 
ere fH 

CH; 

1,2-Dichloro-3-methylbutane 
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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, 

1) 0yg tay 4 5 6 
BrCH,CH,CH(Cl)CH(CH;)CH,CH, 

1-Bromo-3-chloro-4-methylhexane 

3. Ifthe 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, 

Br 

6 4 2| 
CH; CH, CH 
a 4 NE Wh AS 
CH {CHa \CHs 
CH, 

2-Bromo-5-methylhexane 

(not 5-Bromo-2-methylhexane) 

_ In addition to their systematic names, a small number of simple alkyl 

halides have alternative common names that are well entrenched in the 
chemical literature and in daily usage. Table 10.1 lists some of these common 
names, but they will not be used in this book. 

Table 10.1 Alternative names of some common alky]! halides 

Structure Systematic name Common name 

CH,l Iodomethane Methyl] iodide 

CH,Cl. Dichloromethane Methylene chloride 

CHCl; Trichloromethane Chloroform 

CH;CH,Br Bromoethane Ethyl bromide 

CH;CHCICH3 2-Chloropropane Isopropyl chloride 

CH;CH,CHBrCH3 2-Bromobutane sec-Butyl bromide 

(CH3)3CCl 2-Chloro-2-methylpropane _tert-Buty] chloride 

- Br Bromocyclohexane Cyclohexyl bromide 

hata: cue hel di eiey ede’ eisdk ish eppheruvass, ipa, ditei0 elaeccel sa 6 eh era lee 84peie, 8) 4), 0.808) 10 -8he) ene! e le, SOeHeeendies® 0/6 4.16 9 0: 0:10/0)0) 8 Sue 8 Sie, 8.90 
eeeee 

Give the IUPAC names of these alkyl] halides: 

(a) CHz;CH,CH,CHgI (b) (CH3),CHCH,CH,Cl 

(c) BrCH,CH,CH,C(CH3),CH2Br (d) (CH3),CCICH,CH,Cl 

(e) CH;CHICH(CH,CH,Cl)CH2CH3 (f) CH;CHBrCH,CH,CHCICH3; 
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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 

10.2 Structure of Alkyl Halides 

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 
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 10.2). Table 10.2 also indicates that C—X bond strengths decrease 
going down the periodic table. 

Table 10.2 Parameters for the C—X bond in 

halomethanes 

Bond strength 

Halomethane Bond length (A) (kcal/mol) (kJ/mol) 

H,C—F 1.39 ae a 
H,C— Cl 1.78 84 351 
H,C— Br 1.93 70 293 
tec 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 (57): 

Nas aon 
Ck 
4 

where X = F, Cl, Br, or I (X is the standard abbreviation for a halogen). 
We can get a rough idea of the amount of bond polarity by measuring 

the dipole moments of the halomethanes. As indicated in Table 10.3, the 

Table 10.3 Dipole moments of 
halomethanes 

Halomethane Dipole moment, js (D) 
CH3F 1.82 

CH3Cl 1.94 

CH3Br 179 

CH3I 1.64 
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identity of the halogen has a rather small effect; all of the halomethanes 
have substantial dipole moments. 

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. 

10.3 Preparation of Akyl Halides 

We have already seen several methods of alkyl halide preparation. For 
example, we’ve seen that both HX and Xz react with alkenes in electrophilic 
addition reactions to yield alkyl halides (Sections 6.9 and 7.1). HCl, HBr, 
and HI react with alkenes by a polar pathway to give the product of Mar- 
kovnikov addition; HBr can also add by a radical pathway to give the non- 
Markovnikov product. Bromine and chlorine yield trans 1,2-dihalogenated 
addition products. 

H CH; 
ea 

XG, radicals a 

X CHs Br CHg H CH3 

X = Clor Br X = Cl, Br, orl 

Another method of alkyl] halide synthesis is the reaction of alkanes with 

chlorine by a radical chain-reaction pathway (Section 5.4). Although inert 

to most reagents, alkanes react readily with chlorine gas (Clg) in the pres- 

ence of light to give chloroalkane substitution products. The reaction occurs 

by the radical mechanism shown in Figure 10.1 on page 308. 

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 repeat- 

ing propagation 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 

occasionally terminated by the combination of two radicals. 

Though interesting from a mechanistic point of view, alkane chlori- 

nation is a poor synthetic method for preparing different chloroalkanes. Let’s 

see why this is so. 
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Overall reaction CH, + Cl, —~> CH;Cl + HCl 
hv 

Initiation step Cl——Cl- aac 

CH,—H + Cl- 

Propagation steps [CHs:] + HCl 
i 1 

or pee aS. Intermediate 

SSEh NR CH3Cl + 
Ci 

Termination steps 2 takes: Garett EN 

Rie ie}s 14S O R= Cl 

Cle Cl a led 

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 Chlorination of Alkanes 

Alkane chlorination 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: 

CH, alr n Cl, a CH, ay CH;Cl al CH.Cl, at CHCl, aly CCl, + nHCl 

The situation is even worse for chlorination of alkanes that have more than 
one kind of hydrogen. For example, chlorination of butane gives two mono- 
chlorinated products in addition to dichlorobutane, trichlorobutane, and so 
on. Thirty percent of the monochloro product is 1-chlorobutane, and 70% is 
2-chlorobutane: Cl 

Dichloro-, 

CH,CH,CH,CH, + Cl, > CH,CH,CH,CH,Cl + CH,CH,CHCH, + [rchlero~ 
tetrachloro-, 

Butane 1-Chlorobutane 2-Chlorobutane and so on 
a 

30:70 

As another example, 2-methylpropane yields 2-chloro-2-methylpropane and 
1-chloro-2-methylpropane in a ratio of 35:65, along with more highly chlo- 
rinated products: 

i ‘oe id Dichloro-, 

CH;—C—H +l, % CH;—C—Cl + CICH,—CH — + ichloro., 
| | | tetrachloro-, 

CH; CH; CH, and so on 

2.Methylpropane 2-Chloro-2-methylpropa:ie 1-Chloro-2-methylpropane 
e-em xq“ 

35:65 
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From these and similar reactions, we can calculate a reactivity order 
toward chlorination for different types of hydrogen atoms in a molecule. 
Take the butane chlorination, for instance. Butane has six equivalent 
primary hydrogens (—CH3) and four equivalent secondary hydrogens 
(—CH2—). 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, whereas the single tertiary hydrogen (R3CH) accounts for 35% 
of the product. Thus, a tertiary hydrogen is evidently 35/7.2 = 5 times as 
reactive as a primary hydrogen. 

R3;CH > R,CH, > RCH3 

50S ae 1.0 
Relative reactivity toward chlorination 

What are the reasons for the observed reactivity order of alkane 
C—H bonds 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 is needed to break 

a primary or secondary C—H bond, the resultant tertiary radical is more 

stable than a primary or secondary radical. 

R3C ee R,CH > RCH, 

Relative stability order of radicals 
3) an 2a cae 

An explanation of the relationship between reactivity and bond strength 

in radical chlorination reactions is similar to that invoked earlier to explain 

why more stable carbocations form faster than less stable ones in alkene 

electrophilic addition reactions (Section 6.12). 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 

exothermic, 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 stablizes a radical intermediate will also 

stabilize the transition state leading to that intermediate (lower its AG?*). 

In other words, a more stable radical should form faster than a less stable 

one. Tertiary radicals are more stable, and tertiary hydrogen atoms are 

therefore more easily removed. 
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R3C a 

RCH, 

Reaction progress 

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. 

PROBLEM... cccccccrsccc ccc sc eve see c rete eee eee eres ees sr sere sessesssesessseeesreessssssnessusssesere 

10.3. Draw and name all monochloro products you would expect to obtain from radical 
chlorination of 2-methylpentane. Which, if any, are chiral? 

PROBLEM... cree ecccsrer sce se rece e ease eee ere reer rere eres essere ers esss esses eHeeeeseeeeseereeesseesere 

10.4 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.) 

10.5 Allylic Bromination of Alkenes 

While repeating some earlier work of Wohl,! Karl Ziegler reported in 1942 
that alkenes react with N-bromosuccinimide (NBS) in the presence of light 
to give products resulting from substitution of hydrogen by bromine at the 
position next to the double bond (the allylic position). Cyclohexene, for exam- 
ple, gives 3-bromocyclohexene in 85% yield: 

O 

HH C- Br. (NBS) 

Allylic vee ym 30) avons, er Ce 
Legare a sini ni: (CCl Gaunt CCl, 

H H 

Cyclohexene 3-Bromocyclohexene 

(85%) 
*  1Alfred Wohl (1863-1933); b. Graudentz; Ph.D., Berlin (Hofmann); professor, University of 

Danzig. 
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This allylic bromination with NBS looks very similar to the alkane 
chlorination reaction: In both cases, a C—H bond on a saturated carbon is 
broken and the hydrogen atom is replaced by halogen. Investigations 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 prod- 
uct-determining step involves abstraction of an allylic hydrogen atom and 
formation of the corresponding radical. Further reaction of this intermediate 
radical then yields the product. 

H H H H Br 

Radical NBS 
— 

Intermediate allylic 

radical 

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). 
ours kcal/mol (allylic) 

H 

H H 

~95 kcal/mol (alkyl) Xi08 kcal/mol (vinylic) 

We can thus expand our stability ordering to include allylic and vinylic 

radicals: 

Stability order 
oficticals Allylic > R3C- > R,CH > RCH, > -CH; > Vinylic 

10.6 Stability of the Allyl Radical: Resonance 

Why are allylic radicals so stable? To get an idea of 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 sym- 

metrical. The p orbital on the central carbon can overlap equally well with 

either of the two neighboring carbons. 
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Figure 10.3 Electronic structure of the allyl radical: 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. 

ic | i 
a pds pe Os 7H 

| | | | 
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 resonance forms is the placement of the bonding electrons. 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 does not 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 just don’t work well for the allyl radical. The diffi- 
culty, 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 really doesn’t help much 

* and will be used infrequently in this book. 
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7 H 
| 

Eee AC Sone fh re Ue 70 eee 

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 can be delocalized, or spread out, over an 

extended pi orbital network rather than concentrated at only one site. 

CH,—=CH—CH, 

| CH3CH»CH» 

. Propyl radical 
CH,—CH=CH, (less stable) 

Allyl 
radical 

(more stable) 

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 unsymmetrical, reac- 

tion at the two ends is not equally likely and the two products are not formed 

in equal amounts. 

Br 

CH,(CH2)4CH,CH= CH; a CH;(CH,),CHCH=CH; 

1-Octene 3-Bromo-1-octene (17%) 

+ CH3(CH2)4CH as CHCH2Br 

1-Bromo-2-octene (83%) 

(53:47, trans:cis) 
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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: 

NBS KOH 

CCl, 

Cyclohexene 3-Bromocyclohexene 1,3-Cyclohexadiene 

PROBLEM... cee ce cece cree ese r cree eee ree seer ese eee e neers ree ee eee eee ee eee een eeeseeseeeeesseeeesssese 

10.5 The major product of the reaction of methylenecyclohexane and N-bromosuccinimide 
is 1-(bromomethyl)cyclohexene. How do you explain this? 

CH, CH,Br 
NBS 

———!> 

oe Erte é i 

Major product 

PROBL E Missa srovaysva cre aroqapercdccens aveleve srelerelierejepatateip ace alete are apace armeiats’ #1 jadetetehctoys eosis  afale a fit st arayareie rex ee tielcie a etter 

10.6 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? (Refer to Table 5.4 for a hint.) 

CH; CH.Br 

NBS 

ii _ ws 

10.7 Drawing and Interpreting Resonance Forms 

Resonance is an extremely useful concept in chemistry, and one that can be 
used to explain a variety of different phenomena. In inorganic chemistry, 
for example, the carbonate ion (CO?) 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: 
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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 implies that benzene has alternating single 
and double bonds, neither form is correct by itself. The true benzene struc- 
ture is a hybrid of the two individual forms: 

1 

Two benzene resonance forms Benzene resonance hybrid 

. / 
Nee ees 

When first dealing with resonance theory, it is often useful to have a 
set of guidelines that describe how to draw and interpret resonance forms. 
The following five rules should prove helpful. 

Rule 1 Resonance forms are imaginary, not real. The real structure 
is a composite or resonance hybrid of the different forms. 
Substances such as the allylic radical, the carbonate ion, and 
benzene 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 is in the way 
these molecules must be represented on paper. Although nor- 
mal line-bond structures are adequate for representing most 
substances, they are inadequate for representing the bonding 
in some other substances. 

Rule 2 Resonance forms differ only in the placement of pi electrons. 
The positions of the atoms do not change 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 positions of the pi electrons differ 

from one form to another: 

an P vies 
C2} SX A ™~ Zao 

ee or oe 2027 :O: : 

Similarly, in benzene the pi electrons in the double bonds move, 
but the carbon atoms remain in place: 

a - 
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Rule 3 

CH;CH,CH == CH, — 

Rule 4 

Rule 5 

By contrast, two structures such as 1,3-cyclohexadiene and 

1,4-cyclohexadiene are not resonance structures because they 

do not have their hydrogen atoms in the same position. Instead, 

the two dienes are simply constitutional isomers. 

H H 
He \ 

Not resonance H _H 

ee forms \ 

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! sub- 

stituent and the other end is unsubstituted. Even though the 

two resonance forms aren’t equivalent, they both still contrib- 

ute to the overall resonance hybrid. 

H H 

peta be, eta 
Honeleut Hvpeull 

In general, 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. 

All resonance forms must obey normal rules of valency. 
Resonance forms are like any other structure—the octet rule 
still holds. For example, one of the following structures for the 
carbonate ion is not a valid resonance form because the carbon 
atom has five bonds and ten electrons: 

: 1 : : 1 : 

10 electrons here 

ee BCesihe 
~?0% 20:7 [Ose Oss 

Carbonate ion Not a resonance form 

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. 
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ee ee Ce eC ee ey 

Draw as many resonance structures as you can for these species: 

Oe 

? +4 Sea rss 
(a) Nitromethane, Stee (b) Ozone, :O=O—O:- 

70:7 

(c) Diazomethane, H>C=N=N: (@) H.>C=CH—CH=CH—CH, 

ee eeene POR R eee TESTE EEE HEHE EEE HERE EERE EERE EEE EEE SEE TEE E HERE EHH OEE HHO HEE HERE 

Spectroscopic measurements indicate that the two oxygen atoms of sodium acetate 

are equivalent. Both C—O bonds have the same length (1.26 A). Explain. 

7 

H,C—C—O:- Nat 

Sodium acetate 

Shee eee sere ress eeereeeeeeeeee eH ee eee ee Eee EE HEHE FEET HEE EHH SETHE HEE TERE TEETH HH HEHEHE HOH OEE 

In light of your answer to Problem 10.8, which would you expect to be more stable, 

acetate ion or methoxide ion, H;C—O:~? Which would you expect to be a stronger 
acid, CH;COOH or CH;0H? 

10.8 Preparing Alkyl Halides from Alcohols 

The most valuable method for the preparation of alky] 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: 

R—OH + H—x —— R—xX + H,0 (xe —s ClaBreon)) 

For reasons to be discussed later (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 reac- 

tion temperatures. Although this is not a problem in simple cases, more 

complicated molecules are sometimes acid-sensitive and might be destroyed 

by the reaction conditions. 

Reactivity order R;COH > R,CHOH > RCH,0H > CH;0H 

of alcohols 3° = 9° 3 1° SS eMcErarol 
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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 Hae cl 

HC] (gas) 

Ether, 0°C ui H20 

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 (SOC12) or phosphorus 

tribromide (PBrs). 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. 

OH "i 

| 
3 CH,CH,CHCH, ——“2—> 3CH,CH,CHCH; + P(OH)s 

Ether, 35°C 

2-Butanol 2-Bromobutane 

(86%) 

gs + SO, + HCl 
Pyridine 

O O 

Benzoin Desyl chloride (86%) 

As the above examples indicate, the yields of these PBr3 and SOC, 
reactions are generally high. Other functional groups such as ethers, car- 
bonyls, and aromatic rings do not usually interfere. We’ll look at the general 
mechanisms by which these substitution reactions take place in the next 
chapter. 

SOO e HHH EH e ee De ee oe Hoe EE Eee HEHE HEHEHE EEE HEHEHE TEETH EE EE OEE EEE HEHE EEE EET E TEED EEE HEHE EEE ESD 

10.10 How would you prepare these alkyl halides from the appropriate alcohols? 
(a) 2-Chloro-2-methylpropane (b) 2-Bromo-4-methylpentane 

(c) BrCH,CH,CH,CH,CH(CH3). (d) CH3CH,CH(CH3)CH,CC1(CH3). 

10.9 Reactions of Alkyl Halides: Grignard Reagent Formation 

Organic halides of widely varying structure—alky]l, aryl, and vinylic—react 
* with magnesium metal in ether or tetrahydrofuran (THF) solvent to yield 
organomagnesium halides. These products, named Grignard reagents 
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after their discoverer, Victor Grignard,” are examples of organometallic 
compounds, since they contain a carbon—metal bond. 

Re Mpat- Sy Re IMgs-& 
or THF 

where R 

X 

1°, 2°, or 3° alkyl, aryl, or vinylic 

Cl, Br, or I 

For example, 

MgBr 

G2 
Phenylmagnesium bromide 

Mg (CH3)3CCl (CH3)3C— MgCl 

t-Butylmagnesium chloride 

All manner of organohalides form Grignard reagents. Steric hindrance 
in the halide doesn’t appear to be a factor in the formation of Grignard 
reagents, since alky] halides of all description, 1°, 2°, and 3°, react with ease. 
Aryl and vinylic halides also react, although it’s best to use tetrahydrofuran 
as solvent for these cases. The halogen may be Cl, Br, or I, although chlorides 
are somewhat less reactive than bromides and iodides. Ousem ore. 
rarely react with magnesium. 

CH; CH, 
Mg 

= Je THF ec 
H.C a Br H.C MgBr 

2-Bromopropene Isopropenylmagnesium 
bromide 

As you might expect from the previous discussion of electronegativity 

and bond polarity (Section 5.5), the carbon—magnesium bond is highly 

polarized, 
Ne” OE 

_-~C— MgBr 
4 

making the carbon atom both nucleophilic and basic. 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 accurate, however, to 

view Grignard reagents as containing a highly polar covalent C—Mg bond, 

rather than an ionic bond between C~ and Mg”. 

2Francois Auguste Victor Grignard (1871-1935); b. Cherbourg, France; professor, University 

of Nancy, Lyons; Nobel prize (1912). 



320 CHAPTER 10 ALKYL HALIDES 

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 H2O, ROH, 

RCOOH, or RNHgz 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—Me—X -2&2 R-—H + HOMgX 

Alkyl Grignard Alkane 

halide reagent 

For example, 

CH;(CH,)sCH,Br ae CH,(CH,)sCHs 

1-Bromodecane Decane (85%) 

PROBLEM so <:cite oe) sie ve/viele vcarv cuowapanelelcole eine feteheterelvh die 6 6 igale ele oie) silelei esl elles o. si/eite/le in)'s,.6'/e\laliei(¥iie) e),0) ¥i,0),0 191s) 8).s)\a) sien anes [o/e)(6 ene Tuneneneue 

10.11 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;MgBr + H—C=C—H —> CH, + H—C=C—MgBr 

(b) CH;3MgBr + NH; —~> CH, + H,N—MgBr 

PROBE EM 6 o:sue 0.0) 010 40: 60 eye s6 viele vpaie opers, tip coyeie 6-0. 6. 6 0) 0, 018) /0 0fu) 6 du.<6 eTRMuiG ee 006 0¢ e616 0.leve)'e) 6 oR) uielelvalleneleéeis) «7a ised ele) alee) eiene 

10.12 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 

| 2 | 
CH;CHCH,CH; —> CH;CHCH,CH; 

PROBLB Misiciere 6 oie oe 0 0) vie e eis so 6 © 8 acie ss) 6s 80s elsle 6.00/60 0010 clerere eee © oss sie 8 69) 6) 0) 4 nb 6 0018 Gilele eislisis vie a's) e 6) sieiene esi 

10.13 Why do you suppose it is not possible to prepare a Grignard reagent from a bromo 
alcohol such as 4-bromo-1-pentanol? 

Br Mg MgBr 
| 

CH3;CHCH,CH,CH,0OH -—<> CH3;CHCH,CH,CH,OH 

Give another example of a molecule that is unlikely to form a Grignard reagent. 

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: 
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: o 6° 

CH3CH,CH.CH.Br aa CH3CH,CH,CH,Li + LiBr 

1-Bromobutane Butyllithium 

Alkyllithiums are both nucleophiles and bases, and their chemistry is sim- 
ilar 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. 

GHB wad ilk on  CHalincealiBr 

Bromomethane Methyllithium 

Ether 
——— 2CH,Li + Cul (CHg),Cu7Lit + Lil 

Methyllithium Lithium dimethylcopper 
(a Gilman reagent) 

Gilman reagents are easily prepared by reaction of an alkyllithium 
with cuprous iodide in ether solvent. Though rather unstable, they have the 
remarkable ability of undergoing organometallic coupling reactions 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 di- 
methylcopper, for example, reacts with 1-iododecane to give undecane in 

90% yield: 

Ether 
(CH3)oCuLi F CH3(CH2)gCHel CH3(CH2)sCH2CHs + Lil + CH3Cu 

Lithium dimethylcopper 1-Iododecane Undecane (90%) 

This organometallic coupling reaction is highly versatile and is of great 
use in organic synthesis. As the following examples indicate, the coupling 
reaction can be carried out on ary! and vinylic halides as well as on alkyl 

halides. 

pane H n-C7Hi5 H 

ee + (n-C,H»)gCuLi ——> ae + n-C,H Cu + Lil 

H I H C4Ho»-n 

trans-1-Iodo-1-nonene trans-5-Tridecene (71%) 

I CHs 
ee +. (CH3),CuLi ——> + CH3;Cu + Lil 

Iodobenzene Toluene (91%) 

3Henry Gilman (1893-1986); b. Boston; Ph.D. (1918) Harvard (Kohler); professor, Iowa State 

University (1923-1986). 
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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. 

n-CgH7 (CHz)7CH2Br Prats Ci3He7-n 

i 
oe + (n-CsH,,)>Culi — > C=C 

7, \ i 
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 are probably involved. This coupling is not a 

typical nucleophilic substitution reaction of the sort considered in the next 

chapter. 

Cee meee nee e terre ee rere eee ee eee rere ese eseseneseseseEEeEeeHeseDesHeoeeenEeEeseeeseeeeeeseses 

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 

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 chlorination of alkanes, but 
this method is of little general value since mixtures of products always 
result. The reactivity order of alkanes toward chlorination 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 add HX, and 
they react with NBS to give the product of allylic bromination. The NBS 
bromination of alkenes is a complex radical 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, <-> H,C—CH=CH, 
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Alcohols react with HX to form alkyl halides, but this works well only 
for tertiary alcohols, R3;COH. Primary and secondary alkyl halides are nor- 
mally prepared from alcohols using either SOCl, or PBrs. Alkyl halides 
react with magnesium in ether solution to form organomagnesium halides— 
Grignard reagents. 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 (R—X — R—MgX — R—H). 

Alkyl halides also react with lithium metal to form organolithiums. 
In the presence of Cul, these form diorganocoppers, or Gilman reagents. 
Gilman reagents react with alky] halides by a radical process to yield coupled 
hydrocarbon products. 

10.12 Summary of Reactions 

1. Preparation of alkyl halides 

a. From alkenes by allylic bromination (Section 10.5) 

| a 
—C—C—Ce +S 8 oc =Cc— Ce 

| CCl, | 

b. From alkenes by addition of HBr and HCl (Sections 6.9 and 6.10) 

\ 7 
C=C + HBr — —C—C— 

/ i el 

c. From alcohols 

(1) Treatment with HX, where X = Cl, Br, or I (Section 10.8) 

as 
HX 

Po Biher Bae 

Reactivity order: 3° > 2° > 1° 

(2) Treatment of 1° and 2° alcohols with SOC], in pyridine (Sec- 

tion 10.8) 

OH ] 

| SOC» 1 
——— C 

a Pyridine Y ia 

(3) Treatment of 1° and 2° alcohols with PBrg (Section 10.8) 

OH ‘ie 

| PBrs Cc pl 

oe me be Ether t/ H 
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2. Reactions of alkyl halides 

a. Grignard reagent formation (Section 10.9) 

Rk = RM x 
Ether 

where X = Br, Cl, or I 

R 

b. Diorganocopper (Gilman reagent) formation (Section 10.10) 

1°, 2°, 3° alkyl, aryl, or vinylic 

RX Se R—l'? Lix 

where R = 1°, 2°, 3° alkyl, aryl, or vinylic 

9R—li Cul po Rea Rr Las 

c. Organometallic coupling (Section 10.10) 

R,CuLi + R’—XK —“". R—R’ + RCu + LixX 

d. Conversion of alkyl halides to alkanes (Section 10.9) 

RX ee h0"> R—H + HOMgx 

ADDITIONAL PROBLEMS 
CHOTHHOHHOHTHHEE HT HEHHHOHHOHE HEHE HHOTHTHHEHEHHHEHHKHHHHHHEHHEHHEHHTHOHHHHHHHOHHOHHOHHHOHHHHHH HH HOHE OTHE EH EEE OHOD 

10.15 Name these alkyl halides according to IUPAC rules: 

(a) (CH3)gpCHCHBrCHBrCH,CH(CHs3). (b) CH;CH=CHCH,CHICH3 
(c) (CH3),CBrCH,CHCICH(CHs3), (d) CH3CH,CH(CH,Br)CH,CH,CH3 

(e) CICH,CH,CH,C=CCH,Br 

10.16 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 

10.17 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: 

CH3CH,CH=CHCH, —"—> CH,CH,CH=CHCH,Br 
4 

« What’s wrong with this synthesis plan? What side products would form in addition 
to the desired product? 
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What product(s) would you expect from the reaction of 1-methylcyclohexene with 
NBS? Would you use this reaction as part of a synthesis? 

CH, 
NBS —> 2 

CCl, ¢ 

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 _Hbr . 9 
(a) Ether 

SOC], 
(b) CH,CH,CH,CH,OH ee ? 

Pyridine 

NBS 

OH 
PBr3 

(d) (CP Ether ? 

HCILCH CHErCHs = => Aw. B 
Ether 

(OUCH.CHLCH,CH,Br 2 Ae on B 
Pentane 

Ether 

(g) CH;CH,CH,CH2Br ol (CH3)gCuLi —> ? 

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;CHg ° (benzyl) radical 

is 13 kcal/mol more stable than the -CH,CH; radical. Draw as many resonance 

structures as you can for the benzyl radical. 

[ae 

Toluene 

What product(s) would you expect from the reaction of 1-phenyl-2-butene with NBS? 

Explain. 

2 OHE 
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10.23 Which of the following pairs of structures represent resonance forms? 

:0:~ 20: 

ee a 

(a) and (b) and 
we 

:0: . 70: :0: i, :0: 

(c) a and ; (d) es and 

10.24 Draw as many resonance structures as you can for these species: 

9 ; 

(a)sH.C—_C— CH, (b) Sey 

Oa 

() H,N—C—NH, (d) H,C—S—CH, 

(e) H,C—=CH—CH,* (f) H,C=CH—CH=CH—CH—CH, 
10.25 Which of the following two resonance structures would you expect to contribute most 

to the resonance hybrid? Explain. 

Bt 

Om - On 
10.26 How would you carry out these syntheses? 

(a) Butylcyclohexane from cyclohexene 
(b) Butyleyclohexane from cyclohexanol 
(c) Butyleyclohexane from cyclohexane 

10.27. The syntheses shown here are unlikely to occur as written. What is wrong with 
each? 

(a) CH;CH,CH.F +“£— CH;CH,CH; 
2. H30* 

Br 

CH, CH, 
(b) ca NBS Le 

CCl, 

CH, CH; 

CH, F 

() S (CH,).Cula a 
Ether 
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Which of the following pairs represent resonance structures? 

ih ee ate ee oe 

(a) CH;C=N—O:- and CH;C=N—O:- 

sth 1 

(b) CH3C—O:- and = :CH,C—O—H 

eee “o~ 

oa ac 

ne - or 
(d) CH,.=N and >CH.—N 



CHAPTER 11 

Reactions of Alkyl Halides: 
Nucleophilic Substitutions 
and Eliminations 

328 

V/ saw in the last chapter that the carbon—halogen bond in alkyl halides is 
polar, and that 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. 

\a* 8 Electrophilic carbon atom 

Alkyl halides (R—X) do one of two things when they react with a 
nucleophile: Either they undergo substitution of the X group by the nucleo- 
phile, or they undergo elimination of H—X to yield an alkene. 

ee | 
Substitution ny Oe a caget v= —C—Nu + X:- 

Mees 

a x 
Elimination ove —— cad + Nu—H + X:- 

4 NS / \ 
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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 can be inter- 
converted by a series of simple substitution reactions. When Walden treated 
(—)-malic acid with PCl;, he isolated dextrorotatory (+)-chlorosuccinic acid. 

This, on treatment with wet silver oxide, gave (+)-malic acid. Similarly, 

reaction of (+)-malic acid with PCl; gave levorotatory (—)-chlorosuccinic 

acid, which was converted into (—)-malic acid when treated with wet sil- 

ver oxide. The full cycle of reactions reported by Walden is shown in Fig- 

ure 11.1. 

OH Cl 

| 3 | 
HO,CCH,CHCO,H ——*> HO,CCH,CHCO,H 

Ether 

(—)-Malic acid (+)-Chlorosuccinic acid 

[alp = —2.3° 

[aco H,O 
|ss0 H,O 

Gi 
OH 

| “a | 
HO,CCH,CHCO;H <— HO,CCH,CHCO.H 

(—)-Chlorosuccinic acid (+)-Malic acid 

[alp = +2.3° 

Figure 11.1 A Walden cycle, which interconverts (+)- 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.” 

Since (—)-malic acid was being converted into (+)-malic acid, some reactions 

in the cycle must have occurred with a change in configuration at the chiral 

center. But which ones? (Recall that the direction of light rotation and the 

absolute configuration of a molecule aren’t related. We can’t tell by looking 

at the sign of rotation whether or not a change in configuration has occurred 

during a reaction.) 

1Paul Walden (1863-1957); b. Latvia; Ph.D., Leipzig; student and professor, Riga Polytechn
ic, 

Russia (1882-1919); professor, University of Rostock, University of Tabingen, Germany. 
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Today, we would refer to the transformations taking place in Walden’s 

cycle as nucleophilic substitution reactions, since each step involves 

the replacement (substitution) of one nucleophile (chloride ion, :Cl:~, or 

hydroxide ion, HO:~) by another. 

11.2 Stereochemistry of Nucleophilic Substitution 

Although Walden realized that changes in configuration must have taken 
place during his reaction cycle, he did not know at which steps the changes 
occurred. In the 1920s, however, Joseph Kenyon? and Henry Phillips began 
a series of investigations to elucidate the mechanism of nucleophilic sub- 
stitution reactions and to find out how inversions of configuration occur. 
They recognized 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 raises, however, is the idea that changes 
in three-dimensional configuration can evidently occur in organic reactions.) 

Among t1e 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 was studied by Walden. For 
all practical purposes, the entire tosylate group acts as if it were simply a 
halogen substituent: 

R—Y+ Nu: — > R—Nu + Y:> 

1 
where Ye Cl Br or los -o-s( \ cn, 

0 

Nu: A nucleophile —OTos 

In the three-step reaction sequence shown in Figure 11.2, (+)-1-pheny]- 
2-propanol is converted into its (—) enantiomer. Therefore, at least one of 
the three steps must involve an inversion (change) of configuration at the 
chiral 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 chiral center; thus, inversion cannot occur in this step. 

?Joseph Kenyon (1885-1961); b. Blackburn, England; D.Sc. (1914), London; British Dyestuffs 
« Corp (1916-1920); Battersea Polytechnic, London (1920-1950). 
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OH O—Tos 
| AV 

gui. Peete 
* TosCl rt 

—— 
Pyridine 

lalp = +83.0° lalp = +81.1° 
(+)-1-Phenyl-2-propanol 

is O 

H.O Iles 
CHsC—0:- 

| 
0-€ CCH CH i 

eee Can 

[aly = +7.0° [aly = —7.06° 

1 
OH, 

CH sC—O:- H,O 

- c 
CH,—CH =O—Tos © CH,—CH—0 +H 

Cy x TosCl eet * 
Pyridine 

lalp = —31.0° lalp = —33.2° 

(—)-1-Phenyl-2-propanol 

Figure 11.2 A Walden cycle on 1-phenyl-2-propanol: Chiral centers are marked 

by asterisks, and the bonds broken in each reaction are indicated by wavy lines. 

The inversion of stereochemical configuration must therefore take place in 
the second step, the nucleophilic substitution of tosylate ion by acetate ion. 

9 Tea nD o cn) 
| HN > Inversion | / H 

CH,C ra 0 := sO O—Tos of configuration CH.C es G— 

CH, UV CH, 

at -:0—Tos 

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 Walden 

inversion of configuration. 
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A second piece of stereochemical evidence concerning the mechanism 

of nucleophilic substitution reactions was provided by Hughes? and Ingold 

in 1935. It was well known at the time that optically active alkyl halides 

lose their optical activity and become racemic when treated with halide 

ions. For example, (—)-2-iodooctane racemizes to (+)-2-iodooctane when 

treated with lithium iodide. Hughes and Ingold reasoned that this racemi- 
zation might be caused by a Walden inversion. If added iodide ion acts as 
a nucleophile and reacts with (R)-(—)-2-iodooctane via a Walden inversion, 

(S)-(+)-2-iodooctane will result. 

= a (%. Lil oe la = 
Lt eS Cre 1 eee los Faia Licey 
ie se Walden me oe 

-Colis inversion n-Gellis 

(R)-(—)-2-Iodooctane *  (§)-(+)-2-Iodooctane 

Hughes and Ingold reasoned that, if every substitution of iodide by iodide 
results in an inversion, then racemization will happen exactly twice as 
rapidly as iodide ion exchange. In other words, racemization will be complete 
when one-half of the starting (R)-2-iodooctane has been inverted by iodide 
exchange: 

50% inversion 
100% (+) molecules 50% (+) and 50% (—) molecules 

Pure starting enantiomer Racemic mixture 

This hypothesis was confirmed by an extremely clever experiment. The 
rate at which racemization occurs can be easily measured by using a polar- 
imeter and determining how rapidly 2-iodooctane loses its optical activity. 
But how can the rate of iodide ion exchange be measured? Hughes and 
Ingold realized that, if they carried out the racemization reaction using 
radioactive iodide ion, !28I-, and normal 2-iodooctane, 1271, they would be 
able to measure how rapidly the radioactive iodide became incorporated into 
the product and thus could tell how rapidly iodide exchange occurred. 

The result of the experiment was exactly as predicted. When a large 
excess of radioactive !?°I~ was used, racemization was found to take place 
almost exactly twice as fast (1.93 + 0.16) as iodide ion exchange. Thus, firm 
evidence was obtained to show that nucleophilic substitutions take place 
with complete inversion of configuration. 

CH; CH 
Saeall Naae ie 2 ADEE | ge Cea | Pee lee ey tore eh a 

n-C6H,3 n-Ce6Hi3 

3Edward David Hughes (1906—__); b. Caernarvonshire, North Wales; Ph.D., Wales (Watson); 
« D.Sc., London (Ingold); professor, University College, London (1930-1974). 
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11.3 Kinetics of Nucleophilic Substitution 

We’ve referred several times up to this point about reactions being fast or 
slow. In fact, the speed at which a starting material reacts to give product 
is a quantity that can often be measured exactly. The determination of 
reaction rates, and the dependence of reaction rates on reagent concentra- 
tions, can be enormously useful in determining 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 mathematical relationship between 
reaction rate and reagent concentrations. When we measure this relation- 
ship, 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 —CHs3 ae ?Br:~ 

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] 

k 

~OH concentration 

A constant value 

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 is measured in 

units of liters per mole second (L/mol sec). The rate equation simply tells 

us 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. 
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11.4 The Sy2 Reaction 

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. What remains is to see how this information 

can be used to determine the mechanism of these reactions. 

1. These reactions always occur with complete inversion of stereo- 

chemistry at the chiral carbon center. 

2. These reactions show second-order kinetics and follow the rate law 

Rate = k x [RX] x [Nu:7] 

How can we account for the observed reaction stereochemistry and sec- 
ond-order kinetics? A satisfactory explanation was first advanced in 1937 
when Hughes and Ingold formulated the mechanism of what they called the 
Syn2 reaction—shorthand for substitution, nucleophilic, bimolecular. 
(Bimolecular means that two molecules—nucleophile and alkyl halide—are 
involved in the step whose kinetics are measured.) 

The essential features of the Sy2 reaction mechanism formulated by 
Hughes and Ingold are that the reaction takes place in a single step without 
intermediates when the entering nucleophile attacks the substrate from a 
position 180° away from the leaving group. As the nucleophile comes in on 
one side and bonds to the chiral carbon, the leaving halide group departs 
from the other side and the stereochemical configuration of the molecule 
inverts (Figure 11.3). 

The nucleophile Nu:~ uses its lone-pair y 
electrons to attack the alkyl halide 180° 
away from the halogen. This leads to a 
transition state with a partially formed 
C—Nu bond and a partially broken 
C—Y bond. ® ox iF 

Transition state 

The stereochemistry at carbon is inverted as 

the C—Nu bond forms fully and the halide | 
departs with the electron pair from the 
original C—Y bond. / 

Nu— o + :Y= 

Figure 11.3 The mechanism of the Sy2 reaction: The reaction takes place in a 
single step when the incoming nucleophile approaches from a direction 180° away 
from the departing halide ion. 

eee 
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We can picture the reaction as occurring when an electron pair on the 
nucleophile, Nu:~, forces out the leaving group, Y:~, with its electron pair. 
This can occur 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 transition state for this 
inversion must have the remaining three bonds to carbon in a planar 
arrangement, as shown in Figure 11.4. 

Transition state 

- Tetrahedral Planar Tetrahedral 
—_—_ ———— 

arrangement arrangement arrangement 

Figure 11.4 The planar transition state of an Sy2 reaction 

The mechanism proposed by Hughes and Ingold is consistent with exper- 
imental 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 being measured. 

\ i 
Nuiz-— LY —> Nu—C.. + :Y7 

4 N 

Strong wind 
cc 

Figure 11.5 The inversion of a chiral center during an Sy2 reaction is similar to 

the inversion of an umbrella in a strong wind. 
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PROBLEM 

11.1 

PROBLEM 

11.2 

CHAPTER 11 REACTIONS OF ALKYL HALIDES 

eocoeoeens 
Sire ota Set ANG faye. Sie Shelia saclay atelter ata’ elgu aleve Ue"eleledatal > dtete «lube eledesensterensiabere ns sis 'a sie age. « rele era: nelegnd sesh cS) 2 

What product would you expect to obtain from reaction of NaOH with (f)-2- 

bromobutane? Formulate the reaction showing the stereochemistry of both starting 

material and product. 

sere er sees 
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A further piece of evidence in support of requirement for back-side Sy2 displacement 

is the finding that the following alkyl bromide does not undergo a substitution 

reaction with hydroxide ion. Can you suggest a reason for the total lack of reactivity? 

Making a molecular model should be helpful. 

Br 

11.5 Characteristics of the Sy2 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 Sw2 reactions are fast and some are slow; some take place in high 
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. 

THE SUBSTRATE: STERIC EFFECTS IN THE Sy2 REACTION 

The first Sy2 reaction variable to look at is the steric 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 sub- 
strates, in which the carbon atom is “shielded”. from attack by the incoming 
nucleophile, react more slowly than less hindered substrates because the 
transition state for their reaction is sterically hindered and high in energy 

. (Figure 11.7). 
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Reaction progress ———» Reaction progress ———»> 

(a) (b) 

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*). 

(a) CH3Br (b) CH;CH,Br 

—— 7 

(c) (CH3),CHBr (d) (CH3)3CBr 

Figure 11.7 Steric hindrance to the Sy2 reaction: As the computer-generated space-filling 

models indicate, the carbon atom in (a) bromomethane is readily accessible, resulting in a fast 

Sw2 reaction. The carbon atoms in (b) bromoethane (primary), (c) 2-bromopropane (secondary), 

and (d) 2-bromo-2-methylbutane (tertiary) are successively less accessible, resulting in succes- 

sively slower Sy2 reactions. 
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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. A list of relative reactivities for some different substrates is given 

in Table 11.1. 

Table 11.1 Relative rates of Sy2 reactions on alkyl halides 

Alkyl halide Type... Relative rate of reaction 
CH3—X Methyl 3,000,000 

CH,CH,—X 1° 100,000 

CH,CH,CH,— X 1 40,000 

(CH ;),CH— X 2° 2.500 

(CH3)s;CCH,—X 1°, neopentyl 1. 

(CHs);C—X = ~0 

Table 11.1 shows that methyl halides are by far the most reactive in 
Sn2 reactions, followed by primary alkyl halides such as ethyl and propy]. 
Alkyl branching next to the leaving group, as in isopropy] halides (2°), slows 
the reaction greatly, and further branching, as in tert-butyl halides (3°), 
effectively halts the reaction. Even branching that is one carbon removed 
from the leaving group, as in 2,2-dimethylpropyl (neopentyl) halides, greatly 
slows nucleophilic displacement. 

From the information in Table 11.1, we can construct the following 
reactivity order for Sy2 reactions: 

CH;—X > RCH,—X > R2,CH—X > R3;CCH,—X > R3C—xX 

Methyl > py = 2 >> Neopentyl > 3° 

Clearly, Sy2 reactions can only occur at relatively unhindered sites; methyl 
and unsubstituted primary substrates are by far the most reactive. 

Although not shown in Table 11.1, vinylic halides (RgC—=CRX) and 
aryl halides are completely unreactive toward attempted Sy2 displacements. 
This lack of reactivity is probably 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. 

CQ ons 

R--.g_a-Cl : (N . 

Reis ae aR X> No reaction EZ Cl — No reaction 
/ 

Nu: Aryl halide 

Vinylic halide 

Back-side approach of attacking nucleophiles is hindered, 
and Sy2 reactions cannot occur on these substrates. 
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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, is a Lewis base). If the nucleophile is negatively charged, the product is 
neutral, but if the nucleophile is neutral and an anion is displaced, the 
product is positively charged. 

SAP 

Negatively charged Nu:~ Nu ey RLY —> R—Nu + Y:- 

Neutral Nu: Netenss eRe avi —> R—Nu?* + Y:~ 

Because of the wide scope of nucleophilic substitution reactions, a great 
many product types can be prepared from alkyl halides and tosylates. For 
example, Table 11.2 lists some common nucleophiles and the products of 
their reactions with bromomethane. Look carefully at the table to see the 
many kinds of products that can be made. 

Table 11.2 Some Sy2 reactions with bromomethane: 

Nu:- + CH,Br —> Nu—CH, + :Br:~ 

Attacking nucleophile Product 

Formula Name Formula Name 

H:- Hydride CH, Methane 

CH,S 2 Methanethiolate CH3;S—CH3 Dimethyl sulfide 

HS:- Hydrosulfide HS—CH; Methane thiol 
N=C:- Cyanide N=C—CH3 Acetonitrile 

: z 2 Iodide I—CH3 Iodomethane 

HO:- Hydroxide HO—CH, Methanol 

CH,0:- Methoxide CH,O—CH, Dimethyl ether 

N=N=N:- Azide Mere Azidomethane 

Obst Chloride CI—CH, Chloromethane 

CH3CO,:~ Acetate CH;CO,—CHs3 Methyl acetate 

H3N: Ammonia H,N—CH, Br- Methylammonium bromide 

(CH3)3N : Trimethylamine (CH;)sN— CH; Br  Tetramethylammonium bromide 
rn 

Although all the Sy2 reactions shown in Table 11.2 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? 
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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 

many factors, including the nature of the substrate, the identity of the 

solvent, and even the concentration of the reagents. In order to speak with 

any precision, we must 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, and some 
quantitative results are listed in Table 11.3. 

Table 11.3 Relative nucleophilicities in Sy2 reactions on bromomethane: 

Nu:~ + CH;sBr —>» Nu—CHg + :Br:~ 

Relative Relative 

Nucleophile reactivity Nucleophile reactivity 

HS: 125,000 ; oe 8,000 

:CN- 125,000 

See 100,000 rier 1,000 

CH,CH,0:- 25,000 (CHs)3N: 700 
HO: 16,000 CHACOss 500 
:N5 10,000 H,0: 1 

The data in Table 11.3 disclose a large range of reactivities. Although 
precise explanations for the observed nucleophilicities aren’t known, there - 
are some trends that can be detected in the data: 

1. In comparing nucleophiles that have the same attacking atom, 
nucleophilicity roughly parallels basicity. 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 correlation between the 
two kinds of behavior. Table 11.4 provides a comparison between 
nucleophilicity and basicity for some oxygen nucleophiles. [Remem- 
ber that basicity can be measured by obtaining the acidity (pK,) of 
the conjugate acid. A strong base is derived from a weak acid (high 
pK,), and a weak base is derived from a strong acid (low pK,).] 
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Table 11.4 Comparison of nucleophilicity and 
basicity for some oxygen nucleophiles; stronger bases 
are better nucleophiles 

Relative nucleo- 

philicity toward 
Nucleophile bromomethane Conjugate acid pK, 

CH,CH,0:- 25,000 CH;CH,OH 16 

HO: 16,000 HO 15.7 
> eo 

3 \ 0: 8,000 OH 10 

| 
a Ze 
Ke 

@ =6CH;CO,:~ 500 CH;CO.H 4.8 

H,0: 1 H,0+ =17 

2. Asecond trend indicated in Table 11.3 is that nucleophilicity usually 
increases in going down a column of the periodic table. Thus HS:~ 

is more nucleophilic than HO:~, and the halide reactivity order is 
:1:> > :Bri~ > :Cl:-. 
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11.3. What products would you expect from reaction of 1-bromobutane with these 

reagents? 

(a) Nal (b) KOH (c) H—C=C—Na (d) NHs 

PROBLEM... sccccccce ccc c reece reese eres ees e seers eee ners ese sssseser essere sssssseresesssessssraseers 

11.4 The tertiary amine base quinuclidine reacts with CH3I 50 times as fast as tri- 

ethylamine. Can you suggest a reason for this difference? 

RaNEMACHsW ees RaN—CH, ¢1:- 

by (CH,CHy)3N: 

Quinuclidine Triethylamine 
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11.5 Which reagent in each of the following pairs is more nucleophilic? Justify your 

choices. . 

(a) (CH3)2N:~ and (CH3)g.NH (b) (CH3)3B and (CH3)3N: 

(c) H,O: and H,S: 

THE LEAVING GROUP 

A further variable that can strongly affect the Sy2 reaction is the nature 

of the species expelled by the attacking nucleophile—the leaving group. 
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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 anion stability is related 

to basicity, we can also say that the best leaving groups should be the 

weakest bases. 
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. 

£ 

* Soe fee Ti 
ee aS thf a Nu—C eave 

Transition state 

Table 11.5 lists a variety of leaving groups in order of reactivity and 
shows their correlation with basicity. The weakest bases (anions derived 
from the strongest acids) are indeed the best leaving groups. The p-tolu- 
enesulfonate (tosylate) leaving group is the most easily displaced, although 
its basicity is out of line with others in the table for reasons that aren’t well 
understood. Iodide and bromide ions are also excellent leaving groups, but 
chloride ion is much less effective. 

Table 11.5 Correlation of leaving-group ability with 
basicity; the anions of strong acids make good leaving 
groups in the Sy2 reaction 

pK, of conjugate _ Relative 
Leaving group acid reactivity 

O 

cu _\ 8-0 a 

I 

Tosylate —6.5 60,000 

ioe ~9.5 30,000 

: Br? -9 10,000 
PC) ag 7 200 

Fie 3.2 1 
CH;CO,:- 4.8 ~0 
HO: 15.7 0 
CH,CH,0:- 16 0) 

HN :~ 35 ~0 
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It’s just as important to know which are poor leaving groups as to know 
which are good, and Table 11.5 clearly indicates that F~, RCOO-, HO, 
RO, and H,N~ are not displaced by nucleophiles. In other words, alkyl 
fluorides, esters, alcohols, ethers, and amines do not undergo Sy2 reactions 
under normal circumstances. 
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11.6 Rank the following compounds in order of their expected reactivity toward Sy2 
reaction: 

CHsBr, CH3OTos, CH3;COOCHs, (CH3)3CCl, (CH 3),CHC1 

THE SOLVENT 

The rates of many Sy2 reactions are affected by the solvent used. Protic 
solvents—those that contain —OH groups—are generally the worst sol- 
vents for Sy2 reactions, whereas polar aprotic solvents—those that have 
strong dipoles but don’t have —OH or —NH groups—are the best. 

Protic solvents such as methanol and ethanol slow down Sy2 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 
into a “cage” around the nucleophile. This solvation strongly stabilizes the 
nucleophile, decreasing its reactivity toward electrophiles in the Sy2 
reaction. 

OR 
| 
UW 

RO—H.---X:*--H—OR 

| 
OR 

A solvated anion 
(reduced nucleophilicity due to enhanced ground-state stability) 

In contrast to protic solvents, polar aprotic solvents favor Sy2 reactions. 

Particularly valuable are acetonitrile, CH3;CN; dimethylformamide, 

(CH3)2NCHO (abbreviated DMF); dimethyl sulfoxide, (CH3)250 (abbrevi- 

ated DMSO); and hexamethylphosphoramide, [(CH3)2N]3;PO (abbreviated 

HMPA). These solvents are able to dissolve many salts because of their high 

polarity, and they tend to surround metal cations rather than nucleophilic 

anions. The unsolvated anions therefore have a far greater effective nucleo- 

philicity in these solvents, and Sy2 reactions take place at correspondingly 

faster rates. 
Rate increases of over a millionfold have been observed in going from 

methanol to hexamethylphosphoramide. Table 11.6 (page 344) gives the 

results of a study of the reaction of azide ion with 1-bromobutane in different 

solvents and shows that hexamethylphosphoramide is clearly preferred. 
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Table 11.6 Relative rates for the Sy2 reaction of azide ion 

with 1-bromobutane: 

CH;CH,CH,CH,Br at =N3 ——- CH;CH,CH,CH2N3; a6 Br7 

Relative 

rate 

(CH3)2,NCHO (DMF) 2,800 

CH3CN 5,000 

[(CH3)2N]3;PO (HMPA) 200,000 

Relative 

Solvent rate 

CH;0H 1 

H,0 6.6 

(CH3)2SO0 (DMSO) 1,300 

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). 

Reaction progress ———> 

Figure 11.8 The effect of solvent on Sy2 reactions: The nucleophile is stabilized 
by protic solvents but destabilized in polar aprotic solvents. 
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11.7. Normal organic solvents like benzene, ether, and chloroform are neither protic nor 
strongly polar. What effect would you expect these solvents to have on Sy2 reactions? 

11.6 The Syl Reaction 

We’ve seen that the Sy2 reaction occurs readily with primary alkyl halides 
and tosylates but that it is sensitive to steric factors. Secondary alkyl] halides 
sometimes undergo Sy2 reactions, but tertiary halides are essentially inert 

sto back-side attack by nucleophiles. For example, bromomethane reacts with 
acetate ion in 80% aqueous ethanol approximately 40 times faster than 
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2-bromopropane, and 2-bromo-2-methylpropane is unreactive toward Sy2 
displacement by acetate ion. 

Remarkably, however, a completely different picture emerges when dif- 
ferent reaction conditions are used. When the alkyl bromides are heated 
with acetic acid, substitution of bromide ion by acetate occurs, and rate 
measurements show that 2-bromo-2-methylpropane reacts several thousand 
times faster than 2-bromopropane: 

O on Be 0 
| 

H;C—C—O—H + BiCie vant oa Hid Cag. mr Gaeee + H—Br 

CH; CH; 

The same trend is noted in many displacement reactions in which hal- 
ides are heated with neutral or nonbasic nucleophiles in protic solvents: 
Tertiary alkyl halides react considerably faster than primary or secondary 
halides. For example, Table 11.7 gives the relative rates of reaction of some 
alkyl halides with water. 2-Bromo-2-methylpropane is more than 1 million 
times as reactive as bromoethane. 

Table 11.7 Relative rates of reaction of some alkyl halides with water: 

R—Br + HeO:,.-———> R—OH + HBr 

Alkyl halide ‘Type -—~Product_~—~—=~S~S*«&Reative rate of reaction 
CH,Br Methyl CH,OH 1.0 
CH,CH,Br 1” CH,CH,OH 1.0 
(CH,),CHBr 2” (CH;),CHOH 12 
(CH;)3CBr 3° (CH,);COH 1,200,000 

ere eeeer eee seers eres ee 

What are the reasons for this behavior? These reactions cannot be tak- 

ing place by an Sy2 mechanism, and we must therefore conclude that an 

alternative substitution mechanism exists. This alternative mechanism is 

called the Sy1 reaction (for substitution, nucleophilic, unimolecular). Let’s 

see what evidence is available concerning the Syl reaction. 

ee 

11.7 Kinetics of the Syl Reaction 

The reaction of acetic acid 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, 

and is independent of acetic acid concentration. In other words, the reaction 

is a first-order process. Only one molecule is involved in the step whose 

kinetics are measured. We can write the rate expression as follows: 

Reaction rate = Rate of disappearance of alkyl halide 

k x [RX] 
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The rate of this Sy1 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 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 hypo- 
thetical reaction energy diagrams in Figure 11.9 illustrate the idea of the 

rate-limiting step. 

Reaction progress ———> Reaction progress 

(a) (b) 

— 
nce 

Reaction progress ———> Reaction progress ———> 

(c) (d) 

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. 
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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 Sy1 reaction of 2-bromo- 
2-methylpropane with acetic acid indicates that the alkyl halide is involved 
in a unimolecular rate-limiting step. In other words, 2-bromo-2-methylpro- 
pane evidently undergoes some manner of spontaneous reaction without 
assistance from the nucleophile. The mechanism shown in Figure 11.10 can 
be postulated to account for the kinetic observations. 

CHs 

CH3 7, C—Br: 

CH; 
Spontaneous dissociation of the 
alkyl bromide occurs in a slow, 
rate-limiting step to generate a | Slow (rate-limiting) step 
carbocation intermediate plus 

bromide ion. aoe 

fale 
CHa— G3 + ?Br:7 

CH3 
(ESt bu 1h} 

Intermediate 

The carbocation intermediate reacts d 

with added nucleophile (acetate ion) Fast step | eats 

in a fast step to yield neutral product. . a 

CH; 1 

CHs—C—0—CCH, 

CH; 

Figure 11.10 The mechanism of the Sy1 reaction: Two steps are involved, with 

the first being rate-limiting. 

If 2-bromo-2-methylpropane spontaneously dissociates to the tert-butyl 
carbocation plus bromide ion in a slow, rate-limiting step, and if the inter- 
mediate ion is immediately trapped by nucleophilic acetic acid in a fast step, 
then first-order kinetics will be obtained; acetic acid plays no role in the step 

that is measured by kinetics. The reaction energy diagram is shown in Figure 

11.11 on page 348. 
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Rox 

Carbocation 
intermediate 

Reaction progress ———> 

Figure 11.11 A reaction energy diagram for an Sy1 reaction: The rate-limiting 
step is the spontaneous dissociation of the alkyl halide. 

11.8 Stereochemistry of the Syl Reaction peer ee ee 

& 

If the postulate is correct that Syl reactions occur through carbocation 
intermediates, there should be clear stereochemical consequences. Carbo- 
cations are planar, sp?-hybridized species and are therefore achiral. If we 
carry out an Syl reaction on a chiral starting material and go through an 
achiral intermediate, then the product must be optically inactive. In other 
words, the symmetrical intermediate carbocation can be attacked by a 
nucleophile equally well from either the right or the left side, leading to a 
50:50 mixture of enantiomers—a racemic mixture (Figure 11.12). 

The expectation that Sy1 displacements on chiral substrates should 
lead to racemic products has been amply borne out by experiment. Sur- 
prisingly, though, few Sy1 displacements occur with complete racemization. 
Most give a minor (0—20%) amount 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): 

rere int pene 
H.C... ae HO: Hae eat CHa. 

(CH2)3CH(CH3). (CH2)3CH(CH3)> (CH»2)3CH(CH3), 

(R)-6-Chloro- 40% R 60% S 
2,6-dimethyloctane (retention) (inversion) 



11.8 STEREOCHEMISTRY OF THE Sy1 REACTION 349 
a 

| Chiral substrate 

Dissociation 

50% inversion of Planar, achiral carbocation 50% retention of 

configuration intermediate configuration 

Figure 11.12 Stereochemistry of the Sy1 reaction: An optically active starting material must 
give a racemic product. 

The situation is complex, and the reasons for the lack of complete race- 
mization in most Syl reactions aren’t completely clear. An attractive sug- 
gestion, first proposed by 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, page 350). 

PROBLEM... cc cece ccc ccc c reer ene e reer ees eee tere ese sess esse essere ese eseessseseeeseesseeesesereeeeess 

11.8 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 to This side shielded 
attack from attack ‘ \ Va 

5 :Bri 

D B D B _ 
BN 
-C_ Br wlaio 

A 

D D D 

Hoc 8 Hod ® + BS on 
\ A on ae 

Inversion Racemization 

Figure 11.13 The ion-pair hypothesis: The leaving group effectively shields one side of the 
developing carbocation intermediate from attack by added nucleophile. 
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11.9 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]y = —30.3°) was heated in acetic acid to yield 
the corresponding acetate ([aly = +5.3°). If complete 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 
| : | (CHs)3C—CH <= (CHs);C—CH + HOTos 

[alp = —80.3° Observed [a]p = +5.3° 
(optically pure [aly = +53.6°) 

11.9 Characteristics of the Sy1 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 
stabilizing the transition state leading to carbocation formation or by rais- 
ing the reactant energy level, favor faster Sn reactions. Conversely, fac- 
tors that raise AG*, either by destabilizing the transition state leading 

*to a carbocation or by lowering reactant energy level, slow down the Syl 
reaction. 
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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 Sy1 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 is found—the more stable the carbocation inter- 
mediate, the faster the Sy1 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 reso- 
nance-stabilized allyl and benzyl cations: 

. CHs: 

palcan= Git CT 

Allyl carbocation 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. 
Delocalization of the positive charge over the extended pi orbital system of 
these carbocations results in unusual stability. As Figure 11.14 indicates, 

i { 
H C H H C H 
eC Doms ne nice 

| | 
H H H 

Allyl 

cation } : 

HV +H H.-H H.-H HY HH 

+ 

+ 

<— <> —_——_ 

+ 

Benzyl 
cation 

rie H : x : feb hE Kc 9b 988 
Figure 11.14 Resonance forms of allylic and benzylic carbocations 
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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.) 

Oe eee Allyl = - Benzyl > 1° > Methyl 

R;Ct > R»CHt ~ H,C=CH—CH} ~ «oH > RCH? = HC? 

CLAS 

The stability order of carbocations is exactly the order of Sy1 reactivity 
for alkyl halides and tosylates. Table 11.8, which shows the relative rates 
of reaction of some alkyl tosylates with ethanol, indicates a strong corre- 
lation between Syl rate and carbocation stabilities. Note particularly the 
extraordinary rate at which triphenylmethy] tosylate reacts. 

Table 11.8 Relative rates of reaction of some alkyl 
tosylates with ethanol at 25°C 

Relative 
Alkyl tosylate Product rate 

CH3;CH,OTos aaa CH;CH,0CH.CH; 1 

(CH3)2,.CHOTos = (CH3)2,CHOCH.CHs 3 

H.C —CHCH,OTos 7 H,C =CHCH,0CH.CH; 35 

CH,OTos CH,0OCH,CH; 400 

Ca a 
ios ,CHOCH2CHs 10° 

(plea mca ear 
COTos ,COCH:CHs 101° 

3 

Op mer tei: Le 
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Rank the following alkyl halides in order of their expected Sy1 reactivity: 

CH3;CH,Br, H,C—CHCH(Br)CHs, H,C—CHBr, CH3;CH(Br)CH; 

Po Reny Sin) SUS ee LeUs. (8 (ela d RES ele el eL ele Sie sa ene. 080s) eele ¢ 2/9 (4 19m ae (aw wleleie ale) a) Beep 0:6)(8' 0) 656.6 016 e) 0 eielee @ a0 0.0.06 a6.6 6 e.elele 

How can you account for the fact that 3-bromo-1-butene and 1-bromo-2-butene 
undergo Sy1 reaction at the same rate even though one is a secondary halide and 
the other is primary? 

THE LEAVING GROUP 

R 
(i ce -ciumer yey | PY : | |ea.- ex 

atl + H—Cl —> Gn Jn \GLO'P Sk = Cm 

R 

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, 
since the leaving group is intimately involved in the rate-limiting step. 
Thus, we find the Syl reactivity order to be 

Tosylate” > alc = :Bri- > Clea > H,O: 

Note that in the Sy1 reaction, which is often carried out under acidic con- 
ditions, 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). 

H Ril ae R 

| 
R H R R 

Figure 11.15 The Sy] reaction of a tertiary alcohol with HC] to yield an alkyl halide: Neutral 

water is the leaving group. 

Knowing that an Sy] 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 

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 
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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. The reaction of 2-methy]-2-propanol with HX, for example, occurs 
at the same rate regardless of whether X is Cl, Br, or I: 

(CHs)sSCOH ———> (CH,),C—X + H,0 
2-Methy1-2-propanol 

eee were reser eee rer ese r eres ee ee eeee ee ee eee eeeeseeeeeseeEeeeeeeeHe HHH ES HERE EH Ee HEHEHE TH EHH EEE 

How do you account for the fact that 1-chloro-1,2-diphenylethane reacts with the 

nucleophiles fluoride ion and triethylamine at exactly the same rate? 

THE SOLVENT 

What about solvent? Does it have the same kind of effect in Sy1 reactions 
that it has in Sy2 reactions? The answer is both yes and no. Yes, solvents 
have a large effect on Sy1 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 reactant nucleo- 
phile. 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 
this transition-state effect of solvent. 

The Hammond postulate (Section 6.12) says that any factor stabilizing 
the intermediate carbocation should increase the rate of reaction. One factor 
that affects cation stability is structure, as previously discussed. Another 
factor is solvation—the interaction of the carbocation with solvent mole- 
cules. Solvation greatly lowers the energy of carbocation intermediates, thus 
lowering the transition-state energy for Sy1 reactions. Although the exact 
nature of carbocation stabilization by solvent is not easily defined, we might 
picture 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). 

The properties of a solvent that contribute to its ability to stabilize ions 
by solvation aren’t fully understood, but are undoubtedly related to the 
polarity of the solvent. Polar solvents such as water, methanol, dimethyl 
sulfoxide, and so forth are good at solvating ions, but most ether and hydro- 
carbon solvents are very poor at solvating ions. 

Hea 
i 0. i 

O: O 
Han 1A ~H 

aioe 
H eH a S 

oe H 1 

an 
Hoge 

» Figure 11.16 Solvation of a carbocation by water: The electron-rich oxygen atoms 
of solvent surround the positively charged carbocation to stabilize it. 
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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. In general, solvents of low dielectric constant such as hydrocarbons 
are nonpolar, whereas solvents of high dielectric constant such as water are 
polar. Table 11.9 lists the dielectric constants of some common solvents. 

Table 11.9 Dielectric constants of some common solvents 

Name Structure Dielectric constant, ¢ a fa ee ee) CACC EL Ce re ee A ICLECLILE CONSIGN. &: 

Aprotic (nonhydroxylic) solvents 

Hexane CH3CH,CH,CH,CH2CHs 1.9 

Benzene CO 2.3 

Diethyl ether CH3CH, —O— CH,CH3 4.3 

Chloroform CHCl; 4.8 

| 
Ethyl acetate CH3;C—O—CH,CH3 6.0 

1 
Acetone CH3;—C—CH3; 20.7 

1 
Hexamethylphosphoramide (CH3)2.N— iv N(CH3)o 30 

HMPA) 
N(CHs3)e 

1 
Dimethylformamide (CH3),.N—C—H 38 

(DMF) 

1 
Dimethyl] sulfoxide CH;—S—CH3 48 

(DMSO) 

Protic (hydroxylic) solvents 
O 
| 

Acetic acid CH3;C—OH 6.2 

tert-Butyl alcohol (CH3)3COH 10.9 

Ethanol CH3;CH,0H 24.3 

Methanol CH;0H 33.6 

1 
Formic acid H—C—OH 58 

Water H,O 80.4 
ee _____ | ae 
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All Syl reactions take place much more rapidly in highly polar solvents 

than in nonpolar solvents. Table 11.10 lists some relative rates measured 

for the reaction of 2-chloro-2-methylpropane with various solvents, and 

shows the magnitude of the rate differences due to solvent changes. 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 hydro- 

carbon solvents to water are too large to measure accurately. 

Table 11.10 Relative rates for the 
reaction of 2-chloro-2-methylpropane 

with different solvents 

Solent ~—~—~—_—&Relative rate 
Ethanol 1 

Acetic acid 2 . 

Aqueous ethanol (40%) 100 

Aqueous ethanol (80%) 14,000 

Water ~10° 

The difference between effect of solvent on Sy2 and Sy1 reactions should 
be emphasized again. Although both reactions show large solvent effects, 
they do so for different reasons. Sy2 reactions (Section 11.5) are disfavored 
by protic solvents, since the ground-state energy level of the attacking nucleo- 
phile is lowered by solvation. Syl reactions, however, are favored by protic 
solvents, since the transition-state energy level leading to carbocation inter- 
mediate is lowered by solvation (Figure 11.17). (Compare Figure 11.17 to 
Figure 11.8, where the effect of solvent on the Sy2 reaction is illustrated.) 

Reaction progress ———> 

Figure 11.17 The effect of solvent on Syl reactions: Both ground-state and tran- 
sition-state energy levels are lowered by solvation in polar solvents, but the effect 

, on transition state is far greater. (Solid curve, nonpolar solvent; dashed curve, polar 
solvent.) 

SY 
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As indicated in Problem 11.2, halides such as the one shown here are inert to Syn2 
displacement. Perhaps more surprisingly, they are also unreactive to Sy1 substi- 
tution, even though they are tertiary. Considering the planar geometry of carbo- 
enino you suggest a reason for this low reactivity? (Molecular models may be 
elpful. 

Br 

11.10 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. Often, the reagent 
will attack at carbon and substitute for the halide. Alternatively, though, 
eee at hydrogen can occur, resulting in elimination of HX to form an 

alkene. 

Substitution HO? H;,C—Br —— HO—CHg=+, :Br:= 

HO: 

\y Br H CH 

val A Ree Gia gor : 
Elimination ee ae: — rs - + H,O + ?:Br:~ 

CH; H CH; 

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 

Zaitsev,” 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. 

5 Alexander M. Zaitsev (1841-1910); b. Kasan, Russia (name also spelled Saytzeff, according 

to the German pronunciation). 
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Br 

CH,CH,CHCH; ae CH,CH=CHCH, + CH;CH,CH=CH, 

2-Bromobutane fae 2-Butene 1-Butene 

(81%) (19%) 

a vie 

CH3CH.CCH, ee CH,CH=C(CH3), + CH3;CH,C=CH, 

sig 2-Methyl-2-butene 2-Methyl-1-butene 

(70%) (30%) 
2-Bromo-2-methylbutane 

The elimination of HX from alkyl] halides is a general reaction that 
constitutes an excellent method for preparing alkenes. The subject.is com- 
plex, however, and elimination reactions can take place through a variety 
of different mechanistic pathways. We’ll consider two of them—the E1 and 
E2 reactions. 
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11.14 What products would you expect from these elimination reactions? Which product 
will be major in each case? 

(a) 1-Bromo-1-methylcyclohexane + Na*~OCH,CH; ——~> ? 

(b) CH3;CH,C(Br)(CH3)CH(CH3)2 + Nat OCH,CH; —~> ? 

11.11 The E2 Reaction 

The E2 reaction (for elimination, bimolecular) is the most widely studied 
and commonly occurring pathway for elimination. It is closely analogous to 
the Sy2 reaction and may be formulated as shown in Figure 11.18. 

The E2 reaction is a one-step process 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. 

One of the most important pieces of evidence supporting this mechanism 
is the 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] x [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. There 

sare two such geometries possible: syn periplanar geometry, in which the H 
and the X are on the same side of the molecule; and anti periplanar geometry, 
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ee 
Base (B:) attacks a neighboring 
C—H bond and begins to remove the | 
H at the same time as the alkene 
double bond starts to form and the X Pusae R + 
group starts to leave. 3° p eR 

—CC™ 
a7 a 
R xe 

Transition state 

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. R= eh it a 
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Figure 11.18 Mechanism of the E2 reaction of alkyl halides: 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. 

in which the H and the X are on opposite sides of the molecule. Of the two 
choices, anti periplanar geometry is much preferred because it allows the 
two carbon centers to adopt a staggered relationship, whereas syn geometry 
requires the substituents on carbon to be eclipsed. 

xX 
Base y Base By 

H H 

be S 
I | 

H HX 

sd a ie 
Anti periplanar geometry Syn periplanar geometry 

Staggered (lower energy) Eclipsed (higher energy) 

What’s so special about periplanar geometry? A moment’s reflection 

shows the answer. Since 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, page 360). 
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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 Sn2 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). 

Syn periplanar 

Alkene 
Anti transition state product Syn transition state 

Figure 11.19 The transition state for the E2 reaction of alkyl halides with base: 
Partial overlap of the developing p orbitals in the transition state requires periplanar 
geometry of the starting material. 

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 EF alkene (phenyl 
groups cis). None of the isomeric Z alkene is formed because the transition 
‘state leading to Z alkene would have to have syn periplanar geometry. 
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H 

——— 
KOH 

Ethanol Cy 

— 

ll I 

H 

Hi TY H Pi 
A < / Sr Br Ph Ph = 

Br 

Br 

meso-1,2-Dibromo-1,2-diphenylethane (Z)-1-Bromo-1,2-diphenylethylene 

RAC DICE PROBLEMS siecle scaicsciciecs sss sins sic cde ses ecciis va ceereinocesases ayalerayareis|eiate ec ccccvccccce 

What stereochemistry would you expect for the alkene obtained by E2 elimination 
of (1S,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 
periplanar (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. 

i Br -HBr JL 

eo) oS 
(1S,2S)-1,2-Dibromo-1,2-diphenylethane (Z)-1-Bromo-1,2-diphenylethylene 

PROBLEM ccc cc ccc ccc eh ec cere tec c cee ee eee eee e reese sees se ses e seed enseeeereeeeseeeseeseeestyeses 

11.15 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. 

PROBLEM cc ccc ccc ccc cece cc reece cerca sree recess eee sere ee ee eee ssesereeseeesessrereseresreereessseses 

11.16 1-Chloro-1,2-diphenylethane can undergo E2 elimination to give either cis- or trans- 

1,2-diphenylethylene (stilbene). Draw Newman projections of the reactive confor- 

mations leading to both cis- and trans-1,2-diphenylethylene. Examine these two 

conformations and suggest a reason why the trans alkene is the major product, as 

shown on the next page. 
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Cl 

Orbe = OrreO 
1-Chloro-1,2-diphenylethane trans-1,2-Diphenylethylene 

11.12 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 hydrogen is equatorial, E2 elimination can’t 

occur. 

Axial chlorine: H and Cl are anti periplanar 

eel H 

= Base 

E2 reaction a HCl 

Cl Cl 

Equatorial chlorine: H and Cl not anti periplanar 

Hel H 

Cl 
= H Base No reaction from 

——— 5 z 

Sy Cl this conformation 

H 

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. 

The elimination of HC] from the menthy] chlorides (Figure 11.21) pro- 
vides a good illustration of this trans-diaxial requirement. Neomenthy] chlo- 
ride reacts 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 2-menthene. 

6Derek 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, 
ae eer tage anes des Substances Naturelles, Gif-sur-Yvette, France, Texas A and M; Nobel 
prize (1969). 
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a. diaxial 

st ES a CH(CH.) 
, 3/2 Na’ -OCH,CH,, OCH,CHs, 

ethanol 

Neomenthy] chloride 3-Menthene 

(a) 

Sha Hes H3C 

= 

Trans diequatorial 2-Menthene 

Menthyl] chloride 
| Ring-flip Ring-flip 

Trans diaxial a ) CH(CHs)» CH(CHs3)o 

Fast 

Na* -OCH,CHs, 
ie ethanol 

Cl H3C 

(b) 

Figure 11.21 Dehydrochlorination of menthyl and neomenthy] chlorides: Neomenthy] chloride 

can lose HCl from its more stable conformation, but menthyl] chloride must first ring-flip before 
HCl loss can occur. 

PROBLEM 

11.17 

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), since the two 
large substituents, methyl and isopropyl, are equatorial. In this confor- 
mation, 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 
substituted alkene product 3-menthene. 

Menthyl chloride, by contrast, has the geometry shown in Figure 

11.21(b), in which all three substituents are equatorial. Since the chlorine 

is equatorial, it can’t undergo E2 elimination. In order to achieve the nec- 

essary geometry for elimination, menthy] chloride must first ring-flip to a 

highly energetic 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 stereochemistry is a 200-fold decrease in reaction rate and a com- 

plete change of product. The chemistry of the molecule is controlled by 

conformational effects. 

midi etohetacalisieie tera deialula e)ehajets) eistefajieio eiwis tes / siel6 si@lishe'ts Sele is) 6) 0..4)'6/'s isle (a's oa oielte\G:#/0.6 0) aie) @ Pie. ¢ 8! oie} 8 ie) 0) 0 0.0 0. 0 0 01000 © 

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. 
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11.13 The Deuterium Isotope Effect 

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. 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 times as fast as 
the corresponding elimination of DBr from 1-bromo-2,2-dideuterio-2-pheny]- 

ethane: 

i ’ 

Faster reaction (Nooo p Basers ¢ \-cu=cu, 

H 

1-Bromo-2-phenylethane 

i 
Slower reaction ( \ cone __ Base. CD=CH, 

D 

1-Bromo-2,2-dideuterio-2-phenylethane 

This result, which is fully consistent with our picture of the E2 reaction 
as a single-step process, tells us that the C—H (or C—D) bond is broken 
in the rate-limiting step. If it were otherwise, we couldn’t measure a rate 
difference. 

11.14 The E1 Reaction 

L 

Just as the Sy2 reaction has a close analog in the E2 reaction, the Syl 
reaction also has a close analog—the E1 reaction (for elimination, uni- 
molecular). The E1 reaction can be formulated as shown in Figure 11.22 
for 2-chloro-2-methylpropane. 

E1 eliminations begin with the same spontaneous dissociation of a hal- 
ide 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 Sy reaction, and mixtures 
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ee si‘ 

CH3 
hos 

CHeC Cl t 
vy. oo 

CH; 

Spontaneous dissociation of 

the tertiary chloride yields an I Slow, rate-limiting 
intermediate carbocation in a 
slow, rate-limiting step. oon 6 Kaa kak el 

Kal 
CH os +:Cli 

CH,—H aaSe : Base 

fe Nes 

Intermediate 

Abstraction of a neighboring H* by 
base in a fast step yields neutral Fast 
alkene product. The C—H bond 

electron pair goes to form the CH 

alkene pi bond. : 

C= CH, 

CH3 

Figure 11.22 Mechanism of the E1 reaction: Two steps are involved, the first of 
which is rate-limiting. 

of products are almost always obtained. For example, when 2-chloro- 
2-methylpropane is warmed to 65°C in 80% aqueous ethanol, a mixture of 
2-methyl1-2-propanol (Sy1) and 2-methylpropene (E1) is obtained: 

H,O , CH;CH, (CH3)3CCl SE = (CHs)3COH = + (CH)C=CH2 + HCl 

2-Chloro-2-methylpropane 2-Methy1-2-propanol 2-Methylpropene 

(64%) (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 E1 reaction; the intermediate carbocation can 

lose any available proton from a neighboring position. We might therefore 

expect to obtain the more stable (Zaitsev’s rule) product from E1 reaction, 

which is just what we find. To return to a familiar example, menthyl chloride 

loses HCl under E1 conditions to give a mixture of alkenes in which the 

Zaitsev product, 3-menthene, predominates (Figure 11.23, page 366). 
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CH(CHs)s 

HC 
H CH(CHs3)2 

Menthy] chloride Cl H 

E2 conditions 
he : E1 conditions 

eee sy egA 0.01M Na* -OCHCH; 
80% aqueous ethanol, 160°C 

CH(CHs3)s : 

H3C 
; CH(CHs3)o 

H 

2-Menthene (100%) 2-Menthene (32%) 

+ 

3C 

H 
CH(CHs3)2 

3-Menthene (68%) 

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. 

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. 

11.15 Summary of Reactivity: Syl, Sy2, E1, E2 

Sn1, 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 aren’t any definitive 
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 react only by Sy2 or E2 mechanisms 
because they are relatively unhindered and their dissociation would 
give relatively unstable primary carbocations. If a good nucleophile 
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such as RS: pn v1: 7, —:CN, or : Brio is used, nucleophilic substi- 
tution occurs i the wirtaal exclusion of elimination. Even strong 
bases such as hydroxide ion and ethoxide ion give almost entirely 
substitution product. Only when strong, bulky bases such as tert- 
butoxide are used do E2 eliminations with primary halides occur. 
In such cases, nucleophilic substitution is prevented by the steric 
bulk of the base, but elimination can still occur: 

CH3CH,0*~ 

Ethanol 

CH;CH,CH,CH,Br 1-Butene (10%) Butyl ethyl ether (90%) 

CH;CH,.CH= CH, oe CH3CH,CH,CH20CH.CH; 

Becta 
1-Bromobutane \ crincd CH;,CH,CH=CH, + CH;CH,CH,CH,OC(CH;), 

1-Butene (85%) Butyl tert-butyl ether (15%) 

2. Secondary alkyl halides can react by any of the four mechanisms, 
and we can often make one or the other pathway predominate by 
choosing appropriate experimental conditions. When a secondary 
halide is treated with a strong base such as ethoxide ion, hydroxide 
ion, or amide ion, E2 elimination normally occurs. But when the 

same secondary halide is treated in a polar aprotic solvent such as 
hexamethylphosphoramide with a good nucleophile or weak base, 
Sn2 substitution usually occurs. For example, 2-bromopropane 
undergoes different reactions when treated with ethoxide ion 
(strong base—E2) and with acetate ion (weak base—Swn2): 

CACO", (CH3)2CHOCOCH, + CH;CH=CH, 
(weak base) 

(CH;),CHBr Isopropyl acetate (100%) Propene (0%) 

2-Bromopropane \ > (CH3),CHOCH,CH, + CHsCH=CH, 
(strong base) 

Ethyl isopropyl ether (20%) Propene (80%) 

Secondary alkyl halides can also be made to 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, though, and the reactions are of little use for synthesis. 

3. Tertiary halides can react through three possible pathways—Sy]1, 
E1, and E2—and one of the three can often be made to predominate 
by proper choice of reaction conditions. Steric hindrance at the ter- 
tiary carbon precludes Sy2 behavior. When a tertiary halide is 

treated with a strong base, E2 reaction predominates. For example, 

2-bromo-2-methylpropane gives 97% elimination product when 

treated with ethoxide ion in ethanol. By contrast, reaction under 

Sn1 conditions (heating in pure ethanol) leads to a mixture of prod- 

ucts in which substitution predominates: 
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CH, 

CH3CH20?~ 

CH,CH,OH (CH3)sCOCH2CH3 + CH3;CCHs3 

Ethyl tert-butyl ether (3%) 2-Methylpropene (97%) 

(CH3)3CBr 

CH, a 
ee (CH,)sCOCH,CH, + CH;CCH; 

Ethyl tert-butyl ether (80%) 2-Methylpropene (20%) 

2-Bromo-2-methylpropane 

Table 11.11 summarizes these generalizations. 

Table 11.11 Reactivity of alkyl halides toward substitution and elimination 

Halide type Syl Sy2 El E2 

Primary halide Does not occur Highly favored Does not occur Occurs when 
strong, 

hindered bases 
are used 

Secondary halide Can occur under Favored by good Can occur under Favored when 
solvolysis nucleophiles in . solvolysis strong bases 
conditions in polar aprotic conditions in are used 

polar solvents solvents polar solvents 

Tertiary halide Favored by Does not occur Occurs under Highly favored 

nonbasic solvolysis when bases are 
nucleophiles in conditions used 
polar solvents 

en ee cereale siecle 

PROBLEM Ghs: aeravatewaia tars server easton icsce fob apn eur sheet ete ate nole Consus avs ieuste  Snous, she icpiiansa Rte ebavererchete ein: ete te erate ae Siar eirc eee eee eee ee een 

11.18 Identify these reactions as to type: 

(a) 1-Bromobutane + NaN; ——  1-Azidobutane 

(b) Bromocyclohexane + NaOH -—~> Cyclohexene | 

In HMPA 
> (c) 2-Bromobutane + NaCN 2-Methylbutanenitrile 

11.16 Substitution Reactions in Synthesis tS EE Se Sie S38 eevee ei Ore eee ee Boerne ieee 

The reason we’ve discussed nucleophilic substitution reactions in such detail 
is because they are 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. 
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One example is the alkylation of acetylide anions discussed in Section 
8.8. We said that acetylide anions react well with primary alkyl bromides, 
iodides, and tosylates, to provide the internal alkyne product: 

Pa 
R—C=C:~ Nat + R'— on, — R—C=C—CH,—R’ + Nax 

where X = Br, I, or OTos. 
Acetylide ion alkylation is, of course, an Sy2 reaction, and it is therefore 

understandable that only primary alkyl halides and tosylates react well. 
Since acetylide anion is a strong base as well as a good nucleophile, E2 
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: 

CH3(CH2)3C=C— CH(CHs3)2 

Br 7% Sn2 

CH3(CH2)s;C=C:- Nat + eeenen — a 

Sodio 1-hexyne CH;(CH2)3;C=CH + CH3;CH=CH, 

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 Sy1 pathway, 
whereas primary alcohols react by an Sy2 pathway (Figure 11.24). 

Tertiary alcohol—Syl 

yaoi nfs iy Syl Se ke ‘Olt 

(CH3)sCOH aS (CH3)3C— OH, — H,0 Par (CH3)3C SS (CH3)3CCl 

oe Ether ee 

2-Methy1-2- 2-Chloro-2- 

propanol methylpropane 

Primary alcohol—Sy2 

SSIES eee Bea ss as bs 
CH;CH2OH ares | CHsCH.—OH, cf cla —N*, CH3CH2Cl + H,O: 

we Ether \y aa 

Ethanol Chloroethane 

Figure 11.24 Mechanisms of reactions of HCl with tertiary and primary alcohols 
a rr 

Yet another substitution reaction we’ve seen is the conversion of pri- 

mary and secondary alcohols into alkyl bromides by treatment with PBr3 
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(Section 10.8). Although — OH is a poor leaving group and can’t be displaced 
directly by nucleophiles, reaction with PBrg3 activates an alcohol toward 
displacement by transforming the hydroxy] into a better leaving group: 

Good leaving group 

_—— ae 

Poor leaving group H 

PB ie | 
CH;(CH2)4 CH,—_O—H ed CH3(CH2)4CH2 O—PBr» 

1-Hexanol f Br? 

|sw 

CH3(CH2)4CHy Br 

: 1-Bromohexane 

Alcohols react with PBr3 to give dibromophosphites (R—O—PBrg), 
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 Sx2 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 methyl- 
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 bromo- 
methane used for laboratory alkylations, it is something of a shock to 
encounter a molecule as complex as S-adenosylmethionine. From a chemical 
standpoint, however, CH3Br 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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NH, 

a N Sn 

ANS | 
Bree HOOCCHCH,—CH,—$— CH, 0 N N 
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OH OH 
| Syn2 reaction 
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HO a NH v rN 
CHCH,NHCH; + HOOCCHCH,— CH,—S—CH, x 

Adrenaline H 

OH OH 

Figure 11.25 The biological formation of adrenaline by 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. For exam- 
ple, bromomethane is widely used as a fumigant to kill termites. The toxic- 
ity of these chemicals derives from their ability to transfer alkyl groups 
to nucleophilic amino groups (—NHg) and mercapto groups (—SH) on en- 
zymes. With enzymes modified by alkylation, normal biological chemistry 
is altered. 

Enzyme ~ NH» SS. Enzyme-w NHR 

Alkylated enzymes 

Enzyme ~S—H maak Enzyme ~S— R 

ees 

One of the best-known toxic alkylating agents is mustard gas, 
CICH,CH,SCH2CH,Cl, which gained notoriety because of its use as a chem- 
ical-warfare agent during World War I. It has been estimated that some 
400,000 casualties resulted from its use. Mustard gas, as a primary halide, 
is highly reactive toward Syj2 displacements by nucleophilic groups of pro- 
teins. It is thought to act through an intermediate sulfonium ion in much 
the same manner as S-adenosylmethionine (Figure 11.26, page 371). 
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CH 
se Internal Sy2 reaction ee 2 AAR 

CICH,CH, —8 —CH,CH,C1 eee CICH,CH2S. | :Cl: Ss H, 

Mustard gas 

>: NH, 

Sn2 reaction 

CICH,CH,S CH,CH, NH 

| Alkylated protein 

Figure 11.26 The alkylation of a protein by 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. Both modes of reaction are extremely 
important in chemistry, and it’s useful to be able to predict what will happen 
in specific cases. . 

Nucleophilic substitutions are of two types—Sy2 reaction and Syl 
reaction. In the Sy2 reaction, the entering nucleophile 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, with rate = k[RX][Nul, and is strongly 
inhibited by increasing steric bulk of the reagents. Thus, Sy2 reactions are 
favored only 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, Sy1 reactions show first-order kinetics, with 
rate = k{RX], 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—K2 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). 

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. 
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All four reactions—Sy1, Sy2, E1, and E2—are strongly influenced by 
many factors, summarized in Table 11.12. 

Table 11.12 Effects of reaction variables on substitution and elimination reactions 

Reaction Solvent Nucleophile/base 

Syl Very strong , Weak effect; 
effect; reaction 
reaction favored by 
favored good 

by polar nucleophile/ 
solvents weak base 

Syn2 Strong Strong effect; 

effect; reaction 

reaction favored by 
favored good 

by polar nucleophile/ 
aprotic weak base 
solvents 

El Very strong Weak effect; 
effect; reaction 
reaction favored by 
favored weak base 
by polar 
solvents 

E2 Strong Strong effect; 
effect; reaction 

reaction favored by 
favored poor 
by polar nucleophile/ 
aprotic strong base 
solvents 

Leaving group 

Strong effect; 
reaction 

favored by 
good 
leaving 

group 

Strong effect; 

reaction 

favored by 
good 
leaving 

group 

Strong effect; 
reaction 

favored by 
good 
leaving 

group 

Strong effect; 

reaction 

favored by 
good 

leaving 

group 

Substrate structure 

Strong effect; 
reaction favored 
by 3°, allylic, 
and benzylic 
substrates 

Strong effect; 

reaction favored 

by methyl and 1° 
substrates 

Strong effect; 
reaction favored 
by 3°, allylic, 
and benzylic 

substrates 

Strong effect; 
reaction favored 

by 3° 
substrates 

11.19 Summary of Reactions 

1 Nucleophilic substitutions 

a. Syl reaction; carbocation intermediate is involved (Sections 
11.6-11.9) 

| | 
R—C—xX ——> |R—C* 

R 

:Nu_ | 
——>. R-—C=Nu +. :X- 

Best for 3°, allylic, and benzylic halides and tosylates 
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b. Sy2 reaction; back-side attack of nucleophile occurs (Sections 

11.4—11.5) 

A a / 
“C—x SS Nu—C + X: 
/ x 

Best for 1° and 2° halides 

Nui: =i, ~:CN, thay, 2Br3 4, :Cl:-, HOz2,5:NHy, CH;0—, 

CH;CO,:~, HS:~, H,O:, :NHs, and so on. 

2. Eliminations : 

a. El reaction; more highly substituted alkene is formed (Section 
11.14) 

H x H R 
X / NAD BP \ / 

Soo CR COC kG rr rr 
iy \ wi \ ii \ 

R R R 

Best for 3° halides 

b. E2; anti periplanar geometry: is required (Section 11.11) 

B: 
ey 
os Base +wve- 
Dy X ame “pee pbsyoe 

Best for 2° and 3° halides 

ADDITIONAL PROBLEMS 

11.19 Which reagent in each pair will react faster in an Sy2 reaction with hydroxide ion? 
(a) CH3Br or CHI (b) CH3CHgl in ethanol or dimethyl] sulfoxide 
(c) (CH3)3CCl or CH3Cl (d) H,JC—CHBr or HXC=CHCH,Br 

11.20 How might you prepare each of the following molecules using a nucleophilic sub- 
stitution reaction at some step? 

(a) CH;C=CCH(CHs3)2 (b) CHsCH,CH,CH,CN 

(ec) H3C—O—C(CHs)3 (d) CH3CH,CH,NH, 

CH; 

(e) Gir Br7 (f) eas e 

é A phosphonium salt 
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Which reaction in each of these pairs would you expect to be faster? 
(a) The Sy2 displacement by iodide ion on CH;Cl or on CH;0Tos 
(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, (b) Kt -O—C(CHs)s (c) Nal 
(d) NaCN (e) NaC=CH (f) Mg, then H,O 
Which reagent in each of the following pairs is more nucleophilic? Explain your 
answer. 

ey ee (b) HO: or CH,COO:- 
(c) BF or ?F:- (d) (CHg)3P: or (CH3)3N: 
(e) :13- ort Cl: (f) -:C=N or ~:OCH, 

Among the Walden cycles carried out by Phillips and Kenyon is the following series 
of reactions reported in 1923: 

ie an 

cu,cucn,_\ Elon cu,cucn,—< 

Lalp = +33.0° Lalp = age ee 

i [exsr.on A 

O-Kt tea 

| 
CH;CHCH, CH;CHCH, 

| [alp = —19.9° 
CH,CH2Br 

t 
OCH.CH; 

CH,CHCH, 

[alp = +23.5° 

Explain these results and indicate where Walden inversion is occurring. 

The synthetic sequences shown here are unlikely to occur as written. What is wrong 

with each? 

Br 

| K* ~OC(CH3)3 
(a) CH;CHCH,CH3  (CH,),COH CH;CH(O-t-Bu)CH,CH3 
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CH; 
SOCl, 

H ——> 
0 Pyridine 

F OH 

CH3 

© ‘oi ( J 

Order each set of compounds with respect to Syl reactivity: 

NH2 

(a) (CH3)sC—Cl, aren CH3;CH,CHCHs 

(b) (CH3)3C—F, (CH3)3C—Br, (CH3)3C-—OH 

(c) CH2Br, CH(CH3)Br, 

a CT ceils 
Order each set of compounds with respect to Sy2 reactivity: 
(a) (CH3)3CCl, CHsCH,CH,Cl, CH3;CH,CHCICH3 
(b) (CH3),;CHCHBrCHs3, (CH3),CHCH,Br, (CH3)3;CCH,Br 

(c) CH;CH,CH,OCHs, CH;CH,CH,OTos, CH;CH,CH,Br 

Predict the product and give the stereochemistry resulting from reaction of the 
following nucleophiles with (R)-2-bromooctane: 

(a) -:CN (b) CH3CO,:- (c) CH,S:~ (a) :Br:- 

Describe in your own words the effects of the following variables on Sy2 and Syl 
reactions: 

(a) Solvent (b) Leaving group 
(c) Attacking nucleophile (d) Substrate structure 

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. 

Qe CY + many 
OCHs3 

CH,0:> + A 
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11.31 The Sy2 reaction can also occur intramolecularly (within the same molecule). What 
product would you expect from treatment of 4-bromo-1-butanol with base? 

BrCH,CH,CH,CH,OH —*—°%, OH,0H + [BrCH,CH,CH,CH,O-Na*] —> ? 
11.32 In light of your answer to Problem 11.31, can you propose a synthesis of 1,4-dioxane 

starting only with a dihalide? 

C) 
O 

1,4-Dioxane 

11.33 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 

11.34 Predict the major alkene product from each of these eliminations. 

i CHa CHs 
| oe | HOAc 

(a) naa (b) (CH3 taschican ae THe 

| cae Crecus 

11.35 The tosylate of (2R,3S)-3-phenyl-2-butanol undergoes E2 elimination on treatment 
with ethoxide ion to yield (Z)-2-phenyl-2-butene: 

vo & 
CH,CHCHCH; CH,C=CHCH, 

| 
OTos 

Formulate the reaction, showing the proper stereochemistry. Explain the observed 
result by using Newman projections. 

11.36 In light of your answer to Problem 11.35, 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 answer. 

11.37 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? 

el 
HOOC—C=C—cooH +“—“=, Hooc—C=C—COOH 

2. H30* 
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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. 

CH3;CH,CH(OH)CH3 

2-Butanol 

Suggest an explanation for the observation that reaction of HBr with (R)-3-methyl- 

3-hexanol leads to (+)-3-bromo-3-methylhexane. 

CH;CH,CH,C(OH)(CH3)CH,CH3 

3-Methyl-3-hexanol 

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 
3 SS SS 

CY paar CH 4 CH, 

7:1 ratio 

We’ve seen that allylic and benzylic halides are more reactive than saturated alkyl 
halides in the Sy1 reaction. It turns out that they’re also more reactive in the Sy2 
reaction. Look at the table of bond strengths (Table 5.4) and explain why allylic and 
benzylic halides are so readily displaced. 

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 
Base 

H Say ae H 
D 

H H 

In light of your answer to Problem 11.42, 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) RO 

H H \ 

Cl Cl 

(b) - RO 

H 

Cl 
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There are eight possible diastereomers of 1,2,3,4,5,6-hexachlorocyclohexane. Draw 
them in their most stable chair conformations. One isomer loses HC] in an E2 
reaction nearly 1000 times more slowly than the others. Which isomer reacts so 
slowly, and why? 

Consider the following methy] ester cleavage reaction: 

O 
| 
Cz-O— CH. GO. Li® 

Lil 

Cog ear 9K no ual 

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,,H,,Br,. On treatment 
with strong base, X gives hydrocarbon Y, C;gH,,. Compound Y absorbs 2 equiv of 
hydrogen when reduced over a palladium catalyst, and reacts with ozone to give 
two fragments. One fragment, Z, is an aldehyde with formula C;H,O. The other 
fragment is glyoxal, CHOCHO. Formulate the reactions involved and suggest struc- 
tures 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. 



CHAPTER 12 

Structure Determination: 
Mass Spectroscopy and 
Infrared Spectroscopy 

S csr determination is central to organic chemistry. Every time a reaction 
is run, the products must be purified and identified. The desired 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. Doing 
these things was a time-consuming process in the nineteenth and early 
twentieth centuries, but extraordinary advances have been made in the last 
few decades. Sophisticated (and usually expensive) 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. 

12.1 Purification of Organic Compounds 

380 

Crystallization is a simple yet effective method for purifying 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 solution. 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 sample flask. 
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Thermometer 

Condenser 

Sample flask 

Receiver flask 

Figure 12.1 Asimple 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 operation of 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 form of chro- 
matography is normally used to separate a mixture of organic compounds. 
The development of chromatography (literally, “color writing”) as a sepa- 
ration 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 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 chromatographic column is shown in 
Figure 12.2 on page 382. 

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 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 from the end of the chromatography 

column. We will discuss briefly just three chromatographic techniques that 

are often used by organic chemists: liquid chromatography, high-perfor- 

mance liquid chromatography, and gas chromatography. 

1Mikhail 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 (AlgO3 or SiO2) 

Glass wool 

Figure 12.2 A simple chromatography column: The glass tube is filled with adsor- 
bent material, and a solution is allowed to drip through the column. 

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 SiO). More solvent is then passed 
down the column containing the stationary phase, and different compounds 
are removed (eluted) at different times. 

The time at which a compound is eluted is strongly influenced by the 
polarity of the compound. As a general rule, molecules with polar functional 
groups (Section 5.5) 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 recent vari- 
ant 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 silica 
microspheres of 10—25 micrometer (um) size (1 wm = 10-6 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 
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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 column. Figure 12.3 shows 
the results of HPLC analysis of a mixture of tetrachloromethane and five 
aromatic compounds, using silica microspheres as the stationary phase and 
hexane as the mobile phase. As each compound is eluted from the chro- 
matography column,’it passes through a detector, which registers its pres- 
ence as a peak on a recorder chart. 

1. Tetrachloromethane 

2. Benzene 

- CH3 

4 8. Toluene el 

4, Naphthalene 

6. Nitrobenzene 
Recorder response 

1 min 2 min 3 min 9 min 

Time of chromatography operation ———~ 

Figure 12.3 The HPLC analysis of a mixture of aromatic compounds in tetra- 
chloromethane: The sample was dissolved in hexane and forced through a 
4mm xX 60 cm column under 2500 Ib/in.? pressure. 

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 chroma- 

tograph, shown schematically in Figure 12.4 on page 384. 
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Carrier gas 

(mobile phase) 

Coiled chromatography colum 

Sample 

_— 

Heated 

detector 
Heated 

inlet block 

Oven 

Recorder chart 

Figure 12.4 Schematic representation of a gas chromatograph 

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 (containing stationary phase) by 
a stream of carrier gas (mobile phase). As pure separated components come 
off the end of 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 C; and Cg hydrocarbons, using a 10 m 
coiled-glass column. 

a : g| 
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s ie 5 - 

o A af - & o a \ 
a ae bl & > o ; : 
ca i oD i aS : Qe 

g oS ss — 

= i S 2 e 2 
& it a — se 
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10 
sec || 

0.50 1.00 1.50 

Time (min) ———> 

Figure 12.5 Gas chromatographic analysis of a hydrocarbon mixture 
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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-bro- 
mobutane and not 1-bromobutane? 

Br 

| 
CH,CH,CH=CH, —“> 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). 

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. 

Ions deflected according to m/z 

i 
\ Detector 

Tonizing 
electron 
beam 

Filament 

Inlet sample 

Figure 12.6 Schematic representation of an electron-impact, magnetic-sector mass 

spectrometer 
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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 varies but is commonly around 70 electron volts 
(eV) or 1600 kcal/mol (6700 kJ/mol). When a high-energy electron strikes 
an organic molecule, it dislodges a valence electron from the molecule, pro- 
ducing 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 Mea 4 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 highest peak, called 
the base peak, is arbitrarily assigned an intensity of 100%. Figure 12.7 
shows the mass spectra of methane and propane. 

The mass spectrum of methane is relatively simple, since few frag- 
mentations 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 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 CH3° fragments. 

CH;]* + H:- 
H pe 3] 

CH, —> | H:C-H eat 
H 

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 
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. 
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(b) 

Figure 12.7 Mass spectra of (a) methane (CH,; mol wt = 16) and (b) propane 
(C3Hg; mol wt = 44) 

-12.6 Interpreting Mass Spectra 

What kinds of information can we get from 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 between them. 

Some instruments have such sophisticated detectors that they provide 
mass measurements accurate to 0.001 amu (atomic mass unit), allowing one 
to distinguish between two formulas with the same nominal mass. For exam- 
ple, although both C;H;, and C4HgO have mol wt = 72, they differ slightly 

beyond the decimal point: C;Hj. has an exact mass of 72.0939, whereas 

C,H,O has an exact mass of 72.0575. 
Unfortunately, not all compounds show a molecular ion in their mass 

spectrum. 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, page 388). 
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Figure 12.8 Mass spectrum of 2,2-dimethylpropane (CsHj2; mol wt = 72): No 

molecular ion is observed. 
SSS —K 

Knowing an unknown’s molecular weight allows us to narrow the pos- 
sibilities for molecular formula down to only a few choices. 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 CgHi4, C7H 190, CgHgOz, 
or CgH, Ne. 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. 

A further point about mass spectroscopy can be seen by looking carefully 
at the mass spectra of methane and propane in Figure 12.7. Perhaps sur- 
prisingly, the molecular ions are not the highest mass peaks in the two 
spectra; there are small peaks in each spectrum at (M + 1)*’. These small 
peaks are due to the presence in the samples of small amounts of isotopically 
substituted molecules. Although !2C 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)*’ 
peak. 

eee rere eos ese reese sees seer esee sees ee seer eee eee ee EeeeseseseEeseeeeeeeeeeeEeeeE eo eee ee ese EEE EES 

Write as many feasible 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) M** = 128 Ko)e MT = 756 

TOP e eee eeosr eer enaseseseeccesrceresese ee eF ECF ennereeresereseegeseseseonerevreseneeeacansennenens 

Nootkatone, one of the chemicals responsible for the odor and taste of grapefruit, 
shows a molecular ion at m/z = 218 in the mass spectrum and is known to contain 
C, H, and O. Suggest several possible molecular formulas for nootkatone. 

OO OO OMe FOh a ONG! Oe eee Oe RK ele OTe 6:8, 0 le WN6 \e: eK eh ee eee ba 8 DLS 0 0's) seca levee qlee capeene) Santer eiale eleva telenchatelerensné clisiatans aienele.s 

By knowing the natural abundances of minor isotopes, it’s possible to calculate the 
relative heights of M*’ and (M + 1)*’ peaks. If 13C 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,? 
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12.4 The nitrogen rule of mass spectroscopy says that a compound containing an odd 
number of nitrogens has an odd-numbered molecular ion. Conversely, a compound 
containing an even number of nitrogens has an even-numbered M‘’ peak. Why 
should this be so? 

COSC eRe eteeaesesneee & Sees oae ake Se Ee SaRE AED OO 1e- BJ. 880/219. 0.10: 6:'a:\6)m ap mle) WMIMCa ROIS WS a) Le Win.'a $1910 oie lp 0a a vow le ey 0 4s 60m nee @ 

12.5 In light of the nitrogen rule mentioned in Problem 12.4, what is the molecular 
formula of pyridine, M*' = 79? 

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. For example, the mass spectrum of a compound serves as 
a kind of “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 is 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 is also possible to derive structural information about a sample 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 (that is, is a carbo- 
cation), whereas 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 methy] carbocation (Section 6.11). Propane therefore has a 
base peak at m/z = 29, and a barely detectable peak at m/z = 15 (Figure 
1227): 

[(CH3;CH,CH3]** ——> CH;CHj + -CHg; 

Mice miz = 29 Neutral; 
not observed 

Since mass spectral fragmentation patterns are usually complex, it is 
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, shows (Figure 12.9, page 390). 
The mass spectrum of hexane shows a moderately 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 electronically similar, all of them 
break to a similar extent, giving rise to the observed ions. Figure 12.10 on 
page 390 shows how these fragments might arise. 
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Figure 12.9 Mass spectrum of hexane (CgHg; mol wt = 86): The base peak is at 
miz = 57. 

CH3CH2,CH2CH,CH,CH3 

Hexane 
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Figure 12.10 Fragmentation of hexane in a mass spectrometer 

The loss of a methyl radical from the hexane cation radical 
(M** = 86) gives rise to a fragment of mass 7 1; the loss of an ethyl 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 frag- 
mentation patterns of unknown compounds and to work backward toa 
structure that is compatible with the available data. 

Figure 12.11 shows how information from fragmentation patterns can 
be used. Assume that we have two unlabeled bottles, A and B. One contains 
methylcyclohexane, the other contains ethylcyclopentane, and we need to 
distinguish between them. 
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Figure 12.11 Mass spectra of samples A and B 

The mass spectra of both samples show molecular ions at M*" = 98, 
corresponding to C7H 4. The two mass spectra differ considerably in their 
fragmentation patterns, however. Sample B has its base peak at 
m/z = 83, corresponding to the loss of a -CH3 group (15 mass units) from 
the molecular ion, but sample A has only a small peak at m/z = 83. Con- 
versely, A has its base peak at m/z = 69, corresponding to the loss of a 
-CH,CH; group (29 mass units), but B has a rather small peak at 
m/z = 69. We can therefore be reasonably certain that B is methylcyclo- 
hexane and A is ethylcyclopentane. 

This example is, of course, a simple one, but the principles used are 

broadly applicable 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 fragmentations that can be interpreted to provide structural 

information. 

Gl blelele svelee edialnl ele ole else) cle eee ele © eeieiea ers COs ele ees e esr FV ea eee ss sses eevee ere ree seevernreegaae 

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? 
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12.7. Two mass spectra are shown. 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, however, 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. 

It’s best to think of electromagnetic radiation 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) and frequency (v). 
Wavelength is simply the length of one complete wave cycle from trough 
to trough, and frequency is the number of wave cycles that travel past a 

’ fixed point in a certain unit of time (usually given in cycles per second, or 
hertz, Hz). 
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Figure 12.12 The electromagnetic spectrum 
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Wavelength and frequency are inversely related by the equation 

¢ A = 

V 

where A = Wavelength in centimeters 

c = Speed of light (3 x 10!° cm/sec) 

v = Frequency in hertz 

As Figure 12.12 indicates, 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 107° cm to 
7.8 x 10~° cm in wavelength). 

Electromagnetic energy is transmitted only in discrete energy packets, 

or quanta, where the amount of energy corresponding to 1 quantum of 

energy (or 1 photon) of a given frequency is expressed by the equation 

e = hy = * 

where ¢ = The energy of 1 photon (1 quantum) 

h = Planck’s constant (6.62 x 107°4 J sec) 

vy = Frequency in hertz 

d = Wavelength in centimeters 

c = Speed of light (3 x 101° 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 (gamma rays); low 

frequencies and long wavelengths correspond to low-energy radiation (radio 

waves). If we multiply e by Avogadro’s number, N, and convert to kilocalories 

per mole, we arrive at the same equation expressed in units familiar to 

organic chemists: 

R= Nhe _ 2.86 X 107° kcal/mol 
oe A (cm) 

where E represents the energy of Avogadro’s number (a “mole”) of photons 
of wavelength A. 

When a sample of an organic compound is exposed to electromagnetic 
radiation, energy of certain wavelengths is absorbed by the sample, but 
energy of other wavelengths passes through. Whether the light energy is 
absorbed or not absorbed depends both on the structure of the sample com- 
pound and on the wavelength of the radiation. If we irradiate the sample 
with energy of many different wavelengths and determine which wave- 
lengths are absorbed and which pass through, we can determine the absorp- 
tion 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 ethy] alcohol using infrared radiation is shown in Figure 12.13. 
The horizontal (x) axis records the wavelength, and the vertical (y) axis 
records the intensity of the various energy absorptions as they occur. 

Since a molecule gains energy when it absorbs radiation, this energy 
gain 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- 
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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. 
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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 just 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. 

PROBLEM...... Cece eee ene 

12.8 It is 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 10-3 kcal/mol 
haan Sy Gaye and r= iS 

Av 

calculate the energies of the following: 
(a) Agamma ray withA=5x10°%cm_ (b) An X ray with A = 3 x 10-7 cm 
(c) Ultraviolet light with vy = 6 x 104 Hz 
(d) Visible light with v = 7 x 1014 Hz 
(e) Infrared radiation with A = 2 x 10-3? cm 
(f) Microwave radiation with v = 10!! Hz 

(g) Radio waves from the “Fat One,” station KFAT in Gilroy, Ca., 102.5 MHz FM 

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 10~? cm, but 
only the midportion from 2.5 x 107° cm to 2.5 x 1074 cm interests organic 
chemists (Figure 12.14). Specific wavelengths within the IR region are usu- 
ally given in micrometers (1 wm = 10~‘* 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: 

infr. 

r 10-° 107 

ared 

Cm. Oe, 0% 

ton) h=2.5 X 1074 em d= 2.5 X 10-3 cm 
= 2.5 um eee 

¥ = 4000 cm=! ee 

CE 
Figure 12.14 The infrared region of the electromagnetic spectrum 
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Using the equation E = (2.86 x 1073 kcal/mol)/A, we can calculate that 
the energy levels of infrared radiation range from 1.13—11.3 kcal/mol (4.73— 
47.3 kJ/mol). 

Why does an organic molecule absorb infrared radiation? It turns out 
that the amount of energy in infrared light corresponds exactly to the 
amount needed to increase certain molecular motions in organic compounds. 
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 1.10 A is actually 
vibrating back and forth at a certain frequency, alternately stretching and 
compressing as if there were a spring connecting the two atoms. When the 
molecule is irradiated with electromagnetic radiation, the vibrating bond 
will absorb energy from the light if the frequencies of the light and the vibra- 
tion are the same. ; 

When a molecule absorbs infrared radiation, the molecular vibration 
with a frequency matching that of the light increases in intensity. 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 bond vibration, we can see what kinds of molecular vibrations 
a sample has by measuring its infrared spectrum. Then by working back- 
ward and interpreting the infrared spectrum, we can find out what kinds of 
bonds (functional groups) are present in the molecule. 

seer eee eres e reese essere nese ere sees sere seseseseeeeeeseeeeesereseeee ee oeoeeseseeoeeseseeeseneee 

There is some disagreement among chemists about the best way to refer to infrared 
data. Some people prefer to think in terms of 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 cm7! (b) 5.85 um to cem7! 
(c) 2250 cm™! to um (d) 970 cm™! to um 

12.10 Interpreting Infrared Spectra 

The full interpretation of an infrared spectrum is not easy. Most organic 
molecules are so large that there are dozens or hundreds of different possible 
bond stretching and bending motions, and an infrared spectrum therefore 
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. (In fact, the complex region of the infrared spectrum 
below 1500 cm“! is called the fingerprint region; if two samples have 
identical infrared spectra, 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 give rise to characteristic 
infrared absorptions that change little from one compound to another. Table 
12.1 lists the characteristic IR absorptions of the most common functional 
groups. 
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Table 12.1 Characteristic infrared absorptions of some functional groups 

Functional group class 

Alkanes, alkyl groups 
C—H 

Alkenes 
a 

C=C 

Alkynes 
=C—H 

Alkyl halides 
C—Cl 
C—Br 
C—I 

Alcohols 

O—H 

C—O 

Aromatics 

NC 
| oH 

c7oNG 
| 

Cc Ee 

Amines 

N—H 
C—N 

Carbonyl compounds” 

C=O 

Carboxylic acids 

O—H 

Nitriles 

C—N 

Nitro compounds 

NO, 

Band position (em~ 1) 

2850-2960 

3020-3100 
1650-1670 

3300 
2100-2260 

600-800 
500-600 

500 

3400-3640 
1050-1150 

3030 

1600, 1500 

3310-3500 
1030, 1230 

1670-1780 

2500-3100 

2210-2260 

1540 

Intensity of absorption 

Medium to strong 

Medium 

Medium 

Strong 
Medium 

Strong 
Strong 
Strong 

Strong, broad 

Strong 

Medium 

Strong 

Medium 

Medium 

Strong 

Strong, very broad 

Medium 

Strong 

J 
EEE 

“Acids, esters, aldehydes, and ketones. 
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For example, the C—O absorption of ketones is almost always in the 
range 1690-1750 cm~!, 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 char- 
acteristic functional-group absorptions occur, we can gain valuable struc- 
tural information from infrared spectra. 

As an example of how infrared spectroscopy can be used, look at the IR 
spectra of hexane, 1-hexene, and 1-hexyne in Figure 12.15 (facing page). 
Although all three spectra contain many peaks, there are characteristic 
absorptions of the C=C and C=C functional groups that allow the three 
compounds to be distinguished readily. Thus, 1-hexene shows a character- 
istic carbon—carbon double-bond peak at 1660 cm~! and a vinylic =C—H 
bond peak at 3100 cm™!, whereas 1-hexyne exhibits a carbon—carbon triple- 
bond absorption at 2100 cm~! and a terminal alkyne =C—H bond absorp- 
tion at 3300 cm“!. 

It helps in remembering the position of specific IR absorptions if we 
divide the infrared region from 4000 to 200 cm™! into four parts, as shown 
in Figure 12.16: 

1. The region from 4000 to 2500 cm™! corresponds to absorptions 
caused by N—H, O—H, and C—H bond stretching and bending 
motions. The N—H and O—H bonds absorb in the 3300-3600 cm~! 
range, whereas C—H bond stretching occurs near 3000 cm~!. 

2. The region from 2500 to 2000 cm~! is where triple-bond stretching 
occurs. Both nitriles (R—C=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~!, whereas alkene stretch- 
ing normally occurs in a narrow range from 1640 to 1680 cm~!. 

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. 
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Figure 12.16 Regions in the infrared spectrum 
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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’ time using commercially available 

instruments. 
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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 faster (higher frequency, 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 con- 
necting 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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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“! 
(b) A compound with a strong absorption at 1540 cm™! 
(c) A compound with strong absorptions at 1720 cm“! and at 2500-3100 cm! 
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How might you use IR spectroscopy to help you distinguish between these pairs of 
isomers? 

(a) CH;CH,OH and CH;,0CH3; (b) Cyclohexane and 1-hexene 
(c) CH;CH,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~!, whereas saturated C—C bonds show a 
number of absorptions in the 800-1300 cm™! range. Since most organic 
compounds contain saturated alkane-like portions, most organic compounds 
have these characteristic IR peaks. These C—H and C—C peaks are clearly 
visible in the three spectra shown in Figure 12.15. 

\ 
Alkanes iy C—H 2850-2960 cm! 

“ vy. 
—C—C— >. 800-1300 em 
iy. ‘ 

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. 
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Mono- and disubstituted alkenes have =C—H bonds that give rise to 
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 (RxC—CH,) have an 
intense band at 890 cm7!. 

Alkenes = et 3020-3100 cm! 

a ™ ey Ye CQ 1650-1670 cm 

RCH=CH, 910and990cm =! 

R,C—CH, 890 cm} 

Te 

ALKYNES 

PROBLEM 

12.12 

5000 

80 

60 

40 

20 

Alkynes exhibit 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 final point about infrared spectroscopy: It is also possible to derive 
much structural information from an infrared spectrum by noticing which 
characteristic absorptions are not present. For example, if the spectrum of 
an unknown does not contain absorptions at 3300 and 2150 cm“!, it is not 
a terminal alkyne; if the spectrum has no absorption near 3400 cm“!, the 
compound is not an alcohol, and so on. 

eee ce ee ee eet eee me eee eee reser eee eeseseHeHeeETE Zee EEE EEL EHE LEH EEE OTOH ETE HEHE HHH HEE EEE OD 

Shown here is the infrared spectrum of ethynylcyclohexane. What absorption bands 

can you identify? 
Wave number (cm +) 
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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 mht 3300-3500 cm~! (sharp, medium intensity) 

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 cm7!. 

1 1 Aldehydes R—C—H ( \-c-1 

1730 cm7! 

1705 cm! 

Ketones Open-chain ketones and six-membered-ring cyclic ketones absorb 
at 1715 cm“!; five-membered-ring ketones absorb at 1750 cm7!; and ketones 
next to either a double bond or an aromatic ring absorb at 1690 cm7!. 

i O 
Ketones R—C—R’ [| }s (\-t. 

1715 cm} 

1750 cm71 1690 cm~1 



12.13 SUMMARY AND KEY WORDS 403 

Esters Saturated esters absorb at 1735 cm!, and esters next to either an 
aromatic ring or a double bond absorb at 1715 cm~!. 

t 1 
Esters R—C—OR’ ( \-c—on 

1735 em~! 

1715 m=! 

12.13 Summary and Key Words 

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. This is done using various spectroscopic methods such as mass spec- 
troscopy 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 
infrared 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 certain molecular vibrations 

such as bond stretchings and bendings. Each specific kind of functional group 

has a characteristic set of infrared absorptions. For example, the terminal 

alkyne =C—H bond absorbs infrared radiation of 3300 cm7! frequency, 

and the alkene C=C bond absorbs in the range 1650-1670 cm. By observ- 

ing which frequencies of infrared radiation are absorbed by a molecule, and 

which are not, we can determine what functional groups a molecule contains. 



404 CHAPTER 12 STRUCTURE DETERMINATION: MASS AND IR SPECTROSCOPY 

ADDITIONAL PROBLEMS 

12.14 

12.15 

12.16 

12.17 

12.18 

12.19 

12.20 

12.21 

Peco oeoesesesevroreoreeseeoeeeeeesens eoceeeceeeeseovreseoe eoceoeeee eevececcce eceeee eececee eoeee 

Write as many molecular formulas as you can for hydrocarbons that show the fol- 
lowing molecular ions in their mass spectra: 

(a) M** = 64 (b) M** = 186 (c) Mt’ = 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) M** = 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 M** = 132 (b) A hydrocarbon with M** = 166 
(c) A hydrocarbon with M** = 84 

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. 

(a)eMih = 74 (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 
molecular 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 
Br (50.5%) and ®!Br (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, CH;Br (b) 1-Chlorohexane, CgH,3Cl 

Molecular ions can be particularly complex for polyhalogenated compounds. Taking 
the natural abundance of Cl into account (Problem 12.19), 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,,, mol wt 86) has the mass spectrum shown here. What peak 
represents M**? Which is the base peak? Propose structures for fragment ions of 
ee = 71, 57, 43, and 29. Suggest a reason for the base peak’s having the mass it 
oes. 
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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 reciprocal 
centimeters: 
(a) An alcohol, 2.98 um (b) An ester, 5.81 um (c) A nitrile, 4.93 um 

Convert the following infrared absorption values from reciprocal centimeters to 
micrometers: 

(a) A cyclopentanone, 1755 cm7! (b) An amine, 3250 cm! 
(c) An aldehyde, 1725 cm7! (d) An acid chloride, 1780 cm™! 

How might you use IR spectroscopy to distinguish between the three isomers 
1-butyne, 1,3-butadiene, and 2-butyne? 

Would you expect two enantiomers such as (R)-2-bromobutane and (S)-2-bromobu- 
tane to have identical or different IR spectra? Explain. 

Would you expect two diastereomers such as meso-2,3-dibromobutane and (2R,3R)- 
dibromobutane to have identical or different IR spectra? Explain. 

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. 

Wave number (cm) 

3000 2000 1500 1300 1100 1000 900 800 700 

3 b 5 6 7 8 9 10 11 12 13 14 15 
Wavelength (um) 

(a) 

Wave number (cm a) 

3000 2000 1500 1300 1100 1000 900 800 700 

3 4 5 6 7 8 CO ee biiee 612)) "13° «14)~= 18 
Wavelength (um) 

(b) 
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How would you use infrared spectroscopy to distinguish between these pairs of 
constitutional isomers? 

(a) (CH3)3N and CH;CH,.NHCH3 

O 

(b) pees and CH;CH=CHCH,0OH 

(c) HpC—=CHOCH; and CH;CH,CHO 

Assume you are carrying out the dehydration of 1-methylcyclohexanol to 1-meth- 
ylcyclohexene. 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 11.10). 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? 

O 

(a) CHsCH,CCH3 (b) (CH3),>CHCH,C=CH 

(c) (CH3)gpCHCH,CH=CH, (d) CH3;CH,CH,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~1)? Explain your answer. 

Carvone is an unsaturated ketone responsible for the odor of spearmint. If carvone 
has M** = 150 in its mass spectrum, what molecular formulas are likely? If carvone 
has three double bonds and one ring, what molecular formula is correct? 

Carvone (Problem 12.34) 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. 

20 40 60 80 100 120  ~—«:140 
1 ae 

(a) 
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12.37 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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CHAPTER 13 

Structure Determination: 
Nuclear Magnetic 
Resonance Spectroscopy 

Nyce: magnetic resonance (NMR) spectroscopy is perhaps the most 
valuable spectroscopic technique available to organic chemists. It is the 
method of structure determination to which chemists first turn for 
information. 

We saw in Chapter 12 that mass spectroscopy provides information 
about the molecular weight and formula of a molecule of unknown structure, 
and that infrared spectroscopy provides information about the kinds of func- 
tional groups in the unknown. Nuclear magnetic resonance spectroscopy 
does not replace or duplicate either of these techniques; rather, it comple- 
ments them. NMR spectroscopy provides a “map” of the carbon—hydrogen 
framework of an organic molecule. Taken together, the three techniques 
often allow us 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 

408 

Many kinds of nuclei behave as if they were spinning about an axis. Since 
they are positively charged, these spinning nuclei act like tiny magnets and 
can therefore interact with an externally applied magnetic field (denoted 
Ho). Not all nuclei act this way but, fortunately for organic chemists, both 
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the proton (1H) and the °C nucleus do have spins. Let’s see what the con- 
sequences 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 these nuclei are placed 
between the poles of a strong magnet, however, they adopt specific orien- 
tations, 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 (antiparallel to) the external 
field. These two possible orientations do not have the same energy and 
therefore are not present in equal amounts. The parallel orientation is 
slightly lower in energy, making this spin state slightly favored over the 
antiparallel orientation (Figure 13.1). 

p = ec 

Se ein 
Eat aS p o> 

A 

(a) (b) 

Figure 13.1 Nuclear spins are oriented randomly in the absence of a strong exter- 
nal magnetic field (a), but have a specific orientation in the presence of an external 
field, Hy (b). Note that some of the spins (red) are aligned parallel to the external 

field, whereas others 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 

nucleus is 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 nucleus 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, page 410). 
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Strength of applied field, Hy) ———> 

Figure 13.2 The variation of energy difference between nuclear spin states as a function of 
the strength of the applied magnetic field: Absorption of rf energy of frequency v converts a 
nucleus from a lower spin state to a higher spin state. (a) Spin states have equal energies in 
the absence of an applied magnetic field. (b) Spin states have unequal energies in the presence 
of a magnetic field. At vy = 60 MHz, AE = 5.7 X 10-6 kcal/mol. (c) The energy difference between 
spin states is greater at larger applied fields. At vy = 100 MHz, AE = 9.5 x 10-6 kcal/mol. 

In practice, superconducting magnets that produce enormously power- 
ful 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 4H nucleus into resonance, and rf energy of 15 MHz is 
required to bring a !3C nucleus into resonance. These energy levels needed 
for NMR are much smaller than those required for infrared spectroscopy 
(1.1-11 kcal/mol). For example, 60 MHz rf energy corresponds to only 
5.7 X 10° kcal/mol (2.4 x 10-5 kJ/mol). 

The 'H and °C nuclei are not unique in their ability to exhibit the 
nuclear magnetic resonance phenomenon. All nuclei with odd-numbered 
masses, such as 1H, 13C, 19°F, 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, !60) do not give rise to magnetic phenomena 
(Table 13.1). 

Table 13.1 The NMR behavior of 

some common nuclei 

Magnetic nuclei Nonmagnetic nuclei 

1H 120 

18C¢ 16Q + No NMR observed 
2H 32g 
14N NMR observed 

19p 
31p 
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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 1H nucleus into resonance. At the same 
field strength, rf energy of 56 MHz will bring a 19F nucleus into resonance. Use the 
equation given in Section 12.8 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? 

COS RHC PSH HEE oe EE EEE LEHR EHH OHHH EE HO EHO DEO EES HEE EH EH OEE O OCHRE HEREC CER eRe ER OOP OOF OE Re 

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? 

13.2 The Nature of NMR Absorptions 

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 1°C 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. 

Ta aecce ag applied ~ FXjocai 

In describing this effect, we say that the nuclei are shielded from the 

applied field by the circulating electron clouds. Since each kind of nucleus 

in a molecule is in a slightly different electronic environment, each nucleus 

is shielded to a slightly different extent. Thus, 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 expe- 

rienced by different nuclei can be observed, and we can see different NMR 

signals for each nucleus. 

Each unique kind of proton and each unique kind of 13C in a molecule 

give rise to a unique NMR signal. Thus, the NMR spectrum of an organic 

compound provides us with a map of the carbon—hydrogen framework. With 

practice, we can learn how to read the map and thereby derive structural 

information about an unknown molecule. 

Figure 13.3 shows both the 1H and the °C NMR spectra of methyl 

acetate CH3;COOCHs3. The horizontal (x) axis shows the difference in effec- 

tive field strength felt by the nuclei, and the vertical (y) axis indicates 

intensity of absorption of rf energy. Each peak in the NMR spectrum cor- 

responds to a different kind of nucleus in a molecule. Note, however, that 

1H and 13C spectra can’t both be observed at the same time on the same 
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Figure 13.3 (a) The 1H NMR spectrum and (b) the 3C NMR spectrum of methyl acetate, 
CH3;COOCH3 

spectrometer, since different amounts of energy are required to spin-flip the 
different kinds of nuclei. Each of 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 present. 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 
OCH; protons. Since the three protons of each methyl group have the same 
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chemical (and magnetic) environment, they are shielded to the same extent 
and show a single absorption. The two methyl groups themselves, 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 then irradiated with rf energy. The 
exact amount of energy required depends both on the strength of the mag- 
netic field and on the kind of nucleus we intend to observe. As noted before, 
the two most commonly observed nuclei, !H and 1°C, absorb in quite different 
rf ranges, and we cannot observe both 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 

Figure 13.4 Schematic operation of an NMR spectrometer 

Nuclear magnetic resonance spectroscopy differs from infrared spec- 

troscopy (Sections 12.8—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 10718 sec); the NMR process, however, requires far more time (about 

10-3 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 
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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 is possible 
to calculate the rate of the process under investigation. 
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How many signals would you expect each of the following molecules to have in its 

1H and °C spectra? 

(a) (CH3),C =C(CHs3)2 (b) Cyclohexane 

| 1 
(c) H3sCOCH3 (d) (CH3)3CCOCH3 

(e) nc—( ct (f) 1,1-Dimethylcyclopropane 

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 
upfield) side. In order to define the position of absorptions, the NMR chart 

Downfield Upfield 

(deshielded) (shielded) 
—— 

Calibration peak 
(TMS) = 

Intensity of absorption 

10 8 6 4 1 2 Q ppm 

~—— Low field High field ———~ 

; Direction of field sweep 

Figure 13.5 The NMR chart 
ee Ee ee 
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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. Tetra- 
methylsilane is used as reference for both 1H and 13C measurements because 
it gives rise in both kinds of spectra to a single peak that occurs upfield 
(farther right on the chart) of all other absorptions normally found in organic 
compounds. 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 all other absorptions normally occur downfield (to the 
left on the chart). For historical reasons, NMR charts are calibrated 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 (or 1 ppm of 60 x 10® Hz) would equal 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 hertz away from TMS) 

Spectrometer frequency in megahertz 

Although this method of NMR calibration may seem needlessly com- 
plex, there is a good reason for it. As we saw earlier, the position of an NMR 
peak (chemical shift) depends on magnetic field strength, which in turn is 
proportional to spectrometer frequency. Since many different kinds of spec- 
trometers, operating at many different magnetic field strengths and rf fre- 
quencies are available, chemical shifts given in hertz vary greatly from one 
instrument to another. By using a system of measurement in which NMR 
absorptions are expressed in relative terms (parts per million of spectrometer 
frequency) rather than in absolute terms (Hz), we can avoid much confusion. 
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 6 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 1H NMR absorptions occur 0-10 6 downfield from the proton absorption 
of TMS, and almost all !°C absorptions occur 1-250 5 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 13C NMR. For technical reasons, ‘°C spectra are more difficult 

to obtain than 1H spectra, but they are also much easier to interpret. 



416 

PROBLEM 

13.4 

PROBLEM 

13.5 

CHAPTER 13 STRUCTURE DETERMINATION: NMR SPECTROSCOPY 

Although the complexities of spectrometer operation differ, the principles 

behind 123C and 1H NMR are the same. What we learn now about interpreting 

13C spectra will simplify the subsequent discussion of 'H spectra. 
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When the 1H NMR spectrum of acetone, CHs;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 4H 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? 

cb etete. el e)e) e alalacg ele s/o ee ele oldlel6s.-4\:6. 06-655 0 0188 6 61 ¢ o\le(8)@ 8)\8\ ep Bherewslsn61@ 0)/e)aja)erelm(6Le) 618) 0) 00/8) sais) ene a. 5, (6) e:4\8) 5 pee ade) eie 

The following 1H NMR resonances were recorded on a spectrometer operating at 

60 MHz. Convert each into 6 units. 
(a) CHCl;, 486 Hz (b) CH3Cl, 183 Hz 
(c) CH30H, 208 Hz (d) CH,Cl,, 318 Hz 

13.4 3C NMR 

At first glance, it’s surprising that carbon NMR is even possible. After all, 
12C the most abundant carbon isotope, has no nuclear spin. !8C is the only 
naturally occurring carbon isotope with a spin, but its natural abundance 
is only about 1.1%. Thus, only about 1 out of every 100 carbons in organic 
molecules is observable by NMR. Although the low abundance of !°C means 
that 13°C instrumentation must be far more sensitive (and expensive) than 
that required for 'H NMR, these obstacles have been overcome through the 
use of improved electronics and computer techniques. Today 18C NMR is a 
routine structural tool, and a !®C NMR spectrum can often be obtained on 
10 mg of sample in a few hours’ time. 

At its simplest, }2C NMR allows us to count the number of carbons in 

a molecule of unknown structure. In addition, we can get information about 
the chemical (magnetic) environment of each carbon by observing its chem- 
ical shift. 

Several different modes of operation are possible with !8C NMR instru- 
ments. In the normal mode (called the proton noise-decoupled mode), a 
single sharp resonance line is observed for each unique (nonequivalent) kind 
of carbon atom present in a molecule. The spectrum of methy] acetate (Figure 
13.3) illustrates this fact: There are three carbon atoms in methyl acetate 
and three peaks in its 3C NMR spectrum. 

Most !8C resonances are between 0 and 220 ppm downfield from the 
TMS reference line, with the exact chemical shift of each 18C resonance 
dependent on that carbon’s environment within the molecule. Table 13.2 
and Figure 13.6 show how environment and chemical shift may be 
correlated. 
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Table 13.2 Carbon-13 NMR chemical shift correlations 

Type of carbon Chemical shift (8) 

C—I 0-40 

C—Br 25-65 

c—Cl 35-80 

Type of carbon Chemical shift (8) 

a 100-150 

C—O 40-80 

C=O 170-210 

110-160 

200 150 100 50 0 ppm 

Chemical shift (6) 

Figure 13.6 Chemical shift correlations for °C NMR 
in bi peLs anne eine ee 

Although the factors involved in determining chemical shifts are com- 

plex, we can draw some generalizations from the information in Table 13.2 

and Figure 13.6. One clear trend is that the chemical shift of a carbon is 

affected by the electronegativity of the atoms it is 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 carbon 

atoms, causing the carbons to be deshielded and to come into resonance at 

a lower field than alkane carbons. 
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Another, less easily explained trend is that sp*-hybridized carbons gen- 

erally absorb in the 0-90 5 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 !8C 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. 

C3 

1 C2 C4 
CH3;—C—CH2CH3 
1 2 3 4 

208.7 6 C1 

es 

a 
5 

TMS 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 

(a) 

ie 

5 
5 

200 180 160 140 120 100 80 60° 40 20 0 ppm 

Chemical shift (5) 

‘ (b) 
Figure 13.7 Carbon-13 NMR spectra of (a) 2-butanone and (b) para-bromoacetophenone 
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The 13C 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. This is because para- 
bromoacetophenone has a symmetry plane that makes ring carbons 4 and 
4’, and carbons 5 and 5’, chemically and magnetically equivalent. They 
therefore have identical resonance frequencies. 

Another interesting feature of both spectra is that the peaks aren’t 
uniform in size. Some peaks appear larger than others even though all 
are one-carbon resonances (except for the two two-carbon peaks of para- 

bromoacetophenone). This difference in peak size is caused by complex fac- 
tors that we won’t go into, though it does have a relationship to the structure 
of the sample. 
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13.6 Assign the resonances in the following *C NMR spectrum of methyl propanoate, 

CH3CH,CO,CHs3. 

1 
CH,CH,—C— OCH, 
4 3 2 1 

2 
5 

TMS 

& 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 
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13.7. 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 
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13.8 Propose structures for compounds that fit these descriptions: 

(a) A hydrocarbon with seven lines in its 13C¢ NMR spectrum 

(b) A six-carbon compound with only five lines in its 13C¢ NMR spectrum 

(c) A four-carbon compound with three lines in its 13C NMR spectrum 
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13.5 Measurement of NMR Peak Areas: Integration 

The relative sizes of the different peaks observed in a 13C NMR spectrum 

depend to a considerable extent on the mode of spectrometer operation. When 

the spectrometer is operated in the normal mode, not all single-carbon peaks 

have the same area. When the NMR spectrometer is operated in an inte- 

grating mode (called the gated-decoupled mode), however, all single- 

carbon resonances have the same peak areas. By electronically measuring 

(integrating) the area under each peak, we can determine the relative num- 

ber of carbon atoms each peak represents. 
Integrated peak areas are presented on the chart in a “stair-step” fash- 

ion, 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 a ruler and measure the heights of the various steps. Figure 13.8 
shows the integrated °C NMR spectra of'2-butanone and para-bromoaceto- 
phenone. Note that all four peaks in the 2-butanone spectrum have the same 
integrated peak area, while the para-bromoacetophenone spectrum shows 
four equal one-carbon resonance lines and two two-carbon resonance lines. 

Integrated spectra contain more information than normal spectra, 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 rarely 
obtained in practice. The concept of NMR spectra integration is an important 
one, though, and we'll soon see that peak integration is extremely useful in 
interpreting 'H NMR spectra. 
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13.9 How many lines would you expect to see in the '3C NMR spectrum of para-dimethy]l- 
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 \ cu, 

para-Dimethylbenzene 

13.6 Spin—-Spin Splitting of NMR Signals 

For most purposes, the normal 12C 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? 
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Figure 13.8 Integrated 13¢ NMR spectra of (a) 2-butanone and (b) para-bromoacetophenone 

Look carefully at both the normal spectrum and the spin-coupled spec- 

trum of dichloroacetic acid shown in Figure 13.9. When the two kinds of 

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 res- 

onance (R3C—H) at 64 6 splits into two peaks (a doublet). This phenom- 

enon, 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. 
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| 
CHCl,—C—OH 
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c2 
2 

5 
& 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 
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_|.c2 | | 
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2 

8 
a 
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Chemical shift (6) 

(b) 

Figure 13.9 (a) Spin-coupled spectrum and (b) normal spectrum of dichloroacetic acid, 
CHCl1,COOH 

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 °C is placed in a strong magnetic field, 
the nucleus adopts one of two spin states. The !8C spin lines up either with 
or against the applied magnetic field. In addition to orienting the nuclear 
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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 
actually felt by the nucleus is slightly less than the applied field. Differences 
in the extent of shielding at each nucleus account for the differences in 
chemical shifts between nuclei that we observe in !23C 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 —CHCl, carbon is bonded to another magnetic 
nucleus—a proton, 1H. (Remember that the natural abundance of 1°C is 
only about 1.1%, and the likelihood of two !°C atoms being adjacent in a 
molecule is therefore small. Thus, we don’t observe !°C—!8C magnetic 
interactions.) 

When placed in a strong external magnetic field, the spin of the neigh- 
boring 1H 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. 

The consequence of this 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, 

and the other resonance is a little below where it would be without coupling. 

We therefore observe a doublet in the !2C NMR spectrum of dichloroacetic 

acid. 

Position of signal 

without effect of 

roton spin 
proton Or or “O- P P 

Happlied i proton 

A applied H proton 

| 
| 
| 
| 

Doublet signal due to 
coupling with proton spin 

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. 
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It is important to realize that the signal from an individual carbon atom 

in an individual molecule is not a doublet; an individual carbon atom absorbs 

either at 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. 

ol a 
C2 1 

CH, =C— CH,CH: 
1 ine wae i 

| | 

> 
3 208.7 5 
ao 

& 

200 180 160 140 120 100 80 60 40 20 Onppm 
Chemical shift (5) 

Figure 13.11 Normal spectrum (lower scan) and spin-coupled spectrum (upper scan) of 
2-butanone 

The carbonyl-carbon (C2) resonance of 2-butanone remains a singlet in 
the spin-coupled spectrum at 208 5 because it is not bonded to any protons. 
The —CH,2— resonance at 36.8 6 splits into a triplet, however, and the two 
—CHg resonances at 6.6 5 and at 28.8 5 become quartets. According to the 
n + 1 rule, a carbon bonded to n protons shows n + 1 peaks in its spin- 
coupled !8C spectrum. How does this rule arise? 

A methylene carbon (—CH»2—) 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 
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,— carbon (Figure 13.12). 

A similar analysis for —CHg carbons predicts that spin-spin splitting 
should lead to the observation of quartets of 1:3:3:1 intensity in the spin- 
coupled °C 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. 
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Figure 13.12 Spin—spin splitting of a methylene carbon (—~CH,—) and a methyl 
carbon (—CHs): The signal of a carbon bonded to n hydrogens splits into n + 1 peaks 

(the n + 1 rule). 
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Sketch what the normal !2C 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? 
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Sketch what the normal !2C 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. 

13.7 Summary of !*C NMR 

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 in an unknown 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 

cannot be easily handled by infrared spectroscopy or mass spectroscopy. 
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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? This 

question can be answered easily by 3C NMR. 

H3C Cl CH; Tae 

KOH 9 

Ethanol te 

1-Chloro-1- 1-Methylcyclohexene Methylenecyclohexane 

methylcyclohexane 

1-Methylcyclohexene would be expected to show five sp?-carbon reso- 
nances in the range 20—50 6 and two sp?-carbon resonances in the range 
100-150 5. 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. 

Intensity ————~ 

co 
L 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 

Figure 13.13 Normal 43C NMR spectrum of the elimination product from 1-chloro-1-methyl- 
cyclohexane 

A summary of the operating modes of °C NMR spectrometers and of 
the kinds of information obtainable in each mode is given in Table 13.3. 
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Table 13.3 Summary of °C NMR and the modes of spectrometer operation 

Spectrometer operating mode Structural information obtained 

Normal mode Gives one resonance line for each kind of 
(proton noise-decoupled) nonequivalent carbon atom, allowing us to 

count the number of kinds of carbons and 
deduce their environments from chemical 
shifts. 

Integrating mode All resonances are of equal peak area, allowing 
(gated-decoupled) us to integrate the area under each and 

determine the relative number of carbons 

each peak represents. 

Spin-coupled mode Spin—spin splitting causes carbon resonances to 
(off-resonance) split into multiplets, allowing us to determine 

how many protons are bonded to each carbon 
(the n + 1 rule). 
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13.12 We saw in Section 7.5 that addition of HBr to alkenes under radical conditions leads 
to the non-Markovnikov product—the bromine bonds to the less highly substituted 
carbon. How could you use !°C NMR to identify the product of radical addition of 
HBr to 2-methylpropene? 

(CH;),C=CH, ——> ? 
Radicals 

13.8 'H NMR 

We have seen four general features of NMR spectra in the previous pages: 

1. NumberofNMR absorptions Eachnonequivalent !°C or 'H 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. 

All four of these features are just as applicable to 1H NMR spectra as 

they are to 13C NMR spectra. In fact, they are even easier to observe for ‘H 

spectra, since normal spectrometer operating conditions enable signal inte- 

gration and spin-spin splitting. Proton NMR spectra are so easy to obtain 

that it usually takes only a few minutes’ time and several milligrams of 

sample. Let’s look at each of the four features in more detail. 
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13.9 Number of NMR Absorptions: Proton Equivalence 

In 13C 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 an absorption peak, and we can use this 

information to determine how many different kinds of protons are present. 

For example, Figure 13.14 shows the 1H NMR spectrum of methyl chloroace- 

tate, CICH,COOCHs. There are two kinds of protons present, C1—CH2— 

protons and —CHsz protons; each gives rise to its own signal. 

Cl—CH,—C—O—CH3 

Intensity 

Chemical shift (5) 

Figure 13.14 The 1H 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 or not we would get the same structure or different structures by 
mentally substituting an X group for one of the protons. If the protons are 
chemically equivalent, we would get the same product no matter which 
proton we substituted for. If they are not chemically equivalent, we would 
get different products on substitution. 

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 'H NMR 
peak (Figure 13.15). 

H3C CH 3 H3C CH» aN 

x i Mental ' \ vA 

Vi \ substitution A NS 

H.C CH, HC CH, 

All four methyl groups Only one substitution 
are equivalent. product is possible. 
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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. 
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(a)  H3C H (d) 
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C=C 
i ‘\ 

(b) H3C CH3 (c) 
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HC CH; MCh CH, HC CH,—X H3C CH, 
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Four different substitution products 
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13.13 How many nonequivalent kinds of protons are present in these compounds? 

(a) CH3;CH,Br (b) CH3z0CH,CH(CHs3)z2 (c) CH3CH,CH,NO2 

(d) Methylbenzene (e) 2-Methyl-1-butene (f) cis-3-Hexene 

13.10 Chemical Shifts in ‘'H NMR 
eee pee en yet we oss 

We saw in 13C NMR that differences in chemical shift are caused by small 

local magnetic fields due to electrons surrounding 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). Conversely, nuclei 

that are not strongly shielded absorb in the low-field region of the spectrum 



430 CHAPTER 13 STRUCTURE DETERMINATION: NMR SPECTROSCOPY 

Table 13.4 Correlation of 1H chemical shift with environment 
ee ee ee ee 

Type of proton Formula Chemical shift (6) 

Reference peak (CH3)49i 0 

Saturated primary —CH3 0.7-1.3 

Saturated secondary —CH2.— 12214 

Saturated tertiary —C—H 1.4—-1.7 

h X 
Allylic primary 7 = | —CH3 1.6-1.9 

1 ' 

Methyl] ketones —C—CH3 2.1-2.4 

Aromatic methyl Ar—CH3 2.5-2.7 

\ 
Alkyl chloride ae C—H 3.0—4.0 

\ ak 
Alkyl bromide ay C—H 2.5—4.0 

x 
Alkyl iodide I—C—H 2.0—4.0 

Zi 

AN 
Alcohol, ether —O—C—H 3.3—4.0 

Vi 

Alkynyl —C=C—H eo 

ks \ 
Vinylic C=C—H 5.0-6.5 

Ve | 

Aromatic Ar—H 6.5—8.0 

1 
Aldehyde =——C—-fi 9.7-10.0 

1 
Carboxylic acid —C—O—H 11.0-12.0 

i 
Alcohol —C—O—H Extremely variable 

/ (2.5-5.0) 
SS 
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(left on the NMR chart). Everything we have learned about !3C chemical 
shifts is also applicable to proton shifts. Proton chemical shifts tell a great 
deal about the chemical (magnetic) environments within a molecule. 

Proton chemical shifts are expressed in 6 units (recall 1 8 = 1 ppm of 
spectrometer frequency), just as for °C shifts. In contrast to 13C 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 envi- 
ronment, as shown in Table 13.4 and Figure 13.16. 

yr 
Aromatic 

pl Eeee 

8 i 6 5 4 

Chemical shift (6) 

Figure 13.16 Chemical shifts for different kinds of protons 

| 

The majority of 'H NMR absorptions occur from 0 to 8 6, a range that 
can be conveniently divided into five regions, as shown in Table 13.5. 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. 

Table 13.5 Regions of the 'H NMR spectrum 

Region (6) Proton type Comments 

0-1.5 | | Protons on carbon next to saturated centers 
—C—C—H absorb in this region. Thus the alkane 

|; oll portions of most organic molecules show 
complex absorption here. 

1.5—2.5 | | Protons on carbon next to unsaturated centers 

=C—C—H (allylic, benzylic, next to carbonyl) show 

| characteristic absorptions in this region, just 
downfield from other alkane resonance. 

2.5-4.5 | Protons on carbon next to electronegative 
X—C—H atoms (halogen, O, N) are deshielded because 

| of the electron-withdrawing ability of these 
atoms. Thus the protons absorb in this 
midfield region. 

4.5-6.5 H Protons on double-bond carbons (vinylic 

\ Y protons) are strongly deshielded by the 
< neighboring pi bond and therefore absorb in 

this characteristic downfield region. 

6.5—8.0 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. 
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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) CH,Cly (f) (CHg)3N 
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Identify the different kinds of protons in the following molecule, and tell where you 

would expect each to absorb. H H 

H cS _CH2CHs3 

| 
CH,;0 H H 

H ' 

13.11 Integration of NMR Absorptions: Proton Counting 

Electronic integration of 1H NMR peak areas tells us the relative numbers 
of protons responsible for those peaks. Peak integration was introduced 
during the discussion of 183C NMR, but we remarked at that time that 14°C 
integration is not normally needed because each peak is usually due to a 
single carbon. By contrast, integration of 'H NMR spectra is extremely 
useful since these spectra often show complicated patterns that are difficult 
to sort out. 

An integrated 'H spectrum is presented 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 methy] 2,2-dimethy]- 
propanoate given in Figure 13.17 shows that the areas of the two absorptions 

Intensity 

10 8 6 4 2 6 ppm 

Chemical shift (6) 

Bigure 13.17 The integrated 1H NMR spectrum of methy] 2,2-dimethylpropanoate: 
The two peaks have a ratio of 3:9 or 1:3. 
a RA SME MEAS Sea Ie i i 
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have a ratio of 1:3. This is just what we would expect, since the three 
—OCHs3 protons are equivalent and the nine (CH3);,C— protons are 
equivalent. 

13.12 Spin—Spin Splitting in 'H NMR Spectra 

Spin-spin splitting of single absorption peaks into multiplets is due to the 
interaction or coupling of neighboring nuclear spins. For example, we’ve 
seen that a 13C nucleus can couple with one or more nearby protons, leading 
to signal splitting when the !°C off-resonance NMR spectrum is recorded. 
Spin-spin splitting is also observed in 1H NMR. 

Just as the spin of a 1°C 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 1°C, 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, Figure 13.18 shows the 'H NMR spectrum of 
chloroethane. There are two distinct groups of peaks corresponding to the 
two different kinds of protons present, and we can account for the observed 
splitting pattern just as we accounted for splitting in °C spectra. 

CH,CH.Cl 

Intensity 

10 8 6 4 2, 0 ppm 

Chemical shift (5) 

Figure 13.18 The 'H NMR spectrum of chloroethane, CH3;CH,Cl 
a 

The two Cl—CH,— protons at 3.5 6 are chemically equivalent and do 

not 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 then +1 

rule). 
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Similarly, the —CH3 protons of chloroethane are equivalent and do not 

split each other’s signals. The methyl-proton signals are split by the two 

neighboring Cl—CH,— protons, however, and a triplet is therefore 

observed in the 1H NMR spectrum (Figure 13.19). 

cl — CH, — — CH3 

Happlied ee 
Happlied 

——_ lil UC rr OPEC 
—S—e-lc et rel UC iC 

proton 
7 

| 

Aproton 7¥ xs => — 

| 
| 
| 
| 

=e | J = Coupling constant | 
| | Za NI 

| 
| | | | 

3.59 6 1.49 6 

Quartet due to coupling with —-CH3 Triplet due to coupling with Cl —-CHz — 

~ ICE 

| 

Figure 13.19 Spin—spin splitting in chloroethane 

The distance between individual peaks in the multiplets is called the 
coupling 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 
constraints on the molecule), but a typical value for an open-chain alkyl 
system is 6—8 Hz. Note that a coupling constant is shared by both groups 
of nuclei and is independent of spectrometer field strength. In chloroethane, 
for example, the CI— CH»— proton spins are coupled with the —CHs3 proton 
spins and appear as a quartet with J = 7 Hz. The —CHs 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 is 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. 
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The chloroethane spectrum in Figure 13.19 illustrates three important 
rules about spin-spin splitting in 1H NMR: 

1. Chemically equivalent protons do not exhibit spin-spin splitting. 
The equivalent protons may be on the same carbon or on different 
carbons, but their signals do not split. 

H H H 
if \ i 

Cle C 11 Cl—C=-C--Cl 
N e \ 
H H H 

Three C—H protons are 

chemically equivalent; 
no splitting occurs. 

Four C—H protons are 
chemically equivalent; 
no splitting occurs. 

2. A proton that has n equivalent neighboring protons gives a signal 
that is split into a multiplet of n + 1 peaks with coupling constant 
J. Protons that are farther than two carbon atoms apart do not 
usually couple, although they sometimes show small coupling when 
they are separated by a pi bond. 

H H H H 

‘C cf ‘C ( C 
a. Ae alt 

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, JJ. 

Table 13.6 Some common spin multiplicities 

Number of equivalent Type of Ratio of 
adjacent protons multiplet observed intensities 

0 Singlet if 

1 Doublet i 

2 Triplet 1:2:1 

3 Quartet Hescosl 

4 Quintet 1:4:6:4:1 

5 Sextet 1:5:10:10:5:1 

6 Septet 1:6:15:20:15:6:1 

————— 
aE 

The spectra of 2-bromopropane and para-methoxypropiophenone in Fig- 

ure 13.20 on page 436 further illustrate these three rules. 
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oo ed 

Br 

| 
CH,CHCH, 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(a) 

On 
| 

cHo-{ CCH chi 

Aromatic 

a’ 
Intensity ———~ 

10 8 6 4 2 

Chemical shift (6) 

(b) 

0 ppm 

Figure 13.20 The 'H NMR spectra of (a) 2-bromopropane and (b) para- 
methoxypropiophenone 

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 pro- 
tons 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. 
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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 
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 CH3— O— signal is unsplit 
and appears as a sharp singlet at 3.90 5. The —CH,— protons next to the 
carbonyl group appear at 2.95 5 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-group protons 
appear as a triplet at 1.2 5 in the usual upfield region. 

SPOUSE 1S) 1UKe) Ria 10 10,16) 16 64 <0) 'i10 10:1) 0.6: 0: 0 0.00 @) ele © 6 Bele) c0 00 6.0 We ale 6 8 Oe UR OO Foe Ce OP eee Ce eb eee et tae 8 es es 

Predict the splitting patterns you would expect for each proton in these molecules: 

(a) CHBr,CH3 (b) CH3;0CH,CH2Br 

| 

Cee e eee ee seer essere sresrer erases esroreseeHreseseHesereeeEEEEEEEEEE EEE E ETE EHH OEE CE HHH EEE E HOHE 

Draw structures for compounds that meet these descriptions: 
(a) C.H,O; one singlet (b) C3H,Cl; one doublet and one septet 

(c) C,4HgCl,O; two triplets (d) C,HgQz; one singlet, one triplet, and one quartet 

Cee eee Heo eee eee meses eee eresseeesesEeeeeeeeeeEeeeDEDeEEEEE ED ESE OHH E HEE EEE EERE EE EEE EEE EE EEE EES 

The integrated 'H NMR spectrum of a compound of formula C,H 90 is shown. 
Propose a structure consistent with the data. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

13.13 More Complex Spin-Spin Splitting Patterns 

In all the NMR spectra 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. 
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The spectrum of toluene (methylbenzene) in Figure 13.21, for example, 

shows that all five aromatic ring protons give a single overlapping absorp- 

tion, 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 conclu- 

sions from spectra. 

CH3 Five overlapping 
aromatic protons Ar— CH3 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

Figure 13.21 The 1H NMR spectrum of toluene, showing the accidental overlap of 

the nonequivalent aromatic ring protons 

Yet another complication can arise 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 non- 
equivalent protons are more complex. 

The 'H NMR spectrum of trans-cinnamaldehyde is complex, but we can 
understand it if we isolate the different parts and look at each kind of proton 
individually: 

1. The five aromatic proton signals overlap into a single broad reso- 
nance line at 7.45 6. 

2. The aldehyde proton signal at C1 appears in the normal downfield 
position at 6 = 9.67 and is split into a doublet (J = 7 Hz) by the 
adjacent proton at C2. 

3. 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. 

4. The C2 vinylic proton signal appears at 6.66 5 and shows an inter- 
esting absorption pattern. It is coupled to the two nonequivalent 
protons at Cl and C3 with two different coupling constants: 
Ji_9 = 7 Hz and Jo-3 = 15 Hz. 
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Five overlapping 

aromatic protons 

Je at 

| 
| 
| 

| 
| 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

Figure 13.22 The 'H NMR spectrum of trans-cinnamaldehyde 

_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 individ- 
ual effects of each coupling constant on the overall pattern. 

Proton on C3 

Proton on C2 

Aromatic 

ring protons J9-3 = 15 Hz 

J,-9 =7 Hz 

| 
7.42 6 6.66 6 

Figure 13.23 A tree diagram for the C2 proton of trans-cinnamaldehyde 
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In trans-cinnamaldehyde, the signal due to the C2 proton 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. 

Thus we observe a four-line spectrum for the C2 proton of trans-cinnamal- 

dehyde. Multiple coupling can look quite complex, but is usually amenable 

to simplification using tree diagrams, which consider each coupling sep- 

arately. 
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 turns 

out to be due to the fact that the coupled nuclei have very similar chemical 

shifts. Whenever 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 becoming larger and the legs farther from the signal of the coupled 

partner becoming 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 spec- 

trum to find the coupled partner: toward the direction of skewing. 

PROBLEM... ccccccccc vcr ccc cece cares eee eres e rere eee esses cesses seeneesesreseresesesesessraseessese 

13.19 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 

S 2 CH.Br 

H 

3-Bromo-1-phenyl]-1-propene 

13.14 NMR Spectra of Larger Molecules 

Digitoxigenin, the steroid responsible for the heart stimulant properties of 
digitalis preparations, has the formula C2,.H3.0,. 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 NMR is useful nonetheless. The 'H NMR spectrum of dig- 
itoxigenin 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 5. We can also see one 
vinylic proton singlet at 5.85 5, a pattern at 4.85 6 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 invalu- 
able structural tool. 

Intensity 

Chemical shift (6) 

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 HCl 
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; H;C Cl 

HCl 

Ether H CH3 

H 

1-Methylcyclohexene 1-Chloro-1-methylcyclohexane or Cl 2 

(Markovnikov) 

1-Chloro-2-methylcyclohexane 

(non-Markovnikov) 
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PROBLEM 

13.20 
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The 1H 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 6, indicating that the product has a methyl group bonded to a qua- 

ternary carbon, R3C—CHs, rather than to a tertiary carbon, RRCH—CH3. 

Furthermore, the spectrum shows no absorptions in the range 4—5 6, where 

we would expect the signal of an R,CHCI proton to occur. Thus, it is clear 
that 1-chloro-1-methylcyclohexane is the reaction product. 

Intensity 

TMS 

al 
8 6 4 2 0 ppm 

Chemical shift (5) 

Figure 13.25 The 1H NMR spectrum of the reaction product from HCl and 
1-methylcyclohexene 

Pee ewe eee ere seers sere rsesseeeeeeeeeeneeereseeessreeeeeeseeeeeHeeeeeesreseeeresesevreseeneeene 

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? 

CH;CH= CH}, (CCH. CH. OH or CH;CH(OH)CH; ? 
2. H202, NaOH 

13.16 Summary and Key Words 

When 'H and '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. 

The NMR spectrum is obtained by irradiating a sample with a constant- 
frequency rf energy and slowly changing the value of the applied magnetic 
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field. Different kinds of 'H and !8C nuclei come into resonance at slightly 
different applied fields, and we therefore see a different absorption line for 
each different kind of 1H and !8C. 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 'H and $C absorptions at unusually 
high values of the applied magnetic field. The TMS absorption occurs at the 
ae 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 !H or !°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 resonance at 
different places. By correlating chemical shifts with environment, 
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 18C) 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 1H nucleus neighbored by n equivalent 
adjacent protons splits into n + 1 peaks. 

Most 1°C spectra are run in an operating mode (the proton noise- 
decoupled mode) that provides maximum sensitivity and gives a spectrum 
in which each nonequivalent carbon shows a single unsplit resonance line. 
Operating in the integrating (gated-decoupled) mode causes a loss of sen- 

sitivity, but provides a spectrum that can be electronically integrated to 

measure the number of carbon nuclei responsible for each peak. Operating 

in the spin-coupled (off-resonance) 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, 

tertiary carbons (R3CH) appear as doublets, secondary carbons (RgCH2) 

appear as triplets, and primary carbons (RCH3) appear as quartets. 

Proton NMR spectra are even more useful than '°C 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 1H resonance peaks are often split into multiplets due to spin— 

spin splitting with the spins of protons on adjacent carbons. Equivalent 

protons do not split each other, but a proton with n equivalent neighbor- 

ing protons gives a signal that is split into n + 1 peaks with coupling con- 

stant J. 



444 CHAPTER 13 STRUCTURE DETERMINATION: NMR SPECTROSCOPY 

ADDITIONAL PROBLEMS 

13.22 

13.23 

13.24 

13.25 

13.26 

13.27 

13.28 

13.29 
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The following 1H 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) 1381 Hz (b) 287 Hz (c) 451 Hz (d) 543 Hz 

The following 'H NMR absorptions given in 5 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 (CHC13) 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 18C NMR spectra 
of these compounds? 
(a) 1,1-Dimethylcyclohexane (b) CH3;CH,OCH3 
(c) tert-Butylcyclohexane (d) 3-Methyl-1-pentyne 

(e) cis-1,2-Dimethylcyclohexane 7 ( eo 

Indicate the spin multiplicities you would expect to see for each carbon atom in the 
spin-coupled 12C NMR spectra of the molecules shown in Problem 13.24. 

Why do you suppose accidental overlap of signals is much more common in 1H NMR 
than in 83C NMR? 

Tell what is meant by each of these terms: 

(a) Chemical shift (b) Spin—spin splitting 
(c) Applied magnetic field (d) Spectrometer operating 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) CH3CH2zCH,OCH; (c) 

Naphthalene 

(d) i (e) i 

ex Hee 
‘o Phy aa CO.CH,CH, 

H 
Styrene Ethyl acrylate 

The following compounds all show a single line in their 1H NMR spectra. List them 
im expected order of increasing chemical shift. 

CH,; CH,Cl,; Cyclohexane; CH3COCH;; H,C—CH,; Benzene 
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Predict the splitting pattern for each kind of hydrogen and each kind of carbon in 
these molecules: 

(a) (CH3)sCH (b) CHz;CH,COOCH3 (c) trans-2-Butene 

Predict the splitting pattern for each kind of hydrogen and each kind of carbon in 
isopropyl propanoate, CH;CH,COOCH(CHs)>. 

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 'H NMR to help you decide which was which? 

CH3 
: CH, CH; 

How would you use 'H NMR to distinguish between these pairs of isomers? 

CH. 

(a) CH;CH=CHCH,CH; and H,C —CHCH.CH3; 

(b) CHsCH,0CH2CH3; and CH3;0CH,CH,CH3 

O O 

(c) aaeperate ein. and Croan 

O 

(d) nancies, and eee 

Propose structures for compounds with the following formulas that show only one 

peak in their 1H NMR spectra. 
(a) CsHy2 (b) CsHi0 (c) C4,Hg02 

Assume that you have a compound with formula C3H,0. 
(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 1710 cm7!, what infer- 

ences can you draw? 

(d) If your compound shows a single 1H NMR absorption peak at 2.1 5, what is its 

structure? 

How could you use 1H and 13C NMR to help you distinguish between the following 

isomeric compounds of formula C4H,? 

Fier? 

CH2.—CH, H,C=CHCH,CH3 CH;CH=CHCH3 (CH3)2C =CH2 

How could you use !H and °C NMR to help you distinguish between these structures? 

O 

O 

CH; ‘is 

3-Methyl1-2-cyclohexenone 4-Cyclopentenyl methyl ketone 

How could you use IR spectroscopy to help you distinguish between the two com- 

pounds shown in Problem 13.37? 
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13.39 The compound whose 'H NMR spectrum is shown here has the molecular formula 

Cs3HgBr2. Propose a plausible structure. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

13.40 Propose structures for compounds that fit the following 1H NMR data: 
(a) C5H; 90 (b) C3HsBr 

6 H doublet at 0.95 6, J = 7 Hz 3 4H 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 

13.41 The compound whose 'H NMR spectrum is shown has the molecular formula 
C,H7O2Cl and shows an infrared absorption peak at 1740 cm™!. Propose a plausible 
structure. 

Intensity 

10 8 6 4 2. 0 ppm 

Chemical shift (5) 

13.42 Propose structures for compounds that fit the following 'H NMR data: 
(a) C4HgCl, (b) CioHi4 
, 38H 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 6 
1 H triplet at 5.71 6, J = 7 Hz 
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(c) C,H,;BrO 

3 H singlet at 2.11 6 

2 H triplet at 3.52 5, J = 6 Hz 
2 H triplet at 4.40 6, J = 6 Hz 

447 

(d) CoH,,Br 

2H quintet at 2.15 6, J = 7 Hz 
2 H triplet at 2.75 6, J = 7 Hz 
2 H triplet at 3.38 6, J = 7 Hz 
5 H singlet at 7.22 6 

How might you use NMR (either 1H or 13C) to differentiate between the following 

{p-§ 
(You might want to build molecular models to help you examine the two structures 

two isomeric structures? 

more closely.) 

Propose plausible structures for the two compounds whose 'H NMR spectra are 
shown. 

(a) CsHgBr 

Intensity 

10 8 

6H 

2H 1H 

th, TMS 

6 4 2 0 ppm 

Chemical shift (5) 

(b) C4HgCle 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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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- 

range coupling is found in 1-methoxy-1-buten-3-yne, whose ‘H NMR spectrum is 

shown. 
CH;0 

‘ 
CH, 
I 

H,—_C=C—C 
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: 

Jq_p = 6 Hz; Joc = 2 Hz; J,_- = 15 Hz 

Construct tree diagrams that account for the observed splitting patterns of H,, Hz, 

and H.. 

Intensity 

10 8 6 4 23 0 ppm 

Chemical shift (6) 

Assign as many of the resonances as you can to specific carbon atoms in the 13C 
NMR spectrum of ethyl benzoate shown here. 

1 
C=0—=CH,CH, 

0 ppm 

Chemical shift (5) 
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13.47 The 'H and SC NMR spectra of compound A, CgHyBr, are shown. Propose a possible 
structure for compound A, and assign peaks in the spectra to your structure. 

r TI 

ie 

g 
2 
4 TMS 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

a 

5 
5 

TMS 

80 60 40 20 0 ppm 160 140 120 100 200 180 

Chemical shift (6) 
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Propose plausible structures for the three compounds whose 1H NMR structures are 

shown. 

(a) C4H, 902 

ie 
2 
5 

10 8 6 4 D, 0 ppm 

Chemical shift (6) 

(b) C7H,Br 

ie 

5 
5 

10 8 6 4 2) 0 ppm 

Chemical shift (5) 

(c) CgH gBr 

if 

5 
# 

8 6 4 2 0 ppm 

Chemical shift (5) 
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The mass spectrum and !3C NMR spectrum of a hydrocarbon are shown. Propose a 
suitable structure for this hydrocarbon and explain the spectral data. 

100 

Relative abundance (%) 

20 40 60 ~ 80 "100 120 140 

Intensity 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 



CHAPTER 14 

Conjugated Dienes and 
Ultraviolet Spectroscopy 

D ouble 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. 

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 an important role in nature. For example, the pigments respon- 
sible for the brilliant reds and yellows of fruits and flowers are conjugated 
polyenes (poly = “many”); lycopene, the red pigment in tomatoes, is one 
such molecule. Conjugated enones (alkene + ketone) are common struc- 
tural features of important molecules such as progesterone, the “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 

452 
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Vs 
C=O HC 

S 
Benzene 

Progesterone 

PROBLEM... sees erec cree ees e ree seeeeeeseesreresssssseseene 

14.1 Which of the following molecules contain conjugated systems? Circle the conjugated 

portion. 

(a) (1 (b) a (c) HXC=CH—C=N 

H.C 

(d) CO,CH (e) CH3 (f) 

aa ; <S 
CH, 

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 

ps a 
NBS K ~OC(CHsg)3 | 

CCl, HOC(CHs3)s3 

Cyclohexene 3-Bromocyclohexene 1,3-Cyclohexadiene (76%) 

1,3-Butadiene itself is prepared industrially on a vast scale for use in 

polymer synthesis. One industrial method involves thermal cracking of 

butane over a special 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 elimination of water (dehydration) from 2-methy]l- 
3-buten-2-ol and the double dehydration of 3-methy]-1,3-butanediol over an 
alumina catalyst, but these methods are rarely used in the laboratory. 

OH OH es a 

CH,CH,C(CH;), —“+ H,C—CH—C—CH, << H,C=CHC(CHy), 
3-Methyl-1,3-butanediol Isoprene 2-Methy1-3-buten-2-ol 

(2-Methyl-1,3-butadiene) 

14.2 Stability of Conjugated Dienes . . a ee ae eee 
Conjugated dienes are similar to isolated'alkenes in much of their chemistry. 
There are, however, a few important differences, one of which is 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 

Table 14.1 Heats of hydrogenation for some alkenes and dienes 
eee 

. AH iyvdeer 

Alkene Product . (kcal/mol) (kJ/mol) teh ati a eens lei diene 208) CL a) 
CH,CH,CH —CH, th. CH,CH,CH,CH, 30.3 127 

1-Butene 

CH; CH, 

CH;CH,C —CH, — . (CH;CH,CHCH, 26.9 113 
2-Methyl-1-butene 

H,C —CHCH —CH, =) 5 'CH,CH.CH—= CH, 26.7 112 
1,3-Butadiene 

H,C —CHCH —CH, a CHCHCH.CHE 57.1 239 
1,3-Butadiene 

CH; 
ae 

HC {CHC 2cH) 22h CH,CH.GHCH; 53.4 223 
2-Methy1-1,3-butadiene 

H,C —CHCH,CH —CH, =. CH;CH,CH,CH,CH, 60.8 254 
1,4-Pentadiene 

H.C —CHCH,CH,CH=CH, —222, CH;CH,CH,CH,CH,CH, 60.5 253 
1,5-Hexadiene 

eeeeeeeeeeeeeeeeeSFSsSsFsesese 
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discussion of alkene stabilities (Section 6.7) that alkenes of similar substi- 
tution pattern have remarkably similar AH hydrog Values. Monosubstituted 
alkenes such as 1-butene have values for AH hydrog near 30 kcal/mol (125 
kJ/mol), whereas disubstituted alkenes such as 2-methyl-1-butene show 
AH} yarog 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. 

Table 14.1 shows that 1-butene, a monosubstituted alkene, has 
AFA} yarog = 30.3 kcal/mol (127 kJ/mol). We might therefore predict that a 
compound with two monosubstituted double bonds should have a AH }yarog 
approximately twice this value, or 60.6 kcal/mol. This prediction is fully 
met by nonconjugated dienes such as 1,4-pentadiene (AH fydrog = 60.8 
kcal/mol) but is not met by the conjugated diene 1,3-butadiene (AH fydrog = 

57.1 kcal/mol). 1,3-Butadiene is approximately 3.7 kcal/mol (15 kJ/mol) 
more stable than predicted. 

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. This is 
3.6 kcal/mol less than we would expect for a normal isolated monosubsti- 
tuted double bond. The same is true of other conjugated dienes. 

Af yarog (kcal/mol) 

H,C =CHCH,CH= CH, 30.3 + 30.38 = 60.6 Expected 
60.8 Observed 

1,4-Pentadiene -—0.2 Difference 

H.C =CHCH=CH, 30.3 + 30.3 = 60.6 Expected 

4 ord Observed 

1,3-Butadiene aD Difference 

ye 
H.C =CCH=CHg 30.3 + 26.9 = 57.2 Expected 

53.4 Observed 
2-Methyl-1,3-butadiene =halewienbabinsd Difference 

peewee eee eee eee eee ee eee ee ee ee eeeeeeseeee 
DE etatatnlersisteveve te ereievsieiersva. 0/6 6/6) 0 s''8) everecy ere (6 (6.16.60 ia aia eel & 1818 8/10)8.1; 97 ele ef-8ire' @ (ee) 0/0 Te) Ble ee (sie is.8 880-2, 

From the data in Table 14.1, calculate an expected heat of hydrogenation for allene, 

H,C—C—CH)p. 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. 

14.3 Molecular Orbital Description of 1,3-Butadiene 

Why do conjugated dienes have unexpected stability? Two different expla- 

nations have been advanced. One explanation says that 1,3-butadiene really 

does not have “unexpected” stability and that the problem is with our expec- 

tations, 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. 
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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, 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;5,-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 hybridization hypothesis makes a valid point, but another factor 
is also important: 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). We’ve said that, when a covalent bond 
is formed by overlap of two atomic orbitals, the new 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 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 mentally construct the 
pi bond by assigning 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 
shaped, with the two lobes having 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 region of 
zero electron density between the two nuclei, a region that we call a node. 
The bonding molecular orbital does not have a 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 two pi bonds together and allow four p atomic orbitals 
to:interact, as occurs in a conjugated diene. In so doing, we generate a set of four molecular orbitals (Figure 14.2, page 458). 
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Node 

9 
| 

* 7 Higher-energy antibonding MO 
t ; ; 

i He +) ts Ze ilk. 
; ye | 

Two isolated s ei 7 
Dp orbitals —.——.— Lower-energy bonding MO 

(a) 

Antibonding MO 

meet ot T 
1 . 

\ 2 net energy gain 

i 

iL fei Bonding MO 

(b) 

Figure 14.1 (a) Two isolated p orbitals combine to form two pi molecular orbitals. 

(b) When these orbitals are filled, both electrons occupy the low-energy bonding 

orbital, leading to formation of a stable bond. 

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, >, has one node between nuclei, is also a bonding orbital, 

and holds the remaining two electrons. Above 4 and ye in energy are the 

two antibonding molecular orbitals y% and yj. Of these, ¥3 has two nodes 

and i, 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). 

This “extra” stability is a consequence of a favorable bonding interaction 

across the C2—C3 bond of 1,3-butadiene. 

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. 
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| 

+ | +8 - 
7 z 

wa E ! - Antibonding MO (three nodes) 
/ 

/ bl 2 
WIAD 

/ | 
/ 
i 
/ 

/ * ‘i 
+ — +2 / j ; 

f v3 ~ - Antibonding MO (two nodes) Pee 7 
: ee 

yo a+ +51 — 

ream 
Four isolated i 

Pp orbitals PRR oe & = 

" in Yo , Bonding MO (one node) 

= BF 4 
\ [ew 

\ | 
\ 

\ 

\ 

i + +e e+ 

t f V1 = Bonding MO (no nodes) 

Figure 14.2 Pi molecular orbitals in 1,3-butadiene: The asterisk on w3 and wt indicates anti- 
bonding orbitals. 

ee ees 

H.C = CH — CH = CH NOT H,C=CH CH = Cas 

Partial double-bond \ 
character 

Figure 14.3. An orbital view of 1,3- butadiene, showing the favorable pi bonding 
interaction between C2 and C3 —— a lets Sees 
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14.4 Bond Lengths in 1,3-Butadiene 

Further evidence for the special nature of conjugated dienes comes from 
bond length data. Measurements show that the C2—C8 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 

ip ee RE ron diet) (Ammen Bad Wy bade 
CH, CH, 1.54 CeeCs 
H,C=CH, 1.33 CHeC. 
H,C=CH— CH=CH, 1.48 CmeCrs 
H,C—CHCH=CH, 1.34 CPSOe, 

rr 

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 different explanations have been 
advanced to account for this bond shortening. One explanation proposes that 
the shortening of the 1,3-butadiene single bond is due 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 char- 
acter (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 probably valid, and both contribute to the bond 
shortening observed for 1,3-butadiene. 

14.5 Electrophilic Additions to Conjugated 
Dienes: Allylic Carbocations 

One of the most striking differences between the chemistry of conjugated 
dienes and 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. 
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(CH3)3CCl 

HCl 2-Chloro-2-methylpropane (CHy),C=CH, 22> [(CH,),C* | 

2-Methylpropene Tertiary (CH3)2CHCH,Cl 
carbocation 
intermediate 1-Chloro-2-methylpropane 

(not formed) 

Cl Cl 

| | 
H,C—CHCH,CH=CH, — CH,CHCH,CHCH; 

1,4-Pentadiene 2,4-Dichloropentane 

(a nonconjugated diene) 

Conjugated dienes also undergo electrophilic addition reactions readily, 
but mixtures of products are invariably obtained. For example, addition of 
HBr to 1,3-butadiene yields a mixture of two products: 

palae eal ' 
H,C =CHCH =CH, ae H,C=CHCHCH, + CH,CH=CHCH, 

1,3-Butadiene 3-Bromo-1-butene 1-Bromo-2-butene 

(71%; 1,2 addition) (29%; 1,4 addition) 

3-Bromo-1-butene is the normal Markovnikov product (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 8, while 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 all cases. For example, Brg adds to 1,3- 
butadiene to give a mixture of 1,4-dibromo-2-butene and 3,4-dibromo-1- 
butene. 

H,C—CH—CH—CH, aes BrCH,—CH—CH—CH,Br _ 1,4 addition 

1,3-Butadiene 1,4-Dibromo-2-butene (45%) 

+ 

Br 

| 
BrCH,—CH—CH=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 strongly stabilized (Section 11.9), it forms in pref- 
erence to the less stable primary carbocation. 
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sr 
a / H,C—CH—CH,—CH, | Br- 

Primary carbocation 

H.C —CH—CH =CH, (not formed) 

1,3-Butadiene 
+ 

Hey l H,C=CH—CH—CH, ] Br- 

Secondary, allylic carbocation 

There are two ways to account for the stability of allylic carbocations. 
Resonance theory (Section 10.7) offers a pictorial representation of the sit- 
uation through the use of different resonance forms. The more resonance 
forms that are possible, the more stable the compound 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 itself, of course; the true 
structure of the allylic cation is a combination, or resonance hybrid, of the 
two Kekulé structures. For example, the allylic carbocation produced by 
protonation of 1,3-butadiene is a resonance hybrid of the following two 
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 at either carbon 1 or carbon 3, 
since both share the positive charge. The result is a mixture of 1,2- and 
1,4-addition products. 

CH, —CH—CHCH, .<— CH,=CH=CHCH, 

: Bri 

raf 

BrCH,—CH=—CHCH3 + H,C—CH—CHCH; 

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 orbit- 
als 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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Z 

¥ -nonding MO cee 
Figure 14.4 Molecular orbitals of an allylic carbocation: The two available elec- 
trons occupy the low-energy bonding orbital, leading to a net stabilization. 

ew 

Q 

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; it’s that both are really just alternative ways 
of saying the same thing: Both are pictorial ways of visualizing a phenom- 
enon that is best handled mathematically. Sometimes one approach is more 
convenient, and sometimes the other is more convenient. We’ll use both at 
various times. 

PROBLE Misseretoxsioeiouensieiataiee/ ois) ee las ints aravs/sicotfsia sy eteva\ieie, (el spiatiniai 4 ctayeierenece(el o9a\(ayora) ave teelevere ie eieianc Kein i Teneo cree rate Eee 

14.3. Give the structures of the likely products from reaction of 1 equiv HCl with 1,3- 
pentadiene. Show both 1,2 and 1,4 adducts. 

ERO BEM swiss! elo.0 oko'e) 5 gaa) sunua ecole. a's. Seigi5\9,/8\ Qos: 4.946 6)()°0) ai16/ eiduausl au ayey eee al ege ia ieee ta seaeien tore prance Re 

14.4 Examine 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 would be expected to predominate? 

EROBUM Mice te telah siete slope ays oldie cys Siu; she oft gis) voce, alle ols et ets Vee peeve Ae TEP seven oc eae eee 

14.5 Electrophilic addition of Br, to isoprene yields the following product mixture: 

fet pa ne 
H,C=CCH=CH, “3 H,C=CCHBrCH,Br + BrCH,CBrCH=CH, CH 

: (3%) (21%) + BrCH,C =CHCH,Br 

(76%) 
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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 Sieile Tete) e. Sine eieleleie-e See M mR cries a 92138) 91% 0/142 aoe» Malo oVIRWN aaa e allow ghia nl o\ahs fee eishaie) esi & 0: 6-0 soho -o:4.a06%6. ae gre des 

14.6 The molecular orbital diagram for an allylic radical, H3C=CH— CH: 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? 

“ (71%) (29%) 

H,C—CHCH—CH, + HBr "2C=CHCHBrCH; + CHs;CH=CHCH,Br 

1,2 adduct 1,4 adduct 

40°C (15%) (85%) 

To understand the reasons for the effect of reaction temperature on 
electrophilic addition reactions of conjugated dienes, we need to review what 
we've already learned about reactions and transition states. In principle, 
all reactions are reversible. In practice, however, it is sometimes difficult 
or impossible to reach equilibrium, and a nonequilibrium product distri- 
bution results. For example, imagine a reaction that can give either of two 
products depending on the reaction conditions used. Under mild, low-tem- 
perature reaction conditions, one product is formed, but under vigorous, 
high-temperature conditions, another product is formed: 

Mild 
B 

conditions 

Vigorous 

conditions 

Let’s assume that B forms faster than C (in other words, that 
AGi < AG), but that C is a more stable product than B (in other words, 
that AG2 > AGB). A reaction energy diagram for the two processes might 
look like that shown in Figure 14.5. 
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Reaction progress 

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 such that both processes are reversible and an equilibrium is reached. 
Since C is more stable than B (AG@ > AG§), C is the major product formed 
under the reaction conditions. It doesn’t matter that C forms more slowly 
than B (AG < AG%), 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 thermody- 
namic control, or equilibrium control. 

eee en eer Thermodynamic control ; 

(vigorous conditions; reversible) 

Let’s now carry out the same reaction under milder, low-temperature 
conditions such that both processes are irreversible, and an equilibrium is 
not reached. In other words, there is only enough energy present for the 
reactant A molecules to be able to climb the energy barrier separating A 
from B, but not enough energy for product B molecules to climb the hill in 
the reverse direction and go back to reactant A. Since B forms faster than 
C (has a lower AG"), B is the major product. It doesn’t matter that C is more 
stable than B, because the reaction conditions have been chosen so that B 
and C are formed irreversibly and do not interconvert. All that matters in 
an irreversible process is the reaction rate. Such reactions are said to be 
under kinetic control. 

Kinetic control B <— — 
c (Mild conditions; irreversible) 
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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 products to reach equilibrium, the product that forms 
faster predominates. Under more vigorous, high-temperature conditions 
(40°C), however, the reaction occurs reversibly under thermodynamic con- 
trol to give a 15:85 mixture of products, with the more stable 1,4 adduct 
predominating. The higher temperature provides more energy for product 
molecules to climb the high energy barrier leading back to the allylic cation, 
and an equilibrium mixture of products therefore results. Figure 14.6 shows 
the situation on a reaction energy diagram. 

Wc Cich- Cu, 
a oe : mee 

H,C=-CHCHCH, — BCH ence, = 
(1,2 adduct) (1,4 adduct) 

Reaction progress ———+ 

Figure14.6 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 ther- 

modynamic product. 

The electrophilic addition of HBr to 1,3-butadiene is an excellent exam- 
ple of how experimental conditions can determine 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. 

One more point: What about the Hammond postulate? We saw in Section 
6.12 that more stable carbocations are formed faster than less stable ones 

because product stability is usually reflected in the transition states leading 

to the cations. Yet in the present case, the more stable product is formed 

slower than the less stable one. 
The difference in the two cases is a consequence of the different natures 

of the product-determining steps. The formation of a carbocation by proton- 

ation of an alkene is an endothermic step; thus, the carbocation product is 

close in both energy and stability to the transition state. The formation of 
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a 1,2 or 1,4 adduct by reaction of bromide ion with a high-energy carbocation 

is an exothermic step, however; thus, the alkyl halide product is far removed 
in both energy and stability from the transition state, and the Hammond 

postulate does not apply. 

cee eeeeeee seee ° eee CC . eeee cere ee rere reese sere eeseeeeee ese ee sere saree ee eee eeee . 

The 1,2 adduct and the 1,4 adduct of HBr with 1,3-butadiene are in equilibrium at 

40°C. Propose a mechanism by which the interconversion of 3-bromo-1-butene and 

1-bromo-2-butene takes place. [Hint: See Section 11.6.] 

coe eee eer eee rece eee eee eee eeeee eee eer enereseeerserereseHeeeseseseeces Peewee meee ere eee e reese erene 

Why do you suppose 1,4 adducts of 1,3-butadiene are generally more stable than 1,2 

adducts? 

14.7 The Diels—Alder Cycloaddition Reaction 

A second striking difference between the chemistries of conjugated and non- 
conjugated dienes is that conjugated dienes undergo an addition reaction 
with isolated alkenes to yield substituted cyclohexene products. For exam- 
ple, 1,3-butadiene and 3-buten-2-one give 3-cyclohexenyl methyl ketone in 
nearly 100% yield: 

Ho cH: H _COCH, 0 
ee eA 

C C Benzene CH; 
| | —— | 

CH, A 
oN 

H CH, 

3-Cyclohexenyl methyl ketone 
1,3-Butadiene 3-Buten-2-one (100%) 

This process, named the Diels—Alder cycloaddition reaction after 
its two discoverers, Otto Diels! and Kurt Alder,? is extremely useful in 
organic synthesis because it forms two carbon—carbon bonds in one step and 
is one of the few methods available for forming cyclic molecules. (As you 
might expect, a cycloaddition reaction is one in 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 quite different from 
all other reactions we have studied. It is neither a polar reaction nor a 
radical reaction; rather it is a pericyclic process. Pericyclic reactions, 
which we'll discuss in more detail in Chapter 30, are those processes that 
occur in a single step without intermediates and involve a cyclic redistri- 
bution of bonding electrons. The two reactants simply add together through 
a cyclic transition state in which both of the new carbon—carbon bonds form 
at the same time. . 

10tto Diels (1876-1954); b. Hamburg; Ph.D. Berlin (E. Fischer); professor, University of 
Berlin (1906-1916), Kiel (1916-1948); Nobel prize (1950). 

*Kurt Alder (1902-1958); b. Kénigshutte; Ph.D. Kiel (Diels); professor, University of Cologne 
(1940-1958); Nobel prize (1950). 
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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. 

sp” hybridized 3 
sp~ hybridized 

Starting reactants Cyclic transition state Product 

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 sub- 

stituted by an electron-withdrawing group. Thus, ethylene itself is unreac- 

tive 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 double bond 

is next to the positively polarized carbon of a substituent that withdraws 

electrons. 
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Ethylene: 

unreactive 

Maleic anhydride 

1 
2C—OCH,CH; 

Ethyl propenoate 
(Ethyl acrylate) 

eee 
H aD C=N i 

ee 
C C HH 

Jel 

Propenenitrile Methyl 
(Acrylonitrile) propynoate 

Figure 14.8 Some Diels—Alder dienophiles: All contain electron-withdrawing sub- 
stituents on the double bond. 
i 

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. If we carry out the cycloaddition with a cis alkene 
such as methy] cis-2-butenoate, we produce only the cis-substituted cyclo- 
hexene. Conversely, Diels-Alder reaction with methyl trans-2-butenoate 
yields only the trans-substituted cyclohexene product. 

WN 

He CH: 

1,3-Butadiene 

Fh S 

| 
eos 

H CH» 

CH, 

1,3-Butadiene 

THE DIENE 

Methyl (Z)-2-butenoate 

HY COsCHs 

Methy] (£)-2-butenoate 

ieCG.CH, 

CH H 3 

Cis product 

H 
| CO2CH, 

——— 

H3C 

Trans product 

A.diene must be able to adopt an s-cis conformation (a “cis-like” confor- 
mation about the single bond) in order to undergo the Diels—Alder reaction. 
Only in the s-cis conformation are carbons 1 and 4 of the diene close enough 
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to react through a cyclic transition state to give a newring. In the alternative 
s-trans conformation, the ends of the diene partner are too far apart to 
overlap the dienophile p orbitals successfully. 

4 

see cata 

do C2—C3 cp 

eG au Bond rotation » C me 

He 22> CH, Hic a 

s-Cis conformation s-Trans conformation 

a - 
Opes ee 

HC HSC 
CH, 4 H 

. \; c 

\ \ 

Successful reaction No reaction (ends too far apart) 

Examples of some dienes that cannot adopt s-cis conformation and there- 
fore do not undergo Diels—Alder reaction are shown in Figure 14.9. In the 
case of the bicyclic (two-ring) diene, the double bonds are rigidly fixed in 
the s-trans arrangement by geometric constraints of the rings. In the case 

ae 
A bicyclic diene 

(rigid s-trans diene) 

t 1 | 
Hes Huge C 
C7e aCu. Ca 

| —— i cS 

cc . (CH 
BINS C7 “Hi HO S c 

i i 
(2Z,4Z)-Hexadiene Severe steric strain 

(s-trans, more stable) in s-cis form 

Figure 14.9 Two s-trans dienes that cannot undergo Diels—Alder reactions 
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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 (about 25°C), cyclopentadiene dimerizes— 
one molecule acts as diene and another acts as dienophile. 

a H 

ae so | 

1,3-Cyclopentadiene Bicyclopentadiene 
(s-cis) 

This kind of Diels—Alder reaction is particularly important in the com- 
mercial production of a number of chlorinated insecticides such as chlordane. 
Thus, hexachlorocyclopentadiene is allowed to undergo Diels—Alder reaction 
with cyclopentadiene. Further addition of chlorine to the Diels—Alder prod- 
uct yields chlordane. 

Cl. -Cl 

Cl e Cl 
ia ee. Cl CG Cl H 

‘ Cl if 

Cl Gr dass 

Cyclopentadiene Hexachlorocyclopentadiene Diels—Alder adduct 

[es CCl, 

Cl Cl 

Cl 
Cl H 

Chlordane 

(an insecticide) 

eee eee eee sere eee seoes OBE) S00) 019) 148) 80 01:8) 4) B04) 9} ) 8 i0\:0; mie! (er'a\Fe 9. ja): Wi1b).81 16, (0719).01/¢18) (0,8) ¢ (Guam eile ticge [etlel a ollantenoneratenevaiemvieteteia seme eee reese srecne 

14.9 Which of these alkenes would you expect to be good Diels—Alder dienophiles? 

® 7 O 

(a) HpC—=CHCCl (b) H,C—=CHCH,CH,COCH; (c) 
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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? 

“CO CC 
(c) T (d) i | 

CH C 
VE ZAIN 

3 1 2 

H 

Cr ry 

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.) 

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. 

1,3-Butadiene Allylic cation 
(four overlapping p orbitals) (three overlapping p orbitals) 

Figure 14.10 Conjugated systems such as 1,3-butadiene and allylic cations contain 

an extended series of overlapping p orbitals. 
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Some of the most important kinds of conjugated systems result from 
overlap of double-bond p orbitals with a filled p orbital on a neighboring 
atom such as oxygen, nitrogen, or halogen. The system can either be neg- 

atively charged or neutral (Figure 14.11). 

are 
So. —— ee 

ao = ao os 

Sea ae eae 

A Ee ao — 

ay Ste — manera 
ao eS GEES 9509 

An enol ether 

mie — Aup le ceCRGN 7 | 

An enolate anion esiip” gs 

lai tcl er ~~ VAA 

Figure 14.11 Some conjugated systems resulting from overlap of double-bond p 
orbitals with filled p orbitals on neighboring atoms 

These conjugated systems will be examined in more detail at a later 
point. 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 neighboring 
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, ena- 
mines, and enolate ions are all much more strongly nucleophilic than normal 
isolated alkenes. 

CY Y 
Ae NRelanay, 
C=C —> C—C 

yi x / x 
© This resonance form puts extra 

electron density on carbon, making the carbon 
atom nucleophilic 
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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 Functional groups present 

2. Mass spectroscopy Molecular size and formula 

3. Nuclear magnetic resonance Carbon—hydrogen framework 
spectroscopy 

4. Ultraviolet spectroscopy Nature of conjugated pi electron 
system 

Ultraviolet spectroscopy is less commonly used than the other three 
spectroscopic 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 
10-° cm, but the narrow range from 2 x 10-5 cm to 4 x 1075 em is the 
portion of greatest interest to organic chemists. Absorptions in this region 
are usually measured in nanometers, nm (1 nm = 10°29 m = 1077 cm). 
Thus, the ultraviolet range of interest is from 200 to 400 nm (Figure 14.12). 

ELT eS 
Ultraviolet 

Vacuum : Near Infrared 
ultraviolet : infrared 

r 1077 10~° 10° TO me iQ" 
(cm) 

X=2xX10-° cm X=4X107°em 

= 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 12.8) that, 

when an organic molecule is irradiated with electromagnetic waves, the 

radiation either is absorbed by the compound or passes through, depending 

on the exact energy of the waves. When infrared radiation is used, the energy 

absorbed corresponds to the amount necessary to increase molecular 

motions—bendings and stretchings—in functional groups. When ultraviolet 
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radiation is used, the energy absorbed by a molecule corresponds to the 
amount necessary to excite electrons from one molecular orbital to another. 
Let’s see what this means by looking first at 1,3-butadiene. 

. ee Cee e ese ee ee eee Heese eee EHH HHH EHH HE OH E TE EEHHEHE HE OHO HEHE THEE OHHH HEHEHE EE THE HHH ESET EEE OHH HEED 

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°% kcal/mol 
a va A (em) 

eee eee eee ee eee eee soe ee eae se ee sense ee oeeeer eres sesseseseseeeeeee Sees eee sEeeseeeeeeeeeseeses 

How does the energy you calculated (Problem 14.12) for ultraviolet radiation compare 
with the values calculated previously for infrared spectroscopy and nuclear magnetic 
resonance spectroscopy? 

14.11 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. 

SS 

(UV irradiation) 

doh 

Sis ea 
: wv» HOMO — 7 

Four p atomic 

orbitals ‘oN 

Ground-state Excited-state 

electronic electronic 

configuration configuration 

Figure 14.23 Ultraviolet excitation of 1,3-butadiene results in the promotion of 
an electron from a bonding orbital (W.) to an antibonding orbital (w%). 

On irradiation with ultraviolet light (denoted hv), 1,3-butadiene absorbs 
energy, and a pi electron is promoted from wo, the highest occupied molecular 
orbital (HOMO), to #%, the lowest unoccupied molecular orbital (LUMO). 
Since the electron is promoted from a bonding (7) molecular orbital to an 
antibonding (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 
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1,3-butadiene is such that ultraviolet light of 217 nm wavelength is required 
to accomplish the 7 — 7z* 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 
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, however, are displayed with the base- 
line at the bottom of the chart so that a peak indicates an absorption. 

100 

80 

60 

40 

Absorbance (%) 20 

: Ee ee a [5s 
200 220 240 260 280 300 320 340 360 380 400 

Wavelength (nm) ———> 

Figure 14.14 The ultraviolet spectrum of 1,3-butadiene, A,,,, = 217 nm 

The exact amount of UV light absorbed is expressed as the sample’s 
molar absorptivity, or extinction coefficient, ¢, defined by the equation: 

; - Bs 
Molar absorptivity « Cine 

Percent absorbance Il where A 

C 

1 = Sample path length in centimeters 

Concentration in moles per liter 

Molar absorptivity is a physical constant, characteristic of the particular 

molecule 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 
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usually quite simple—often only a single peak is produced. The peak is 
usually broad, however, and we identify its position by noting the wave- 
length (A) at the very top of the peak (A,,,x, read as “lambda max”). 

eee eee se sees eee meee eee ees eee eee eee ere ee eee rer eee eee ee ee oeee eee EE HE EH EH EHO EHH HEE EHH EOE HEHEHE EH EEE E EEE OEE 

Knowledge of molar absorptivities is particularly important in biochemistry where 
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,,,, = 325 (e = 50,100), what is the vitamin A concentration 
in a sample whose absorbance at 325 nm is A = 0.735? Explain. 

14.12 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 Ana, = 217 nm, 1,3,5-hexatriene absorbs at 
Amax = 258 nm, and 1,3,5,7-octatetraene has A;nax = 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 
functional groups are discussed in more detail, but the ultraviolet absorp- 
tion maxima of some representative conjugated molecules are given in 
Table 14.3. 

In addition to the 7— 7* absorptions just discussed, other electronic 
transitions are observed in ultraviolet spectroscopy. Compounds with non- 
bonding electrons, such as the lone-pair electrons on oxygen, nitrogen, and 
halogen, also show weak ultraviolet absorption. In these cases, a nonbonding 
electron (n) is promoted to an antibonding orbital (7*). In acetone, for exam- 
ple, a nonbonding lone-pair electron on oxygen is excited by ultraviolet 
irradiation into the carbonyl antibonding 7* orbital. The resultant n > 7* 
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; electron CH; Electron in 7* orbital 

“a n— 7* . ‘oe , C —O C=O / : 

CH; CH; 
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Table 14.3 Ultraviolet absorption maxima of some conjugated molecules 

Name 

Ethylene 

Cyclohexene 

2-Methyl]-1,3-butadiene 

1,3-Cyclohexadiene 

1,3,5-Hexatriene 

1,3,5,7-Octatetraene 

Structure 

H.C =CH, 

OQ 
La 

H,C =C—CH —CH, 

o, 
H,C =—CH— CH =CH—CH =—CHe 

Amax (nm) 

171 

182 

220 

256 

258 

H,C =CH— CH —=CH—CH =CH—CH =CHe 290 

2,4-Cholestadiene 275 

ie 
3-Buten-2-one H,C =CH—C+=O 219 

Benzene Se 254 

Naphthalene 275 
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14.15 Which of the following compounds would you expect to show ultraviolet absorptions 

in the 200-400 nm range? 

(a) 1,4-Cyclohexadiene 

(d) er 

OCOCH3 

Aspirin 

(b) 1,3-Cyclohexadiene 

(e) CHs 

Jee 
(c) H,C=CH—C=N 

ele) 

No; 
| 
H 

Indole 
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14.13 Colored Organic Compounds and the Chemistry of Vision 

Why are some organic compounds colored but others are not? Why is B- 
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 such as #-carotene have such extended systems of conjugation 
that their “UV” absorptions actually extend out into the visible region. B- 
Carotene’s absorption, for example, occurs at Amax = 455 nm (Figure 14.15). 

Amax = 455 nm 

Absorbance % 

200 300 400 500 600 

Wavelength (nm) ———> 

NOON Li 

6-Carotene 

Figure 14.15 Ultraviolet spectrum of B-carotene 

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 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 
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yellow-orange coloration accounts for the use of B-carotene as a food-coloring 
agent in margarine.) 

What is true for £-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 

Conjugated molecules not only affect the color of a compound, they also 
make up the light-sensitive molecules 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. 

ee SSS SS 

B-Carotene 

CH,0H 
Se = _ Ss ‘ Liver enzymes 

— 

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 metarhodop- 

sin 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. 

Trans 

yt Cis onl 

RA FE vey ee eee ee N= Opsin 
—~——__ 

SS 

—e Metarhodopsin II 

N— Opsin 

Rhodopsin 
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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 | 

trans-Retinal <— + a Rhodopsin 

Nerve impulse 

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 noncon- 
jugated. 

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 4, Yo, #4, and Wi. Two of the molecular orbitals are bonding and 
two are antibonding. When four electrons are added, only the two bonding 
orbitals, % and yo, 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) 
than the sum of the energy levels of two isolated double bonds. The reason 
for this extra stability is a bonding (stabilizing) 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 HCl, 1,2 and 1,4 adducts are formed. Both prod- 
ucts are formed from the same resonance-stabilized allylic carbocation inter- 
mediate, and are produced in varying ratios depending on the reaction 
conditions. The 1,2 adduct is usually formed faster and predominates at low 
temperature (kinetic control), whereas the 1,4 adduct usually predomi- 
nates when equilibrium is achieved at higher temperatures (thermody- 
namic control). 
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The second reaction unique to conjugated dienes is Diels-Alder 
cycloaddition. Conjugated dienes react with electron-poor alkenes (dien- 
ophiles) in a single step via 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. 
For this reason, cyclic dienes such as cyclopentadiene are highly reactive. 

Ultraviolet (UV) spectroscopy is a method of structure determination 
uniquely applicable to conjugated systems. When a conjugated molecule is 
irradiated 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 energy needed (longer wavelength radiation). 

ADDITIONAL PROBLEMS 

14.16 

14.17 

14.18 
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Provide IUPAC names for the following alkenes: 

CH3 

(a) CH;CH= ee —=CHCHs3 (b) H}C—=CHCH=CHCH=CHCH; 

CH,CH,CH3 

(c) CH;CH=C—CHCH=CHCHs; (d) CH3;CH=CCH=CHy, 

Circle any conjugated portions of these molecules: 

(a) CH;CH=C—CHCH=CHCHs (b)P-90 

is 
OCH3 ae 

Carvone 
(oil of spearmint) 

Q (e) (f) 

CH;0 

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) O3 followed by Zn 

(c) 1 mol HCl in ether (d) 1 mol DCI in ether 

(e) 3-Buten-2-one (H,C=CHCOCHs) (f) Excess OsO,, followed by NaHSO3 



482 

14.19 

14.20 

14.21 

14.22 

14.23 

14.24 

14.25 

14.26 

14.27 
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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 2 equiv HBr and 
formation of a product with formula CgHjo. Three possible products could be formed. 
Name each of the three and tell how you would use 1H and !2C NMR spectroscopy 
to help you identify the product. How would you use ultraviolet spectroscopy? 

Would you expect allene, HXC—C—CH, to shown a UV absorption in the 200—400 
nm range? Explain. 

Predict the products of these Diels—Alder reactions: 

O 
CHO 

® E> + [ —— E> + Oia 

O 

O CHs vical 

Ze C 
(c) i — (d) + i — 

| S 1 
O CH; CO, CH3 

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 — z* ultraviolet 
absorptions in the 200-400 nm range? 

(a) = CH, (b) re (c) (CHs),C=C=O 
Ze A ketene 

N 

Pyridine 

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. 

Draw the products resulting from addition of 1 mol HC] to 1-phenyl]-1,3-butadiene. 
Which product or products would you expect to predominate, and why? 

. -CH+=CH —CH+CH, 

1-Pheny]-1,3-butadiene 
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Reaction of isoprene (2-methyl-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. 

CH O 
| 

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),C=C(C=N)., (CH 3)gC=C(CHs3)o 

How would you use Diels—Alder reactions to prepare these products? Show the 
starting dienes and dienophiles in each case. 

(a) O (b) 

0 H 

[f CN 

O 

(c) O 

O 

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? 

Propose a mechanism to explain the following reaction. [Hint: Consider the revers- 

ibility of the Diels—Alder reaction, Problem 14.31.] 

CO2CHs3 

Z~o C CO.CH3 

a 5 I ee + CO, 

O CO.CHs3 
| 

a-Pyrone CO2CHs3 
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14.33 

14.34 

14.35 

14.36 

14.37 
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The following ultraviolet absorption maxima have been measured: 

Amax (nm) 

1,3-Butadiene Dir 

2-Methy1-1,3-butadiene 220 
1,3-Pentadiene 223 

2,3-Dimethy]-1,3-butadiene 226 
2,4-Hexadiene 22k 

2,4-Dimethy]-1,3-pentadiene 232 
2,5-Dimethy]-2,4-hexadiene 240 

What conclusion can you draw from these data concerning the effect of alkyl sub- 
stitution on ultraviolet absorption maxima? Approximately what effect does each 
added alkyl group have? 

1,3,5-Hexatriene has Ay,. = 258 nm. In light of your answer to Problem 14.33, 
approximately where would you expect 2,3-dimethyl-1,3,5-heptatriene to absorb? 
Explain. 

B-Ocimene is a pleasant-smelling hydrocarbon found in the leaves of certain herbs. 
It has the molecular formula C,9Hj, and exhibits an ultraviolet absorption maximum 
at 232 nm. On catalytic hydrogenation over palladium, 2,6-dimethyloctane is 
obtained. Ozonolysis of B-ocimene, followed by treatment with zinc and acetic 
acid, produces four fragments: acetone, formaldehyde, pyruvaldehyde, and malon- 
aldehyde. 

Ll 11 1 
HCCH.CH CH,;C—CH HCH 

Malonaldehyde Pyruvaldehyde Formaldehyde 

(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 the reactions, showing starting material and products. 
Myrcene, C1oHj¢, is found in oil of bay leaves and is isomeric with B-ocimene (Prob- 
lem 14.35). 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. 

ene ey 
HCCH,CH,C—CH 

2-Oxopentanedial 

Propose a structure for myrcene, and formulate all the reactions, showing starting 
material and products. 

Addition of HC] to 1-methoxycyclohexene yields 1-chloro-1-methoxycyclohexane as 
the sole product. Why is none of the other regioisomer formed? 

Cl 

OCH 
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14.38 Benzene has an ultraviolet absorption at Amax = 204 nm and para-toluidine has 
Amax = 235 nm. How do you account for this difference? 

ie no—_\ vu, 

Benzene para-Toluidine 
Qmax = 204 nm) Qmax = 235 nm) 

14.39 When the ultraviolet spectrum of para-toluidine (Problem 14.38) is measured in the 
presence of a small amount of HCl, the d,,,, decreases to 207 nm, nearly the same 
value as for benzene. How do you account for the effect of acid? 

14.40 Phenol is a weak acid with pK, = 10.0. In ethanol solution, phenol has an ultraviolet 
absorption at Aya, = 210 nm. When dilute NaOH is added to this solution, the 
absorption increases to Amax = 235 nm. How do you account for this shift? 

( \-on 

Phenol 

14.41 Hydrocarbon A, Cj oH 4, has an ultraviolet absorption at A;»ax = 236 nm and gives 
hydrocarbon B, Cj Hj, on catalytic hydrogenation. Ozonolysis of A followed by zinc/ 

acetic acid treatment yields the following diketo dialdehyde: 

OreQ O 
| | | 

HCCH,CH,CH,C—CCH,CH,CH,CH 

(a) Propose two possible structures for hydrocarbon 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. 

14.42 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=CH—CH=CH, => N=CCH,CH,CH,CH,C=N 

Adiponitrile 
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Benzene and Aromaticity 

486 

L the early days of organic chemistry, the word aromatic was used to describe 

fragrant substances such as benzaldehyde (from cherries, peaches, and 

almonds) and toluene (from Tolu balsam). It was soon realized, however, 

that substances grouped as aromatic behaved in a chemically different man- 

ner 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. Most synthetic drugs used medicinally are 
also aromatic in part. The local anesthetic procaine and the tranquilizer 

diazepam (Valium) are two of many examples. 

| CHO CH; 

H C H 

G .. s 
Dee aa H c teaesti 

‘ H 
Benzene Benzaldehyde Toluene 
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0 
H;C HOW 

O 

é ) 
HO 

Estrone Morphine 

\ — CH; 
C—OCH.CH,N(CH.CHs3)2 | 

| if fe) 
Zi = 

Cl =N 
NH» zs 

Procaine 

(a local anesthetic) Diazepam 

(Valium, a sedative hypnotic, 

often called a tranquilizer) 

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. 

PUPMTTCUAT EH cia atti cieicnsiie in teistah ispecies [lfatie eos ie!ai.0/-ans06 o( gkacess;1¢/ie/ejial.sUletiniyals,:6/i8/1¢° 8) 8i.8)ce/'¢1-8 \a/e\te;(9,'e/J0:19.08,t9h \8riehe) 81a ei) 8119) (9110) -03:018: (SS 8, 8) See PROBLEM 

15.1 Circle the aromatic portions of these molecules: 

(a) CH@OH)CH,;NHCH; 6) CHa 
H.C Osi ice 

(CH,CH,CH,CH)3CHs 

“OH HO 
OH CH; 

Adrenaline pee Vitamin E 

(c) 

CH; 
ere 

ret CO.H 

Penicillin V 
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15.1 Sources of Aromatic Hydrocarbons 

The simple aromatic hydrocarbons used as starting materials for the prep- 
aration 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 highly 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 (dimethy]- 
benzene), naphthalene, and a host of other aromatic compounds (Fig- 
ure 15.1). 

CH, CH, 

Benzene Toluene Xylene 
(bp 80°C) (bp 111°C) (bp: ortho, 144°C; 

meta, 139°C; para, 138°C) 

Cie Coa da 
Indene Naphthalene Biphenyl] 

(bp 182°C) (mp 80°C) (mp 71°C) 

Cee ay A GHe 

Anthracene Fluorene Phenanthrene 
(mp 216°C) (mp 116°C) (mp 101°C) 

Figure 15.1 Some coal-tar hydrocarbons 

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 (C7Hj¢), for example, is converted 
‘into toluene (C7Hg) by dehydrogenation and cyclization. 
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15.2 Nomenclature of Aromatic Compounds 

489 

Aromatic substances, more than any other class of organic compounds, have 
acquired a large number of common, 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. 

Table 15.1 Common names of some aromatic compounds 

Formula Name 

CH. 

Toluene (bp 110°C) wr 

Phenol (mp 43°C) = 
NH 

is Aniline (bp 184°C) 

HC CH; 

bo 

/ x 

Cumene (bp 152°C) cy 
CH=CH, 

Styrene (bp 145°C) cy 

Formula 

CHO 

«> 
COOH 

wr 
CH, 

O 
CHs3 

ADB SY 
CHs 

CH, 

CHs 

Name 

Benzaldehyde (bp 178°C) 

Benzoic acid (mp 122°C) 

ortho-Xylene (bp 144°C) 

meta-Xylene (bp 139°C) 

para-Xylene (bp 138°C) 

Monosubstituted benzene derivatives are systematically named in 

the same manner as other hydrocarbons, with -benzene used as the parent 

name. Thus, as shown at the top of the next page, CgH;Br is bromobenzene, 

CgHsNO, is nitrobenzene, and CgH;CH2CH2CHs; is propylbenzene. 
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Br NO, CH,CH,CH3 

Bromobenzene Nitrobenzene Propylbenzene 

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 is small (six or fewer carbons), the arene is named as an 
alkyl-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 to be 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. 

3 2 2 2 2 Zi 3 

A phenyl group 3-Phenyloctane 

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. 

Br CH3 Br 

il 1 1 
eet 2 2 

3 3 
CH; 4 

Cl 

ortho-Dibromobenzene, meta-Dimethylbenzene para-Bromochlorobenzene, 

1,2 disubstituted (m-Xylene), 1,4 disubstituted 

1,3 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 methyl group already present on the ring. 

* 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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XxX CH; CH; 

Ortho —> <— Ortho = 
| Br» 

Meta — <— Meta ae FeBrg 

Para , Br 

Toluene p-Bromotoluene 

Benzenes with more than two substituents must be named by number- 
ing the position of each substituent on the ring. The numbering should be 
carried out in such a way that the lowest possible numbers are used. The 
substituents are listed alphabetically when writing the name. 

Br Cl CH, 

‘ O.N.g X O.N LPNO: 
3 6 2 

2 3 5 3 
1 CH; 4 4 

CH, NO, NO: 

4-Bromo-1,2-dimethylbenzene  1-Chloro-2,4-dinitrobenzene  2,4,6-Trinitrotoluene (TNT) 

Note in the third example shown that -toluene is used as the base name 
rather than -benzene. Any of the monosubstituted aromatic compounds 
shown in Table 15.1 can serve as a base name. In such cases the principal 
substituent (—CHsg in toluene, for example) is assumed to be on Cl. The 
following two examples further illustrate this rule (the base name is itali- 
cized in each case). 

OH Cl 

Br eee 
6 2 

5 3 ~ 
CO.H 

4 

2,6-Dibromophenol m-Chlorobenzoic acid 

PY OB WE Mi avenenetetaioicietefolelicietslentiereisieieieteierete etcretialione eile (4 fel's felle)'e (e](e/(6\ie/(elio\.0 (61]#/a)ei ele) ¥.es0i nis 10:10) 9! ©)1.0\(¢ (0 [elieie)/@).8] 0)(4)8154:1016)i61.0:(4)\6)\0)6 \6) 4) /6:.0iie\(8 

15.2 Provide correct IUPAC names for these compounds: 

(a) Cl (b) ee Jo 

Br 
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PROBLEM 

15.3 
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(c) NH, (d) CH3 

Cl 

Br Cl 

(e) CH,CHs, (f) CH; co . 
O.N NO, 

H,C CH; 

S:\614 8 14) ©) 18),0) @:i6lsa( 0, (8)/@/[e)\6)/s, (9)\¥'e, Sipe (a, ehaire)a) e140 8,006 8a ere. 68.6 \a (6 Ke)ce' @ @ ie’ (e)\m ia) a/e) wi auie..a;\u\ee; 78, 6)(6|\0/\p):81(61.0)\0)18) 8\01.8):8 isi) e)\s) eiele ails) bial eiielelad 

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 

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”—a formula of CgHg 
requires a combination of four multiple bonds/rings—it nevertheless fails 
to undergo reactions characteristic of alkenes. For example, it reacts with 
bromine in the presence of iron to give the substitution product C.HsBr, 
rather than the possible addition product CgHgBr2. Furthermore, only one 
monobromo substitution product was known; no isomers of C.gH;Br had been 
prepared. 

Fe 
Jo Ce H;Br al HBr 

Bromobenzene 
C.Hg + Bro (substitution product) 

Benzene 
CeHe Br 

Addition product 
(not formed) 

On further reaction with bromine, disubstitution products are obtained, 
and three isomeric CgH,Br, compounds had been prepared. On the basis of 
these and similar results, Kekulé proposed in 1865 that benzene consists of 
a ring of carbon atoms and may be formulated as 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 cyclohexatriene are equivalent. 
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H Br 

H H cS Br o-oo H H Br 

H / 

All six hydrogens of Only one possible monobromo product 
cyclohexatriene 
are equivalent 

The experimental observation that only three isomeric dibromo sub- 
stitution products were known was more difficult to explain, since four struc- 
tures can be written: 

Br Br 

Br Br 

and 

Two possible “1,2-dibromocyclohexatrienes”? 

Br Br 

: Br 

Br 
“1,3-Dibromocyclohexatriene” “1 4-Dibromocyclohexatriene” 

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. 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” cannot be separated, according to 
Kekulé, because they interconvert too rapidly (Figure 15.2). 

Br ei 
| 

Br y Br 

a es Rapid | Ss 
2 ————— 

Se equilibration ee 

Figure 15.2 The Kekulé proposal: Benzene’s double bonds rapidly oscillate back 

and forth between neighboring carbons. Distinct forms cannot be isolated. 
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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? 

PROBLEM vac cic 0c 0 6 6:6 % #10) 018) 0) 0 0)10)0)0:s 01 919/610. 4 0/10)'s/ 0:16) e008 68110) 4 elipnsisl.41 6 sleclele (6.0 0's sees elsia ss 0 016 le ee ¢ 676) 8)es lel sie! simile) eis/elele 

15.4 How many tribromo benzene derivatives are possible according to Kekulé’s theory? 
Draw and name them. 
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15.5 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? 

‘ 

PD\ a Nelly 
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 the presence of unsaturation, and 
although the Kekulé structure proposes three carbon—carbon double bonds, 
benzene shows none of the behavior characteristic of alkenes. For example, 
alkenes react readily with potassium permanganate to give cleavage prod- 
ucts; they react rapidly with aqueous acid to give alcohols; and they react 
with gaseous HC] to give saturated alkyl chlorides. Benzene does none of 
these things (Figure 15.3). Benzene does not undergo electrophilic addition 
reactions. 

KMnO oy 
H,0 2 ee oo 

No reaction 

+ OK. 
om 

No reaction 

OH \ 

Cyclohexene Benzene No reaction Eth HCl - 
Ether 

“Figure 15.3 A comparison of the reactivity of cyclohexene and benzene: Benzene 
does not undergo alkene electrophilic addition reactions. 



15.4 STABILITY OF BENZENE 495 

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 AHfyarog = 28.6 kcal/mol (120 kJ/mol), and 1,3-cyclohexadiene, 
a conjugated diene, has AHfyarog = 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). 

Table 15.2 Heats of hydrogenation of cyclic alkenes 

DEL drag 

Reactant Product (kcal/mol) (kJ/mol) 

Cyclohexene Cyclohexane 28.6 120 
1,3-Cyclohexadiene Cyclohexane Be 232 
Benzene Cyclohexane 49.8 208 

Carrying the analogy one step further, we might predict that AH hyavee 
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 15.4). 

Hypothetical 
cyclohexatriene 

Difference = 36 kcal/mol stability 

2 
Cyclohexane 

AG expected ] 

CO} AG ne 

Benzene 

Reaction progress 

Figure 15.4 Reaction energy diagram for the hydrogenation of benzene in com- 

parison with a hypothetical cyclohexatriene 
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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 normal single and double bonds. 
Although normal C—C single bonds are 1.54 A long and normal C—C 
double bonds are 1.34 A long, the carbon-carbon bonds in benzene are 1.39 

A long. 

All C-C-C bond angles = 120° 

All C—C bond lengths = 1.39 A 

Benzene 

15.5 Representations of Benzene 

How can we account for benzene’s properties, and how can its structure best 
be represented? 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 (Figure 
15.5). 

1 | 
BS iets UH HT aS 

a atl as HT a Ny HO Hie Ny 

H H 

Figure 15.5 The two equivalent resonance structures of benzene: Each carbon— 
carbon bond averages out to be 1.5 bonds—midway between single and double. 

Recall from Section 10.7 that: 

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. 

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. 
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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 as in Figure 15.6 by drawing it with either a full or dotted circle 
to indicate the equivalence of all carbon—carbon bonds, but these represen- 
tations have to be used very carefully since they don’t allow us to count the 
number of pi electrons in the ring. After all, how many electrons does a 
circle represent? In this book, benzene and other arenes will be represented 
by a single Kekulé structure. We will be able to keep count of all pi electrons 
this way, but we must still be aware of the limitations of the drawings. 

Figure 15.6 Some alternative representations of benzene: These representations 
should be used with care because they don’t specify the number of pi electrons in 

the ring. 

There is 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: 

oles ted) 1) 
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 bond length difference implies that the carbon atoms must change 

position in oscillating from one structure to another, and thus the two struc- 

tures are not the same as resonance forms. 

The same reasoning that explains benzene’s stability also explains why 

there is only one ortho-dibromobenzene, rather than two. The two possible 
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Kekulé structures of o-dibromobenzene are simply different resonance forms 
of a single compound whose true structure is intermediate between the two 
(Figure 15.7). 

Br Br 
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In 1932, A. A. Levine and A. G. Cole studied the ozonolysis of o-xylene. They isolated 
three products: glyoxal (OHC— CHO), butane-2,3-dione (CH;COCOCHs), and pyru- 
valdehyde (CH3;COCHO): 

OF O O OO 
6 I od I | I 
aa H—C—C—H + CH;—C—C=CH, + CH,—C—C—H 

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? 

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. 

Benzene is a flat, hexagonal molecule with C-C-C bond angles of 120°. 
Since each carbon has sp? hybridization, the six carbon—carbon sigma bonds 
are formed by C,,2—C,,2 overlap, and there are six p orbitals perpendic- 
ular to the planar six-membered ring. An orbital picture looks like that in 
Figure 15.8. 

Since all six p orbitals in benzene are equivalent, it is 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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<< Gs 
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CL VO- 

Figure 15.8 An orbital picture of benzene 

aK 

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, six benzene molecular orbitals result, as shown in Figure 15.9. 
The three low-energy molecular orbitals, denoted , 2, 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, yw and 3, have the same energy, as do the antibonding orbitals 
w% and ws. 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. 

Wim Wé Antibonding 

Yo 
4 
4— = vi, we Antibonding 

eZ 

abd Ad wrt t gf 
Se 

Six p atomic orbitals Y x 

SS i ae Wa, v3 Bonding 
XS 

XS 
\ +f Wi Bonding 

Six benzene molecular orbitals 

Figure 15.9 The six molecular orbitals of benzene 
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Pyridine is a flat, symmetrical molecule with bond angles of 120°. It undergoes 
electrophilic substitution rather than addition and generally behaves as an aromatic 
substance. Draw an orbital picture of pyridine to explain its properties. Check your 

answer by looking ahead to Section 15.9. 

ee 

S 
N 

Pyridine 
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15.7 Aromaticity and the Hiickel (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. Benzene is a monocyclic conjugated molecule with formula CgHg. 

2. Benzene is unusually stable, having a heat of hydrogenation 36 
kcal/mol less than we might expect for a cyclic conjugated triene. 

3. 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. 

4. Benzene undergoes substitution reactions that retain the cyclic con- 
jugation, rather than electrophilic addition reactions that would 
destroy the conjugation. 

5. Benzene can be described in terms of resonance theory as a hybrid 
whose structure is intermediate between two Kekulé structures: 

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 will 
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, 14, .. .) cannot be aromatic. 

Let’s look at some examples to see how the Hickel (4n + 2) rule works. 

1. Cyclobutadiene has four pi electrons and is not aromatic: 

im 
Four pi electrons 

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 cyclo- 
butadiene was prepared, but not isolated, at low temperatures. Even 
at —78°C, however, cyclobutadiene dimerizes by Diels—Alder 
cycloaddition. One molecule behaves as a diene, whereas the other 
acts as dienophile: 

*Erich Hiickel (1896-1980); b. Charlottenburg, Germany; Ph.D. Géttingen (Debye); professor 
at Stuttgart and Marburg. 
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2. Benzene has six pi electrons (4n + 2, where n = 1) and is, of course, 
a fully aromatic molecule: 

Six pi electrons 

3. Cyclooctatetraene has eight pi electrons and is not aromatic: 

Eight pi electrons 

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 great German chemist Richard 
Willstatter,? it was found to resemble open-chain polyenes in its reactivity. 

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 orbit- 
als do not have the proper geometry for overlap (Figure 15.10). The pi 

H 

Figure 15.10 An orbital view of cyclooctatetraene, a tub-shaped molecule that has no cyclic 

conjugation because its p orbitals are not aligned properly for overlap 

3Richard Willstatter (1872-1942); b. Karlsruhe, Germany; Technische Hochschule, Munich 

(Einhorn) (1895); professor, Zurich, Dahlem, Munich; Nobel prize (1915). 
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electrons 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, characteristic of an alkene rather than an aromatic molecule (Section 

15.12). 

Come wore sree reer ee eee reese rere ee eee ee seeeHeeeeseseeeeeeeseeeEeeeeeErEeeeeseoeeseeeE eee eee ES 

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) 

15.8 Aromatic Ions 

Look back at the Hiickel definition of aromaticity in the previous section. 
In order to be aromatic, a molecule must have a cyclic system of conjugation, 
must have a p orbital on each atom, and must have (4n + 2) pi electrons. 
There is nothing in this definition that says the number of p orbitals and 
the number of pi electrons has to be the same. In fact, they can be different. 
The (4n + 2) rule is broadly applicable to many kinds of molecules, not just 
neutral hydrocarbons. For example, both the cyclopentadienyl anion and 
the cycloheptatrienyl cation are aromatic. 

H H 

o | 
Cyclopentadienyl anion Cycloheptatrienyl cation 

Six pi electrons, aromatic ions 

Let’s look first at the cyclopentadienyl anion. Cyclopentadiene itself is 
not aromatic because it is not a fully conjugated molecule; the —CH.— 
carbon in the ring is sp? hybridized, thus preventing complete cyclic p orbital 
conjugation. Imagine, though, that we remove one hydrogen from the sat- 
urated CHg 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 15.11, we might imagine remov- 
ing 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. 
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2. We could 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 cyclopentadieny] anion. 

Cy 

Cyclopentadieny] cation: 

four pi electrons 

H H H 

Cyclopentadiene Cyclopentadieny] radical: 

five pi electrons 

H 

a : 

Cyclopentadieny] anion: 
six pi electrons 

Figure 15.11 Generating the cyclopentadieny] cation, radical, and anion by remov- 
ing a hydrogen from cyclopentadiene 

Resonance theory predicts that all three species should be highly sta- 
bilized, since it is 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 cyclopentadienyl carbocation and 
the five-pi-electron cyclopentadieny] radical are predicted not to be aromatic, 
even though they have cyclic conjugation. 

In practice, both the cyclopentadieny] cation and the radical are highly 
reactive and difficult to prepare; neither species shows any sign of the unu- 
sual stability expected of an aromatic system. The six-pi-electron cyclopen- 
tadienyl 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 Htickel number (Figure 15.12). 
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Aromatic six-pi-electron 
cyclopentadienyl anion 

Figure 15.12 An orbital view of the aromatic cyclopentadienyl anion, showing the cyclic 

conjugation and six pi electrons in five p orbitals 

Similar arguments can be used to predict the stability of the cyclohep- 
tatrienyl cation, radical, and anion. Removal of a hydrogen from cyclohep- 
tatriene can generate either the six-pi-electron cation, the seven-pi-electron 
radical, or the eight-pi-electron anion (Figure 15.13). 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 

Cycloheptatrienyl cation: 

six pi electrons 

H H 

Cycloheptatriene Cycloheptatrieny] radical: 

seven pi electrons 

H 

iz O 

Cycloheptatrienyl anion: 

eight pi electrons 

* Figure 15.13 Generation of the cycloheptatrienyl cation, radical, and anion: Only 
the six-pi-electron cation is aromatic. 
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theory, however, predicts that only the six-pi-electron cycloheptatrieny] 
cation should have aromatic stability. 

Both the seven-pi-electron cycloheptatrieny! radical and the eight-pi- 
electron anion are highly reactive and difficult to prepare. The six-pi-elec- 
tron cation, however, is extraordinarily stable. In fact, the cycloheptatrieny] 
cation was first prepared in 1891, although its structure was not recognized 
at the time. Later investigation showed that the salt-like material prepared 
by action of bromine on cycloheptatriene is cycloheptatrienylium bromide 
(Figure 15.14). 

Pee H 

Bro 

——> HBr + Br — 

Cycloheptatriene 

Cycloheptatrienylium bromide: 

six pi electrons 

Figure 15.14 Preparation of the aromatic cycloheptatrienyl anion by reaction of cyclohepta- 
triene with bromine 
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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 18C NMR spectra of the anion? 
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Cyclooctatetraene readily accepts two electrons from potassium metal to form the 
cyclooctatetraene dianion, C,H?” . Why do you suppose this reaction occurs? What 
geometry would you expect for the cyclooctatetraene dianion? 

2-— 

ee ie 
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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 do not have the correct geometry for overlap (Figure 
15.15). 

by 

sp” hybridized 

Lone pair in 

sp” orbital 

Six pi electrons 

Figure 15.15 Pyridine, an aromatic heterocycle, has a pi electron structure much like that of 
benzene. 

The five-membered heterocycle, pyrrole (two r’s, one 1), is also an aro- 
matic six-pi-electron substance, with a pi electron system similar 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 electrons also occupying 
a p orbital. Thus, there is a total of six pi electrons, making pyrrole an 
aromatic molecule. An orbital picture of pyrrole is shown in Figure 15.16. 

Note that the nitrogen atoms play different roles in pyridine and pyrrole 
even though both compounds are aromatic. The nitrogen atom in pyridine 
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 cyclopentadieny] anion, the pyrrole nitrogen atom contributes 
two pi electrons (the lone pair) to the aromatic sextet. 
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Lone pair in p orbital | i , 

N 

sp” hybridized 

Six pi electrons 

Figure 15.16 Pyrrole, a five-membered aromatic heterocycle, has a pi electron structure much 
like that of the cyclopentadieny] anion. 

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. 
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15.11 The aromatic five-membered heterocycle imidazole is of great importance in a num- 
ber of biological processes. One of its nitrogen atoms is “pyridine-like” in that it 
contributes one pi electron to the aromatic system, whereas the other nitrogen is 
“pyrrole-like” in 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? 

Nas 
2N a N—H 

Imidazole 
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15.12 Assume that the oxygen atom in furan is sp? hybridized and draw an orbital picture 

to show how this heterocycle can be aromatic. 

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 answers to these questions have 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 
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molecular orbital above which the molecular orbitals come in degenerate 

pairs (degenerate means the same energy level). Thus, when we assign elec- 

trons to 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 15.17 for benzene, in which 

six atomic p orbitals combine to give six molecular orbitals with the energy 

eae v6 
a 

7 * * 

5 os nts 

4G ++++4+4 <----------- 
Six p atomic orbitals ee e +L a 

N 

Sere 
Figure 15.17 Energy levels of benzene’s six pi molecular orbitals 

levels shown. Note that the lowest-energy molecular orbital, y,, occurs 
singly and contains two electrons. The next two lowest-energy orbitals, Wi 
and ws, are degenerate, and it therefore takes four electrons to fill them. 
The result is a highly stabilized six-pi-electron aromatic molecule with filled 
bonding molecular orbitals. 

A similar line of reasoning carried out for the cyclopentadieny] cation, 
radical, and anion leads to the conclusions illustrated in Figure 15.18. 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 

j— 0 Se ee Ss Se ae ee 

Nef safe lt a pt naa ee! 
naa aaah H 4 

Five cyclopentadienyl | Cyclopentadienyl Cyclopentadienyl | Cyclopentadienyl 
molecular orbitals cation ; radical anion 

(Four pi electrons) |(Five pi electrons) | (Six pi electrons) 

Figure 15.18 Energy levels of the five cyclopentadienyl molecular orbitals: Only the S1x-pi- 
electron cyclopentadieny] anion has a filled-shell configuration leading to aromatic stability. 
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in Y but only one electron each in Ye and 3. Thus the cation has two 
orbitals that are only partially filled and is therefore not stabilized. In the 
five-pi-electron radical, y, and yy are filled, but ds is still only half-full. The 
radical is therefore not stabilized. Only in the six-pi-electron cyclopenta- 
dienyl anion are all of the bonding orbitals filled. Similar analyses can be 
carried out for all other aromatic species. 
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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. 

15.11 Naphthalene: A Polycyclic Aromatic Compound 

Although the Hickel 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 
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 known (Figure 15.19). 
1,2-Benzpyrene is particularly interesting because it is one of the cancer- 
causing substances that has been isolated from tobacco smoke. 

Naphthalene Anthracene 

1,2-Benzpyrene Coronene 

Figure 15.19 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: 
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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 

3 7 | eles i s a : 

Naphthalene 1-Bromonaphthalene (75%) 

How can we explain the aromaticity of naphthalene? The orbital picture 
of naphthalene in Figure 15.20 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 
number, there is a high degree of pi electron delocalization and consequent 
aromaticity in naphthalene. 

Figure 15.20 An orbital picture of naphthalene, showing that the 10 pi electrons are fully 
delocalized throughout both rings 

SS ELLER EG STEN SSR TaN mE ire) 6a TOR WSIS sa Sse Fac ralTb rire aT aN erie relma te tan aNeNey anal ermyeh eramenunere ighatte fendre rer ai Svante eeWuNaiaes Joc he) sions eres ae 

15.14 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. 
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15.15 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? 

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 
sometimes observed in the 1450-1600 cm“! region owing to complex molec- 
ular motions of the ring itself. Two bands, one at 1500 cm“! 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 cm~! m-Disubstituted: 690-710 cm™! 
730-770 cm~! 810-850 cm~1 

o-Disubstituted: 735-770 cm-!  p-Disubstituted: 810-840 cm™+ 

The infrared spectrum of toluene in Figure 15.21 shows these characteristic 

absorptions. 
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Figure 15.21 The infrared spectrum of toluene 
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ULTRAVIOLET SPECTROSCOPY 

Aromatic rings are also detectable by ultraviolet spectroscopy since 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 
‘TH 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. 

Much of the chemical shift difference between aryl protons (6.5—8.0 8) 
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 in a 
direction such that they 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 15.22). 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 

H iat induced field 

i] 
/ Induced magnetic 

/ ae field because of 
ring current 

X 
eS ae 

~~ — 

Applied magnetic field 

Figure 15.22 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. 
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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 
[18]annulene, an 18-pi-electron cyclic conjugated polyene that contains a 
Huckel number of electrons (4n + 2, where n = 4) and is large enough to 
have both inside and outside protons: 

{18]Annulene 

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 
1.9 ppm upfield from TMS, whereas the 12 outside protons are strongly 
deshielded and absorb in the typical aryl region at 8.8 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 6-pi-electron aromatic molecule, absorbs at 7.37 6, but cyclooctate- 
traene, an 8-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. 

Aryl protons, “—\ Benzylic protons, 2.3-3.0 6 
6.5-8.0 6 

The 1H NMR spectrum of m-bromotoluene shown in Figure 15.23 dis- 

plays some of the features just discussed. The aryl protons absorb in a 

complex pattern from 6.9 to 7.6 5, and the benzylic methyl protons absorb 

as a sharp singlet at 2.3 5. Integration of the spectrum reveals the expected 

4:3 ratio of peak areas. 
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Br 

TMS 
Intensity 

6 4 2 0 ppm 

Chemical shift (6) 

Figure 15.23 The 'H NMR spectrum of m-bromotoluene 

Carbon atoms of an aromatic ring absorb in the range 110-160 5 in the 
13C NMR spectrum, as indicated by the examples in Figure 15.24. These 
resonances are easily distinguished from those of alkane carbons, but occur 
in the same range as alkene carbons. Thus, the presence of !3C 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. 

21.3 

Cat aie vi ioa 6 eee aa e. | naa 
Se l2e4 <——129.3 <— 127.6 <— 126.0 

CO ——1285 <— 128.4 ae 

125.6 125.4 

Benzene Toluene Chlorobenzene Naphthalene 

Figure 15.24 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. 
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Table 15.3 Summary of spectroscopic information on aromatic compounds 

Kind of Absorption 
spectroscopy position Interpretation 

Infrared (em~!) 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 naturally occurring sub- 
stances and most medicinally useful compounds contain aromatic (benzene- 
like) portions. 

Aromatic compounds are systematically named according to TUPAC 
rules, but many common names are also used. Disubstituted benzenes are 
named as either ortho (1,2-disubstituted), meta (1,3-disubstituted), or para 

(1,4-disubstituted) derivatives. The —C,gH; unit itself is referred to as a 
pheny] group. 

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 Hiickel rule, a cyclic con- 

jugated molecule must have (4n + 2) pi electrons, where n = 0, 1, 25.3, 

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. 
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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. Thus, 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)-pi-electron definition. For example, 
the cyclopentadienyl anion and the cycloheptatrienyl cation are both 
(4n + 2)-pi-electron aromatic ions. Heterocyclic compounds, which have 
atoms other than carbon in the ring, can also be aromatic. Pyridine, a six- 
membered nitrogen-containing heterocycle, resembles benzene electroni- 
cally, whereas pyrrole, a five-membered heterocycle, resembles the cyclo- 
pentadienyl anion. 

All of the spectroscopic techniques we have studied are applicable to 
the structure elucidation of aromatic compounds. Infrared, ultraviolet, and 
NMR spectroscopies all show characteristic aromatic absorption peaks. 

ADDITIONAL PROBLEMS 
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15.16 Provide IUPAC names for these compounds: 

(a) Tea Wee (b) CO.H 

Br 

(c) Br (d) Br 

CH,CH.,CH; 

H3C CH; 

(e) F (f) NH, 

NO, 

NO, Cl 

15.17 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-Iodonitrobenzene 
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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 Sut name all possible aromatic compounds with the formula CgHgBr. (There 
are 14. 

Propose structures for aromatic hydrocarbons that meet these descriptions: 
(a) CoH; gives only one CgH,,Br product on aromatic substitution by bromine 
(b) CyoHy4; gives only one C;9H,3Cl product on aromatic substitution by chlorine 
(c) CgHj0; gives three CgHgBr products on aromatic substitution by bromine 
(d) CyoHy4; gives two Cj 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 15.23) 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 

3-Chlorocyclopropene, on treatment with AgBF,, 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? 

HCl 

3-Chlorocyclopropene 
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15.28 

15.29 

15.30 

15.31 

15.32 

15.33 

15.34 

15.35 

CHAPTER 15 BENZENE AND AROMATICITY 

Draw an energy diagram for the three molecular orbitals of the cyclopropenyl system 
(Problem 15.27). 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? 

+ + 

eae 
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.] 

0 red bO 

~CHs 

Cyclopropanone Methylcyclopropenone 

Cycloheptatrienone is a perfectly stable compound, but cyclopentadienone 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? 

Compound A, CsHj9, yields three monobromo substitution products, CsH Br, on 
reaction with bromine. Propose two possible structures. The 1H NMR spectrum of 
compound A shows a complex four-proton multiplet at 7.0 6 and a six-proton singlet 
at 2.30 6. What is the correct structure of A? 
Azulene, Ci 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 Hiickel aromatic compound? 
(b) Draw an orbital picture of azulene. 
(c) How can you account for the observed dipole moment of azulene? 

Azulene (4 = 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? 
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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 

15.36 Propose structures for compounds that fit these descriptions: 
(a) CyoH14; 1H NMR: 7.18 6 (broad singlet, four protons), 2.70 5 (quartet, four protons, 

J = 7 Hz), 1.20 6 (triplet, six protons, J = 7 Hz); IR: 745 cm}. 
(b) CyoHy4; ‘H NMR: 7.0 6 (broad singlet, four protons), 2.85 5 (septet, one proton, 

J = 8 Hz), 2.28 6 (singlet, three protons), 1.20 5 (doublet, six protons, J = 
8 Hz); IR: 825 cm7!. 

15.37 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? 

H 

Indole 

15.38 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. 

4-Pyrone 

15.39 Propose suitable structures for aromatic compounds that have the following ‘H NMR 

spectra: 

(a) CgHoBr; | 
3 -1 IR: 820 cm 3H 

| 4H 

ie 

§ 2H 
iS TMS 

= 
10 8 6 4 2 0 ppm 

Chemical shift (5) 
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(b) CoH; 

IR: 750 cm7! 

Intensity 

Chemical shift (6) 

(c) Ci Hi; 

IR: 820 cm=! 

Intensity 

6 4 2 0 ppm 

Chemical shift (5) 

15.40 Propose suitable structures for molecules that have the following 'H NMR spectra: 

(a) CoH, Br; 

IR: 700, soe tied 9 
760 cm™ | pee’ Oe, | 

Intensity 

10 8 6 cunt 2 0 ppm 
Chemical shift (6) 
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(b) Cy4Hy9; 

IR: 700, 740, 

890 cm=! 

Intensity 

10 8 6 4 2} 0 ppm 

Chemical shift (6) 

Pentalene is a most elusive molecule that has never been isolated. The pentalene 
dianion, however, is well known and quite stable. Explain. 

oo D— 

Pentalene Pentalene dianion 

15.41 

15.42 Purine is a heterocyclic aromatic compound that is a constituent of DNA and RNA. 

Why is purine considered to be aromatic? How many p electrons does each nitrogen 

donate to the aromatic pi system? 

Purine 



CHAPTER 16 

Chemistry of Benzene: 
Electrophilic Aromatic 
Substitution 

522 

T. single most important reaction of aromatic compounds is electrophilic 

+ 

substitution. That is, an electrophile reacts with an aromatic ring and 
substitutes for one of the hydrogens (Figure 16.1). 

Figure 16.1 A generalized electrophilic aromatic substitution reaction: E+ rep- 
resents an electrophile. 

Many different substituents can be introduced onto the aromatic ring 
using electrophilic substitution reactions. By choosing the proper conditions 
and reagents, we can halogenate (substitute a halogen: —F, —Cl, —Br, 
or —)D), nitrate (substitute a nitro group: —NO,), sulfonate (substitute a 
sulfonic acid group: —SO3H), alkylate (substitute an alkyl group: —R), or 
acylate (substitute an acyl group: —COR) the aromatic ring. Starting from 
only a few simple materials, we can prepare many thousands of substituted 
aromatic compounds. Table 16.1 lists some of the possibilities. 
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Table 16.1 Some electrophilic aromatic substitution reactions 
Se 

eS SSS sss sss SESSA 

Name Example 

Bromination Ar—H + Brs sobre Arse Br (an aryl bromide) 

Chlorination Ar—H + Cl, wet; Ar—Cl (an aryl chloride) 
Nitration Ar—H + HNO; 2 FuS80n % Ar—NO, (anitro aromatic compound) 

Sulfonation Ar—H + SO; = nae Ar—SO;H (an aromatic sulfonic acid) 

Friedel-Crafts | Ar—H + RCI _ Ar—R (an arene) 
alkylation 

O O 

| ae Ar— le (an aryl ketone) Friedel—Crafts Ar—H + RCCl 

acylation 

All 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. 

16.1 Bromination of Aromatic Rings 

Benzene, with six pi electrons in a cyclic conjugated system, is a site of 

electron density. Furthermore, the benzene pi electrons are sterically acces- 
sible 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; most of the reactions of benzene take 
place with electron acceptors (electrophiles). For example, benzene reacts 
with bromine in the presence of FeBr3 as catalyst to yield the substitution 

product bromobenzene. 

Br 

el + Bro ——> 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 we learned in Chapter 6 about electrophilic 

additions to alkenes. When an electrophile such as HCl adds to an alkene, 

it approaches perpendicular to the plane of the double bond and forms a 

bond to one carbon, leaving a positive charge at the other carbon. This 

carbocation intermediate is then attacked by a nucleophile such as chloride 

ion to yield the addition product (Figure 16.2). 
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\ H 

: vi A) 
C Cx 

~— 

7 es 
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 FeBrgs is needed. The catalyst exerts its effect by 
polarizing the Brg molecule, making it more electrophilic. The Lewis acid 
FeBr3 complexes the bromine molecule, giving a polarized FeBrz Br* species 
that reacts very much as if it were an electrophilic Br*. 

2 By FeBr, a a 
Br—Br ——> Br3Fe:---Br:---Br 

Bromine Polarized bromine 

(a weak electrophile) (a strong electrophile) 

The polarized 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: 

H SS a H H 
| Sa Bee Bryon Br 
ZO + a. 

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 highly endothermic, has a high activation energy (AG*), and is therefore 
a rather slow reaction. Figure 16.3 gives reaction energy diagrams com- 

" paring the reaction of an electrophile, E+, with an alkene and with benzene. 
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The benzene reaction is slower (higher AG*) because the starting material 
is So much more stable. 

Reaction progress —H+ 

Figure 16.3 A comparison of the reactions of an electrophile with an alkene and 
with benzene: AG ene < AGbenzene 

A second major difference between alkene addition and aromatic sub- 
stitution occurs after the electrophile has added to the benzene ring to give 
the carbocation intermediate. Although it would presumably be possible for 
a nucleophile such as 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 Bre with benzene 

is the substitution of H* by Br*. The overall mechanism is shown in Figure 
16.4 (page 526). 

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 quite simple: If addition occurred, the 36 kcal/mol stabilization 

energy of the aromatic ring would be lost and the overall reaction would be 

highly endothermic. By losing a proton, however, the carbocation inter- 

mediate reverts to an aromatic ring structure and regains aromatic stabi- 

lization. A reaction energy diagram for the overall process is shown in Figure 

16.5 (page 527). 
There are many other electrophilic aromatic substitutions besides brom- 

ination, and all are thought to occur by the same general mechanism. Let’s 

see briefly what some of these other reactions are. 
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An electron pair from the benzene ring Slow, rate-limiting step 
attacks Bro, forming a new C—Br bond and 
yielding a carbocation intermediate. 

= 

‘ Nonaromatic intermediate 
The carbocation intermediate loses a 

proton to form the neutral substitution . | ee 
product, and the 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 

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. Chlorine 
reacts smoothly and gives excellent yields of chloro-substituted aromatic 
‘derivatives. As with bromination, a catalyst such as FeCl; is required to 
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H Br 

Br 

Addition 
(does not occur) 

Substitution 

Reaction progress ————> 

Figure 16.5 A reaction energy diagram for the electrophilic bromination of benzene 

increase the rate of reaction between chlorine and the aromatic ring. FeCl, 

acts by polarizing the chlorine molecule, making it more electrophilic. 

s- 3t 
FeCl; + Cl—Cl —— Cl3Fe----Cl----Cl 

a * ‘Cli 
+ ———_> via — + HCl 

+ 

Benzene Chlorobenzene (86%) 

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, H2Oz, or copper 
salts such as CuCl,. These promoters are thought to 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. 

e eu 2 Cu2t pos 9 “yt ae 2 Cut 

I pals I 

“pen 
> =f 

CVs C Pe Hl 

Benzene Iodobenzene (65%) 
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16.1. Aromatic iodination can be carried out with a number of reagents, including iodine 

monochloride, IC]. What is the direction of polarization of IC1? Propose a mechanism 

to account for the iodination of an aromatic ring. 
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16.2 Aryl fluorides can be prepared by a two-step process involving electrophilic thal- 
lation of the aromatic ring (substitution of thallium). 

ArH + TI(OCOCF;)3 —> Ar—TI(OCOCFs)y E> ArF 

Thallium 

tris(trifluoroacetate) 

Propose a mechanism for the thallation of benzene. 

AROMATIC NITRATION 

Aromatic rings can be nitrated by reaction with a mixture of concentrated 
nitric and sulfuric acids. The electrophile in this reaction is thought to be 
the nitronium ion, NOJ, which is generated from nitric acid by protonation 
and loss of water. The nitronium ion then reacts with benzene to yield a 
carbocation intermediate in much the same way that we discussed for Br*. 
Loss of a proton from this intermediate gives the neutral substitution prod- 
uct nitrobenzene (Figure 16.6). 

H 
2 | 

HO—NO, + H,SO, —2 H—O*NO, + HSO; 

{ 
H—O--NO, == H,O + NO? 

UJ 
NO» 

+ H«<? OH: Sa NO, 

Noo —, | +730" 
. —~ 

Nitrobenzene 

Figure 16.6 Mechanism of the nitration of benzene 

When, for some reason, nitration of an aromatic ring with HN O3—H2SO,4 
is particularly sluggish, the reaction can also be carried out using a pure 
nitronium salt, NO3 BF; . Nitronium tetrafluoroborate is a white crystalline 
material that will smoothly nitrate many aromatic compounds at room tem- 
perature 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 
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chloride to yield aminoarenes (substituted anilines). We’ll discuss this and 
other reactions of aromatic nitrogen compounds in Chapter 26. 

NO, NH, 

1. SnCl,, H30* 
acai Aenean 
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, + SOs): 

SO3H Cjs a = CY 
Benzene Benzenesulfonic acid (95%) 

The reactive electrophile is either HSOJ or neutral SO3, depending on 
reaction conditions. Substitution occurs by the same two-step mechanism 
seen previously for bromination and nitration (Figure 16.7). 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. 

=O | + 

ae SO3H SO3H 

+ 

Figure 16.7 Mechanism of the sulfonation of benzene 

D: 

o= 

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. 

wn SO,NH, 

Sulfanilamide (an antibiotic) 
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Aromatic sulfonic acids are also valuable because of the further chem- 

istry they undergo. Thus, alkali fusion of 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 process are 

generally good, but the conditions are so vigorous that the reaction is not 

compatible with the presence of substituents other than alkyl groups on the 

aromatic ring. 

no—C_\—sout Lette nc—/_\)—on 

p-Toluenesulfonic acid p-Cresol (72%) 
(a phenol) 

Pr ee ee CC eC) 

Show a detailed mechanism for the desulfonation reaction of benzenesulfonic acid 

to yield benzene. What is the electrophile in this reaction? 

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 
AICl; to yield cumene (isopropylbenzene). 

CH3 

< O + (CH,),CHC] ““*, ll CH; + HCl 

Benzene 2-Chloropropane Cumene (85%) 

The Friedel-Crafts alkylation reaction is an electrophilic aromatic 
substitution in which the aromatic ring attacks a carbocation electrophile. 
The carbocation is generated when AICI; catalyst helps the alkyl halide to 
ionize, in much the same way that FeCl; catalyzes aromatic chlorinations 
by polarizing Cl2 (Section 16.2). Loss of a proton then completes the reaction, 
as shown in Figure 16.8. 

Though broadly useful for the synthesis of alkylbenzenes, Friedel— 
Crafts alkylations are nevertheless subject to certain limitations. One lim- 
itation 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. 

1Charles Friedel (1832-1899); b. Strasbourg, France; studied at the Sorbonne; professor, 
” Ecole des Mines (1876-1884) and at Paris (1884-1899). 

?James M. Crafts (1839-1917); b. Boston; L.L.D., Harvard (1898); professor, Cornell Uni- 
versity (1868-1871); Massachusetts Institute of Technology (1871-1900). 
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(CH3)2CHCl + AlCl) —> (CH,),CH*AICI; 

CH(CH CH(CH 
i SOHICH,), AIC]; (CHs)2 32 ‘ CH)2 AICI: By ae eee + HCl 

+ ° e 

Figure 16.8 Mechanism of the Friedel-Crafts alkylation reaction 

Seen 
An aryl halide A vinylic halide 

Not reactive 

A second limitation is that Friedel—Crafts reactions do not succeed on 
aromatic rings that are substituted by strongly deactivating groups (Figure 
16.9). 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 16.9 are simply not reactive enough to attack carbocations. 

AIC], 
—=> + R—X No reaction 

a HeveueYi=s6-—=NR=2 NO.22 ON se SOshly +=CHO; 

—COCH;, —COOH, —COOCH; 

(—NH,, —NHR, —NR,) 

Figure 16.9 Limitations on the aromatic substrate in Friedel—Crafts reactions 

Yet a third fundamental limitation of the Friedel-Crafts alkylation is 

that it is often difficult to stop the reaction after a single substitution because 

the product is often more reactive than the 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 polyalkylation. 

For example, as shown at the top of the next page, 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 

obtained only when a large excess of benzene is used. 
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C(CH3)3 C(CH3)3 

C(CH3)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. Thus, less rearrangement is usually found at lower reaction tem- 

peratures, but mixtures of products are often obtained. For example, treat- 
ment of benzene with 1-chlorobutane gives an approximately 2:1 ratio of 
rearranged (sec-butyl) to unrearranged (n-butyl) products when the reaction 

is carried out at 0°C using AICls as catalyst. 

a 
CHCH,CHs3 

sec-Butylbenzene 

(~65%) 

CO + CH,CH,CH,CH.Cl oc + 

CH.C 
Benzene 1-Chlorobutane ee 

Butylbenzene 

(~35%) 

These isomerizations take place by carbocation rearrangements of 
exactly the same sort we saw earlier during electrophilic additions to alkenes 
(Section 6.13). For example, the relatively unstable primary butyl carbo- 
cation produced by reaction of 1-chlorobutane with AlCl3 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 Cl: 

H H 

| ake Hydride shift al | 
CH;CH,CHCH, ——=— CH3;CH,CHCH, 

1° cation (less stable) 2° cation (more stable) 

Similarly, carbocation rearrangements can occur by alkyl shifts. For exam- 
ple, Friedel—Crafts alkylation of benzene with 1-chloro-2,2-dimethylpropane 
yields (1,1-dimethylpropyl)benzene as the sole product. The initially formed 
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primary carbocation rearranges to a tertiary carbocation by shift of a methyl 
group and its electron pair from C2 to C1 (Figure 16.10). 

CH 

Ie sc Wt 
+ CH3;—C—CH,Cl “ 

aie i Cr CHs 
CH3 

Benzene _1-Chloro-2,2-dimethylpropane (1,1-Dimethylpropyl)benzene 

CHs CH3 

ee + | 
See <a cites opie 

CHs CH; 

1° carbocation 3° carbocation 

Figure 16.10 Rearrangement ofa primary to a tertiary carbocation during Friedel— 

Crafts reaction of benzene with 1-chloro-2,2-dimethylpropane 

eee eee eee eee eee esses ee sees es eee essere eese tess ese ree eeeseeeeeeseeesesreeseeesesesrseeeeeeEEreo® 

What is the major monosubstitution product that you would expect to obtain from 
the Friedel—Crafts reaction of benzene and 1-chloro-2-methylpropane in the presence 

of AlCl;? 

wee eee hee eee eee reese eee ee eZereeeeeeeEeeeE ED EEE SESE EHH ETE EET HEHEHE THESE HEHEHE EEE EHO EH HEH OS 

The carbocation electrophile in a Friedel-Crafts reaction can be generated in ways 
other than by reaction of an alkyl chloride with AlCl3. For example, reaction of 

benzene with 2-methylpropene in the presence of H3PO, yields ¢ert-butylbenzene. 

Formulate a mechanism for this reaction. 
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Which of the following alkyl halides would you expect to undergo Friedel-Crafts 

reaction without rearrangement? Explain. 

(a) CH3;CH,Cl (b) CH3;CH,CH(CI)CH3 (c) CH3CH2CH,Cl 

(d) (CH3)3CCH2Cl (e) Chlorocyclohexane 

16.4 Acylation of Aromatic Rings 

An acyl group, —COR (pronounced ay-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. 
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1 
0 C---CHs 
| AICls ae + CH;CCl ——> | + HCl 

80°C SS 

Benzene Acetyl Acetophenone (95%) 
chloride 

The mechanism of Friedel—Crafts acylation is similar to that of 
Friedel-Crafts alkylation. The reactive electrophile is a resonance-stabi- 
lized acyl cation, generated by reaction between the acy] chloride and AlCl; 
(Figure 16.11). An acyl cation is stabilized by overlap of the vacant orbital 
on carbon with a lone-pair orbital of the neighboring oxygen, as the reso- 
nance structures in Figure 16.11 indicate. Once formed, the acyl cation does 
not rearrange; rather, it is attacked by an aromatic ring to give unrear- 

ranged substitution product. 

20: ° R—C=O 

| oe ; 
R—C—Cl_+ AICl, — |r Ge Cie “Arcs wes | AlCl; 

R—C=0: 
Cl: 

. I I R H 
C € | S S 

eo eee Oureqvesce O + HCl 
Ih + 
O* 

AICI, An aryl alkyl ketone 

Figure 16.11 Mechanism of the Friedel-Crafts acylation reaction 

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 
a ee eee eee 

Electrophilic substitution on benzene itself is straightforward. But what 
happens when we carry out a reaction on a ring that already has a sub- 
stituent on it? Experiments show that substituents dlready present on the 
ring often have a profound effect on reactivity. 

Substituents can be classified into two groups: those that activate the 
aromatic ring toward further electrophilic substitution, and those that deac- 
tivate it. Rings that contain an activating substituent are more reactive 
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than benzene, whereas those with a deactivating substituent are less reac- 
tive than benzene. Figure 16.12 shows some groups in both categories. 

lee al —NH, —OCH; —CH; (alkyl) F: —Bri —G=-H —C—OH —SO,H --NO, 

CEE 
—OH —NHCOCH,; <) —H —Cl: —I: —C—ocH, —C—cH, —C=N —NR, 

| | 
O O 

| Activating >| |____________ Deactivating ——______________, 

Figure 16.12 Activating and deactivating substituents for electrophilic aromatic substitution 

The common feature of all substituents within a category is that all 
activating groups are able to donate electrons to the ring, whereas all deac- 
tivating groups withdraw electrons from the ring. An aromatic ring with 
an electron-donating substituent is more electron-rich than benzene and 
therefore more reactive toward electrophiles; an aromatic ring with an elec- 
tron-withdrawing substituent is less electron-rich than benzene and there- 
fore less reactive toward electrophiles. 

Y. H Ny 

= > 

Y is an electron donor; ring is Y is an electron acceptor; ring is 
electron-rich and more reactive electron-poor and less reactive 
than benzene than benzene 

There are two ways by which a substituent group can donate or with- 
draw electrons from the aromatic ring—by inductive effects and by reso- 

nance effects. As we’ve seen previously (Sections 2.4 and 6.11), inductive 

effects are due to the intrinsic electronegativity of atoms and to bond polar- 

ity 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 from the ring through the sigma bond linking the 

substituent to the ring. 
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wee 

X = EF Cl, Br, or I; inductively electron- 

withdrawing because of electronegativity 

C= C=N N- 
le? x kr OF 

Carbonyl, cyano, nitro; inductively electron- 

withdrawing because of functional-group polarity 

Alkyl groups are inductively electron-donating, and therefore activate 
the ring. The reasons for this are not fully understood but probably involve 
the same factors that cause alkyl substituents to stabilize alkenes (Section 
6.7) and carbocations (Section 6.11). 

eet 

Alkyl group; inductively electron-donating 

Resonance effects operate by donating or withdrawing electrons 
through pi bonds when the substituent is connected to the aromatic ring by 
an atom that has a p orbital. For example, nitro, cyano, and carbonyl sub- 
stituents are bonded to the aromatic ring through atoms that have p orbitals; 
the pi electrons of the aromatic ring can therefore be delocalized onto these 
substituents through p orbital overlap. As the resonance structures in Figure 
16.13 indicate, electrons flow from the nitrobenzene and benzaldehyde rings 
onto the substituents, leaving a positive charge in the rings and deactivating 
them toward electrophilic attack. 

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 16.14. (Recall 
the discussion of conjugation in Section 14.9 where a similar effect was 
noted.) 

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. Nevertheless, the electron-donating 
resonance effect through pi orbitals is far stronger than the electron-with- 
drawing inductive effect through sigma orbitals, and these substituents 
therefore behave as ring activators. 
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Benzaldehyde 

Figure 16.13 Carbonyl, nitro, and similar substituents deactivate aromatic rings by resonance 
withdrawal of pi electrons. Note that the effect is felt most strongly at ortho and para positions. 

O—R O—R Ook PO eR 

Oh >, ice <— sts <—_ O 

fi NR, NR, NR, <\_UNR, 
es == = <—— 

Figure 16.14 Hydroxyl, methoxyl, and amino substituents activate aromatic rings by reso- 
nance donation of pi electrons. Note that the effect is felt most strongly at ortho and para 

positions. 
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16.7. 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 

ILO TE epee tet eee cots ott fin nae erenrn aired sacase me Miwa meee eblecaeaneabetes 

16.8 Use Figure 16.12 to account for the fact that Friedel-Crafts alkylations often give 

polysubstitution but Friedel-Crafts acylations never give polysubstitution. 
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16.9 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 
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(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? 
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16.10 Write as many resonance forms as you can for nitration of the N,N,N-trimethyl- 

anilinium ion at ortho, meta, and para positions. At which position(s) does reaction 

look more favorable? Explain. 

4 

N(CHs3)s3 

N,N,N-Trimethylanilinium ion 

16.6 Orientation of Reactions on Substituted Aromatic Rings 

In addition to affecting the reactivity of an aromatic ring, a substituent can 
also influence the position of further electrophilic substitution. For example, 
a methyl] 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, CH, CH; CH; 
NO, 

HNO, = + 

H.SO,, 25°C 

NO, 
NO» 

Toluene o-Nitrotoluene m-Nitrotoluene p-Nitrotoluene 
(63%) (3%) (384%) 

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 CN 

NO, 
HNO, A if 

H,SO,4, 25°C 

NO, 

NO; 

Benzonitrile o-Nitrobenzonitrile _m-Nitrobenzonitrile p-Nitrobenzonitrile 
(17%) (81%) (2%) 

> 
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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 16.15 shows 
some of the groups in each category, and Table 16.2 lists experimental results 
of the orientation of nitration in substituted benzenes. Compare Figure 16.15 
with Figure 16.12 and notice how the groups fall into the three categories 
depending on their reactivities. 

Wary 
—NH, —OCH; —CH; (alkyl) —F: —Br: —C—H —C—OH —s0;H —NO, 

CORSE ETE 
—OH —NHCOCH, <<) —H —Cl: —I: —C—OCH, oo —C=N —NR; 

| 
O 
Ns 

Ortho- and Ortho- and Meta-directing 
para-directing para-directing deactivators 

~ activators deactivators 

Figure 16.15 Classification of directing effects for substituents 

Table 16.2 Orientation of nitration in substituted benzenes: 

xX xX 

HNO SS 
Eee | NO. 
H,SO,, 25°C y 

Product (%) 

Meta 

Product (%) 

Meta Para Ortho Para Ortho 

Meta-directing deactivators Ortho- and para-directing deactivators 

- —F 13 1 86 
—N(CHs3)s 2 89 it 

—Cl 35 1 64 
—NO, 7 91 2 

—Br 43 1 56 
—COOH 22 el 2 

—!I 45 1 54 
—CN 17 81 2 

—-CO.CH-CHs 28 66 6 Ortho- and para-directing activators 

—COCH3 26 72 2 —CH3 63 3 34 

—CHO 19 te 9 —OH 50 0 50 

—NHCOCH, 19 2 79 
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We can understand how substituents exert their directing influence by 
looking further at the consequences of resonance effects and inductive 
effects. 
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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 

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. Jn 
activated benzenes, substitution occurs where activation is felt most. For 
example, let’s look at the nitration of toluene, an alkyl-substituted benzene 
(Figure 16.16). 

CH3 ; CH3 CH3 
H H H 

NO NO NO Ortho 63% 2 2 2 

+ + 

Most stable 

CH, CH, CH; CH, 

pas, 30; es eee 

H H H 

NO, NO, + NO, 

CH; CH; CH; 

Para 

H NO, H NO, H NO, 

Most stable 

Toluene 

Figure 16.16 Carbocation intermediates in the nitration of toluene: Ortho and 
para intermediates are more stable than meta intermediates. 

Nitration of toluene at any one of the three positions leads to a reso- 
- hance-stabilized carbocation intermediate, but the ortho and para inter- 
mediates are most stabilized. For both ortho and para (but not for meta) 
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attack, a resonance form places the positive charge directly on the methyl- 
substituted carbon (a tertiary carbocation), where it can best be stabilized 
by the methy] inductive effect. The ortho and para intermediates are lower 
in energy than the meta intermediate and are therefore formed preferen- 
tially, as indicated by the reaction energy diagram in Figure 16.17. 

Reaction progress ———>- 

Figure 16.17 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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16.12 Which compound would you expect to be more reactive toward electrophilic substi- 

tution, toluene or (trifluoromethyl)benzene? Explain. 

CF; 

(Trifluoromethyl)benzene 

ORTHO- AND PARA-DIRECTING ACTIVATORS: OH AND NH» 

Hydroxyl and amino groups (and their derivatives) are also ortho—para 

activators, 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 16.14 

indicate how the oxygen lone-pair electrons can be shared only in the ortho 

and para positions, but not in the meta position. 
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When phenol is nitrated, the results shown in Figure 16.18 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. 

:OH :OH 
H H 

50% NO, <> NO, 
+ 

Most stable 

Ortho attack e ( 
:OH :OH :>OH °OH 

+ + 

Meta attack 0% H a H Ae H 

<” NOs NO, + NO; 
Phenol 

Para attack 

Most stable 

Figure 16.18 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. 
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Acetanilide is much less reactive toward electrophilic substitution than aniline. 
Explain. 

0 
| 

NHCCH; 

Acetanilide 
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16.14 What reactivity order toward electrophilic substitution would you expect for phenol, 
phenoxide ion, and phenyl acetate? Explain. 

1 
:OH OF 70 CCH, 

Phenol Phenoxide ion Phenyl acetate 

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 deactivated benzenes, substitution 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 
16.19. 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 most stable. 

CHO CHO CHO 
Al H Hl 

Ortho, j 94% Cl Cl Cl 

attack 

+ + 

- Least stable 6 
Os 4H 
here CHO CHO CHO 

Meta Ze ) i pe 79% H < q. =| H 
attack SS 

Cl Cl i Cl 

Benzaldehyde 

CHO CHO CHO 

Para ¥ i ss — 
attack : 

H Cl H Cl H Cl 
Least stable 

Figure 16.19 Intermediates in the chlorination of benzaldehyde: The meta intermediate is 

more stable than the ortho or para intermediate. 
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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 bearing the electron- 
withdrawing deactivating group, as shown in Figure 16.19. The meta inter- 
mediate 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 16.13 indicate. Reaction with an 
electrophile therefore occurs at the meta position. 
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16.15 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? 

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, however, halogens deactivate the ortho and para posi- 
tions Jess than they deactivate the meta position. The reasons for this behav- 
ior can be seen by looking at the possible intermediates formed on nitration 
of chlorobenzene (Figure 16.20). Although halogens have an electron-with- 
drawing inductive effect, they have an electron-donating resonance 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 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, hydroxyl groups, and amino groups 
are therefore all ortho—para directors: 

i. - , —- 

aD, iT ral ae 
Whether a given substituent is activating or deactivating depends on the 
relative strengths of its inductive and resonance effects. For example, both 
halogens (ortho- and para-directing deactivators) and hydroxy] (ortho- and 
para-directing 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 
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Most stable 

Ortho attack 

:C]: :C]: :C]: :Cl: 

Meta attack a P 
pea (1%) H << H << H 

NO, NO, NO, 
Chlorobenzene 

|r attack 

Cl 
Ete 

(64%) 

H NO, 

Most stable 

Figure 16.20 Intermediates in the nitration of chlorobenzene: The ortho and para interme- 

diates are more stable than the meta intermediate because of resonance electron donation of 

the halogen lone-pair electrons. 

inductive effect but a weak electron-donating resonance effect and are thus 

deactivators. Hydroxyl and amino groups have weak electron-withdrawing 

inductive effects but have strong electron-donating resonance effects and 

are thus activators. 
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16.16 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. 

J 
Nitrosobenzene 

NZ 
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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 16.3). 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 16.3 Substituent effects in electrophilic aromatic substitution 
a 

Substituent 

—CH3 

ae NH, 

—#, Gh 
— 8, 
—N(CHs3)3 

—NO;, —CN 
—CHO, —CO,CH3 
—COCH3 

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 ——$—S—$S eee 

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 now we must consider the additive effects of two different groups. In 
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practice, this isn’t as difficult as it sounds; three rules are usually sufficient 
to predict the results of a reaction: 

1. If both groups direct substitution toward the same position, there 
is 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 during the reaction. 

— CH, CH; 
AY Zee NO 9 

HNO, 

H.SO,, A 

NO, NO, 

p-Nitrotoluene 2,4-Dinitrotoluene 
(sole product) 

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-methyl- 
phenol yields largely 2-bromo-4-methylphenol, since hydroxyl is a 
more powerful activator than methyl. 

HO) as OH Ae ( directs here 
SS gs Br 

Bro, 

ae Pe 
(CH) CHs directs here 

a 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. 

CH; Too hindered CH CH: CH; 

Sek i : _ oh = 

a Cl Cl Cl 
Cl 

| 2,5-Dichlorotoluene 3,4-Dichlorotoluene Not formed 

m-Chlorotoluene 
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PROBLEM 

16.17 
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Where would you expect electrophilic substitution to occur in these substances? 

(a) OCH3 (b) NH, (c) NO, 

Br Cl 

Br 

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 ary] hal- 
ides 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; 
1. ~:OH , eo 

oe ae GIE= 
2. H30+ a 

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), it is in fact quite different, since aryl halides are inert to substitution 
by Syl and Sy2 mechanisms. 

As we’ve seen, Syl reactions of alkyl halides occur through a rate- 
limiting dissociation of the alkyl halide to a relatively stable carbocation. 
Aryl halides, however, do not dissociate readily because aryl cations are 
relatively unstable in the same way that vinylic cations are unstable (Sec- 
tion 8.3). Thus aryl halides do not undergo Syl reactions. 

Cl 
a9 Ve sp” orbital —<__ :Cl#~ + (unstable cation) 

Ionization does not occur; 

therefore, no Sy1 reaction 

We've also seen that Sy2 reactions of alkyl halides occur through a rate- 
limiting back-side displacement of the leaving group by the attacking 
‘nucleophile. Aryl halides, however, are sterically shielded from back-side 
attack by the aromatic ring. In order for a nucleophile to attack an ary] 
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halide, it would have to approach directly through the aromatic ring and 
invert the stereochemistry of the aromatic ring—a geometric impossibility. 
Nucleophilic aromatic substitutions must therefore occur by a different 
mechanism. 

HO os 

Jae 
Does not occur 

Nucleophilic aromatic substitutions proceed by the addition—elimina- 
tion mechanism shown in Figure 16.21. The attacking nucleophile first adds 
to the electron-deficient aryl halide, forming a negatively charged inter- 
mediate (a Meisenheimer® complex), and halide ion is then eliminated in 
the second step. 

20:7 
Leno Cl OH Cl OH | 

NO _ NO Ni 
Orth Sen ee, eee ee 

Ata 130°C 

Cl Cl OH Cl OH Cl OH 

o\ Bee i <_< <— Para eA 

NO NO, NO, A N- . 

i iO adv 20> 

Cl OH 

=:0H DR eats a 
—* No stabilization of charge by Meta ie ol nitro group 

NO, NO, 

Figure 16.21 Nucleophilic aromatic substitution on nitrochlorobenzenes: Only the 

ortho and para isomers undergo reaction. 

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. The reason for 

this requirement is that only ortho and para electron-withdrawing substit- 

uents can stabilize the anion intermediate through resonance. For example, 

3Jacob Meisenheimer (1876-1934); b. Greisheim; Ph.D. Munich; professor, universities of 

Berlin, Greifswald, Tubingen. 
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PROBLEM 

16.18 
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p-chloronitrobenzene and o-chloronitrobenzene react with dilute hydroxide 
ion at 130°C to yield substitution products, but a meta substituent cannot 
offer resonance stabilization to the intermediate anion. m-Chloronitroben- 
zene is therefore inert to hydroxide ion (Figure 16.21). 

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. 

eee eee ere eer sees eres sees eeee Come eee eer ere seer ers se eee eee esas erereaeserees essere seresesesereeserereseeseorerneeesesesees 

Propose a mechanism to account for the observation that 1-chloroanthraquinone 
reacts with methoxide ion to give the substitution product 1-methoxyanthraquinone. 

Ox Cl O OCH3 

ns a oe Sew > 7 ‘ a 

O O 

1-Chloroanthraquinone 1-Methoxyanthraquinone 

16.10 Benzyne 

Halobenzenes without electron-withdrawing substituents are inert to 
nucleophiles under normal conditions. Under conditions of high temperature 
and pressure, however, even chlorobenzene can be forced to react. Scientists 
at the Dow Chemical Company announced 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 

1, NaOH, H,0, 340°C, 2500 psi ie + NaCl 

Chlorobenzene Phenol 

This phenol synthesis is quite different from the other nucleophilic 
aromatic substitution reactions just studied. Experiments indicate that the 
reaction of chlorobenzene with hydroxide ion takes place by an elimination— 
addition mechanism. 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 the same as in other nucleophilic aromatic substitutions, but 
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the order of steps is reversed (addition before elimination for the usual 
reaction versus elimination before addition for the benzyne reaction). 

Ce OH OH 
H H <— H H 

-HCl i H,0O 
—_— —— 
elimination addition 

H 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 product has the label scrambled between positions 
1 and 2. This 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: 

ef NHs 

50% 
ope 

Cr an C} | ; _ i 
NH; 

(—HBr) E 

50% 
Bromobenzene Benzyne C1 

NH (symmetrical) . 

Aniline 

Further evidence for a benzyne intermediate comes from trapping exper- 
iments. Although benzyne is far too reactive to be isolated as a pure com- 
pound, it can be intercepted as a Diels—Alder adduct if furan is added to 

the reaction. This is just the kind of behavior we would expect for so strained 

and reactive a species as benzyne. 

an a 

CW] + > — CG) we = 

Benzyne Furan Diels—Alder adduct 

(a dienophile) (a diene) 

The electronic structure of benzyne, shown in Figure 16.22, can be 

compared 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. 
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iv 

1 Poor pi overlap 

| 

r 
; of sp” orbitals 

| a J 

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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16.19 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. 

16.11 Oxidation of Aromatic Compounds 

OXIDATION OF ALKYLBENZENE SIDE CHAINS 

The benzene ring, despite its unsaturation, is normally inert to strong oxi- 
dizing agents such as potassium permanganate and sodium dichromate. 
(Recall that these reagents 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 oxidizing 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 butylbenzene are oxidized by aqueous KMnO, in high 
yield to give the corresponding benzoic acids. 

CH; CO.H 

eZ KMn0O, . ———*> 
H,0, 95°C 

NO, NO, 

p-Nitrotoluene p-Nitrobenzoic acid (88%) 

CH,CH,CH,CH, COOH 

CY Ho Cr 

————- 
H,O0 

Butylbenzene Benzoic acid (85%) 
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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. 

ats 

nO, 
C)- ge Se No reaction 

CH; 

t-Butylbenzene 

A similar oxidation is employed industrially for the preparation of ter- 
ephthalic acid, used in production of polyester fibers. Approximately 6 billion 
pounds per year of p-xylene are oxidized in this manner, using air as the 

oxidant and Co(II) salts as catalyst. 

CH; CO.H 

Industrial procedure =o 
Co(II) 

CH, CO.H 

p-Xylene Terephthalic acid 
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16.20 What aromatic products would you expect to obtain from the KMnO, oxidation of 

these substances? 

(a) Tetralin, Alem (b) m-Nitroisopropylbenzene 

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, (3-bromopropyl)benzene gives (1,3-dibromopro- 

pyl)benzene in 99% yield on reaction with NBS in the presence of benzoyl 

peroxide, (PhCOz)2, as a radical initiator. Note that bromination occurs 

exclusively in the benzylic position and does not give a mixture of products. 

B 
4 0 

CH,CH,CH2Br 
CHCH.CH.Br 

Cr NBS, (PhCO2)2 ic L NH 
CCl,4, 60°C 

: O 
(3-Bromopropyl)benzene (1,3-Dibromopropyl)benzene 

(99%) 
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The mechanism of benzylic bromination is similar to that seen previ- 

ously for allylic bromination of alkenes (Section 10.5). Although the overall 

mechanism is somewhat complex, the critical step involves abstraction of a 

benzylic hydrogen atom of the alkylbenzene to generate an intermediate 

benzyl radical. The stabilized radical then reacts with Br2 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. 

H E 

EN yi fi Bre oH 

Co LC GC 
R 2 Br. PR 

tes Dies + | HBr}, —3 

Intermediate benzyl + ?Br 
radical 

HBr + | N—Br —> Br. + NH 

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 how this res- 
onance stabilization arises, and Figure 16.25 shows an orbital view of the 
benzyl radical, indicating how the radical is stabilized by overlap of its Pp 
orbital with the ring pi electron system. 

Eas io os H R H R H N67 Cn Nar sare 

o oe io as O} on Q 

Figure 16.24 Resonance stabilization of a benzylic radical 
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Figure 16.25 An orbital picture of a benzylic radical, showing the overlap of a 
side-chain orbital with the aromatic ring orbitals 
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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? 

Gadlraasszs 
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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? 

16.12 Reduction of Aromatic Compounds 

CATALYTIC HYDROGENATION OF AROMATIC RINGS 

Just as aromatic rings are inert to oxidation under normal conditions, they 

are also inert to catalytic hydrogenation under conditions that reduce ordi- 

nary alkene double bonds. The usual platinum and palladium alkene hydro- 

genation catalysts don’t affect aromatic rings under most conditions, and it 

is therefore possible to selectively reduce isolated double bonds in the pres- 

ence of aromatic rings. For example, 4-pheny]-3-buten-2-one is selectively 

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. 

i #1 O 
1 | |_| 

CH—CHCCH3 aie CH—CHCCH3 

Ethanol 

4-Pheny]-3-buten-2-one 4-Phenyl]-2-butanone (100%) 
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In order to hydrogenate an aromatic ring, it is 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; 
Hg, Pt; ethanol 

CL 2000 psi Lt 

CH; CH; 

o-Xylene 1,2-Dimethylcyclohexane (100%) 

OH OH 

H,, Rh/C; ethanol 
Ss 

25°C 

C(CH3)3 C(CH3)3 

4-tert-Butylphenol 4-tert-Butylcyclohexanol (100%) 

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- 
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 allows us to circumvent the carbocation rearrangement problems 
associated with direct Friedel—Crafts alkylation using primary alkyl halides 
(Figure 16.26). 

O HGH 

i 
CH;CH,CCl H./Pd 

AlCl, ; 

CO Propiophenone (95%) Propylbenzene (100%) 

\. CH;CH,CH,Cl Ch 
: 

AIC], 

Mixture of two products 

Figure 16.26 Use of the Friedel-Crafts acylation reaction to prepare a straight- 
chain alkylbenzene 
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Note that the conversion of a carbonyl group into a methylene 
(C=O — CH.) by catalytic hydrogenation is limited to aryl alkyl ketones. 
The presence of the neighboring aromatic ring is necessary to increase the 
reactivity of the carbonyl group toward hydrogenation; dialkyl ketones are 
not reduced under these conditions. It should also be pointed out that the 
catalytic reduction 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. 

O CH: 
Sa 

C CH,CH; 

Hp 
————\— 
Pd/C; ethanol 

NO, NH, 

m-Nitroacetophenone m-Ethylaniline 

EVEL OEE atrettatio re (ata a Weteieraeiete| <iailetcvetate: otolatave tea) saree ie ieee a svaerara sahara stele avers stale ates le stahete a sicvers enenerelels oie 6 wisleels ewis 

16.23 Show how you would prepare diphenylmethane, (Ph),CH2, from benzene and an 
appropriate acid chloride. 

16.13 Synthesis of Substituted Benzenes 

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 correct order is par- 

ticularly 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 the question “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. 

PRACTICE PROBLEM....cececcesceceseescececeencnseeeeeeessnseeneresseneneeeseeneenenenenee ens 

Synthesize p-bromobenzoic acid from benzene. 
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Solution Ask yourself “What is an immediate precursor of p-bromobenzoic acid?” 

—— br—(_) 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 an ortho—para director. We can’t bro- 

minate benzoic acid, because the wrong isomer (7m-bromobenzoic acid) would be 

produced. We know, however, that oxidation of alkylbenzene side chains yields ben- 

zoic acids. Thus, an immediate precursor of our target molecule might be p- 

bromotoluene. 

oon, ae pt COOH 

p-Bromotoluene p-Bromobenzoic acid 

Next ask yourself “What is an immediate precursor of p-bromotoluene?” Perhaps 
toluene is an immediate precursor, since the methyl group directs bromination to 
the ortho and para positions, and we could then separate isomers. 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 polyalkylation in Friedel—Crafts reac- 

tions, bromination of toluene may well be the more efficient route. 

CH; 

Bro, FeBr3 

CH, 

Toluene 

(9 ee Br 

Br 

+ Ortho isomer 

AIC] 
s 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; 

CH,Cl 
AlCl; 

Benzene Toluene 
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Alternatively, “What is an immediate precursor of bromobenzene?” Benzene, 
which could be brominated. 

Br 
Bro 
ad 
FeBr3 

Benzene Bromobenzene 

Our backward synthetic (retrosynthetic) analysis has provided two valid routes 
from benzene to p-bromobenzoic acid (Figure 16.27). 

CH,Cl 
/ eae G AIC]; \ 

G _KMn0,_ 

CH; 
Benzene 

CH,Cl 3 p-Bromobenzoic acid 
AICls =e 

Figure 16.27 Two routes for the synthesis of p-bromobenzoic acid from benzene 

PAA RP RORLEA dirs Ceca toe Ohi Rok vdlas cs detewt ne vieset cette seeeed asec we boeenes sesiegeus 

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-nitropro- 
pylbenzene can’t be used because the reaction would occur at the wrong position. 
Similarly, a Friedel—Crafts reaction can’t be used as the final step since these reac- 
tions don’t work on nitro-substituted (deactivated) benzenes. Thus, the immediate 

precursor 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, page 560). 
“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. 

i 7 
C—CH,CH3 

a H,/Pd 
4 
Ethanol 

Cl Cl 

m-Chloropropiophenone m-Chloropropylbenzene 
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NO2 

Cl 

p-Chloronitrobenzene 
(This deactivated ring will not 

undergo Friedel-Crafts reaction.) 
NO, 

ake + Isomer 
H,SO,, A ‘ 

Cl Cl 

m-Chloropropylbenzene 4-Chloro-1-nitro-2-propylbenzene 

NO, 

va SS 

o-Nitropropylbenzene 

(This molecule will not give the 
desired isomer on chlorination.) 

Figure 16.28 Possible routes for the synthesis of 4-chloro-1-nitro-2-propylbenzene 

“What is an immediate precursor of m-chloropropiophenone?” Perhaps propio- 

phenone, which could be chlorinated. 

O 

Clp 

FeCly 

O 

Propiophenone Cl 

m-Chloropropiophenone 

“What is an immediate precursor of propiophenone?” Benzene, which could 
undergo Friedel—Crafts acylation with propanoyl chloride and AICls. 

O 

1 air 
CH;CH,CCl 
—_ ees 

AICl, 

Benzene Propiophenone 
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Our final synthesis is a four-step route from benzene: 

_cHicHiCcr, 

shen. Srieak 

Jnr 

<_HNOs _ 
THS0, 05 

MPP CC SRE OBL leks hele ehey ebb) /G)d xe) B)0 ehe yer sb odce) 8 a50/0i0 Le) 618 2 eeie.18, 0. 6.90) 00 Sp0)\O/a bone, S-.eK00® 6 010 ane telayeege ble 6 10) 6eu8.e eee ¢ 0 040 0 68.6 6 8 6 86 6 6 6 

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 is no surer way to learn organic chemistry. 

UG Ba Mi oie at ahs) a) eile) olin nllnxe,'ssule\impviieye’ <1.0us\<a)'s | 6.0 16 eee lave, 610 o:1s.'c.0e-(0\eVle\la 10) 6: 54a) 0/9) 9/15 (070 48h erie? eiie\'e \e:(6:\ellejeise).e ee 10.9//6/en0 16, © 1) 8.011616 0/0 asleep. 

16.24 Propose syntheses of these substances from benzene: 
(a) m-Chloronitrobenzene (b) m-Chloroethylbenzene 

(c) p-Chloropropylbenzene 

PED CUES Es lie reraeial oily ea felie}io0s) ailele\/si.e(el'e\.e" s//alfelra)(1 si o1ja) ele) SYiel(e\ieiin (erjel(s'ioliai/elje .e)(e\lel's|evle).s @he)s/\6 0).¥/ 6! 8:01 Wis @.)0) eire)l la) ole \b!'a| @ 1) e/\e (<\(0l/e|(e/l6's 10) 15,0) 8 ¢:leiee\' 

16.25 In planning syntheses, it is as important to know what not to do as to know what 
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,CCl, AICI, 

(a) 2. HNO3, H2SOu, A 
NOs aa 

Cl Cl 

Cl 
Cae 1. CH3;CH,CH,Cl, AIC; | 

) 2. Clz, FeCl 
- sitet CH,CH,CH; Ss 
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16.14 Summary and Key Words 

Electrophilic aromatic substitution is the single most important reaction 
of aromatic compounds. The reaction takes place in two steps—initial reac- 
tion 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: 

EK 

Many different substituents can be introduced onto the ring by this process. 
Bromination, chlorination, iodination, nitration, sulfonation, alkyla- 

tion, 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 do not react. 

2. The aromatic ring must be at least as reactive as a halobenzene. 
Strongly deactivated rings do not 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 alky]- 
ation, particularly when primary alkyl halides are used. 

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 groups already present exert their orienting effects independently. 
If both groups direct substitution toward the same position, reaction occurs 
at that site. If the groups have conflicting directional effects, the more pow- 
erful activating substituent exerts a controlling influence. 

In special cases, halobenzenes undergo nucleophilic aromatic sub- 
stitution through either of two mechanisms. If the halobenzene has strong 
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 
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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. The neighboring aro- 
matic ring also allows aryl alkyl ketones to be reduced to alkylbenzenes by 
hydrogenation 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) 

Br 

‘Se fy Br es. a + HBr 

b. Chlorination (Section 16.2) 

Cl 

CO Clo, FeCl, © rapt 

Iodination (Section 16.2) 
I 

Qin jen 

d. Nitration (Section 16.2) 

NO, 

[+ 8 Sis on 
(or NO3 BFz) 

e. Sulfonation (Section 16.2) 

cS 

SO3H 



564 CHAPTER 16 CHEMISTRY OF BENZENE 

f. Friedel—Crafts alkylation (Section 16.3) 

foe Pricgcrmtes. fn + HCl 

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) 

1 
O + CH3CCl _AIGl, oy STC] 

2. Reduction of aromatic nitro groups (Section 16.2) 

NH, 

1. 1. SnCly, H0* H,0* 
2.0, eo 

3. Alkali fusion of aromatic sulfonates (Section 16.2) 

OH 

1. i. NaOH, 

2 2. HO" 

4. Nucleophilic aromatic substitution 

a. Via addition—elimination to activated aryl halides (Section 16.9) 

Cl 
O.N NO; 

i ove 

2. 2. H,0* 

NO, 

b. Via benzyne intermediate for unactivated aryl halides (Section 
16.10) 

NH, Br 

-:NH, ae ye 
a + :Br? 
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5. N-Bromosuccinimide bromination of alkylbenzenes (Section 16.11) 

0 

—Br 

CH, ¢ CH,Br 

6. Oxidation of alkylbenzene side chain (Section 16.11) 

CH3 COOH 
=Jouns elf 

Reaction occurs with 1° and 2°, but not 3°, alkyl side chains. 

7. Catalytic hydrogenation of aromatic ring (Section 16.12) 

He /Rh/C, /Rh/C 

Srianols 

8. Reduction of aryl alkyl ketones (Section 1 

0 
| 
CCH3 CH2CH3 

_H2/Pd | 

CY Tikaer : 

Reaction is specific for alkyl aryl ketones; dialkyl ketones are not 
affected. 

ADDITIONAL PROBLEMS 

16.26 Predict the major product(s) of mononitration of these substances. Which react faster, 

and which slower, than benzene? 
(a) Bromobenzene (b) Benzonitrile (c) Benzoic acid 
(d) Nitrobenzene (e) Benzenesulfonic acid (f) Methoxybenzene 

16.27 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 

16.28 Predict the major monoalkylation products you would expect to obtain from reaction 

of the following substances with chloromethane and AICl;: 

(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 
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16.30 

16.31 

16.32 

16.33 

16.34 

16.35 
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Name and draw the major product(s) of electrophilic chlorination of these substances: 
(a) m-Nitrophenol (b) o-Dimethylbenzene (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. 

as) | (eos) 

Biphenyl 

At what position, and on what ring, would you expect nitration of 4-bromobipheny] 
to occur? 

“2 

4-Bromobipheny] 

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. 

3-Phenylpropanenitrile 3-Phenylpropenenitrile 

Triphenylmethane can be prepared by reaction of benzene and chloroform in the 
presence of AlCl3. Propose a mechanism for this reaction: 

i som = OL 
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What product(s) would you expect to obtain from these reactions? 

O H.C. CH; 

(a) ous wei, 9 (b) KMnO., 9 
H,O , 

NO> 

H3;C CH, 
Cl 

fe CH,CH,CH,Cl 9 

AICls Fi 

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 

At what position, and on what ring, would you expect these substances to undergo 
electrophilic substitution? 

(b) Ss 

Nit 

Br 

(a) 

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. 

(c) 

CHs 

CHs 

oy eO 

Benzanilide 

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 
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16.43 As written, the following syntheses have certain flaws. What is wrong with each 

one? 

CH3 

(a) 1. Cl, 1. Cly, FeCls . 

ae oe KMnO, 

Cl 

(b) ip 1, HNOs, H2S04, A. H.SO,, A 

2. CH;3Cl, 2. CH,Cl, AlCl, 
3. SnCl,, H30* 
4. NaOH, H,O 

CH3 

1 
(c) aS 1. CH;CCl, AICI; AlCl, 

2. HNOs, 2. HNO,, H,S0,, A 
3. H,/Pd; ethanol 

CH2CHs 

16.44 How would you synthesize these substances, starting from benzene? 

(a) CH=CH, ( CH,OH 

Cl CH,OH 
OF 

(c) CH,CH,0H 

a 
16.45 The compound MON-0585 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(CH ous ( 3)3 

Caen 
Cas C(CHs)3 

MON-0585 

16.46 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. 
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OH 

S CH,0 vs CHe~ 
a 

H,S0O, 
Cl Cl Cl 

Cl 

Hexachlorophene 

16.47 When heated, benzenediazonium carboxylate decomposes to yield Nz, COz, and a 
reactive organic substance that cannot be isolated. When benzenediazonium car- 
boxylate is heated in the presence of furan, the following reaction is observed: 

= ()> O 

What intermediate is involved in this reaction? Propose a mechanism for formation 
of this intermediate. 

16.48 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 

16.49 Draw resonance structures of the intermediate carbocations in the bromination of 

naphthalene, and account for the fact that naphthalene undergoes electrophilic 
attack at Cl rather than C2. 

Br 
1 

ery Bro Ce aS 

16.50 4-Chloropyridine undergoes reaction with dimethylamine to yield 4-dimethylamino- 
pyridine. Propose a mechanism to account for this result. 

N(CH3)2 

cs _HN(CH3)2 | ey + HCl 

16.51 How do you account for the fact that p-bromotoluene reacts with potassium amide 
to give a mixture of m- and p-methylaniline? 
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16.52 Propose a synthesis of aspirin (acetylsalicylic acid) starting from benzene. You will 

need to use an acetylation reaction at some point in your scheme. 

coon 7 : 
O—C—CH,; 7 I 

AvOH: — ClO Ce ATOCOGH: 

Aspirin An acetylation reaction 

16.53 Propose a mechanism to account for the following reaction of benzene with 2,2,5,5- 

tetramethyltetrahydrofuran. 

16.54 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. 

CH; : : CH; 

Coane CuCVAICI, 

HO 

(55%) 

16.55 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. 

f 
CQ, 

Triptycene 



Organic Reactions: 
A Brief Review 

L you didn’t believe it before you started, you believe it now—learning 
organic chemistry means memorizing 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 take a brief review of 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 

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 X, (X = Cl, Br; Section 7.1) 

Br Br 

CH,CH=CHCH, Sa CH,;CH—CHCH; 

571 
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c. Electrophilic addition of HO—X (X = Cl, Br, I; Section 7.2) 

OH 

Br2 | 
——"_, CH,CHCH,Br 
NaOH, H,0 

CH;CH =CH, 

d. Electrophilic addition of water by hydroxymercuration (Section 7.3) 

OH OH 

| 
CH,CH=CH, —< CH,CHCH,Hg0Ac —““‘> CH,CHCH; 

e. Addition of BH; (hydroboration; Section 7.4) 

H 
| 

CH,CH=CH, —> CH,CHCH,BH, — CH,CH,CH,OH 

f. Catalytic addition of H, (Section 7.6) 

H 4H 
| | 

CH,CH=CH, -——"= > £cH.CH—CH, 
Pd/C catalyst 

g. Hydroxylation with OsO, (Section 7.7) 

OH 
| 

CH,CH= CH, eae CH;CHCH,OH 

h. Addition of carbenoids—cyclopropane formation (Section 7.10) 

Re 

CH,CH==CH, == =" CH.CH= CH; 

i. Cycloaddition to dienes—Diels—Alder reaction (Sections 14.7 and 14.8) 

O 

H,C—CH—CH=CH, + H,C=CHCOCH; —> ean 

j. Radical addition of HBr (Section 7.5) 

i CH, CH=CH, => "CC H.CHCHLPE 
Radicals 

2. Additions to alkynes 

a. Electrophilic addition of HX (X = Cl, Br, I; Section 8.3) 

2 

CH,C=CH —=. CH,C=CH, 
Ether 
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b. Electrophilic addition of H,O (Section 8.4) 

ia 1 CH CaCHe——— CH.C-—OH.i-— CH,CCH, 
HgSO4 

c. Addition of Hz (Section 8.6) 

| H H 

CH,C=COH: 4." — eecre 
Lindlar catalyst 

SS 

Review Table 2 Some elimination reactions 

1. Dehydrohalogenation of alkyl halides (Sections 11.10—11.12) 

Br 

| 
CH;CHCH, —“> CH,CH=CH, + KBr + HO 

2. Dehydrohalogenation of vinylic halides (Section 8.10) 

Br 

NaNH2 
os 

| 
CH.C—CH; CH;C=CH + NaBr + NH; 

3. Dehydrohalogenation of aryl halides—benzyne formation (Section 16.10) 

Br 

<i _NaNitis, Ol + NaBr + NH 
H 

4. Dehydration of alcohols (Section 7.12) 

OH 
| : 

CH,CHCH, —“°-*+ CH,CH=CH, + H,O 

Review Table 3 Some substitution reactions 

1. Sy2 reactions of primary alkyl halides (Sections 11.2—11.5) 

a. General reaction 

CH;CH,CH,X —“> CH,CH,CH,Nu + :X- 

where X = Cl, Br, I, OTos 

>Nu7 CH;0-, HO-, CH;S~, HS~, CN-, CH3COO-, NHs3, (CH3)3N, etc. 

b. Alkyne alkylation (Section 8.8) 

ll 

CH,C=C:-Nat —~> CH,C=CCH; + Na*I- 
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2. Syl reactions of tertiary alkyl halides (Sections 11.6—11.9) 

a. General reaction 

:NuH 
(CH3)3CX ace (CH3)3CNu + HX 

b. Preparation of alkyl halides from alcohols (Section 10.8) 

(CH,);COH + (CH;);CBr + H,O 

3. Electrophilic aromatic substitution (Sections 16.1—16.4) 

a. Halogenation of aromatic compounds (Section 16.1) 

Brp Hoe ( \o HBr 

b. Nitration of aromatic compounds (Section 16:2) 

HNO, 
H H,SO4 ¢ \-xo, = 30 

c. Sulfonation of aromatic compounds (Section 16.2) 

SO3 He erg  \-sos 

d. Alkylation of aromatic rings (Section 16.3) 

ef ae ( \-ox, + HCl 

e. Acylation of aromatic rings (Section 16.4) 

He € \-cocn, + HCl 

4. Nucleophilic aromatic substitution (Section 16.9) 

cl MH, ow _\-on + NaCl 

a. Chlorination of methane (Section 10.4) 

¢ 
. 
; 
; 
; 

O2N ¢ 
5. Radical substitution reactions 

Light CH, + Cl, —— CH;Cl + HCl 

b. NBS allylic bromination of alkenes (Section 10.5) 

CH;,CH=CH, ee BrCH,CH=CH, 
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Review Table 4 Some rearrangement reactions 

Carbocation rearrangements 

iM, Rearrangement during electrophilic addition to alkenes (Section 6.13) 

H Cl 

(CH3),CCH=CH, + HCl ——~ ee 

2. Rearrangement during Friedel-Crafts alkylation (Section 16.3) 

as _CryOHLCHLCL (\-cuctis, AICl3 

II. 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, or 
Lewis bases) and electron-poor reagents (electrophiles, or 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 eee o£. ath dp 
formation 

Electrophile Nucleophile 

Heterolytic bond 
(Cy 

Als Bee ees 
cleavage 

The polar reactions we’ve studied can be grouped into five general 

categories: 

1. Electrophilic addition reactions 

2. Elimination reactions 

3. Nucleophilic alkyl substitution reactions 

4. Electrophilic aromatic substitution reactions 

5. Nucleophilic aromatic substitution reactions 
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1. Electrophilic addition reactions (Sections 6.9-6.11) 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. 

H H Br 
\ 7 Pres s / a ss x i 
Cxe Co lee = CC 4 Bra eee CC 

x 7 as . / 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 H* (HX addi- 
tion; reactions 1a 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 11.10-11.12) Alkyl halides undergo elimination 
of HX to yield alkenes on treatment with base. When a strong base such as 
hydroxide ion (HO), alkoxide ion (RO), 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. 

pico \ \ “OH Nat hy 
Sold. ———+ C=C +H,0 + NaBr 

\ i ‘ / 
Br) 

All 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. Elreaction (Section11.14) Tertiary alkyl halides undergo elimination 
by the E1 mechanism in competition with Syl 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*. 

CH; i or ae a H CH; Lin Sian B27 ty u “ H.C—C--pr = Hoh cé + :Br se C=C + HBr i, \ ee / 

CH; H CHg H CH; 

Alkyl halide Carbocation Alkene product 
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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- 
istry. As illustrated in Review Table 3 (reaction 1a), most primary halides 
and tosylates, and many 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). 

L) H ; H 
/ H aR cn oe ee 

Br—Ce— t—c—OH 4: :Br:- 

H H 

b. Syl reaction (Sections 11.6-11.9) Tertiary alkyl halides undergo nu- 
cleophilic substitution by the Syl mechanism, which occurs in two steps. 
Spontaneous dissociation of the alky] 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. 

CH CH3 — CH3 

Ch —- BCR. of Brot —— Be eae + 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. 

[Bet 

BrH Br 
> 

[NV + 
Sees — + HBr 

FeBr3 

Benzene Carbocation Bromobenzene 
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5. Nucleophilic aromatic substitution reactions (Section 16.9) Nucleo- 
philic aromatic substitution (reaction 4, Review Table 3) is a polar reaction 
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 behavior 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, 

Cl 

‘ \ ca 
; O.N 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 A iN Li B A:B 
formation 

Homolytic bond A“B An eae 
cleavage 

Since radical reactions are less common than polar reactions, we’ve only 
seen a few examples. Those we have studied can be classified as either radical 
addition reactions or radical substitution reactions. Radical additions such 
as the peroxide-catalyzed addition of HBr to alkenes (reaction 1j, Review 
Table 1) involve the multistep addition of a radical to an unsaturated sub- 
strate. As we'll see in Chapter 31, this kind of reaction is extremely impor- 
tant in the preparation of polymers like polystyrene and polypropylene. 

Radical additions occur through three distinct kinds of steps, all of which 
involve odd-electron species: (1) initiation, (2) propagation, and (3) 
termination. 

1. Initiation steps: 

a. RO—OR —~> 2RO: 

b. RO- + H—Br —> RO—H + -Br 
2. Propagation steps: 

Br 
\ / \ 7. 

a. C=C +-Br —> -C—C— 
y. x i nS 
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Br H Br 

/ \ / 
b. -C—C— + H—Br —+ —cC—C~— + -Br 

fe x / \ 

3. Termination steps: 

a. Br: +--Br — > Br—Br 

x ‘ 
b. —C+- + -Br —> (Cl 18e 

/ - 

\ ZL \ i 
ec —C: + -C— —> —C—C— 

/ \ 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 Diels—Alder cycloaddition and the addition 
of a carbene to an alkene (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. 

7 Pe Ha 002CHs 3 £ 

* | Ae. coals fotos CO.CH3 
ye ON ee 

H C—H H H 

| Cyclic transition state 
H 

Methyl | 

1,3-Butadiene propenoate 

( CO.CH; 

| a 
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ee 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 quite different. Alcohols can be thought of as organic deriv- 
atives of water in which one of the water hydrogens is replaced by an organic 
group (H—O—H versus R—O—H). 

OH 
OH 4 OH 

: C=C 
vis N We ~N 

An alcohol A phenol An enol 

Alcohols occur widely in nature and have a great many industrial and 
pharmaceutical applications. Ethanol, for example, 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. 

H3;C_ H 

CH,CH,0H as 
<.. OH 

(CH3)2,HC H 

Ethanol Menthol Cholesterol (a steroid) 
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17.1 Nomenclature of Alcohols 

Alcohols are classified as either primary (1°), secondary (2°), or tertiary (3°), 
depending on the number of carbon substituents bonded to the hydroxy]- 
bearing carbon. 

OH OH OH 
| | | 

Ande Postar’ ae 

H H R 

A primary alcohol A secondary alcohol _A tertiary alcohol 

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 all substituents according to their position on the chain 
and write the name listing the substituents in alphabetical order. 

4 
CH3 

OH / 3| Di el 

im Sldangienr 3 CHCHCH3 
CH3C CH2zCH2CH3 | 

| OH 
CH3 4 . 

HO H 

2-Methy1-2-pentanol cis-1,4-Cyclohexanediol 3-Phenyl-2-butanol 

Certain simple and widely occurring alcohols have common names that 

are accepted by IUPAC. For example, 

CH,OH ak 

Cy H,C —CHCH,0H CH;COH 

cn, 
Benzy! alcohol Allyl alcohol tert-Butyl alcohol 

(Phenylmethanol) (2-Propen-1-ol) (2-Methy]-2-propanol) 

HOCH,CH20H HOCH,CHCH,0H 

Ethylene glycol lee 

(1,2-Ethanediol) 
Glycerol 

(1,2,3-Propanetriol) 



582 

PROBLEM 

17.1 

PROBLEM 

17.2 

CHAPTER 17 ALCOHOLS AND THIOLS 

ce 6 4. 8)0 09 616 @ 60) 0 0) 00) on 6 8 60 810) 9 
€ 4 6 0d Oe eee] @) © 01.9) 8) 078 ¥uel e619, e lees ee)e: 8.0 ¢)6, (6/18) 8 ers Je SiS iSiS LS 

b) sjiolievels (e mlslle.elnisie eLel= eel oe eee (se) ele 

Provide IUPAC names for these compounds: 

OH 

CH,C(CH (a) CH,CHCH,CHCH(CHs), (b) Ci 20(CHs)2 

OH 

Br H 

(c) (d) OH 

‘H 
H3C CH; 

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 reduction of 

carbon monoxide with hydrogen gas. 

400°C 
CO + 2H, CH3;0H 

Zinc oxide/chromia 

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, CHO, 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 twelfth century Ap. Fermen- 

tation is carried out by adding yeast to an aqueous sugar solution. Enzymes 
in the yeast break down carbohydrates into ethanol and COg. 

CoH Os. 2 CHCHIOH™ 2 COs 

Glucose 

Only about 5% of the ethanol produced industrially comes from fer- 
_ mentation, although that figure may well change drastically in the next 
decade as demand for use in automobile fuel increases. Most ethanol is 

currently obtained by acid-catalyzed hydration of ethylene (Section 7.3). 
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Nearly 300 million gallons of 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,0 —2@4 CcH,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 

Alcohols are quite different from the hydrocarbons and alkyl halides 
we’ve studied thus far. Not only is their chemistry much richer, their phys- 
ical properties are also different. Table 17.1, which provides a compari- 
son of the boiling points of some simple alcohols, alkanes, and chloroal- 
kanes, shows 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 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) 

Alkylgroup,R Alkane, R—H Chiloroalkane,R—Cl Alcohol, R—-OH 
Ch —162 =o4 64.5 

CH,CH,— —88.5 12.5 78.3 

CH;,CH,CH,— —42 46.6 97 

(CH3)2CH— —42 36.5 82.5 

CH;CH,CH,CH,— -0.5 83.5 117 

(CH3)3C— 2 51 83 
eae e neers e eee eee eee —KK 
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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 —O—H hydrogen atom from one molecule forms 

a weak hydrogen bond to the negatively polarized oxygen atom of another 

molecule (Figure 17.1). 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. 

| i 
Oe 

aN 5 aN 
FI eye eH Ms 

? = 
R R 
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The following data for three isomeric four-carbon alcohols show that there is a 
decrease in boiling point with increasing substitution: 

1-Butanol, bp 117.5°C 

2-Butanol, bp 99.5°C 

2-Methyl1-2-propanol, bp 82.2°C 

Propose an explanation to account for this trend. 

17.4 Properties of Alcohols: Acidity 

Like water, alcohols are weakly acidic. In dilute aqueous solution, alcohols 
dissociate by donating a proton to water. 

R—O--H + H,O: == R—O: + 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 

~ + 

Ko= anita and pK, = —log K, 

where K, is the acidity constant. Compounds with a small K, (or high 
pK,) are weakly acidic, whereas compounds with a larger K, (or smaller 
pK,) are more strongly acidic. 
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The data presented in Table 17.2 show that alcohols are about as acidic 
as water. Structural effects, however, play a significant role in determining 
the exact acidity of a compound. For example, methanol and ethanol are 
similar to water in acidity, whereas tert-butyl] alcohol is slightly less acidic. 
The effect of alkyl substitution on acidity is thought to be due to solvation. 
Water is able to surround the sterically accessible oxygen atom of unhin- 
dered alcohols and to stabilize the alkoxide by solvation, thus favoring its 
formation. Hindered alkoxides such as tert-butoxide, however, prevent sol- 
vation by their bulk and are therefore less stabilized. 

Table 17.2 Acidity constants of some alcohols 

Alcohol pK, 

(CH3)3;COH 18.00 Weaker acid 

CH3;CH,0H 16.00 

HOH (water)? (15.74) 

CH3;0H 15.54 

CF3;CH,OH 12.43 

(CF3)sCOH 5.4 

HCI (hydrochloric acid)* (—7.00) Stronger acid 

*Values for water and hydrochloric acid are shown for refer- 

ence. 

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 large 
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 nona- 

fluoro-2-methyl-2-propanol (pK, = 5.4). 

CF; CH3 
Electron-withdrawing | 

groups stabilize alkoxide CF;<-C—O- versus CH3;—C—O> 
and lower pK, J | 

CF; 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 like sodium amide (NaNHg), sodium hydride (NaH), alkyllithium 

reagents (R—Li), and Grignard reagents (R—MgxX). The metal salts of 

alcohols are themselves strong bases that are frequently used as reagents 

in organic chemistry. 
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CH,0H + NaH —~ CH307 Nat + He 

Sodium methoxide 

9(CH,).COH. 7 2h 4 (CH3)sCO” K* + He 

Potassium tert-butoxide 

(on + CH;MgBr ——> ee *MgBr + CH, 

Bromomagnesium cyclohexoxide 
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17.4. Which alcohol do you think would be more acidic, benzyl alcohol or p-nitrobenzyl] 

alcohol? Explain. . 

17.5 Preparation of Alcohols 

In many ways, alcohols occupy a central position in organic chemistry. They 

can be prepared from a variety of classes 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 17.2). 

Ethers Alkyl halides 
ROR’ RX 

Ketones/aldehydes 

R,C=O, RCH=O 

Carboxylic acids 

Carboxylic acids 

/ \ RCOOH 

Ketones/aldehydes 

RoC=CRe Ethers Alkyl halides R3C=0; RCH=0 
ROR’ RX 

Figure 17.2 The central position of alcohols in organic chemistry 

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 
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the two is made depending on the product desired. Hydroboration—oxidation 
(Section 7.4) yields the product of syn non-Markovnikov hydration, whereas 
oxymercuration—reduction (Section 7.3) yields the product of Markovnikov 
hydration. Both reactions are mild and are generally applicable to most 
alkenes (Figure 17.3). 

a H HoH 
BH; H,02 

THF ~OH 

H BR» OH 

CH; 
trans-2-Methylcyclohexanol 

(84%) 

1-Methylcyclohexene CH HC 

Hg(OAc). NaBH, ee toe 
eel 

HgOAc 
1-Methylcyclohexanol 

(90%) 

Figure 17.3 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 7.7). The 
reaction takes place readily and is routinely used for the preparation of cis 
1,2-diols (Figure 17.4). 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 opening epoxides 

is complementary to direct hydroxylation since it yields a trans 1,2-diol. 

Hee O YS H3C OH 
OsO4 at NaHSO; 

aa Bee ees 
Pyridine Ji SS H,O 

ae 1-Methyl- 
cis-1,2-cyclohexanediol 

1-Methylcyclohexene CHs OCH, 

CH,Cle e 

H 

1-Methy]-1,2-epoxycyclohexane 1-Methyl- 

trans-1,2-cyclohexanediol 

Figure 17.4 Two complementary methods for the preparation of 1,2-diols 
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Predict the products of these reactions: 

CHs 

| 1. BH . 3 (a) ( \-cacnso=on, 2 NaOH HO 

b) CH,CH,CH—C(CH,), —— = ? 

(c) Reaction of cis-5-decene with OsO,, followed by NaHSO; reduction. Be sure to 

indicate the stereochemistry of the product. 

17.6 Alcohols from Reduction of Carbonyl Groups 

The most valuable method for preparing alcohols is by reduction of carbonyl 

compounds: 

where [H] is a reducing agent. 
In inorganic chemistry, reduction is defined as the gain of electrons by 

an atom, and oxidation is defined as the loss of electrons. In organic chem- 
istry, however, 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. 

oe = fa 
C=C was : C—C. | Reduction (addition of H,) 

alin HQ 0H 

fc et C SRanor ’ Cc oS Oxidation (addition of O) 
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CH; CH, Br 
NBS Oxidation (removal of H and 
CCl, addition of Br) 

OH 
hs Neither oxidation nor reduction C=C ao 
‘ss (addition of both H and —OH) C—U 

Ss 

A list of classes of functional groups of increasing oxidation state is 
shown in Figure 17.5. Any reaction that converts a functional group from 
a lower state to a higher state is an oxidation; any reaction converting a 
functional group from a higher state to a lower state is a reduction; and any 
reaction that doesn’t change the state is neither an oxidation nor a reduction. 

H,C=CHg2 HC=CH 

CH;CH3 CH;CH,0H CH;CH=O CH3CO2H CO2 

CH3;CH2NH2 CH;CH=NH CH3;C=N 

CH3CH,Cl CH3CHCl, CH3CCls CCl, 

Low oxidation High oxidation 
level level 

Figure 17.5 Oxidation states of some common functional groups 

Ee ototatatsaieiivur aleteticlene: ore) syste alieie) eleielalle kale: dU elfd (4 vote) s/o) ee0e! sieeve: 66 0 )4-im|1e1.e~n) 6, 8)iP: 61814) 1e),eile (he: (ec{e! 18, fo!{e).91-e! 9.4) 'e) (6) 008 (0h er ais) Sice/-9)\9 

Rank the following series of compounds in order of increasing oxidation state: 

OO CY OY 
(b) CH;CN, CH;CH,NH2, NH 2,CH,CH,NH2 

e ait6 n6/r6y 6h eller ede lousene oheleleKaveliale) sie).6\s)()enavekeie eis a isis)eeleie, « 
Paths lavelionedaueieie \a) bss etaj\e alate lal nia leleiesiate elelerecailelm ¢ 4) sleje eee (e's 

Are these reactions oxidations, reductions, or neither? 

(a) Bromocyclohexane + NaNH, —~— Cyclohexene 

(b) Benzene + Cl,/FeCl; ——> Chlorobenzene 

(c) 1-Bromobutane + Mg, then H30* ——> Butane 

(d) Benzene + CH;C1/AICl; ——> Toluene 
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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 

[H] ESS 
| 

R—C=H 
R H | 

H 

An aldehyde A primary alcohol 

| me (H) 
oe — R—C—H 

R Rep | 
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. 

| ie 
CH,CH,CH.C—H ee CHIGH AGHA 

H 
Butanal 

1-Butanol (85%) 

D HH 
HO oe HO a 

H 1. NaBH,, ethanol OH 

2. H,0° 

m-Hydroxybenzaldehyde m-Hydroxybenzyl alcohol (93%) 

O H OH 

1. NaBH, ethanol 

2. HzO" 

Dicyclohexyl ketone Dicyclohexylmethanol (88%) 

Lithium aluminum hydride, LiAlH,, a white powder soluble in ether 

and tetrahydrofuran, is another reducing agent that is sometimes used for 
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reduction of ketones and aldehydes. Although more powerful and reactive 
than NaBHg, LiA]H, is also far more dangerous and should be handled only 
by skilled persons. It reacts violently with water, decomposes explosively 

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 valuable reagent that is used daily in thousands of laboratories. 

Lithium aluminum hydride is particularly useful for reducing a,f- 

unsaturated ketones (ketones conjugated with carbon—carbon double bonds). 
Although a,B-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 LiAlH,. Thus, 2-cyclohexenone 
gives a 59:41 mixture of two products when NaBH, is used as a reducing 
agent, but gives largely one product when LiAIH, is used (Figure 17.6). 

H OH OH 

1. NaBH, ethanol 4: 

O /- 20 

a 2-Cyclohexenol (59%) | Cyclohexanol (41%) 

7 H, OH 
2-Cyclohexenone \q |: aiy, ether 

(an a,B-unsaturated 95 eo: + Cyclohexanol (2%) 

ketone) 

2-Cyclohexenol (94%) 

Figure 17.6 The reduction of 2-cyclohexenone with NaBH, and with LiAlH, 

REDUCTION OF ESTERS AND CARBOXYLIC ACIDS 

Esters and carboxylic acids can be reduced to give primary alcohols: 

1 i | 
R—C—OCH; or R—C—OH —4 a a 

Ester Carboxylic acid H 

These reactions are more difficult than the corresponding 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- 

bony] groups, including esters, acids, ketones, and aldehydes, are reduced 

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. 
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PROBLEM 

17.8 
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Ester reduction: 

O 
| 

CH,CH,CH=CHCOCH,CH, a CH,CH,CH=CHCH,OH 

Ethyl 2-pentenoate 2-Penten-1-ol (91%) 

Ketone reduction: 

H3C CH; H3C CH3 

CH3 d CH3 

O 1. LiAlH,, ether ; OH 

h, ILO) 
H 

Camphor ' Borneol (95%) 

Aldehyde reduction: 

1 i 
CH—CH—C—H CH=CH—C—H 

1. LiAlHa, ether | 

2. H30* H 

3-Phenylpropenal 3-Phenyl-2-propen-1-ol (90%) 

Carboxylic acid reduction: 

CH;(CH2)7,CH=CH(CH,),CO.H aa ale CH,(CH,);CH =CH(CH,),CH,OH 

Oleic acid 9-Octadecen-1-ol (87%) 

(©) (Bike).0 (8) e)j8) miei S/N6) 01.8) 0)16,'ei6%0.10; o\alepayelie.e) eiel:e 4: 60.6) 8.06 6) 6 el eee sve wis vs Ve \e 6) (6.6/4 « @ 5 m6)! «e\ elle) wyale! 0! 0) ble a alinpaacee fe aersiene terse 

What reagent would you use to accomplish each of these reactions? 

i 9 

(a) CHs;CCH,CH,CO,.CH; ——> CH3;CHCH,CH,CO.CH; 

i ie ? 
(b) CHsCCH,CH,CO,CH; ——> CH;CHCH,CH,CH.OH 

O OH 

CH3 CH3 

(c) => 
H;C H3C 

CH, CH, 

Carvone 
(from spearmint oil) 



17.7 ALCOHOLS FROM ADDITION OF GRIGNARD REAGENTS 593 

O O 

CH; CHs 

(d) HsC H3C 

PROBLEM Ce CC Cc ec ee er ry POR em eee ewe eee ee eee wee eee eee eee wee enenee 

17.9 What carbonyl compounds give the following alcohols on reduction with LiAlH,? 
Show all possibilities. 

a 

CH,0H CHCH; 

OH 

(c) fe (d) (CH3)gCHCH,OH 

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 manner that hydride reagents do. The result is a highly 

useful and general method of alcohol synthesis. 

i OH 

; 1. R’MgX, ether RoC a Gt RYN, + HOMgx 
R’ 

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. 
eas 

R—X + Mg —> R—MgX 

A Grignard reagent 

where R 1°, 2°, or 3° alkyl, aryl, or vinylic 

Xx 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, CH,=O, to give primary alcohols: 

O 

1. Mix 

Cyclohexylmagnesium Formaldehyde Cyclohexylmethanol (65%) 

bromide (a 1° alcohol) 
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Aldehydes react with Grignard reagents to give secondary alcohols: 

MgBr 0 g 

(CH;),CHCH,CH + = CH SCHCHscH < \ 
then H3,0 | 

OH 

3-Methylbutanal Phenylmagnesium 3-Methyl-1-phenyl-1-butanol (73%) 

bromide (a 2° alcohol) 

Ketones react similarly to yield tertiary alcohols: 

0 HO CH,CH3 

t, CH3CH.— MgBr (ethylmagnesium bromide), ether a 

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 
| | 

CH;CH,CH,CH,COCH,CH; He Grae oa Hg + CH3,CH,OH 

Ethyl pentanoate CH; 

2-Methyl-2-hexanol (85%) 

(a 3° alcohol) 

Carboxylic acids do not give addition products with Grignard reagents 
because the acidic carboxyl proton reacts with the Grignard reagent to 
produce a hydrocarbon and the magnesium salt of the acid. (We saw this 
reaction previously in Section 10.9 as a means of reducing alky] halides to 
alkanes.) 

R—Br + Mg — > R—MgBr 

1 1 | 
R—MgBr + R’CO—H —~> R—H =a R’CO—MgBr 

Carboxylic acid Hydrocarbon Acid salt (unreactive) 

The Grignard reaction, though useful, also has severe limitations. The 
major problem is that a Grignard reagent can’t be prepared from an organo- 
halide if there are other reactive functional groups in the same molecule. 

» For example, a compound that is both an alkyl halide and a ketone will not 
form a Grignard reagent—instead, it reacts with itself. Similarly, a com- 
pound that is both an alkyl halide and a carboxylic acid, alcohol, or amine 
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can’t form a Grignard reagent because the acidic RCO.H, ROH, or RNH» 
protons present in the same molecule simply react with the basic Grignard 
reagent as rapidly as it forms. 

Generally speaking, Grignard reagents cannot be prepared from com- 
pounds with these functional groups (FG): 

Br aioleete)-Fe 

The Grignard reagent 
where FG = —OH, —NH, —SH is protonated by 

these groups. 

—CO.H, —NO2, —CHO, —COR, The Grignard reagent 
—CN, —CONHg, or —SO2R adds to these groups. 

FG 

PRACTICE PROBLEM.....cccccccccccccccsccccncc ccs es esse se sees ress sees reese sees sesssesesesesers 

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 (—C,H;s). 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 pheny!l- 

magnesium bromide to acetone: 

O HO CH, 

| ty: O 
CH, 1. CHsMgBr Cu: 1. CeH;MgBr HOC 

2. H,0* 2. H,0+ 

Acetophenone 2-Phenyl-2-propanol Acetone 

PROBLEM. cp viclee cldle we ecvisle cles eb wae cher cece cece sidissisiolccweeeseesiniense eee ver ee ceene gre cesssseeeese 

17.10 Show the products obtained from addition of methylmagnesium bromide to these 

compounds: 

(a) Cyclopentanone (b) Benzophenone (dipheny! ketone) (c) 8-Hexanone 

PES CES TEES lieve rote atictionic toicie cuca tsi'elol 6: es\/o/ stialaviayietieh silos teilei\eile{/ei\e leila) s)elia\a is, (o'(a) o\e,.e' eiie1/. ee js) ate eile ai siniielmiiniie ats ie)iejle) ol ee ys iei'e {s\ce\is1(9. 6:10) 2/8. s:n0i:siiece 

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 

ARG BUR Meteo rie oie velierot oer ene ieresi vier otebetedeioualic ne siettevte tele! s)si-siisie!e/-vo,'e, 6) eljejiaiie) wire 0:8) a:f0)'e|.6):x1(el eveiemalnel(end! ¢\.eusiseneitieiieiie/ eile! elie) ¢) ee. 8iie/ 6) aie reievese 

17.12 How can you explain the observation that treatment of 4-hydroxycyclohexanone 

with 1 equiv of methylmagnesium bromide yields none of the expected addition 

product, whereas treatment with an excess of Grignard reagent leads to a good yield 

of 1-methyl-1,4-cyclohexanediol? 
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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: 

N a 5 HW C—O reactions 
=a (jee 

/ ‘gees O—H reactions 

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 
N / \ / , : 
7 —C. — E = te + HO A dehydration reaction 

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 earlier (Section 7.12). For example, when 1- 
methylcyclohexanol is warmed with aqueous sulfuric acid in a solvent such 
as tetrahydrofuran, loss of water occurs and 1-methylcyclohexene is formed: 

H3;C OH CH; 

H,0°, THF a 

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-methyl-2-butene (trisubstituted 
double bond) rather than 2-methyl-1-butene (disubstituted double bond): 

ie cers 
H3;C—C—CH,CH, |C=CHCH, + (C—CHLCH, 

OH CH; CH; 

2-Methyl-2-butanol 2-Methyl-2-butene 2-Methyl-1-butene 
(trisubstituted) (disubstituted) 

Major product Minor product 
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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,SO,, 100°C) and sensitive molecules cannot 
survive. 

OH 

| 
CH3CH.CHCH; ee 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% H,SO,, 150°C). 
Thus, the reactivity order for acid-catalyzed dehydrations is 

R;COH > R,CHOH > RCH,OH 

The reasons for the observed reactivity order are best understood by 

looking at the mechanism of the reaction (Figure 17.7). As indicated, acid- 
catalyzed dehydrations are E1 reactions (Section 11.14), which occur by a 

ae 

H3C On 

Two electrons from the oxygen atom 
bond to H*, yielding a protonated || 
alcohol intermediate. 

H + 
HCl Oe 

H 

Protonated 

alcohol 

The carbon—oxygen bond breaks, and | | 
the two electrons from the bond stay 
with oxygen, leaving a carbocation 
intermediate. HsC. + tei 

H= 1,0: 

Carbocation 

Two electrons from a neighboring || 
carbon—hydrogen bond form the 
alkene pi bond, and H* (a proton) is 

ae CHg 
eliminated. 

H 

+ H20O* 

Figure 17.7 Mechanism of the acid-catalyzed dehydration of alcohols to yield 

alkenes 
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three-step mechanism involving protonation of the alcohol oxygen, loss of 

water to generate a carbocation intermediate, and final loss of a proton (H =) 

from the neighboring carbon atom. 
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 El 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 (POCIs), is often able to effect the dehydration of secondary and 
tertiary alcohols at 0°C in the basic amine solvent pyridine: 

CH3 CH3 CF see OL aa 
Pyridine, 0°C 

H 

1-Methylcyclohexanol 1-Methylcyclohexene (96%) 

Alcohol dehydrations carried out with POCI; take place by the mech- 
anism shown in Figure 17.8. As indicated, the reaction is an E2 process. 
Since hydroxide ion is a poor leaving group (Section 11.5), direct E2 elim- 
ination of water from an alcohol does not occur. In the presence of POCls, 
however, the hydroxyl group is converted into a dichlorophosphate, which 

H 

The alcohol hydroxyl group reacts with ( ce 

POC]; to form a dichlorophosphate O=P—Cl 
intermediate. \ 

Cl 

rete cae : N \ 

E2 elimination then occurs by the 
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. 3 

Figure 17.8 Mechanism of the dehydration of secondary and tertiary alcohols by 
reaction with POC]; in pyridine: The reaction is an E2 process. 
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is an excellent leaving group and is readily eliminated 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. 

PROBLEM SOAS VUNG) S55) -8 ale! 9) eee ene She aieer el eii@) 0/0, 6 :0\:6 9/60 06 @. 6 4-5 © 4:9. 6 0 0 elu (0119.6 [/.8) Wee. 66 We wlee, 0) Wile; 6\-0):000. b. 608, 6 Sue wig t b.08 oes 

17.13 What product(s) would you expect to obtain from dehydration of these alcohols with 
POC], in pyridine? Indicate the major product in each case. 

i 

(a) CH3CH,CHCH(CHs3). (b) trans-2-Methylcyclohexanol 

(c) cis-2-Methylcyclohexanol 

PROBLEM cere ee errr eeee ere eer eeeeerereerecesrecrscecreeresereereesesereeseserrereeereseeseneseseosese 

17.14 Good evidence for the intermediacy of carbocations in the acid-catalyzed dehydration 
of alcohols comes from the observation that rearrangements sometimes occur. Pro- 

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.] 

H2S04 
os (CH3)3CCH(OH)CH3 (CH3)gC = C(CH3)o =F H,O 

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 PBrs3. 
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 (Figure 17.9). 

R R Ho R F R 

| a ON ia | iy ee | ee OL he 

Po Of n= Cl = pe == HoOn 4 a see ania, 
| ee 

R R 4H R R 

Figure 17.9 The Sy] reaction of a tertiary alcohol with HC] to yield an alkyl halide: Neutral 

water is the leaving group. 

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 PBr3 converts the hydroxyl into a much better leaving group 

that is readily expelled by back-side nucleophilic attack (Figure 17.10). 
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O 
| 

SSC et rc, “os wn SORCHICY4°SO, £ HCI 
Noes) SS be Se :Cl ie 

RCH,OH 

et HBr + RCH,-O—PBr, aa RCH,Br + HOPBrs 
it Bri 

Figure 17.10 Conversion of a primary alcohol into alkyl halides by Sy2 reactions 

with SOC], and PBrs 

CONVERSION OF ALCOHOLS INTO TOSYLATES 

We saw in Section 11.2 that alcohols react with p-toluenesulfonyl chlo- 
ride (tosyl chloride, p-TosCl) in pyridine solution to yield alkyl tosylates, 
R—OW—Tos. 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] hal- 
ides in their chemistry, undergoing Sy1 and Sy2 substitution reactions with 
ease. 

SO,Cl 1 

R—O—H + ——> R—O=S CHa HCl 
Pyridine I 

H3C O An alcohol 

p-Toluenesulfonyl chloride A tosylate 

One of the most important reasons for using tosylates instead of halides 
is stereochemical. In a sense, the two sequences of reactions 

Alcohol =>. (Halide. 22> Product 

and 

Sy2 reaction a es Alcohol ——~ Tosylate Product 

are stereochemically complementary. The Sy2 reaction via the halide pro- 
ceeds 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 abso- 
lute stereochemistry as the starting material. The Sy2 reaction via the 
tosylate proceeds with only one Walden inversion and yields a product of 
opposite absolute stereochemistry from the starting material. Figure 17.11 
gives a series of reactions on optically active 2-octanol that illustrates these 
stereochemical relationships. 



17.9 OXIDATION OF ALCOHOLS 601 

ea 

H Br by 

laps gamma coke sue ee es 
> 

CH; Sue CH; 

(S)-2-Bromooctane (R)-1-Methylheptyl ethyl ether 

PBrs, ether 

Sn2 

CH3 

(R)-2-Octanol 

p-TosCl 

Pyridine 

TosO H ~: OCH,CHs H. OCH.CH, 
\ ——— \ 

A lel Sn2 Mee 

CHs; CHs 

(R)-1-Methylhepty] tosylate (S)-1-Methylheptyl ethyl ether 

Figure 17.11 Stereochemical consequences of some Sy2 reactions on derivatives 
of (R)-2-octanol 

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 do not react with most oxidizing 

agents except under the most vigorous conditions. 

ie 1 
R—c—H —“>. r—c—H — R—C—OH 

H 

A primary alcohol An aldehyde A carboxylic acid 

OH O 
| oI leat 

Bane bse —— > Rh —C—E; 

R’ 

A secondary alcohol A ketone 

OH 

| 0) | 
R—C—R’” —~> Noreaction 

| 
R’ 

A tertiary alcohol 

where [O] = An oxidizing reagent 
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Oxidation of primary and secondary alcohols can be accomplished by a 

large number of reagents, including KMnO,, CrO3, and NagCr207. 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. 
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 chloro- 
chromate (PCC, C;HgNCrO3Cl) in dichloromethane solvent. 

' 

PCC 
CH3(CH,);CH,0H CHL CH,(CH,);CHO 

1-Heptanol Heptanal (78%) 

ee. ae ae ae 
——— SS SS OH CH,Cl, 

Citronellol (from rose oil) Citronellal (82%) 
—~ 

where PCC = J \wHeH CrO3Cl- 

Most other oxidizing agents, such as chromium trioxide (CrO3) in 
aqueous sulfuric acid (Jones’ reagent), oxidize primary alcohols to carbox- 
ylic acids. Aldehydes are involved as intermediates in the Jones oxidation 
but can’t usually be isolated because they are further oxidized too readily. 

CHACHs).CHs OH) ee ees CH,(CH,),CO,H 
Acetone 

1-Decanol Decanoic acid (93%) 

Ph Ph 
Jones’ reagent 

(1-Phenylcyclopentyl)methanol 1-Phenylcyclopentanecarboxylic 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. 

OH O 

Na2Cr.07 

H,0, CH3CO.H, A 

C(CH3)3 C(CH3)3 

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%) 

OH O 
Hs3C HC 

PCC 
CH,Cly, 25°C 

O 

4-Androstene-3,17-dione (82%) 

O 

Testosterone 

(steroid; male sex hormone) 

All these oxidations occur by a pathway closely related to the E2 reac- 
tion. The first step involves reaction between the alcohol and a chromium(VI1) 
reagent to form an intermediate chromate. Bimolecular elimination then 
yields the carbonyl product. 

(C109 

me CrO 0 E2 
Ladiewiiblasih, 5°03 g--sicieamgy este ny drGooe 

5/2 NS AN. JoeoN 4 y 4 
C Carbonyl 

Alcohol : Base 

A chromate 

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. 

ME aa ic ii chelel.e te sia le.'0) 10! alle) aliatal(sjegatiw ice (eve letel-siei(ere.(ais to'1e\(exe ca.ehe 8) (e/ie) 81,9619) )19)cex(9)8) 19! 616/016 
\e\lolisiiel.e,[e))@\\940 10::0" eiiei.e ‘ie le: ee) /¢)0s0: ee PROBLEM 

17.15 What alcohols would give these products on oxidation? 

(a) % (b) we (c) on 

CH,CHCHO 

wee etme ree ee ee oe teem ee mete se reer eseserereeensene 
Glia he ea Jolie fal (e\evral(@, 6a join i9teriabaneeneneleheme dela raiskeXe)CeKacei:e ers yee) seiewelexededoneneye<enenciie PROBLEM 

17.16 
? 

What products would you expect from oxidation of these compounds with Jones 

reagent? With pyridinium chlorochromate? 

(a) 1-Hexanol (b) 2-Hexanol (c) Hexanal 
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17.10 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 hydroxyl group in the same molecule. 

Mg 

= > HO Ga — MeBr 

Not formed , 

When this kind of incompatibility arises, it is sometimes possible to 
circumvent the problem by protecting'the interfering functional group. Pro- 
tection involves three steps: (1) formation of an inert derivative, (2) carry- 
ing out the desired reaction, and (3) removal of the protecting group. 

One common method of alcohol protection involves acid-catalyzed reac- 
tion with dihydropyran to yield a tetrahydropyrany! (THP) ether. The reac- 
tion is simply an acid-catalyzed electrophilic addition of the alcohol to the 

electron-rich double bond of dihydropyran: 

HCl ene O 
Cyclohexanol Dihydropyran Cyclohexyl 2-tetrahydropyranyl ether 

(95%) 

Like most other ethers that we'll study in the next chapter, THP ethers 
are relatively unreactive. They have no acidic protons and are therefore 
protected against reaction with oxidizing agents, reducing agents, nucleo- 
philes, and Grignard reagents. They can, however, be cleaved by reaction 
with aqueous acid to regenerate the alcohol. 

gut 6 OH HOsu od 
HCl, H,O 
as + 

aes a one i 

Cyclohexyl THP ether Cyclohexanol Tetrahydropyran-2-ol 

To complete the earlier example, it is possible to use a halo alcohol in 
a 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. 

eee meee seer eer e reer ee ese ees esse es oe Te raRe rere terel la Ss eiisrienay sirareneheireire) eevesiiaiesauenelexsiele)steitei(ailete he Iv yo\le sain sa)sa/se\in)/alve.tyinvieliaitetetatane tal enete rte 

Show the mechanism of THP ether formation by acid-catalyzed electrophilic addition 
of an alcohol to dihydropyran. How can you account for the regiochemistry of the 
reaction? 
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HOCH,CH,CH,Br + ee 
Catalyst 

O O OCH,CH,CH,Br 

O 

Mg 7 il H,0CH OH 

Ether 2. H,O 
O OCH,CH,CH,MgBr O OCH,CH,CH,CHCH3 

H30* OH 

| 
O~ ~OH + HOCH,CH,CH,CHCH; 

Figure 17.12 Use of a THP-protected alcohol during a Grignard reaction 

17.11 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 
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 spectrum of cyclo- 
hexanol (Figure 17.13). Alcohols also show a strong C—O stretching absorp- 
tion near 1050 cm™!. 

Wave number (cm ') 

00 1100 1000 900 800 700 

Transmittance (%) 

2 3 4 5 6 7 8 9 10 12 13 14 15 

Wavelength (um) 

Figure 17.13 Infrared spectrum of cyclohexanol 
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Let’s assume that you needed to prepare 5-cholestene-3-one from cholesterol by Jones 

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 eee eee BLS 

HO O 

Cholesterol ‘ 5-Cholestene-3-one 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Carbon atoms bearing hydroxyl substituents are somewhat deshielded and 
absorb at a lower field than do normal alkane carbon atoms in the 7C 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 'H 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 
region from 3.5 to 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 spin-spin 
splitting is removed and no coupling is observed. 

| | 
ye = eee HA 

H H 

No NMR coupling observed 
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It is often possible to take advantage of this rapid exchange to identify 
the position of the O—H absorption. If a small amount of deuterated water, 
D,0, is added to the NMR sample tube, the O—H proton is rapidly 
exchanged for deuterium, and the hydroxyl absorption disappears from the 
spectrum. 

\ TO) aN 
—C—O—H == —C—O—D+ HDO 
ih yi 

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 —CH».— protons (Figure 17.15). 

CH,— CH, —CH,—OH — CH, 

—CH,0— 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

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. 

Gilatata\ esi /W le ipiieiie. e teiie volielieiip) (elle\isliwlie! (ai'st@l\al'e\te.s) a) (6) «)'e) ip (6) (o).0 fel. 16 Leuenelier @\(ehie is sn)s ee iphce. Gym velva:le:tnl @ige) @1/e\e) 0: 4)/6) 19.6) 0.6.6 ¢\ 9.016) 8) :0\ 019 wee eee eee e eee eens 

When the !H NMR spectra of alcohols are run in dimethyl] sulfoxide (DMSO) solvent, 

exchange of the hydroxyl proton is slow, and spin-spin splitting is observed between 

the —O—H proton and C—H protons on the adjacent carbon. What spin multi- 

plicities would you expect for the hydroxyl] protons in these alcohols? 

(a) 2-Methyl-2-propanol (b) Cyclohexanol (c) Ethanol 

(d) 2-Propanol (e) Cholesterol (f) 1-Methylcyclohexanol 



608 CHAPTER 17 ALCOHOLS AND THIOLS 

MASS SPECTROSCOPY 

Alcohols undergo fragmentation in the mass spectrometer by two charac- 

teristic pathways, alpha cleavage and dehydration. In the alpha-cleavage 

pathway, a carbon-carbon bond nearest the hydroxy] group is broken, yield- 

ing a neutral radical plus a charged oxygen-containing fragment: 

OH +. ie Ae 

| 
Alpha cleavage | R—C-+CH,R — ra + -CH,R 

: R 

In the dehydration pathway, water is eliminated, yielding an alkene radical 

cation: 

OH |+ - 
\ / \ / 

Dehydration + C—C~ —— H,O + Me = a 

Both of these characteristic alcohol-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, whereas the peak at 
m/z = 31 is due to an alpha cleavage. 

100 & 

C= D> co 
o o So 

to ° 
Relative abundance (%) 

Oo 

20 40 60 80 100 120 440 

Alpha cleavage CH3CH,CH,- + [CH,OH]* 

miz = 81 
[CH3CH,CH, CH, OH]*" 

miz — 74 
Dehydration 

[CH;CH,CH=CH,]*° a H,O 

miz = 56 

Figure 17.16 Mass spectrum of 1-butanol: Dehydration gives a peak at 
miz = 56; fragmentation by alpha cleavage gives a peak at m/z = 31. 

a a eee 
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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 

CH3;CH,SH 

Ethanethiol SH 

Cyclohexanethiol m-Mercaptobenzoic acid 

The outstanding 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. Similarly, small amounts of low-molec- 
ular-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 
Sn2 displacement with a sulfur nucleophile such as hydrosulfide anion, 
~3 SH. 

CHy(CHs)sCH2—-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, (NH,),C=S, is often used as the nucleophile in the 
preparation of thiols from alky] halides. The reaction occurs by displacement 
of the halide ion to yield an intermediate alkylisothiourea salt, followed by 

hydrolysis with aqueous base. 

2S. NH, Br™ 

Woda é 
CH3(CH2)eCH2> Br + H,N—C—NH, —~ | CH3(CH2)¢CH,—S=C—NH,z 

1-Bromooctane Thiourea Alkylisothiourea salt 

| H,O, NaOH 

O 

CH;(CH,),CH,SH + H2N— 4 —NHz, 

1-Octanethiol (83%) Urea 

Thiols can be oxidized by mild reagents such as bromine or iodine to 

yield disulfide products. The reaction is easily reversed, disulfides can be 

reduced back to thiols by treatment with zinc and acid. 
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Bro 
———— 
Zn, Hi” 

A thiol A disulfide 

2R— SH R— S—S—R + 2HBr 

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. 

Cie win we) 6 00.0.6 6.6 Soles Slelee @16 @16 © 6 418 G08 6 0 a 0 8) 6.6.6 'ellne exe tere e/a) 6815/6 \8) 0/5/18 Comme meee eee eee eee eee eee eee eee eeeeeeeeeeeenee 

Name the following compounds by IUPAC rules: 

SH 

jek if 
(a) CH3;CH,CHSH (b) (CH3)3CCH,CHCH2CH(CHs3)o2 (c) 

Cee ee ee me eee wwe ee meee eee eee a reese eeeereeeeeeeereseeeeeeeseseeeEeeeeHeneee ED eeeseseeEeE EEE 

2-Butene-1-thiol is one component of skunk spray. How would you synthesize this 
substance from methyl] 2-butenoate? From 1,3-butadiene? 

? 
CH3;CH=CHCO,CH; => CH3;CH=CHCH,SH 

Methyl! 2-butenoate 2-Butene-1-thiol 

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. For example, aldehydes, ketones, esters, and carboxylic acids can 
be reduced by reaction with either sodium borohydride or lithium alumi- 
num 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 carboxylic acids. 

The reaction of Grignard reagents with carbonyl compounds is another 
important method for preparing alcohols. Grignard addition to formaldehyde 
yields a primary alcohol, addition to an aldehyde yields a secondary alcohol, 
and addition to a ketone or ester yields a tertiary alcohol. Carboxylic acids 
do not give Grignard addition products. The Grignard synthesis of alcohols 
is limited by the fact that Grignard reagents cannot be prepared from alkyl 
halides that contain reactive functional groups in the same molecule. This 
problem can sometimes be avoided by protecting the interfering functional 
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group. For example, alcohols are often protected by formation of tetrahy- 
dropyrany] (THP) ethers. 

Alcohols undergo a great many different reactions. They can be dehy- 
drated by treatment with POC], 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 are not normally oxidized. Many oxidation methods are 
available, but only a few are commonly used. Pyridinium chlorochromate 
(PCC) in dichloromethane is often used for oxidizing primary alcohols to 
aldehydes and secondary alcohols to ketones. The conditions are mild (room 
temperature) and reaction is rapid (5-10 min). The Jones reagent, a solu- 
tion 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 

Swn2 reaction of an alkyl halide with thiourea. Mild oxidation of a thiol yields 
a disulfide, R—S—-S—R, 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 

1. NaBH, , ethanol 

CH,CH,CHCHO Se), CH,CH,CH,CH,OH 
85% 

(2) Ketones 

1. NaBH, or LiAlH, aS eee 
2. H30* 

92% 

(3) Esters 

CO.CH3 Cy H,OH 

1. LiAIH,, THF 
—$—_—_—_——_ 

89% 
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(4) Carboxylic acids 

CH,(CH,),CH=CH(CH,),CO.H — CH;(CH,);CH=CH(CH,)7C H,OH 

87% 

b. Grignard addition to carbonyl compounds (Section 17.7) 

(1) Formaldehyde 

MgBr CH,OH 
__ Ether, 

CH,0 + CG: then "i aoe Sr 

65% 

(2) Aldehydes 

MgBr 

(CH3)2,CHCH,CHO = ia __Ether, 

“then HjO" H;0° 

73% 
(3) Ketones 

O | O ClecHs 

__Ether, 

+ CH;CH2MgBr “Ho 

89% 
(4) Esters ; 

oz 
CH;CH,CH,CH,CO,CH,CH, + CHsMgBr oe CH;CH,CH,CH,CCH; 

en H; | 

CH; 

85% 
2. Reactions of alcohols 

a. Acidity (Section 17.4) 

OH OF Nat 
+ NaH — =, fuse te gig 

2(CH3);COH + 2K —-s 2 (CH3)sCO-K* + Hy 

b. Oxidation (Section 17.9) 

(1) Primary alcohol 

CH3(CHz);CH,0H — >> CH3(CH2)sCHO 
78% 
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CH; (CH,),CH, OH 2222. .CH,(CH;)sCO.H 

93% 

(2) Secondary alcohol 

OH O 

Jones’ reagent 

(or PCC) 

96% 

3. Synthesis of thiols (Section 17.12) 

1. (H,N),C=S 
CH3CH2Br 2. -OH,H,O CH3;CH,SH 

- 85% 

4. Oxidation of thiols to disulfides (Section 17.12) 

CH,CH,SH —> CH;CH,S—SCH,CH; 

ADDITIONAL PROBLEMS 
PC eC eC CCC 

17.22 Name the following compounds according to the IUPAC system: 

is 
(a) HOCH,CH,CHCH,OH (b) CH3sCH(OH)CHCH,CH3 

CH,CH,CH3 

OH 

‘ CH; 
@ FH H 

HO 

SH 
Ph OH | 

(e) Be — (f) (CH3),CHCCH,CH2CH3 

H H | 
CHs 

17.23 Draw and name the eight isomeric alcohols with formula C5H120. 

17.24 Which of the eight alcohols that you identified in Problem 17.23 react with Jones’ 

reagent (CrO3, H,O, H2SO,)? Show the products you would expect from each reaction
. 

17.25 How would you prepare the following compounds from 2-phenylethanol? 

(a) Styrene (b) Phenylacetaldehyde (CgH;CH,CHO) 

(c) Phenylacetic acid (CsgH;CH2CO2H) (d) Benzoic acid 

(e) Ethylbenzene (f) Benzaldehyde 

(g) 1-Phenylethanol (h) 2-Bromo-1-phenylethane 
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How would you carry out these transformations? 

OH O OH Br 

? a 
(a) —— (b) aa 

C(CHs3)s3 C(CHs)z3 C(CHs3)3 C(CH3)3 

OH ; 

(d) CH3CH,CH,OH > CH;CH,CHO 
2 9 : 

(c) a (e) CH;CH,CH,0OH — > CH,CH,CO.H 
‘ 9 

(f) CHs;CH,CH,OH — > CH;CH,CH,OTos 

C(CHs3)3 C(CHs3)s3 ? 
(g) CH;CH,CH,OH —> CH3CH,CH,Cl 

(h) CH;CH,CH,OH —~> CH3;CH,CH,0~ Nat 

What Grignard reagent and what carbonyl compound might you start with to prepare 
these alcohols? 

is qo ee 

(a) CH;CHCH2CH; (b) Cy O(CHs)2 (c) HXC—C—CH,OH 

a 

(d) (Ph)3COH (e) CH3;CHCH,CH,CH,Br 

Assume that you have been given a sample of (S)-2-octanol. How could you prepare 
(f.)-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 ee + Hy + NaCl 
O 

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 

OH 
| 

Ac) (cron (d) [cro 
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How would you carry out these transformations? 

CO.H CO.H 
SS * Clea am cnlack 

= CO.H ~ CH,OH 

(b) a 

What carbonyl compounds might you start with to prepare these compounds by 
Grignard reaction? List all possibilities. 
(a) 2,2-Dimethyl-2-propanol (b) 1-Ethylcyclohexanol 
(c) 3-Phenyl-3-pentanol (d) 2-Phenyl-2-pentanol 

(e) CH,CH,O0H (f) iy 

i: [crc 
H.C 

What products would you expect to obtain from reaction of 1-pentanol with these 
reagents? 
(a) PBrs (b) SOC], (c) CrO3, H,O, H2SO4 (d) PCC 

Acid-catalyzed dehydration of 2,2-dimethylcyclohexanol yields a mixture of 1,2- 

dimethylcyclohexene and isopropylidenecyclopentane. Propdse a mechanism to 
account for the formation of both products. 

CX 

Isopropylidenecyclopentane 

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) HySO, (d) Na,Cr207 

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.] 

H3;C |_-H 

H30* 
——— 

Testosterone 
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Starting from testosterone (Problem 17.37), how would you prepare the following 

substances? 

OH Hey, 

(a) (b) 

. (d) 

Compound A, Cj 9H;,0, undergoes reaction with dilute H,SO, at 25°C to yield a 
mixture of two alkenes, C;)H;¢. 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. 

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!) 
The 1H NMR spectrum shown is that of 3-methyl-3-buten-1-ol. Assign all the 
observed resonance peaks to specific protons and account for the splitting patterns. 

i 
H,C a CCH,CH,OH 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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Propose a structure consistent with the following spectral data for a compound of 
formula CgH,,0.: 

Infrared: 3350 cm™! 

1H NMR: 1.24 6 (12-proton singlet); 1.56 5 (4-proton singlet); 

1.95 6 (2-proton singlet) 

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) 

2,3-Dimethy]-2,3-butanediol has the trivial name pinacol. On heating with aqueous 

acid, pinacol rearranges to pinacolone, 3,3-dimethyl-2-butanone. Can you suggest a 

mechanism for this reaction? [Hint: See Section 6.13.] 

OH OH 

(CH,),C—C(CH3). —22> CH,CC(CHs)s + H,0 

Pinacol Pinacolone 

Compound A, C5H,,0, 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 cm™ 

1H NMR: 1.63 5 (3-proton singlet); 1.70 5 (3-proton singlet); 

3.83 6 (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 compound 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 compound A consistent with the 1H NMR data. 
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17.46 Propose structures for alcohols that have the following 1H NMR spectra: 

(a) C3H,0 | aH. 

Intensity 

Chemical shift (6) 

(b) C5Hj20 

Intensity 

10 8 

Chemical shift (6) 

(c) C3H, 90 

Intensity 

Chemical shift (6) 



17.47 

17.48 

17.49 

17.50 

ADDITIONAL PROBLEMS 619 

Propose structures for alcohols that have the following 1H NMR spectra: 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(b) CgH 1002 

Intensity 

e jan) 

TMS 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

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. 

Propose a synthesis of bicyclohexylidene, starting from cyclohexanone as the only 

source of carbon. 

Bicyclohexylidene 

Since all hamsters look pretty much alike, attraction between sexes is controlled by 

chemical secretions. The sex attractant exuded by the female hamster has been 

shown to have the following spectral properties: 

Mass spectrum: M* = 94 

Infrared: No characteristic absorptions above 1500 cm! 

1H NMR: 2.10 6 (singlet); no other absorptions 

Propose a structure for the hamster sex attractant. 



CHAPTER 18 

Ethers, Epoxides, and Sulfides 

A. 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; 

i moe 
CH;CH,—O —CH,CH3 Se woes 

H,C— CH, 

Diethyl ether Anisole Tetrahydrofuran 

(Methyl pheny] ether) (a cyclic ether) 

18.1 Nomenclature of Ethers 

The naming of ethers is complicated by the fact that two different systems 
are allowed by IUPAC rules. Relatively simple ethers are best named by 
identifying the two organic residues and adding the word ether. For example, 

: O 
CH,0C(CHs)s CH;CH,0CH=CH, oe ., 

tert-Butyl methyl ether Ethyl vinyl ether Cyclopropyl phenyl] ether 

620 
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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, 

2 3 CH3 

—_UL— OF3 
| 

p-Dimethoxybenzene CHg 

4-tert-Butoxy-1-cyclohexene 

EAU CUES DSRGIVET AotW Ve Sore R Nee eis Cer ee VUcNe" @/artestet A © fala oi/sf ctavener ai's cliatevevehet aewecuhatlcpaieMihdl  etoment tener ate otebarelerdehere Os balers cs O48 ake eo elS sisi 

18.1 Name these ethers according to IUPAC rules: 

(a) (CH3)2CHOCH(CHs3)2 (b) Sadao 

OCHs3 

OCHs 

(c) 

(d) 

Br 

(e) (CH3)g2CHCH,OCH,CHs (f) Hj,C—=CHCH,OCH=CH, 

18.2 Structure and Properties of Ethers 

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 
dimethyl] ether), and the oxygen atom is sp? hybridized. 

3 aa 
sp ET SOS 

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 hydrocarbons of similar 

molecular weight. 
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Table 18.1 Comparison of boiling points of ethers and hydrocarbons 

Compounds Boiling point (°C) 

CH;0CH; (versus CH3;CH2CHs3) —25 (—45) 

CH,CH,OCH,CH; (versus CH;CH,CH,CH,CHs) 34.6 (36) 

Tetrahydrofuran (versus cyclopentane) 65 (49) 

Anisole (versus ethylbenzene) 158 (136) 
TO Se ee 

Although ethers are unusually inert toward most 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, make ether solvents potentially dan- 

gerous unless handled 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 ° 

PROBLEM 

18.2 

Diethyl ether and other simple symmetrical ethers are prepared industrially 

by the sulfuric acid-catalyzed dehydration of alcohols: 

2CH,CH,OH —2= CH3;CH,OCH,CH; + H,0 

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: 

cia 
CH,CH,OH +°CH,CH, 

Sn2 reaction 
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. 

eee mere sere eee eee eee re eee ereeeseseesereser seers sesesesesesreseaeeeeeeseEeeeEeeessesesesseseese 

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? 



18.4 THE WILLIAMSON ETHER SYNTHESIS 623 

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: K* : OCH; 
Gey + cu, See + KI 

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: 

R—O— ti) Nal ——  K—O Na~ 7 Hi 

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 Ag,O to generate a pentaether in 85% yield: 

CH,0OH CH,OCH; 

HO 0 RLS 0) O oul, 
> 

HO Ag,0 CH,0 & 
HO CH,O 

OH OCH; 

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 

previously (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 part- 

ner, 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: 

1Alexander W. Williamson (1824-1904); b. Wandsworth, England; Ph.D. (1846), Giessen; 

professor, University College, London (1849-1904). 



624 

PROBLEM.. 

18.3 

PROBLEM 

18.4 

PROBLEM 

18.5 
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CHs CH; 

Sn2 reaction CHy—C—Or-# “CH, AT — Cres scan ots v1: 

CH; CH3 

tert-Butoxide lodomethane tert-Butyl methyl ether 

ion 

H CH; CH3 

E2 reaction CH; O: aR CE —_ Be a + CH30H Sie Cl: 

lien CHs 

Methoxide 2-Chloro-2- 2-Methylpropene 

ion methylpropane 

Bee et aha latle Ore) We LeTeT eNeew Teles, 5) ea. Bude
 we 6a eee eee ee ee 

alcilersy eel direvelteieteie ennuevutele © laroliplisive) vi-s:is)si6 0) eles) alisimis)ee (sueus mp ocsney eleles) ehekeuslug= ale) s PAR Ire esr i 

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. 

<0 6 4.6 616i ble Sus a: 00 ele) ete a 8 ser ee 
EEE SOAP EO UOC UEMIE EUR at nt CRU IN CR IT) CIO NCE OI eked Se SONIC WOM Chai Cla Pc TROT atic eG 1 Ser SCUOLA es RG 

How would you prepare these compounds using a Williamson synthesis? 

(a) Methyl propyl! ether (b) Anisole (methyl phenyl ether) 

(c) Benzyl isopropyl ether (d) Ethyl 2,2-dimethylpropyl ether 

eaiieunuel 6, eUepeca: auienle 6 aie spo./6) shure) 0) 6.616) allel eleleiSre elleierel claim Misi MUALOUel ols 0/06. eieMAe: (6, 0.(e.a (6,0) 16,18 erenecene: Mens) ee) Si esa) ses. (eim (6) ee ela She ee 

Rank the following halides in order of their expected reactivity in the Williamson 

synthesis: 
(a) Bromoethane, 2-bromopropane, bromobenzene 
(b) Chloroethane, bromoethane, 1-iodopropene 

18.5 Alkoxymercuration—Demercuration of Alkenes 

We saw in Section 7.3 that alkenes react with water in the presence of 
mercuric acetate to yield a hydroxymercuration product. Subsequent 
treatment of this addition product with sodium borohydride breaks the car- 
bon—mercury bond and yields the alcohol. A similar alkoxymercuration 
reaction occurs when an alkene is treated with an alcohol in the presence 
of mercuric acetate. [Mercuric trifluoroacetate, Hg(OOCCF3)., works even 
better.] Sodium borohydride-induced demercuration then yields an ether. 
As indicated by the following examples, the net result is Markovnikov addi- 
tion of alcohol to the alkene: 

CH, H 
CHeHEO,CCF, : 

CHOCH 
lel O18 Coren ate feo 3 

eis Hg(O,CCF,), nee SaS 
—emma 

CH,0H 

1-Methoxy- 
Styrene 1-phenylethane (97%) 
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PROBLEM 

18.7 
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OCH.CHs 
1. Hg(O.CCF,)», CHzCH,OH 
—_—w 

2. NaBH, 

Cyclohexene Cyclohexyl ethyl ether 

(100%) 

The mechanism of the alkoxymercuration—demercuration reaction is 
analogous to the mechanism described earlier (Section 7.3) 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 cannot be prepared because of steric hin- 
drance to reaction. 

eee ee eee eee eee ees eee eee eee eee reese ee eeeesee ee HH TeE EEE EEE EEE EEE EHO ETOH EH OH EHH EEE EEO EE EHO OS 

Show in detail the mechanism of the reaction between 1-methylcyclopentene, 

ethanol, and mercuric trifluoroacetate. 

woe ew eee eee eee eee sere eraeseerseseeeesessereeeeesereeeseeesereeesEeeeeeoeeEeeeEoEEoes eo oe oEDS 

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) Ethyl phenyl ether 

(c) tert-Butyl sec-butyl ether (d) Tetrahydrofuran 

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 inert reaction solvents. Halo- 
gens, mild acids, bases, and nucleophiles have no effect on most ethers. In 

fact, ethers undergo only one reaction of general use—ethers 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: 

OCH,CH; he 

CH;CHCO,H = + HI > CH,CHzI + CH,CHCO,H 
2-Ethoxypropanoic acid Lactic acid 

Aqueous HI is still the preferred reagent for cleaving simple ethers, 

although HBr can also be used. HCl does not cleave ethers. 

2Alexander M. Butleroff (1828-1886); b. Tschistopol, Russia; Ph.D. (1854), University of 

Moscow; professor, University of Kazan (1854-1867), University of St. Petersburg (1867-1880). 
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CH,CH,OCH(CH3)2 —_ CH,CH,I + (CH3)2CHOH 

Ethyl isopropyl ether Iodoethane Isopropyl! alcohol 

OCH,CH3 OH 

CY iis WD ie + CH,CH,Br 
Reflux 

Ethyl phenyl] ether Phenol Bromoethane 

OC(CHs)3 OH 
one _HBr, 1,0 ew Ie Ce CHE 

o°c 

tert-Butyl cyclohexy! 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 Sw2 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 occurs at the less hindered primary site rather than at the more 

hindered secondary site. Similarly, anisole is cleaved to give phenol and 

iodomethane. 

CH; CH; 

\cH_6—CH CH,CH.CH, ———> ‘cH OL cH CH,CH.CH 
S 2 2 2 3 H,0, 100°C Vi | 2 2 2 3) 

CH: CH; 4H 

Butyl isopropyl ether 
ni th (Sn2 reaction) 

(CH3)2,CHOH + CH3CH,CH2CHg2l 

Isopropy! alcohol 1-Iodobutane 

OCH3 OH 

Cr tele: aie oH 
H,O, 100°C 

Anisole Phenol Iodomethane 

Tertiary, benzylic, and allylic ethers tend to cleave by either an Sy1 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 
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at room temperature or below. Trifluoroacetic acid, rather than HBr or HI, 
seems to be best for these reactions, as the following example shows: 

ae OH 

CF3;COOH 

oh oe ee eS 

tert-Butyl cyclohexyl ether Cyclohexanol 2-Methylpropene 

(90%) 

LER ADES EAE) Ole xetravaite tel efoltalial skeleank clrefie\(olfe)ia (allailole)iaia|'s: ekadatcceot cial pi(etretratte tals site’ shojlehsiioheleitelie telat tile) aifsi:s (els, 4) wise: stavisiiahalatfay/eliai(sc ie) s\'s1 9:19) sey a-aceue 

18.8 Write the mechanism of the trifluoroacetic acid-catalyzed cleavage of a tert-butyl 

ether. Account for the fact that 2-methyl-2-propene is formed. 

SURO ESN tte er ate aRa aun i aiiato ool elie a aad cats Palle wi sauce nial e)vcitely 0) edesisicoloieleu oie oan iste sels (etei eiisyeiici:st see le te 6)/* Pe) 4) 6) (6 Neps/.s1 6,'s- a, hey aie) one, a) atia/tal che 

18.9 Suggest an explanation for the observation that HI and HBr are much more effective 
than HCl in cleaving ethers. [Hint: See Section 11.5.] 

18.7 Cyclic Ethers: Epoxides 

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 
dioxane are often used as solvents because of their inertness, yet they can 

be cleaved by strong acids. 

O O 
oe ies? Hae ll 

oe 
EEC OHS H.C— CH, 

1,4-Dioxane Tetrahydrofuran 

The one group of cyclic ethers that behaves differently is comprised of 
the three-membered, oxygen-containing rings called epoxides, or oxiranes. 

The strain of the three-membered ether ring makes epoxides highly reactive 

and confers unique chemical reactivity on them. 
Ethylene oxide, the simplest epoxide, is an intermediate in the man- 

ufacture of both ethylene glycol (automobile antifreeze) and polyester poly- 

mers. More than 2.5 billion pounds 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, ak 
H.C =CH2 io H,C——CH, 

Ethylene 300°C Ethylene oxide 
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In the laboratory, epoxides are normally prepared by treatment of an 

alkene with a peroxyacid, RCO3H: 

1 
C—OOH 

-GI H a COOH 

CH,Cls, 25°C é 
H 

Cycloheptene 1,2-Epoxycycloheptane (78%) 

(Cycloheptene epoxide) 

Many different peroxyacids can be used to accomplish epoxidation, but 

m-chloroperoxybenzoic acid is the preferred reagent on a laboratory scale. 

As opposed to most other peroxyacids; which are highly reactive and which 

readily decompose, m-chloroperoxybenzoic acid is a stable, crystalline, easily 

handled material. 

O 
! 

Cl : C=0-0—H 

m-Chloroperoxybenzoic acid 

Peroxyacids are thought to transfer oxygen to an alkene through a 

complex 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. 

H O H H 

+ of : mba . ~O 
—< o~ Ss R 25°C O + we 

H O R 

Cyclohepte iB id 
4 Ee ine hots 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 (Sec- 
tion 7.2). When halohydrins are treated with base, HX is eliminated, and 

an epoxide is produced. 

H HOH H 
foal ee er ae (be + H,O + NaCl 

H Cl H “H 

Cyclohexene 2-Chlorocyclohexanol 1,2-Epoxycyclohexane 

(73%) 
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Note that the synthesis of epoxides by base treatment of halohydrins 
is actually an intramolecular Williamson ether synthesis. The nucleophilic 
oxygen atom and electrophilic carbon atom are in the same molecule, rather 
than in different molecules: 

H ’ 
/ oo 

ane a R (is an me 

~ NaOH ~ a 
C—C... —— C—C-.. —" _-C—C..., 4+ :Br: 
l \R HO \R RY NeE 

Br R Br R R R 

Bromohydrin Intramolecular substitution Epoxide 

(within the same molecule) 

Recall the following: 

CH,O?” + CH,-4Br —+ CH,OCH, + :Bri 
Intermolecular substitution 

(between different molecules) 

eee eee ee eee eee eee sere oe reese eereeeereseseesese ee Herero eeserereeeHeeEEEeseeeereseeeeoeseeeees 

What product would you expect from reaction of cis-2-butene with m-chloroperoxy- 
benzoic acid? Show the stereochemistry. 

eee ee ewe tee wee ee eee eee HHH BeBe EH OEE EH HEED HEHEHE EEE HEHEHE HH EEE EHH HEHEHE HEE OHH EH EE EHH EHO EEE 

Reaction of trans-2-butene with m-chloroperoxybenzoic acid yields an epoxide dif- 

ferent from that obtained by reaction of the cis isomer (Problem 18.10). Explain. 

18.8 Ring-Opening Reactions of Epoxides 

Epoxide rings can be cleaved by treatment with acid in much the same way 
as other ethers. 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 glycols). Two million tons of ethylene glycol are produced 
each year 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.) 

Q HQ 
Cee. H30 Ee 

Hig/or rail LO . 
H H H O 

Ethylene oxide Ethylene glycol 
(1,2-Ethanediol) 
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Acid-induced epoxide ring opening takes place by Sn2 attack of a nucleo- 

phile 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 7.1). 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 J HOH 

1,2-Epoxycyclohexane trans-1,2-Cyclohexanediol 

(86%) 

Recall the following reaction: 

H -- & Br 
ee Br2 :Bri” Ce es eee 

" Br 
eee 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: 

B HOH 
HX es 

H x A 
A trans 2-halocyclohexanol 

where X = F, Br, Cl, or I. 

Epoxides, unlike other ethers, can also be cleaved by base. 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. 

O , OH 
Sy2 reaction Co... (on, OH 

Methylenecyclohexane oxide 1-Hydroxymethylcyclohexanol 

(70%) 

PROBLEM sos: 0:5 01 sis igves «iohefoiate se) si eis .0) sfehelidiae. ie e:sleli¢, aisialele) s (6 6 e¥ete (ee 1e lexeielel hehe © lr eloieletsleieietetelelelalaiele)srsiereievenenersierctcrsratete 

18.12 Show all 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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What is the stereochemistry of the product from acid-catalyzed hydrolysis of trans- 
5,6-epoxydecane? Is the product the same as or different from the one formed in 
Problem 18.12? 

pereteUas pie tacos aaa es Sens. aut 8.8/0 (Gin! 6.8) eiie Talla ieich//slish ate ee, a).6 .aie/(6ii8'.s\smliea!iefiaiis./6:\el'0)18\@ive\le (6 (01:0) a)’ (a). -e)sa;8::6)(0: B16. 10h af eh <se.,ei8. ale ee wes o 

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.) 

REGIOCHEMISTRY OF EPOXIDE RING OPENING 

The direction in which unsymmetrical epoxide rings are opened depends on 
the conditions used. If a basic nucleophile is used in a typical Sy2 type of 
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. 

On) OH 

CHpecn chy 24 ton co OCH,CH Ss 2/ CH,CH,OH 3 2 2hr8 
No attack here (2°) 1-Ethoxy-2-propanol (83%) 

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. 

OH OH 

s | | eS HCl 
CH;CH—CH, bmiaa’ a Ade Gis CH3CHCH,Cl 

Cl 

1,2-Epoxypropane 2-Chloro-1-propanol 1-Chloro-2-propanol 

(89%) (11%) 

Acid-catalyzed epoxide opening is particularly interesting from a 
mechanistic 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-methy]- 

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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1,2-Epoxy-1-methylcyclohexane 

CHs 
PB Ok 

Br B 
CH; / ; 2-Bromo-1-methylcyclohexanol 

Se hr 
Ot O'.—H 

H iH 

3 Br 
: at \ Br i ~CHs 

:Br: 

: 7 Col ° 

Syl reaction 

: | YOH 
H oe H 

2-Bromo-2-methylcyclohexanol 

(cis and trans isomers) 

Figure 18.1 Reaction products from hypothetical Syl and Sy2 ring openings of 1,2-epoxy-1- 
methylcyclohexane: In practice, neither reaction course is followed. 

In fact, neither of the reaction courses shown 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 hydroxy] 
groups are trans to each other. The observed regiochemistry can be 
accounted for by assuming that the reaction has characteristics of both Sy1 
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. [Remember: Sy2 is the back-side displacement of the leaving 
group.] The fact that bromide 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). 

STE OER, OBERT BOTS BN 018 OTR re) S18 Te) 91a Tahoe lw a Nigys enererae:6,ajiahlaval alerts) ee "Sl(e).6) 0 el al aire) wo pan Uf orale ew) altel ela ieranehavalate Ya tetia tel eeiere: ereienarsta 

Predict the major product of these reactions. 

ho AX does i ~ F 

(a) CHsCH,CH—CH, ——%, (b) CH.CH Cli CH, = 
3 
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CHs 2° carbocation 2-Bromo-1-methylcyclohexanol 
( H (not formed) 

H 

1,2-Epoxy-1-methylcyclohexane 5 Br 
< CHs =< | aCH3 
\, :Br: 3 ECE | OH '%OH Ho 

8 H 

3° carbocation 2-Bromo-2-methylcyclohexanol 
(more stable) 

Figure 18.2 Acid-induced ring opening of 1,2-epoxy-1-methylcyclohexane: There 

is a high degree of Sy1-like carbocationic character in the transition state, leading 
to exclusive formation of the isomer of 2-bromo-2-methylcyclohexanol that has 
—Br and —OH groups in the trans position. 

18.9 Crown Ethers 

Crown ethers, discovered in the early 1960s 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 oxygen atoms. 

ct 
ee O i 

O O 

oe, 
18-Crown-6 ether 

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. 



634 

PROBLEM 

18.16 
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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 potassium permanganate 

actually dissolves in benzene in the presence of 18-crown-6. The resulting 

solution of “purple benzene” is a valuable reagent for oxidizing alkenes. 

oo PEG 
- ie : MnO; 

0% 

KMn0O, solvated by 18-crown-6 

(this solvate is soluble in benzene) 

Many other inorganic salts, including KF, KCN, and NaNs, 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 Sy2 reactivity of an anion is 

tremendously enhanced in the presence of a crown ether. 

Cee em meee rere meee eee were eee eee eee ees eseseeeeeEeeEEE EEF eZee eeEEeEeeEeesessesereeeeeenesese 

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. 

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. 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Protons on carbon next to the ether oxygen are shifted downfield from the 
normal alkane resonance and show 'H NMR absorptions in the region 
3.5—4.5 5. This downfield shift is clearly indicated in the spectrum of dipropyl 
ether shown in Figure 18.4. 
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Wave number (cm~') 
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Figure 18.3 The infrared spectrum of diethyl ether, CH;CH,—O—CH,CH; 

CH3CH.CH,OCH,CH)CH; 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

Figure 18.4 The proton NMR spectrum of dipropyl ether: Protons on carbon next 

to oxygen are shifted downfield to 3.4 6. 

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, page 636. 
Ether carbon atoms also exhibit a downfield shift in the '8C 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 (Figure 18.6). Similarly, the methyl carbon in anisole absorbs at 54.8 6. 
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ik 

CH3;CHCH, 
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10 8 6 4 2 ) 0 ppm 

Chemical shift (6) 

Figure 18.5 The proton NMR spectrum of 1,2-epoxypropane 

129.5 
114.1 

ee a a 120.7 yy aie 

aes Doe 

23.3 159.9 

Figure 18.6 The !8C NMR spectra of methyl propyl! ether and anisole (6 units) 
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18.17 The 1H NMR spectrum shown is that of a substance having the formula C,H,0. 

Propose a structure compatible with the observed spectrum. 

Intensity 

Chemical shift (5) 

10 
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18.11 Sulfides 

Sulfides, R—S—R’, are sulfur analogs of ethers. They are named by fol- 
lowing 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—CH, 

S—CH, 3 : 
CH= s=/0H, CT 

1 

Dimethyl sulfide Methyl phenyl sulfide 3-(Methylthio)cyclohexene 

Sulfides are prepared by treatment of a primary or secondary alkyl 
halide with a thiolate anion, R—S:~. The reaction occurs by an Sy2 mech- 

anism, analogous to the Williamson synthesis of ethers (Section 18.4). Thio- 
late anions are among the best nucleophiles known (Section 11.5 and Table 
11.3), and product yields are usually high in these substitution reactions. 

ie :S— CH, 

+ cu,“t —, + Nal 

Sodium benzenethiolate Methyl 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*. 

CH 
voi tana /\ THF | : * 

CH3—S—CH3 + Cesta a> CH3—S*-CHs3 2125 

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. For example, 

nature makes extensive use of the trialkylsulfonium salt S-adenosylmethio- 

nine as a biological methylating agent (Section 11.17). 
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NH, 

ef CI 
HOOCCHCH,CH,—S—CH, ONS Ne 

XH HK 
H i 

| | 
HO 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, HgQ2, at room 

temperature yields the corresponding sulfoxide (R2SO), and further oxi- 

dation of the sulfoxide with a peroxyacid yields a sulfone (R2SOz). 

:Q? : a 
| 

S—CH, S—CH, S= CH. 
H,0. 2 CH3CO3H | 22, eee oes = 
25°C 25°C 20: 

Methyl phenyl sulfide Methyl phenyl sulfoxide Methyl] phenyl] sulfone 

Dimethy] 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. 

PROBLEM Sr RUelbia -witenay brid 61.6) 6 @)6 ece)ie 0: Qi/8) 6 bi avielie seb heifers! (ele) e16/-el.e. 61 erce/te.lei8) wneee) jalcWrie) Wve (essere wire teexerealelene/ Sieh pushes. ese ae ale See e CAC Oe tae ae 

18.18 Name the following compounds by IUPAC rules: 

(a) CH3CH,SCH3 (b) (CH3)3CSCH,CH3 

(c) SCH3 (d) S ro. CH 
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PROBLEM 

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? 

18.12 Summary and Key Words 

Ethers are compounds that have two organic groups bonded to the same 
oxygen atom, R—O—R’. The organic groups may be alkyl, vinylic, or ary], 
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 
Williamson ether synthesis involves Sy2 attack of an alkoxide ion on a 
primary alkyl halide. The reaction is thus limited to the preparation of 
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ethers in which one organic group is primary. The alkoxymercuration— 
demercuration sequence involves the formation of an intermediate alkoxy 
organomercurial 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 Syl-like attack at the more highly substituted epoxide carbon. 

Sulfides, R—S—R’, are sulfur analogs of ethers. They are prepared 

by a Williamson type of 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 (R2SO,). Sulfides 
can also be alkylated by reaction with a primary alkyl] halide to yield a 
sulfonium salt, R;S*. 

Although ethers are not readily identifiable by infrared spectroscopy, 
they show characteristic downfield 1H NMR absorptions that are easily 
detected. Carbon atoms bonded to oxygen show a similar downfield shift in 
the 183C NMR. 

18.13 Summary of Reactions 

1. Preparation of ethers 

a. Williamson synthesis (Section 18.4) 

CH,Cl CH,OCH,CH, 

ee ia aa Su + Clee 

Alkyl halide should be primary. 

b. Alkoxymercuration—demercuration (Section 18.5) 

OCHs 

CH=CH, Z CHCHs3 
1, Hg(O.CCF3)» 

+ CH;0H ee 
Cr 2 2. NaBH, Ww | 

Markovnikov orientation is observed. 



640 CHAPTER 18 ETHERS, EPOXIDES, AND SULFIDES 

c. Epoxidation of alkenes with peroxyacids (Section 18.7) 

1 
a H 

esas CHCl, ! 

H 

2. Reaction of ethers 

a. Cleavage by HX, where HX = HBr or HI (Section 18.6) 

CH,CH,OCH(CHs)2 —_ CH;CH,Br + (CH3),CHOH 

b. Base-catalyzed epoxide ring opening (Section 18.8) 

OH 

ae gts I CH,OCH,CH CH.CH—CH, === CH,CHCH,OCH,CH; 

c. Acid-catalyzed hydrolysis of epoxides (Section 18.8) 

H Hon 

Che 2%. CL 
H HoH 

Trans 1,2-diols are produced. 

d. Acid-induced epoxide ring opening (Section 18.8) 

Br 

HBr 7 
(CH3)2C am CH, 

3. Preparation of sulfides (Section 18.11) 

2S S—CH, : Oe ow 
4. Oxidation of sulfides (Section 18.11) 

a. Preparation of sulfoxides 

o- 

Sy H,O | + CH;—S—CH, —“. CH,—S*-CH; 

b. Preparation of sulfones 

o 

CH Cn ee CH, —S* CH, 
ie 
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ADDITIONAL PROBLEMS 

18.21 

18.22 

18.23 

18.24 

18.25 
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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) 

Provide correct IUPAC names for these structures: 

OCH, 6 
(a) Cr (b) (CH,),CH-O—<] ©) nae 

OCH; 4 3 

Ss 
(d) (e) (CH3)2C(OCH3)2 (f) Do 

SCH; 

(g) p-NO,CsH,OCH,CH, (h) (sce 

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 _CHs 
CHs 

2,2-Dimethyltetrahydrofuran 

Predict the products of these ether cleavage reactions: 

OCH.CH; OC(CHs3)3 
HI CF3CO.H (a) i} 
ae (b) CT 

() H,C=CHOCH,CH, —> (a) (CH,),CCH,OCH,CH, os 
2 

The Zeisel method is a classic analytical procedure for determining the number of 

methoxyl groups in a compound. A weighed amount of the compound is heated with 
concentrated HI, ether cleavage occurs, and the iodomethane formed 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 char- 

acteristic 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? 

H ld you prepare these ethers? ow would you prep HC OH 

OCH,CH3 OCH(CH3)2 LS 
(c) CC oF o CT JN 

H CH, 
H -- 

= OCH; i—OCH3; 

H OCH, 
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18.26 

18.27 

18.28 

18.29 

18.30 

18.31 

18.32 

18.33 
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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. 

(CH3CH,)30* BFz 

Meerwein’s reagent 

How would you prepare these compounds from 1-phenylethanol? 
(a) Methyl 1-phenylethyl ether (b) Phenylepoxyethane 

(c) tert-Butyl 1-phenylethy] ether 

How would you carry out these transformations? More than one step may be required. 

OCH(CHs3)2 “a-O 
OCH; H 

(b) nol | oHe el | “Br 

H H 

(c) ; 

C(CHs)s3 C(CHs3)3 

(d) CH3CH,CH2CH.2C =CH ——> CH3;CH,CH,CH,CH,CH,OCH3 

OCHs3 

(e) CH3CH,CH,CH.C =CH ——> CH3CH,CH,CH,zCHCHs3 

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). 

oe 

O 

CH,CH=CH, 

Safrole 
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Grignard reagents react with ethylene oxide to produce primary alcohols. Propose 
a mechanism for this reaction. 

O 
Vas + RMgX, RCH,CH,OH 

CH,—CH, 2. H30 

, Ethylene oxide 

Grignard reagents also react with oxetane to produce primary alcohols, but the 
reaction is much slower than with ethylene oxide (Problem 18.34). Suggest a reason 
for the difference in reactivity between oxetane and ethylene oxide. 

1. SLC? RCH,CH,CH,OH 

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, C;9H,20, a major constituent of the oil of anise, has the 'H 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. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

How would you synthesize anethole (Problem 18.38) 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 M** = 116. Infrared 

spectroscopy shows an intense band at 890 cm™!, and 'H NMR spectroscopy reveals 

the following peaks: 3-proton singlet at 1.74 6; 3-proton singlet at 2.11 6; 

2-proton triplet at 2.27 5, J = 4.2 Hz; 2-proton triplet at 2.57 6, 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 'H NMR.] 
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How can you explain the fact that treatment of bornene with a peroxyacid yields a 

different epoxide from the one obtained by reaction of bornene with aqueous bromine, 

followed by base treatment? 

H.C. CH: 

oe Epoxide A 

ils Br2/H2,0 . 
CH; ean Epoxide B 

Bornene 

Propose structures for epoxides A and B. [Hint: Build molecular models of bornene.] 

Disparlure, C,H 30, 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 5, 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 7.8).] 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 18.42) 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. 

C 
Tix a 

(hLG—cH, —=2— ipn.cHcHo 

Propose structures for ethers that have the following 1H NMR spectra. 

(a) CoH,,BrO 

5H agi oH TMS 

(2H 
Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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(b) C4Hj902 

Intensity 

Chemical shift (5) 

(c) CgH,9O 

Intensity 

6 4 

Chemical shift (5) 



Chemistry of Carbonyl 
Compounds: An Overview 

i this and the next five chapters, we will discuss the most important func- 
tional group in organic chemistry—the carbonyl group, C=O (pro- 
nounced car-bo-neel). 

Carbonyl compounds are everywhere in nature. The majority of biolog- 
ically important molecules contain carbonyl groups, as do most pharma- 
ceutical 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 headache remedies; and Dacron, the 
polyester material used in clothing, all contain different kinds of carbonyl] 
groups. 

O O 
| | 

HC CO no—(_\\nn—c—on, 

Acetic acid 

(a carboxylic acid) Acetaminophen 
(an amide) 

T 1 
o—c —_\-0-0-cncn, 

Dacron (a polyester) 

I. Kinds of Carbonyl Compounds 

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 
quite similar, however, regardless of their exact structure. 

646 
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Table 1 shows some of the many different kinds of carbonyl compounds. 

1 
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 

i 
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-—h: -oate 

O 
, eee | 

Lactone (cyclic ester) C—C—O None 
EES 

O 
| fe | 

Amide R—C—N -amide 
dS 

ta Sane. 7 
Lactam (cyclic amide) Re —C—N None 

It turns out to be very useful to classify carbonyl compounds into two 

general categories, based on the kinds of chemistry they undergo: 

Aldehydes (RCH=O) The acyl groups in these two fami- 

Ketones (RgC =O) lies are bonded to substituents (—H 

and —R, respectively) that can’t sta- 

bilize a negative charge and therefore 
can’t act as leaving groups. Alde- 
hydes and ketones behave similarly 
and undergo many of the same 

reactions. 
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Carboxylic acids (RCOOH) The acyl groups in carboxylic acids 
Esters (RCOOR’) and their derivatives are bonded to 

Acid chlorides (RCOC1) substituents (oxygen, halogen, nitro- 

Acid anhydrides (RCOOCOR’) gen) that can stabilize a negative 

Amides (RCONHg) charge and can therefore serve as 

leaving groups in substitution reac- 
tions. The chemistry of these com- 
pounds is therefore similar. 

II. 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. (The 

oxygen atom is probably sp? hybridized, though there is some disagreement 
about this point.) 

Carbonyl group Alkene 

Figure 1 Electronic structure of the carbonyl group 
eee 

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 Table 2 indicates the experimentally determined bond 
lengths and angles. As you might expect, the carbon—oxygen double bond 

i VA 
ee OeanC 

Vie 
H H 

Figure 2 Structure of acetaldehyde 
eeeeeSSSSSSSSFSFSFSSSSSSSSSssFsFeFesesesSsSsSseh 
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Table 2 Physical parameters of 
acetaldehyde 

Bond angle (degrees) Bond length (A) 
H-C-C 118 C=O 1:22 

CC-O (oie CC 1.50 

H-C-O 121 OC—H 1.09 

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 normal carbon—oxygen 

single bond. 
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 3. 

Table 3 Dipole moments of some carbonyl compounds, RgC—=O 

Observed 
‘ Type of carbonyl dipole moment 

Carbonyl compound group (D) 

HCHO Aldehyde 2.33 

CH;CHO Aldehyde 2.72 

(CH3)2CO Ketone 2.88 

PhCOCH3 Ketone 3.02 

Cyclobutanone Ketone 2.99 

CH;COOH Carboxylic acid 1.74 

CH;COCI1 Acid chloride 2.72 

CH;CO.CH3 Ester 1.72 

CH3CONH2 Amide 3.76 

CH3CON(CHs3)2 Amide 3.81 
5 

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 

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. 

Opa Nucleophilic oxygen reacts Electrophilic carbon reacts ss. : 
—c—0. with acids and electrophiles with bases and nucleophiles 
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III. General Reactions of Carbonyl Compounds 

Most reactions of carbonyl groups occur by one of four general reaction. 
mechanisms—nucleophilic addition, nucleophilic acyl substitution, 
alpha substitution, and carbonyl condensation. These mechanisms have 
many variations, just as alkene electrophilic addition reactions and Sy2 
reactions do, but the variations are much easier to learn when the funda- 

mental features of the mechanisms are understood. Let’s see what these 
four reaction mechanisms 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, which involves addition of a nucleophile to the electro- 
philic 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 stabilized as an alkoxide anion. The carbonyl carbon rehybridizes 
from sp? to sp? during the reaction, and the initial intermediate therefore 
has tetrahedral geometry. 

3 

(20 : 3 O Hie 

| a ~:Nu7 (or :Nu—H) | 

eB B Nu 

Carbonyl compound 
(sp?-hybridized carbon) Pace: 

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 intermediate is simply protonated to form an alcohol, 
as happens during Grignard addition (Section 17.7). Alternatively, the tetra- 
hedral intermediate can expel the oxygen completely to form a new double 
bond between the carbonyl-group 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 have already seen 
two examples of this kind of process during reduction of ketones and alde- 
hydes with hydride reagents such as NaBH, and LiAIH, (Section 17.6), and 
during Grignard reactions (Section 17.7). In the case of reduction, the nucleo- 

» phile that adds to the carbonyl group is a hydride ion, H:~, whereas in 
the case of Grignard reaction, the nucleophile is a carbanion, R3C:-. 
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eee 

SO3e :Or 

" | a) Zag eC + 

R/ ~Nu R°/ ~NuH, 
R’ R’ 

[as | 
oH Nu 

iL C + HO RY Ne Ry aR 2 

Figure 3. The addition reaction of a nucleophile with a ketone or aldehyde 

Hydride reduction 

Go: :O: Na* OH 

| | H30* | 

Vee el FCS ae ie (NaBH,) 30° HsC7/\ 
H3C CHs CH, H CH, H 

Carbonyl Tetrahedral Stable alcohol 

compound intermediate 

Grignard reaction 

Co :0: CH, | MeBr HO. CH; 

CH,» MgB ; 
SoMa eT 30°, + HOMgBr 

Carbony! Tetrahedral Stable alcohol 

compound intermediate 

Formation of C=Nu_ The second mode of nucleophilic addition, which 

often happens with amine nucleophiles, is that complete loss of oxygen 

can occur and a C—Nu double bond can form. For example, ketones 

and aldehydes react with primary amines, R—NHg, to form imines, 

R,C—N—R’. These reactions proceed through exactly the same kind of 

tetrahedral intermediate as that formed during hydride reduction and Grig- 

nard reaction, but the initially formed product is not isolated. Instead, it 

loses water to form an imine, as shown in Figure 4, page 652. 
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Addition to the ketone or aldehyde 
carbonyl group by the neutral 
amine nucleophile gives a dipolar | 
tetrahedral intermediate. 

Transfer of a proton from nitrogen to 
oxygen then yields a nonpolar amino | 
alcohol intermediate. 

1 

Dehydration of the amino alcohol 
intermediate gives neutral imine plus | 
water as final products. 

s N—R’ 

| 
R oa =P H,O 

Figure 4 Mechanism of imine formation by reaction of an amine with a ketone or 
aldehyde 
ne 

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: 

“O° Oi ay 

Cy -3Nu (or :Nu—H) C | 5. Ces _—— mC — C + :Y R a aN R Y ) Nu R N u 

Tetrahedral New carbonyl 
intermediate compound 

where Y = —OR (ester), —Cl (acid chloride), —NHg, (amide), or 
—OCOR’ (acid anhydride) 
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The net effect of nucleophilic acyl substitution is the replacement of the 
leaving group by the attacking nucleophile. For example, we'll see in Chap- 
ter 21 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). 

iO 

C ane OR’ 

B etsalle Aide 
Nucleophilic addition of alkoxide 
ion to an acid chloride yields a | 
tetrahedral intermediate. 

Cae: 

Re/eue OR: Cl ae 

An electron pair from oxygen 
expels chloride ion and yields the | 
substitution product, an ester. 

o : 

C + :Cl go ~~~op’ 4: 

Figure 5 Mechanism of the nucleophilic acyl substitution reaction of an acid chlo- 

ride 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, which involve substitution of an alpha hydrogen by some other 

group, take place by formation of intermediate enols or enolate ions: 

HO: 
Yi 

7 ~s 

\ An enol 

H O S 

aN ie Ke YE oe 
JS Ps MINT 

Carbonyl compound ‘Osm Alpha-substituted 
Nc =. Ce carbonyl compound 

Va SS 

An enolate anion 

(enol anion) 
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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. 

0 iv 0: [One 
\ ye ae : Base s X of ~ Vi 

es me C=C + H—Base 
Yas Seite ome Foes 

Carbonyl compound An enolate ion 

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 take part in many of the reactions we have 

already studied. For example, enolates react with primary alkyl halides in 

the Sy2 reaction. The nucleophilic carbanion displaces halide ion and forms 

a new carbon-carbon bond: 

:0 O° CH,—R Q Pon is o , 

R— CH,-LX Sa, C—C=x + XS 
reaction a \ 

are Alkyl halide 

For example, 

:0: : : 70: 

H H H 
H H Base H 

Cyclohexanone Cyclohexanone 

enolate ion 

CHsI 

70: 

2-Methylcyclohexanone 

(65%) 

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'll 
study the alkylation of many kinds of carbonyl groups in detail in Chapter 
ee 

CARBONYL CONDENSATION REACTIONS 

' The fourth and last fundamental reaction of carbonyl groups, carbonyl 
condensation, takes place when two carbonyl compounds react with each 
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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): 

i i lei ce 
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 really 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. 

p 
CH,—C—H 

H -:OH/H,0 
Hydroxide ion abstracts an acidic 
alpha proton from one molecule of | 
acetaldehyde, yielding an enolate ion. 

The enolate ion adds as a nucleophile 
to the carbonyl group of a second 
molecule of acetaldehyde, producing a 
tetrahedral intermediate. 

The intermediate is protonated by 
water solvent to yield the neutral 
aldol product and regenerate [: © 
hydroxide ion. 

| 
Cre CHC He OH 

| 
H 

Figure 6 Mechanism of a carbonyl condensation reaction between two molecules 

of acetaldehyde 
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IV. Summary 

The purpose of this short overview of carbonyl-group reactions is not to 
present details of specific reactions, but to lay the groundwork for the fol- 
lowing chapters. Although many of the reactions we'll be seeing in the next 
five chapters appear unrelated at first glance, almost every reaction we'll 
encounter is either a nucleophilic addition, a nucleophilic acyl substi- 
tution, 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. 



CHAPTER 19 

Aldehydes and Ketones: 
Nucleophilic Addition Reactions 

AY 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 industry, simple 
aldehydes and ketones are synthesized in great quantity for use both as 
solvents and as starting materials for a host of other products. For example, 
approximately 6.5 billion pounds per year of formaldehyde, H2C—O, are 
manufactured for use in building insulation materials and in the adhesive 
resins that bind particle board and plywood. Concern over the possible tox- 
icity of such materials may sharply curtail their uses, however. Acetone, 
(CHs)2C=O, is also widely used in industry, with some 2 billion pounds 
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 H. 

H H H 

Methanol Formaldehyde 

OH 

| ZnO | H 

CH;CHCHs “380°C CH;CCH3 aia 2 

2-Propanol Acetone 

657 
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19.1 Properties of Aldehydes and Ketones 

As we saw in the previous overview, the carbony] functional group is planar, 

and the carbon—oxygen double bond is polar. 

RY. 0;- 
(.5C=0 
R@ 6 
~120° 

R = Alkyl, aryl, or alkenyl 

R’ = Alkyl (ketone), or H (aldehyde) 
Acetone 

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. Since they cannot form hydrogen bonds, how- 
ever, the boiling points of ketones and aldehydes are lower than those of 
the corresponding alcohols. Formaldehyde, the simplest aldehyde, is a gas 
at room temperature, but all other simple aldehydes and ketones are liquid 
(Table 19.1). 

Table 19.1 Physical properties of simple aldehydes and ketones 

Boiling Melting 
Compound name _ Structure point (°C) point (°C) 

Formaldehyde HCHO el —92 

Acetaldehyde CH3;CHO Zn =e 

Propanal CH3;CH,CHO 49 =O 

Butanal CH3(CH»2)2CHO 76 =99 

Pentanal CH3(CH2)3sCHO 103 aoe 

Benzaldehyde CsH;CHO 178 —26 

Acetone CH3;COCH3 56 aoe) 

2-Butanone CH3;CH,COCH; 80 —86 

2-Pentanone CH3;CH,CH,COCH; 102 —78 

3-Pentanone CH3;CH,COCH,CH; 102 —40 

Cyclohexanone ue: O 156 =16 

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 to be the base name must 
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contain the —CHO group, and the —CHO carbon is always numbered as 
carbon 1. For example, 

O O 

ee aiiwarae 

Ethanal Propanal 

(Acetaldehyde) (Propionaldehyde) 

CH3 

O CH3 oe 

CH3(CH2 re iO 

Hexanal 
2-Ethyl-4-methylpentanal 

Note that the longest chain in 2-ethyl-4-methylpentanal is a hexane, but 
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: 

J ane Sens on 

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. 

Table 19.2 Common names of some simple aldehydes 

Formula Common name Systematic name 

HCHO Formaldehyde Methanal 

CH3;CHO Acetaldehyde Ethanal 

CH3;CH,CHO Propionaldehyde Propanal 

CH;CH,CH,CHO Butyraldehyde Butanal 

CH;CH,CH,CH,CHO Valeraldehyde Pentanal 

H,C=CHCHO Acrolein 2-Propenal 

ec Benzaldehyde Benzenecarbaldehyde 
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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, 

1 1 | 
—C— H,CCH,CH,CH 

pias aac oats ee 
Propanone 3-Hexanone 

(Acetone) 

| 
CH3;CH=CHCH,CCHs3 CH3;CH,CCH,CCH3 
6 5 4 3 21 ‘ 6 5 43 21 

4-Hexen-2-one 2,4-Hexanedione 

Certain ketones are allowed by IUPAC to retain their common names, 
though these are few: 

| 0 
O ; C ; 
| CH. 

CH3CCH3 oe 

Acetone Acetophenone Benzophenone 

When it becomes necessary to refer to the RCO— group as a substituent, 
the term acyl (pronounced ay-sil) is used. Similarly, —CHO is called a 
formyl] group, and ArCO— is referred to as an aroyl group. 

Acyl Formy] Aroyl 
(R = alkyl, alkenyl, or alkynyl) 

If other functional groups are present and the doubly bonded oxygen 
must be considered a substituent, the prefix oxo- is used. For example, 

O 

el Oot 
5 3 i 

6 4 2 

Methyl] 3-oxohexanoate 
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19.1 

PROBLEM 

19.2 

19.3 PREPARATION OF ALDEHYDES 661 
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Name these aldehydes and ketones according to IUPAC rules: 

O CH,CH,CHO 

| ! 
(c) CH3CCH,CH,CH,CCH,CH, 

(e) OHCCH,CH,CH,CHO 

Y sos 
(g) CH;CH,CHCHCCH; 

CH,CH,CH3 

COOH meee meee eee es eee rere e Hee HEHE EEE HEE EEE HEHEHE EEE HEHE TEETH HOHE EEE HEHEHE HEHEHE EOE EES 

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 

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—but 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. 

ee nn ae pe HO SS CHCl, oS 

Citronellol Citronellal (82%) 

2. Alkenes that have at least one vinylic hydrogen undergo oxidative 

cleavage when treated with ozone to yield aldehydes (Section 7.8). 

If the ozonolysis reaction is carried out on cyclic alkenes, dicarbonyl 

compounds result. 
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H O 

Os ee. 2. Zn, H30" CHO 

CHs 

1-Methylcyclohexene 6-Oxoheptanal (86%) 

Yet a third method of aldehyde synthesis is one that we will 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: 

O 
| os | 

R=C=. vo ERC eee 
‘ 

For example, acid chlorides can be hydrogenated over a catalyst of palladium 
on barium sulfate to yield aldehydes (the Rosenmund reduction). The 
reaction is particularly well suited for large-scale work because it is so 
simple and relatively inexpensive. 

1 | 1 
CH,CCl CH,CH 

iar Ha; PABASO, ara 
> 

Ethyl acetate 

Cyclohexylacetyl chloride Cyclohexylacetaldehyde (70%) 

Alternatively, the partial reduction of esters by diisobutylaluminum 
hydride (DIBAH) is an extremely important laboratory-scale method of alde- 
hyde synthesis. The reaction is normally carried out at —78°C (dry-ice 
temperature) in toluene solution, and yields are often excellent. 

| is | 
CHACHs)i0 COCHs 2 nL. HAGE) CH 

2. H30* 

Methyl dodecanoate Dodecanal (88%) 

H 

where DIBAH = (CH3),CHCH,—Al—CH,CH(CHs), 

PROBLEM AE BuOUS SNS Sees bye Bye See are fee see ene iegen onset ae skies enoneiielnneilaga apeheUs "eis a cefelisye’ stays) ay isha) okal she).s).ai'e) 6! ahsire) cel wilereney ore aise ee 

19.3 , How would you prepare pentanal from these starting materials? 
(a) 1-Pentanol (b) 1-Hexene (c) CHsCH,CH,CH,CH,COOCH; 
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19.4 Preparation of Ketones ese aE ee gi emtnieeiige Fete lal a castemabrable wn meuh i 

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 
aqueous acetic acid are all effective, and the specific choice of 
reagent depends on factors such as reaction scale, cost, and acid or 
base sensitivity of the alcohol. 

OH 

PCC 
—_—> 
CH,Cl, 

C(CHs3)3 C(CHs3)z3 

4-tert-Butylcyclohexanol 4-tert-Butylcyclohexanone (90%) 

2. Ozonolysis of alkenes yields ketones if one of the unsaturated carbon 
atoms is disubstituted (Section 7.8): 

O 

Che O 
saa + CH.O 
2. Zn/H,0° 

CH3 CH; 

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 

O 
C 

| AICl, SCH 
+ CH,CCl en 3 

Benzene Acetyl Acetophenone (95%) 

chloride 

4. Methyl ketones can be prepared by hydration of terminal alkynes 

catalyzed by mercuric ion (Section 8.4). Internal alkynes can also 
be hydrated, but a mixture of ketone products usually results. 

1 
CHACH,),C=CH — 2 CH,(CH,),;C—CHs 

Hg(OAc)> 

1-Hexyne 2-Hexanone (78%) 
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5. Ketones can be prepared from certain carboxylic acid derivatives, 

just as aldehydes can. We will discuss this subject in more detail in 

Section 21.5. 

1 | 
R—C—Y —®> R—C—R’ + ?Y™ 

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 earlier (Section 10.10): 

1 1 | oh 
CH3(CHg)4,CCl + (CH,;)2CuLi* ——~ CH;3(CHe2),CCH; 

Hexanoy! chloride Dimethylcopper 2-Heptanone (81%) 

lithium 

PROBLEM «sister wisiare win iele © ofete wie 5.0) x nctralaratel steps) cielo gels pine '6: we eh nies wie, @ vite,< co aiw wh WOW euaitola winitelece tml el pie ie (oleretetginl eet atalas 

19.4 How would you carry out these reactions? More than one step may be required. 

(a) 3-Hexyne ——> 3-Hexanone 

(b) Benzene ——> m-Bromoacetophenone 

(c) Bromobenzene ——~ Acetophenone 

(d) 1-Methylcyclohexene ——> 2-Methylcyclohexanone 

19.5 Oxidation of Aldehydes and Ketones 

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. 

Many oxidizing agents such as hot nitric acid and potassium perman- 
ganate convert aldehydes into carboxylic acids, but the Jones reagent, CrO; 
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. 

1 
CH3(CH,),CH 2286", ¢H,(CH,),COH 

Acetone, 0°C 

Hexanal Hexanoic acid (85%) 
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One drawback to the Jones oxidation is that the conditions under which 
it occurs are acidic, and sensitive molecules sometimes undergo acid-cata- 
lyzed decomposition. Where such decomposition is a possibility, aldehyde 
oxidations are often carried out using a dilute ammonia solution of silver 
oxide, AgO (Tollens’! reagent). Aldehydes are oxidized by the Tollens 
reagent in high yield without harming carbon-carbon double bonds or other 
functional groups in the molecule. 

CH» CH, 

NH,OH, HO 

72% 

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 are thought to occur through intermediate 1,1- 
diols or hydrates, which are formed by a reversible nucleophilic addition of 
water to the carbonyl group. Even though present in small amounts at 
equilibrium, the hydrate reacts like any normal primary or secondary alco- 
hol and is oxidized to a carbonyl compound (Section 17.9). 

i i 
R-C_H == ,.¢ moe Re C—O 

R- TS H30* 

Aldehyde How Carboxylic acid 

Hydrate 

Ketones are inert to most common oxidizing agents but undergo a slow 
cleavage reaction when treated with hot alkaline KMnO,. The carbon— 
carbon bond next to the carbonyl group is broken and carboxylic acid frag- 
ments are produced. The reaction is only useful for symmetrical ketones 
such as cyclohexanone, however, since product mixtures are formed from 

unsymmetrical ketones. 

O 
COOH 

KMn0,, HO age 
—__— 

OH, A 

Cyclohexanone Hexanedioic acid (79%) 

1Bernhard Tollens (1841-1918); b. Hamburg, Germany; Ph.D. Géttingen; professor, Univer- 

sity of Gottingen. 
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19.6 Nucleophilic Addition Reactions of Aldehydes and Ketones 

The single most important reaction of ketones and aldehydes is the nucleo- 
philic addition reaction. A nucleophile attacks the electrophilic carbon 
atom of the polar carbonyl group from a direction approximately perpen- 
dicular to the plane of the carbonyl sp? orbitals. Rehybridization of the 
carbonyl carbon from sp? to sp? then occurs, and a tetrahedral alkoxide ion 
intermediate is produced (Figure 19.1). 

Carbonyl compound Tetrahedral intermediate 

(sp? hybridized) (sp°® hybridized) 

Figure 19.1 A nucleophilic addition reaction 

The attacking nucleophile can be either negatively charged (Nu:~) or 
neutral (: Nu—H). If it is neutral, however, the nucleophile must be 
attached to a hydrogen atom that can subsequently be eliminated. For 
example: 

HO :~ (hydroxide ion) 

H:~ (hydride ion) 

Some negatively charged nucleophiles RC :~ (a carbanion) 

RO? (an alkoxide ion) 
N=C:~ (cyanide ion) 

HOH (water) 

ROH (an alcohol) 
Some neutral nucleophiles 5 

H3N: (ammonia) 

RNH, (an amine) 

Nucleophilic addition to ketones and aldehydes usually has two vari- 
ations, as shown in Figure 19.2: (1) The tetrahedral intermediate can be 

. protonated to give an alcohol, or (2) the carbonyl oxygen atom can be expelled 
(as HO” or as H,O) to give a new carbon—nucleophile double bond. 
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Figure 19.2 Two possible reaction pathways following addition of a nucleophile to 
a ketone or aldehyde 

In the remainder of this chapter, we will examine some specific examples 
of nucleophilic addition reactions. In looking at the details of each reaction, 
we will be concerned with two key points—the reversibility of a given reac- 
tion, and the acid or base catalysis of that reaction. Some nucleophilic addi- 
tion reactions take place without catalysis, but many others require acid or 
base to proceed. 
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What product would you obtain if cyanide ion (": C=N) were added to acetone and 

the tetrahedral intermediate were protonated? 

19.7 Relative Reactivity of Aldehydes and Ketones 

Aldehydes are generally more reactive than ketones in nucleophilic addition 
reactions 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 more 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, page 668). 
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 
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(a) (b) 

Figure 19.3 Nucleophilic attack on a ketone (a) is sterically more hindered than 
attack on an aldehyde (b) because the ketone has two relatively large substituents 
attached to the carbonyl-group carbon. 

charge, rather than two. For similar reasons, aldehydes are less stable (and 
therefore more reactive) than ketones because there is only one alkyl group 
inductively stabilizing the partial positive charge on the carbonyl carbon, 
rather than two. 

1 1 
C C 

pet aE Rasta 

1° carbocation 2° carbocation 
(less stable, more reactive) (more stable, less reactive) 

a és 
O 

| | 
ZA Ss Aon 

Ree: (H eet 

Aldehyde Ketone 
(less stabilization of 5*, more reactive) (more stabilization of 5°, less reactive) 
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19.6 Aromatic aldehydes such as benzaldehyde are less reactive in nucleophilic addition 
reactions than aliphatic aldehydes. How can you explain this observation? 
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19.7 Which would you expect to be more reactive toward nucleophilic additions, p-meth- 
oxybenzaldehyde or p-nitrobenzaldehyde? Explain. 

19.8 Nucleophilic Addition of H,O: Hydration Se eg eee ee ee 

Aldehydes and ketones undergo reaction with water to yield 1,1-diols, or 
geminal (gem) diols. The hydration reaction is reversible; gem diols can 
eliminate water to regenerate ketones or aldehydes. 
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1 OH 
| 

CH3—C—CH + HO == at 

: ; H3C°/¥ OH 
Acetone H3C 

Acetone hydrate 

(a gem diol) 

The exact position of the equilibrium between gem diols and ketones/ 
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. 

The nucleophilic addition of water to ketones and aldehydes is rather 
slow in pure water, but is catalyzed by both acid and base. Although, like 
all catalysts, acid and base don’t change the position of the equilibrium, 
they strongly affect the speed 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. 

Hydroxide ion nucleophile adds to 
the ketone or aldehyde carbonyl group 
to yield an alkoxide ion intermediate. 

The basic alkoxide ion intermediate 
abstracts a proton (H*) from water 
to yield gem diol product and 
regenerate hydroxide ion catalyst. 

Figure 19.4 Mechanism of base-catalyzed hydration of a ketone or aldehyde: The 

purpose of the base is to serve as a far more reactive nucleophile than neutral water. 
EEE EE ——————————————————————————— 

The acid-catalyzed hydration reaction also takes place in several steps. 

The acid catalyst first protonates the Lewis-basic oxygen atom of the car- 

bonyl group, placing a positive charge on oxygen and thus making the 

carbonyl group far more electrophilic. Subsequent nucleophilic addition of 
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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). 

Acid catalyst protonates the basic 
carbonyl oxygen atom, making the | sy H 
ketone or aldehyde a much better H 
acceptor of nucleophiles. 

ae 

On 
| 

a Cw 

Nucleophilic addition of neutral || HO: 
water yields a protonated gem diol. 

:OH 
| 

Conny 
es aa 

4 oC OH, 
H 

ae ey 
Loss of a proton regenerates the 
acid catalyst and gives neutral | 
gem diol product. 

>OH 

| 
xO + H30* ae 3 

OH 

Figure 19.5 Mechanism of acid-catalyzed hydration of a ketone or aldehyde: The 
purpose of the acid catalyst is to protonate the carbonyl starting material, thus 
making it more electrophilic and more reactive. 
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Note the important differences 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 aldehyde is treated with a nucleophile of the type H— Y, where 
the Y atom is electronegative (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. 
For example, treatment of ketones and aldehydes with reagents such as 

” HO, HCl, HBr, or H,SO, does not normally lead to addition products. 
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When dissolved in water, trichloroacetaldehyde (chloral, CC1;CHO) exists primarily 
as the gem diol chloral hydrate, CCl;CH(OH), (better known by the non-IUPAC 
name “knock-out drops”). Show the structure of chloral hydrate. 

pasa acess) a7 Ais) a) 6B) :al Ry sliai S818) O). 61818) 68. e) (8) '6,()\0,16\:6)/8).6) 8\ 9119;/8) 6101 (pi 18) B\8) ira) (ehel(al'sjieife: ee. a @ 6:6) vi Orn) sere cecele. © 98) 8 aiipie i638) e686 6 eealeerere 

The oxygen in water is primarily (99.8%) !®O, but water enriched with the heavy 
isotope !8O is also available. When a ketone or aldehyde is dissolved in !8O-enriched 
water, the isotopic label becomes incorporated into the carbonyl group: 
R,C=O + H,0*—> R,C=O* + H,O (where O* = 180). Explain. 
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How can you explain the observation that Sy2 reaction of (dibromomethyl)benzene, 
CsHs;CHBr2, with NaOH yields benzaldehyde rather than (dihydroxyme- 
thyl)benzene, CsH;CH(OH),? 

19.9 Nucleophilic Addition of HCN: Cyanohydrins 

Aldehydes and unhindered ketones react with HCN to yield cyanohydrins, 
RCH(OH)C=N. For example, benzaldehyde gives the cyanohydrin man- 
delonitrile in 88% yield on treatment with HCN: 

O ne 

| 
C—CN 

en H HCN | 
H 

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. 

2Arthur Lapworth (1872-1941); b. Galashiels, Scotland; D.Sc. City and Guilds Institute, 

London; professor, University of Manchester (1909-1941). 
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Protonation of the anionic tetrahedral intermediate yields the tetrahedral 

cyanohydrin product plus regenerated cyanide ion: 

:0%) 

V/ i 
CY NS Een = Gin 

Benzaldehyde Tetrahedral intermediate 

Mandelonitrile 

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 
1 equiv of mineral acid 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, HpSO,, and CH3COOH do not 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 (R—C=N) can be reduced with 
LiAlH, to yield primary amines (R—NHg) 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. 

OH 

CHCH,NH, 
1. LiAlH,, THF 

| 
CHO C—CN 2-Amino-1-phenylethanol 

cee HCN | 
H OH 

Gea 

Mandelic acid (90%) 

Benzaldehyde Mandelonitrile 
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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? 

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 addition of water, 
though, Grignard additions are generally irreversible. 

Grignard reagents are nucleophiles because the carbon—magnesium 
bond is strongly polarized, with a high amount of electron density on carbon. 
Thus, Grignard reagents react as if they were carbanions, R3C:~. Acid— 
base complexation 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 neutral alcohol (Figure 19.6). 

20: Hes MgX 2 
I :R’ MgX ne 

—— EC one Ca 4a HO— Mex 
LEAS Nucleophilic iw) Nx d a 

addition R R 

Carbonyl Tetrahedral Alcohol 

intermediate 

Figure 19.6 Mechanism of the Grignard reaction 

19.11 Nucleophilic Addition of Hydride: Reduction 

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). 
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Figure 19.7 Mechanism of carbonyl-group reduction by nucleophilic addition of 

“hydride ion” from NaBH, or LiAlH, 

19.12 Nucleophilic Addition of Amines: 
Imine and Enamine Formation 

Primary amines, R—NHbp, add to aldehydes and ketones to yield imines, 
R2,C=NR. Secondary amines, R2NH, add similarly to yield enamines 
(-ene + amine; unsaturated amine). 

R O 
La ; ff I : uR 
“N R—NH, ee Oe R,NH 2 

| => pes Ss | 
HO Ce Se Cee 

IN Ketone/aldehyde 1 

An imine 

An enamine 

These two reactions appear to be different, since one leads to a carbon— 
nitrogen double-bond product and the other leads to a carbon—carbon 
double-bond product, but they are really quite similar. Both are typical 
examples of nucleophilic addition reactions in which the initially formed 
tetrahedral intermediate cannot be isolated. Instead, water is eliminated, 
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 present converts the hydroxy] 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). 

Imine formation is normally an acid-catalyzed process. Studies of this 
reaction have revealed a profile of pH versus reaction rate 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 (page 676) shows the profile 
obtained for reaction between acetone and hydroxylamine, HN—OH, indi- 
cating that maximum reaction rate is obtained at pH 4.5. 
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R 
:NO 

Ne + H;O+ 

Imine 

Figure 19.8 Mechanism of imine formation by reaction of a ketone or aldehyde 

with a primary amine 

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 
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Reaction rate 

Figure 19.9 Dependence on pH of the rate of reaction between acetone and hydrox- 
ylamine, H,NOH: O NOH 

eos . 
CH;—C—CH, —#°#+ CH,—C—CH; + H,O 

required to protonate the intermediate carbinolamine, thereby converting 
the hydroxy] into a better leaving group. Thus, reaction can’t occur if there’s 
not enough acid present (high pH). On the other hand, if too much acid is 
present (low pH), the attacking amine nucleophile is completely protonated 
and the initial nucleophilic addition step can’t occur. 

H,N—OH + H—A — > H.N“oH + Aq 
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 often be controlled if maximum reaction rates are to 
be obtained. 

Imine formation from such reagents as hydroxylamine (NH2OH), 
_ Semicarbazide (NH,NHCONH)), and 2,4-dinitrophenylhydrazine are par- 
ticularly useful because the products of these reactions—oximes, semi- 
carbazones, and 2,4-dinitrophenylhydrazones (2,4-DNP’s)—are usually 
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crystalline and easy to handle. Such crystalline derivatives are sometimes 
prepared as a means of identifying liquid ketones or aldehydes. 

i _OH 

+ H,NOH — fs 

Hydroxylamine 
Cyclohexanone oxime 

(mp 90°C) 

CHO CH=NNHCONH, 

ear + H »NNHCONH, —> eal 

Semicarbazide 

Benzaldehyde semicarbazone 

(mp 222°C) 

O 

| ie NOs 
C + H,NNH CHs 

foes : ‘ 
CH; CHs3 => Stan NNH NO, 

NO. CH3 

2,4-Dinitrophenylhydrazine Acetone 2,4-dinitrophenylhydrazone 

(mp 126°C) 

Enamines are formed when a ketone or aldehyde reacts with a secondary 
amine, R2NH. 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). 

Co 
ERTS i AAR, | 7 db 

Ne. HNR, 0): He oe 7 ce s 

—— ——— —— H,O 
os ea ee LOS CaN a 

Ketone/aldehyde *NR»2 y NN Ta | 

Carbinolamine Iminium ion An enamine 

Figure 19.10 Mechanism of enamine formation by reaction of a ketone or aldehyde with a 

secondary amine 
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19.12 Show the products you would obtain by reaction of cyclohexanone with ethylamine, 

CH;,CH,NHp, and with diethylamine, (CH3CH»)2NH. 



678 CHAPTER 19 ALDEHYDES AND KETONES 

PROBLEM ec ce ccc cc ccc reece ee merece rece eee eee eres eee dere cone ese reso eeseeerseerrsronerereseeos 

19.13 Imine formation is reversible. Show all the steps involved in the hydrolysis of an 
imine to yield a ketone or aldehyde plus primary amine. 

19.13 Nucleophilic Addition of Hydrazine: 
The Wolff—Kishner Reaction 

An important variant of the imine formation just discussed involves the 
treatment of a ketone or aldehyde with hydrazine, Hy2NNHg, in the pres- 
ence 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, 
R2eC=O = RgCHsg. ‘ 

0 H.N—NH, H pee re Ne en 
KOH, H,0, (HOCH,CH,).0, 240°C H 

90% 

= CHO nese es CH, 

Cyclopropanecarbaldehyde Methylcyclopropane (72%) 

The Wolff—Kishner reaction is often carried out at 240°C in boiling 
diethylene 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 Nz gas, 
and formation of alkane product (Figure 19.11). The double-bond migration 
takes place when base removes one of the weakly acidic N—H 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 final step—loss of nitrogen to give 
the alkane—is an unusual reaction, driven primarily by the enormous ther- 
modynamic 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, there is a second process, 
called the Clemmensen? reduction, that also accomplishes the conversion 

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. 

5. C. Clemmensen (1876-1941); b. Odense, Denmark; Ph.D. Copenhagen; Clemmensen 
Chemical Corp., Newark, NY. 
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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 —NHp, 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. 

Figure 19.11 Mechanism of the Wolff—Kishner reduction of a ketone or aldehyde to yield an 

alkane 
Sore ees We es ee 

of a ketone or 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 sensitive to the strongly basic conditions required by Wolff— 

Kishner reduction. 



680 CHAPTER 19 ALDEHYDES AND KETONES 

O 

| : ( \-c_oncn, Zn(Hg), HCl CH,CH,CH; 

Propiophenone Propylbenzene (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, RoC(OR’)s, also called ketals in older 
literature. 

OR’ 

| en 
+ = + H,O 

a 2 OE catalyst C7) oR’ ; 

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 far more reactive than its 
neutral counterpart. Addition of alcohol therefore occurs rapidly. 

+ HAS 
oN Sant as 27 OE Ca ee 

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. Hemiacetals are formed reversibly, 
with the equilibrium normally favoring the carbonyl compound. In the pres- 
ence 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 (Figure 19.12). 

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 for- 
ward reaction is accomplished 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 

* accomplished by treating the acetal with mineral acid and a large excess of 
water to drive the equilibrium to the left. 
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Figure 19.12 Mechanism of acid-catalyzed acetal formation by reaction of a ketone 

or aldehyde with an alcohol 
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Acetals are extremely useful compounds because they can serve as pro- 

tecting groups for ketones and aldehydes in the same way that tetrahydro- 

pyranyl ethers serve as protecting groups for alcohols (Section 17.10). As 

we saw previously, it sometimes happens that one functional group may 

interfere with intended chemistry elsewhere in a complex molecule. For 
example, if we wanted to reduce only the ester group of ethyl 4-oxopen- 

tanoate, 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. 

T T | 
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 
agents, Grignard reagents, and catalytic reducing conditions, but they are 
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. 

| 1 ) 1 
CH,CCH,CH,COCH.CH, CH, CCH. CH CILOH 

done directly 

Ethyl 4-oxopentanoate 

Acid catalyst, 

HOCH,2CH,0H 

CH=CH, CH, — CH. 
| | | | 

O Ooree 0 
Z. iAlH, 

CH3CCH,CH,CO.CH, =a" CHjCCH,CH,CH,OH 

In practice, it is convenient to use ethylene glycol as the alcohol and to 
form a cyclic acetal. The mechanism of cyclic acetal formation using 1 equiv 
of ethylene glycol is exactly the same as that using 2 equiv of methanol or 
other monoalcohol. The only difference is that both alcohol groups are now 
in the same molecule rather than in different molecules. 

eo O 
(CH3)3C QO SCLC (CHs)3C 2 HO) 

Acid catalyst O = 

4-tert-Butylcyclohexanone 4-tert-Butylcyclohexanone 
ethylene acetal (88%) 

OPS) 00) e! Sid) 6) Sis) ele {elie ip) e eleilel es eyaie ele; Aie/e.0\ 6 ivile/ sus \eisier eel e'16)8/\6, 6v'e) 61640) alisiie Miapanadsl els iy foletejoas laushalansumisnebelciatata see eter eens 

Show all the steps in the acid-catalyzed formation of a cyclic acetal from ethylene 
glycol and a ketone or aldehyde. 
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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 > CH,COCH,CH,CH,CH,OH 

(b) CHs;COCH,CH,CH,CHO —> CH;3CH(OH)CH,CH,CH,CHO 

19.15 Nucleophilic Addition of Thiols: Thioacetal Formation 

Thiols, RSH, add to ketones and aldehydes by a reversible, acid-catalyzed 
pathway to yield thioacetals, R3C(SR)2. As might be expected, 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. 
Kthanedithiol is often chosen, and the resultant cyclic thioacetals form rap- 
idly in high yield. 

: S H.C O HSCH,CH,SH H.C a H,O 
HCl : 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. 

ss Heese 
Raney Ni ‘ 

be OSS SEE Ce rane ae pey + NiS 

Aldehyde/ketone Thioacetal Alkane 

For example, 

¢ | H 
nc p) ee no + NiS 

8 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. 

6Murray 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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PROBLEM 

19.16 

PROBLEM 

19.17 
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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 aldehyde to an alkane. Note, however, that each 

of the three methods has its own advantages. The Wolff—Kishner reaction 

occurs under basic conditions, the Clemmensen reaction occurs under acidic 

conditions, and the Raney nickel desulfurization reaction occurs under neu- 

tral conditions. 
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Show three different methods by which you might prepare cyclohexane from 

cyclohexanone. 
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How might you use Raney nickel desulfurization of a thioacetal to carry out the 

following reduction? 

ono =o be Hc—{ =o 

19.16 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, REC —P(C,Hs)3 (also called 
a phosphorane), adds to a ketone or 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 at temperatures above 0°C to yield alkene and tripheny]- 
phosphine oxide. The net result is replacement of carbonyl 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. Tri- 
organophosphines 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, 

nN /™ : ' - Poe (CeHs)3P? +CH3 —Br —Sx2zectim, (C,H,,),P—CHsBr —~> (CeHs)sP—CHz 
Triphenyl- Bromomethane Methyltriphenylphosphonium Methylenetripheny]l- 
phosphine bromide (99%) phosphorane 

"Georg Wittig (1897—  ); b. Berlin; Ph.D. Marburg (von Auwers); professor, universities of 
Freiburg, Tubingen, and Heidelberg; Nobel prize (1979). 
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Figure 19.13 The mechanism of the Wittig reaction between a ketone or aldehyde 
and a phosphorus ylide 

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- 
not 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, addition of methylmagnesium 
bromide to cyclohexanone followed by dehydration with POCIs; yields a mix- 
ture of two alkenes, 1-methylcyclohexene and methylenecyclohexane. Wittig 
reaction of cyclohexanone with methylenetriphenylphosphorane, however, 
yields only the single, pure alkene product methylenecyclohexane. 

H3 Hy. 

1. CH3;MgBr 

2. POCI3 

1-Methylcyclohexene Methylenecyclohexane 

Cyclohexanone (OnE) Cb>. 
THF solvent 

ar (CgH-)sP—0 

Methylenecyclohexane 

(84%) 
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Wittig reactions are so important that they are even used commercially 

in a number of pharmaceutical applications. For example, the Swiss chem- 

ical firm of Hoffmann-LaRoche prepares £-carotene, a yellow food-coloring 

agent and dietary source of vitamin A, by Wittig reaction between retinal 

(vitamin A aldehyde) and retinylidenetriphenylphosphorane (Figure 19.14). 

CHO 
Sa aS > 

CH—P(C,Hs)s 
Retinal SS S << Ss . 

' 

Retinylidenetriphenylphosphorane 

Wittig reaction | 

SS = aS SS iS mS SS 

B-Carotene 

Figure 19.14 Preparation of B-carotene using the Wittig reaction 
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19.18 What carbonyl compounds and what phosphorus ylides might you use to prepare 
these compounds? 

(c) 2-Methyl-2-hexene (d) CgH;CH=CH(CHs3). 

(e) 1,2-Diphenylethylene 

PROBLEM 5 5.cis'6.0: a sSecisis 5:0 viene Wn Sorcva age Gis +i charter erates ater wai re ASG SFT ioe eR 

19.19 Why do you suppose triphenylphosphine is used to prepare Wittig reagents rather 
than, say, trimethylphosphine? What problems might you run into if trimethyl- 
phosphine were used? 

19.20 . Another route to B-carotene involves a double Wittig reaction between 2 equiv of 
B-ionylideneacetaldehyde and a diylide. Formulate the reaction and show the struc- 
ture of the diylide. 
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CHO 

B-lonylideneacetaldehyde 

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 19.15, 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 aldehyde have only alkyl and hydrogen substituents, however, 
and thus cannot usually expel a leaving group. The Cannizzaro® reaction, 
discovered in 1853, is one exception to this rule. 

BoC va Rf\ — =~ RO Nu + oe" 

Yo Nu 

Figure 19.15 A general reaction scheme for nucleophilic acyl substitution: Car- 
boxylic acid derivatives have an electronegative group Y (—Br, —Cl, —OR’, 
—NHg, and so forth) that can act as a leaving group. Ketones and aldehydes, how- 

ever, have no such group. 

When an aldehyde having no hydrogens on the carbon next to the 
—CHO group is heated with hydroxide ion, a disproportionation reaction 

occurs, yielding 1 equiv of carboxylic acid and 1 equiv of alcohol. 

CHO CO2H CH,O0H 
9 ee 1, “OH, H.0 be 

DroHO? 

Benzaldehyde Benzoic acid Benzyl] alcohol 

8Stanislao Cannizzaro (1826-1910); b. Palermo, Italy; studied at Pisa (Piria); professor, 
universities of Genoa, Palermo, and Rome. 
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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; a second molecule of aldehyde 

undergoes an addition of hydride and is thereby reduced to an alcohol. 

O 

ee 

Go: 1035 bag fo 

re. S oT H i. Oxidized 
Sy :OH = ie ES Bie 

C H,OH 

Tetrahedral eo 

intermediate 

Reduced 

The Cannizzaro reaction is primarily of mechanistic interest and has 
few practical applications. It is effectively limited to formaldehyde and sub- 
stituted benzaldehydes, since aldehydes that have alpha protons undergo 
other processes involving enolization of their acidic alpha hydrogens. 
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19.21 When o-phthalaldehyde is treated with base, o-(hydroxymethyl)benzoic acid is 
formed. Propose a mechanism to account for this reaction. 

oc CO2H 
1. OH 
——— 

CHO CH,OH 

o-Phthalaldehyde o-(Hydroxymethyl)benzoic acid 

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,8-unsatu- 
rated ketones and aldehydes (Figure 19.16). (The two processes are often 
distinguished by calling them 1,2 addition and 1,4 addition, respectively.) 
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Figure 19.16 A comparison of direct (1,2) and conjugate (1,4) nucleophilic addition 
reactions 

Conjugate addition of nucleophiles to a,6-unsaturated carbonyl groups 
is due to exactly the same electronic factors that are responsible for direct 
addition. As we’ve seen, a carbonyl group is polarized such that the carbonyl 
carbon is electropositive, and we can even draw a dipolar resonance structure 
to underscore the point: 

mes 7 : 5 

Carbonyl group OR ON 
6+ + 

When we draw a similar resonance structure for an a,@-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 the 

enone is an electrophilic site that can react with nucleophiles: 

:O0: :O:7 :O:7 
a,B-Unsaturated I pl | | | | 
carbonyl group ee Cx ia ES qe PUT 

| Neb | 

Renal: Electrophilic sites 

| | | | 
J pee te. <-> Boe 

Allyl cation 
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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 19.16). The net effect of the 

reaction 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 the success of the reaction. The carbon-carbon double 

bond would not be polarized, and no reaction would occur, without the car- 

bonyl group. 
O O 

| | 1. :Nu | \ i 

Activated double bond o~ 6 weo~ Smee C ae Cx Rr 

| Va 
H 

| :Nu 5 
genx ——- No reaction 

Unactivated double bond ne 

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 1 equiv of 

amine is used, the conjugate addition product is obtained to the complete 

exclusion of the direct addition product. 

‘ O 
= ae | 

CH,CCH=CH, + HN(CH,CH;), —““"+ CH;CCH2CH,N(CH,CHs)2 

3-Buten-2-one Diethylamine 4-N, N-Diethylamino-2-butanone 

(92%) 

O 

a CH,NH, Ethanol 

NHCH, 

2-Cyclohexenone Methylamine 3-(N-Methylamino)cyclohexanone 

CONJUGATE ADDITION OF HCN 

The elements of HCN can be added to a,8-unsaturated ketones and alde- 
hydes, giving saturated keto nitriles: 

O O. 

ae Pee ee eT 
fuse ro Ma Son 

Ho’, 
H 

Ketone/aldehyde 



19.18 ADDITION TO a,B-UNSATURATED CARBONYL GROUPS 691 

Although this process can be carried out using sodium cyanide in aqueous 
alcohol, higher yields are obtained using a method introduced in 1966 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. 

ieee 
CH3;CCH=C(CH;,). + (Gzial:Al— ON toluene, CH3CCH,C(CHs). 

2. H30° 

4-Methyl-3-penten-2-one 2,2-Dimethyl-4-oxopentanenitrile 

(88%) 

1. (CoH; )2.Al— CN 

2. H30* 

O O oe 

H H H 

89% 

CONJUGATE ADDITION OF ALKYL GROUPS: 
ORGANOCOPPER REACTIONS 

Conjugate addition of an alkyl group to an a,6-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. 

1 1 
Ae 

7, 

x / \ a i | oO |a 

Wwe 
eas 

A 
R 

H 

a,B-Unsaturated 

ketone/aldehyde 

Conjugate addition of an alkyl group is carried out by treating the a,B- 
unsaturated ketone with a lithium diorganocopper reagent (a Gilman 
reagent). As we saw in Section 10.10, a wide variety of diorganocopper 
reagents can be prepared by reaction between 1 equiv of cuprous iodide and 
2 equiv of organolithium: 

Rok Rests LitsXe 
Pentane 

OR —Li = LitR—Cu—R) + Li? I> 
ther 

A lithium diorganocopper 

(Gilman reagent) 
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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. 

1 i 1. Li(CH3)gCu, ether 

CH;CCH=CH, >q5>———_ CHCCH,CH,CHs 

3-Buten-2-one 2-Pentanone (97%) 

O O 

1. Li(Hy,C—=CH),Cu, ether 
ee oe eS 
2. H30° ee H 

C 
Aa ee 

H H 
2-Cyclohexenone ’ 

3-Vinylcyclohexanone 

(65%) 

1. Li(CgHs)oCu, ether 

2. H30~ 

2-Cyclohexenone 

3-Phenylcyclohexanone 

(70%) 

Diorganocopper reagents are unique in their ability to give conjugate 

addition products. Other organometallic reagents such as organomagne- 
siums (Grignard reagents) and organolithiums normally give direct car- 
bony] addition on reaction with a,B-unsaturated ketones. 

HO CHs 

1. CH3MgBr, ether or CH3Li 

O 

1-Methyl-2-cyclohexen-1-ol 

(95%) 

- O 
2-Cyclohexenone \ 

1. Li(CH3).Cu, ether 

2. H3,0* 
CHs 

3-Methylcyclohexanone 

(97%) 

The mechanism of diorganocopper addition is not fully understood, but 
almost certainly involves radicals. The reaction is not a typical polar process 
like other nucleophilic additions. 

& 
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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) CH=CH, 
E O 

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 carbonyl- 
group reactions, where nucleophilic addition steps play an intimate 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: 

1 ip 
CH,CCOOH +:NH,; 8, cCH,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. 

O NH NH 

CH,—C—COOH 
| cr | (H] 

CH;—C—COOH ——~ CH3—C—COOH Reducing enzyme 

Pyruvic acid An imine Alanine 
(an amino acid) 

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. For example, when the 

millipede Apheloria corrugata is attacked by ants, it secretes mandelonitrile 

and an enzyme that catalyzes the decomposition of the cyanohydrin man- 

delonitrile into benzaldehyde and HCN, as shown on page 694. The millipede 

actually protects itself by discharging poisonous HCN at would-be attackers. 



694 CHAPTER 19 ALDEHYDES AND KETONES 

OH O 
| 
C—CN C—H 

Cr | Enzyme CY ee HCN 

H H,0 

Mandelonitrile 
(from Apheloria corrugata) 

19.20 Spectroscopic Analysis of Ketones and Aldehydes 

INFRARED SPECTROSCOPY 

5000 

Transmittance (%) 

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 19.17 and 19.18) demonstrate. In addition, aldehydes show two 
characteristic C—H absorptions in the range 2720-2820 cm™', due to 
stretching of the aldehyde —CO—H bond. The exact position of the 
C=O bond absorption 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 carbony]l- 

group structure. 

Wave number (cm — u ) 

3000 2000 1500 1300 1100 1000 900 800 700 

3 4 5 6 7 8 9 10 11 12 13 14 15 

Wavelength (um) 

Figure 19.17 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, whereas 
conjugation 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 1715-1720 cm“, and conjugation with a 
double bond or aromatic ring again lowers the absorption by 30 cm! to 
1685-1690 cm~+. Additional angle strain in the carbonyl group, caused by 
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Figure 19.18 Infrared spectrum of cyclohexanone 

Table 19.3 Infrared absorptions of some ketones and aldehydes 

Garbonjiype el mney SN Ml eExampleiunian) Mla lInfrared absorption (om) 
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 

ae 
Aromatic ketone iS: 1690 

a,B-Unsaturated ketone H,C= Evens 1685 

reducing 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. Asa result, infrared spectroscopy 
is an extraordinarily powerful tool for diagnosing the nature and chemical 
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. 
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PROBLEM 

19.23 

PROBLEM 

19.24 

PROBLEM 

19.25 

CHAPTER 19 ALDEHYDES AND KETONES 

© .o) avleliviinsieS8 owe he; #1eTe)ei.8: Sete L hase 

Tes sieied ci ta Wavgh ovubie (Wile wie jel sey shal 10\reipel ohare. eireveis 
'e (ejeqenwtenenendemeere7euel's. PYSnniri0" 2) on CCke age Rea eee 

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? 

“eg ese vavave io euaarsuateralia ethan’ arfer ace wrratatlel ane peleiioke Wher iegs (ai s\auavey e¥oppyenevee)raji
ee/.0:'84.(ei/els)is: es eeNeHGioLeL Cetus oes eRe OR oe 

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 

ae 5 ibaa cabiGhana len cile (GW GHRG a quiaccavre:(os/ar/oisatel'ny eqjeuel o)8s0i0) OiTeyiecwelio“sexid- w/in} pi"e: ol s:Zaitel eovupes a 6:(e Tu cetemenese\@UA teu cuss BRN kC Lo ana Ciee aaa aaiCsi ei” 

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? 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Carbonyl-group carbon atoms show readily identifiable and highly char- 

acteristic !2C 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 region from 200 to 215 6, whereas a,f- 

unsaturated carbonyl carbons absorb in the 190-200 6 region. Table 19.4 

lists some specific examples. 

Table 19.4 Carbon-13 NMR absorptions of some 

ketones and aldehydes 

Carbonyl compound Carbon-13 NMR absorption of 

x 
C=O (6) 
i 

Acetaldehyde 201 

Benzaldehyde 192 

2-Butanone 207 

Cyclohexanone 211 

Acetophenone 196 

Proton NMR is also of considerable use for analysis of aldehydes, though 
less so for ketones. Aldehyde protons (R—CHO) 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 enables us to tell the degree of 
substitution at the alpha position. Acetaldehyde, for example, shows a quar- 
tet at 9.8 6 for the aldehyde proton, indicating that there are three protons 
neighboring the —CHO group (Figure 19.19). 
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Intensity ————> 
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Chemical shift (5) 

Figure 19.19 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 19.19 absorbs at 2.20 5). 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 having hydrogens on their gamma- 
carbon atoms undergo a characteristic mass spectral cleavage called the 
McLafferty? rearrangement. In this 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 frag- 
ment is produced. The charge remains with the oxygen-containing fragment. 

Rear ee te R’ H Sa 
aS aS ~ 

Y bs nH McLafferty i in cy ° 

B CHs | oly rearrangement B CH, Me 

«CH, R 2CHo Rk 

In addition to fragmentation by the McLafferty rearrangement, ketones 

and aldehydes undergo cleavage of the bond between the alpha carbon and 

Fred Warren McLafferty (1923— ); b. Evanston, Ill.; Ph.D. (1950), Cornell University; 
Dow Chemical (1950-1964); professor, Purdue University (1964-1968), Cornell University 

(1968— ). 
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the carbonyl-group carbon (an alpha-cleavage reaction). Alpha cleavage 

yields a neutral radical; the charge remains with the oxygen-containing 

cation. 

O + 

| 
C—R 

Fragment ions resulting from both alpha cleavage and McLafferty re- 

arrangement can be seen in the mass spectrum of 5-methyl-2-hexanone 

(Figure 19.20). Alpha cleavage occurs primarily at the more substituted 

side of the carbonyl group, leading to a [CH3CO]* fragment with m/z = 43. 

McLafferty rearrangement and loss of 2-methylpropene yields a fragment 

with m/z = 58. , 
‘ 

O ae 

| Alpha cleavage RCH,3C—R'} —=““, RCH): + 

& 
g 
3 
3 

3 

20 40 60 80 100 120 140 
m/z ——> 

Alpha cleavage 7 a 

O CH3;—C etme CH,CHCH(CHs3), 

aan ela d ee A 

oa re ies H e 

m/z = 114 CH, —C==CH, = H,C=C(CHg), 

miz = 58 

Figure 19.20 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. 

PROBLEM 

19.26 
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How might you use mass spectroscopy to distinguish between these pairs of isomers? 
(a) 3-Methyl-2-hexanone and 4-methy1-2-hexanone 
(b) 3-Heptanone and 4-heptanone 
(c) 2-Methylpentanal and 4-methylpentanal 
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19.21 Summary and Key Words oem eeanrern oes, ieee CEE pe Ae th) ies Diels oi anv lyoodye: 

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 
primary alcohols with pyridinium chlorochromate (PCC), or by partial 
reduction of acid chlorides or 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 19.21, many different product 
types can be prepared by nucleophilic additions. The reactions are applicable 
to ketones and aldehydes, but aldehydes are generally more reactive for 
both steric and electronic reasons. 

ae ape 

-C BE 
- IN “Ny 4 RE 
Alcohol Alcohol OH 

ce es | 

| a 
pee NaBH, RMgX CN 

Alkene Cyanohydrin 

Ph,P—CR> HCN > 

H + y 
| N 

Cc 1. HSCH,CH,SH oe R—NH, ] 
iN 2. Raney Ni Bie ae ft 2 ; Cc 

‘ . \. Ketone/aldehyde - fais 
Alkane es a Imine 

a KOH Spe 

OR H | 

ae ~ i Enamine 

4 y 

Alkane 

Figure 19.21 Some nucleophilic addition reactions of ketones and aldehydes 

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 ena- 

mines. Reaction of a ketone or aldehyde with hydrazine and base yields an 
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alkane (the Wolff-Kishner reaction). Alcohols and thiols (RSH) add to 

carbonyl] groups to yield acetals and thioacetals, respectively. Acetals are 

valuable as protecting groups, whereas thioacetals are useful because they 

can be desulfurized by Raney nickel treatment to produce alkanes. Phos- 

phoranes 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,6-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. 
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). 

OH O 

poo | 
R—C—H —— R—C—H 

| CH2Cly 

H 

b. Ozonolysis of alkenes (Section 7.8) 

1, Og 
RCH= CHR’ 2. Zn, CH;COOH RCH=O + O=CHR’ 

c. Rosenmund reduction of acid chloride (Section 19.3) 

O O 
| | Hp, Pd/BaSO4 R—C—Cl R—C—_ 

Ethyl acetate 

d. Partial reduction of esters (Section 19.3) 

O O 

ean: 1. DIBAH, toluene ee 

2. H30* 
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2. Preparation of ketones (Section 19.4) 

a. Oxidation of secondary alcohols (Section 17.9) 

oe O 
ati | 

Ha Ort eee (oR! 

H 

b. Ozonolysis of alkenes (Section 7.8) 

CCR. = ee RC 0 EO CRs 
2. Zn, CHs3COOH 

OQ . Friedel-Crafts acylation (Section 16.4) 

T i 
CO R= Cec C==R 

d. Alkyne hydration (Section 8.4) 

O 

e 7 | 

e. Diorganocopper reaction with acid chlorides (Section 19.3) 

O O 

| , Ether | 
R—C—Cl + Rg CuLi —— R—C—R’ 

3. Reactions of aldehydes 

a. Oxidation (Section 19.5) 

O 
| | Jones’ reagent 

R C or Ag*, NH4OH 

b. Cannizzaro reaction (Section 19.17) 

Poa 
2 Ar—C—H - —_—— Ar—C—OH + ES 

H 
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4. Nucleophilic addition reactions of aldehydes and ketones 

a. Addition of hydride: Reduction (Section 19.11) 

O ne 
| 1. NaBH4g, ethanol 

Ri Cpeiipare —e Meer mat . Hg 

H 

b. Addition of Grignard reagents (Section 19.10) 

O OH 

nee - —-— ether R—O-R 

. Hg 

Re 

c. Addition of HCN: Cyanohydrins (Section 19.9) 

O OH 
HCN | 

R—C—R’ == ame 

CN 

d. Addition of primary amines: Pines (Section 19.12) 

O N—R” 

| "NHp | 
Roca Re Ree I Re LO 

For example: 

Oximes, R,C—=N—OH 

Semicarbazones, R,C—=N—NHCONH, 

2,4-Dinitrophenylhydrazones, R,»C—N—NH—C,H,(NO,). 

e. Addition of secondary amines: Enamines (Section 19.12) 

i | Hah uctty 
ee ee C=C + H,0 

R 

f. Wolff—Kishner reaction (hydrazine addition) (Section 19.13) 

y H 

R—C—R’ eNNIR 
KOH 

| 
ail +N, + H,O 

H 
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g. Addition of alcohols: Acetals (Section 19.14) 

i 
ae 

R—C—R’ + 2 ROH = Ee Ginter + H,O 
R’ 

h. Addition of thiols: Thioacetals (Section 19.15) 

i at 

R-C—_R’ + 2 RSH ae R—C—SR’ + HO 

R’ 

i. Desulfurization of thioacetals with Raney nickel (Section 19.15) 

ie ‘ 
R—C—SspR” “=v\, R—C—R’ + NiS 

| Ethanol | 

R’ H 

j. Addition of phosphorus ylides: Wittig reaction (Section 19.16) 

O R R’ 
| te ae Nohlaty/ 

R—C—R’ oi (CgHs)3P—CHR" => Be ere si ie (CgH;)3P—= O 

R’ H 

5. Conjugate additions to a,B-unsaturated ketones and aldehydes (Sec- 
tion 19.18) 

a. Addition of HCN 

O O H 

OH Bonu oe Feast ene 
nate \aral 

b. Addition of amines 

OH 
Pa 
cena 

| 

| | / R'NHe 

R—C—C=C == R—-C— 

c. Addition of alkyl groups: Diorganocopper reaction 

i gCuLi, ether R—C—c=c -=—=" rr 
, N » £3) 
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ADDITIONAL PROBLEMS 

19.28 

19.29 

19.30 

19.31 

19.32 

19.33 

0.016) 6 6.6 010.0: 6:10.06) 6)15/-0\6)14) 010) 061,616 010170. 6: '0'[0.0 0) 000.10, 0:0 10/81/60 188)66 161 0)(6)8\(0-0/18,(8,/8\l6 0, 61810) ,0) 0.8: 8:10).0). 0) 8/1018)», 8. 8)e)8) 810588 

Draw structures corresponding to these names: 

(a) Bromoacetone (b) 3,5-Dinitrobenzenecarbaldehyde 

(c) 2-Methyl-3-heptanone (d) 3,5-Dimethylcyclohexanone 

(e) 2,2,4,4-Tetramethyl-3-pentanone (f) 4-Methyl-3-penten-2-one 

(g) Butanedial (h) 3-Phenyl-2-propenal 

(i) 6,6-Dimethyl-2,4-cyclohexadienone (j) p-Nitroacetophenone 

(k) (S)-2-Hydroxypropanal (1) (2S,3R)-2,3,4-Trihydroxybutanal 

Draw and name the seven ketones and aldehydes having the formula C5Hj90. 

Provide IUPAC names for these structures: 

(a) O (b) CHO 
Hw é 0H 

CH,OH 
CH, 

(c) O (d) CH,CH(CH;)COCH,CH; 

(f) CHO 

(e) CH3CH(OH)CH,CHO 

CHO 

Draw structures that fit these descriptions: 
(a) An a,B-unsaturated ketone, CgH,O (b) An a-diketone 

(c) An aromatic ketone, CgH;)O (d) A diene aldehyde, C;H,O 

Predict the products of the reaction of phenylacetaldehyde with these reagents: 
(a) NaBH,, then H3;0* (b) Tollens’ reagent 

(c) Hydroxylamine, HCl (d) Methylmagnesium bromide, then H3,0* 
(e) Methanol plus acid catalyst (f) Hz,NNH2/KOH 
(g) Methylenetriphenylphosphorane (h) HCN, KCN 

Repeat Problem 19.31 for acetophenone. 

How would you prepare the following substances from 2-cyclohexenone? More than 
one step may be required. 

(a) @) (b) O 

(c) O (d) + CH; 

CeHs 

(two ways) 

COOH 
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19.34 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 O HO 0 
HO HO 

HO HO 
OH OCH, 

Glucose Glucose a-methyl glycoside 

19.35 Reaction of 2-butanone with NaBH, yields a chiral product. What stereochemistry 
does the product have? Is it optically active? 

19.36 Show how the Wittig reaction might be used to prepare these alkenes. Identify the 
alkyl halide and the carbonyl components that would be used. 

(a) CgH; CH—=CH—CH=CHC,H; (b) ale 

(on = CH: (d) fe Ieee 

19.37 How would you use a Grignard reaction on a ketone or aldehyde to synthesize these 
compounds? 
(a) 2-Pentanol (b) 1-Butanol 

(c) 1-Phenylcyclohexanol (d) Diphenylmethanol 

19.38 The Wittig reaction can be used to prepare aldehydes as well as alkenes. This is 
done by using (methoxymethylene)triphenylphosphorane as the Wittig reagent and 
hydrolyzing the product with acid. For example, 

H OCH: 

0 AC tus oi CHO 

= (C,H;)sP — CHOCH, ae ee 30". a 

(Methoxymethylene)- 

triphenylphosphorane 

(a) How would you prepare the required phosphorane? 

(b) Propose a mechanism to account for the hydrolysis step. 

19.39 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 “40H, ee 
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19.40 

19.41 

19.42 

19.43 

19.44 

19.45 

19.46 

CHAPTER 19 ALDEHYDES AND KETONES 

When crystals of pure a-glucose are dissolved in water, isomerization slowly occurs 

to produce B-glucose. Propose a mechanism to explain this isomerization. 

H 
a CH,OH CH,OH 

HO n° $.: HO H 

HoH H Hoos OH 
HO Hae OH H H 

a-Glucose B-Glucose 

Give at least four methods for reducing a carbonyl group to a methylene group, 

R,C=O — R,CHg. 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 the following reagents? 

O 

Carvone 

(a) (CH3),.Cu* Li-, then H30* (b) LiAIH,, then H,0* 
(c) (CjH;)2AICN, then H30* (d) CH3sNH, 
(e) CgHsMgBr, then H3;0* (f) Hy, Pd 

(g) Jones’ reagent (h) (CgH;)3P—CHCH3 

(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 'H NMR spectrum with peaks at 9.7 6 (1 H, singlet) and 1.2 6 (9 H, singlet). 
Propose a structure for compound A. 

Compound B is isomeric with compound A (Problem 19.43) and shows an infrared 
peak at 1720 cm™!. The 'H NMR spectrum of compound B has peaks at 2.4 6 
(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 

(reste 
1-Indanone 

4-Androstene-3,17 dione 
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O ie ale 

O 
OHC 

2-Indanone 

19.47 As written, each of the following reaction schemes contains one or more flaws. What 
is wrong in each case? How would you correct each scheme? 

_Ag, NH,OH | NH,OH 1. CH;MgBr | 

2. oot 

CHs 

(b) CgH;,CH=CHCH,OH —".  (¢,H,CH=CHCHO 
reagent 

HOCH.CH,OH, H* 7 y, 
Rees se Z z C,H;CH—=CHCH # 

N 
O 

HO CN Bee ES: 

() CH,COCH, ==> CH;CCH, Oe CH.CCH. 

Et 
NH, 

0 N~ 

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? 

i 
CH3;CCH,CH,COOCH3; 

Methyl] 4-oxopentanoate 

19.49 Ketones react with dimethylsulfonium methylide to yield epoxides. Suggest a mech- 

anism for this reaction. 

eC 

o° + DMSO 
REZ SCC Ha)\saueminen tar + (CH3).5 solvent 

Dimethylsulfonium 

methylide 
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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 

iat i SOE 
LC es + CH,CCH 

H,C’7 ~CN ore s* 
CH3 

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? 

i” 

2 TMS 
a 
3 
= 

+i] 
10 8 6 4 2 0 ppm 

Chemical shift (5) 

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 cm™!. Propose a suitable 
structure. 

Intensity ————~ 

Chemical shift (5) 
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19.53 Propose structures for molecules that meet the following descriptions, where 

Ss = singlet, d = doublet, t = triplet, and q = quartet. 

(a) CgH,,0; 

IR: 1715 cm}; 
proton-coupled #8C NMR: 8.0 6 (q), 18.5 6 (q), 33.5 6 (t), 40.6 6 (d), 214.0 6 (s) 

(b) C5H100; 
IRsiv2o cma: 
proton-coupled SC NMR: 22.6 6 (q), 23.6 5 (d), 52.8 6 (t), 202.4 6 (d) 

(c) CgHgO; 
IR: 1680 cm~}; 
proton-coupled 18C NMR: 22.9 6 (t), 25.8 5 (t), 38.2 5 (t), 129.8 5 (d), 150.6 6 (d), 
198.7 6 (s) 

19.54 Compound A, CgH,9Q2, has an intense infrared absorption at 1750 cm™! and gives 

the 18C NMR spectrum shown. Propose a suitable structure for compound A. 

| 

=| 2196 

a i TMS 

200 180 160 140 120 100 80 60 40 20 0 apm 

Chemical shift (5) 

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. 

HO H 

2. H307 
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CHAPTER 19 ALDEHYDES AND KETONES 

Propose structures for ketones or aldehydes that show the following 1H NMR spectra: 

(a) CsHgCl10; 

IR: 1710 cm“! 

Intensity 

10 8 ‘ 6 4 2) 0 ppm 

Chemical shift (6) 

(b) C7H,40; 

IR: 1710 cm“! 

2 

a 
z 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(c) CoH i002; 
IR: 1695 cm™! 

ie 

g 
5 

Chemical shift (5) 
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19.57 Propose structures for ketones or aldehydes that have the following 'H NMR spectra: 

(a) CoH,20; 
IR: 1710 cm7! 

eS 

5 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(b) CgH,203; 
IR: 1715 cm=! 

1g 

= 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(c) C4H,O; 
IR: 1690 cm~1 

ie 

& 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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19.58 Propose a mechanism to account for the formation of 3,5-dimethylpyrazole from 

hydrazine and 2,4-pentanedione. [Hint: Look carefully to see what has happened to 

each carbonyl carbon in going from starting material to product.] 

CH, 

I | ie ee 
CH,CCH,CCH; oo, a a H 

H3C 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. 

‘CH; 

AO 
/ 

=N 
HC 

3,5-Dimethylisoxazole 



CHAPTER 20 

Carboxylic Acids 

Geos acids occupy a central place among acy! 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 

Cholic acid 

H HH H 

ANG ae SS we aS Va 

ye — ey Da a Ce C=C 

CH;(CHg2)7 (CH2z)7 COOH CH3(CH2)4 CH, (CHz)7 COOH 

Oleic acid Linoleic acid 

Many simple saturated carboxylic acids are also found in nature. For 

example, acetic acid, CH3COOH, is the chief organic component of vinegar; 

butanoic acid, CH;CH,CH,COOH, is responsible for the rancid odor of sour 

butter; and hexanoic acid (caproic acid), CH3(CH2)4COOH, is partially 

responsible for the unmistakable aroma of goats and dirty gym socks (Latin 

caper, “goat”). 
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Some 3.3 billion pounds 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. 

Cobalt acetate 

80°C 
CH3CHO + O2 CH;COOH + H,0 

The Monsanto Company has developed an even more efficient synthesis 
involving a direct rhodium-catalyzed carbonylation of methanol: 

Rh catalyst 
ee CH3;0H + CO CH;COOH 

20.1 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. 

CH3;CH2,CH,CH,CH,COOH 
6 5 4 3 2 1 

Hexanoic acid 

(Caproic acid) 

ee 
CH;CHCH,CH,COOH HOOCCH,CHCH,CHCOOH 
5 403 2 1 @5 4| 3 2| 1 

4-Methylpentanoic acid ae CH, 

CH, CH,CH; 

4-Ethyl-2-propylhexanedioic 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 C1 and is not itself numbered in this system. 

COOH 

3-Bromocyclohexanecarboxylic acid 1-Cyclopentenecarboxylic acid 
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Many carboxylic acids were among the first organic compounds to be 
isolated and purified. Thus, for historical reasons, IUPAC rules make allow- 
ance for a large number of well-entrenched common names, some of which 
are given in Table 20.1. We will use systematic names in this book, with 
the exception of formic (methanoic) acid, HCOOH, and acetic (ethanoic) acid, 
whose names are so well known that it makes little sense to refer 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 Some common names of carboxylic acids and acyl groups 

Carboxylic acid Acyl group 

tructure ame ame tructure 

HCOOH Formic Formyl HCO— 

CH3;COOH Acetic Acetyl CH;CO— 

CH3;CH,COOH Propionic Propionyl CH;CH,CO— 

CH3;CH,CH,COOH Butyric Butyry! CH3(CH2),CO— 

CH3;CH,CH,CH,COOH Valeric Valeryl CH;(CH,)s;CO— 

(CH3)3CCOOH Pivalic Pivaloyl (CH3)3CCO— 

HOOCCOOH Oxalic Oxalyl —OCCO— 

HOOCCH,COOH Malonic Malonyl —OCCH,CO— 

HOOCCH,CH,;,COOH Succinic Succinyl —OC(CH2)2,CO— 

HOOCCH,CH,CH,COOH Glutaric Glutaryl — OC(CH2)3;CO— 

HOOCCH,CH,CH2CH,COOH = Adipic Adipoyl —OC(CH,2)4,CO— 

H,C—=CHCOOH Acrylic Acryloyl H,C=CHCO— 

CH;CH=CHCOOH Crotonic Crotonoyl CH;,CH=CHCO— 

H,C—=C(CH3;)COOH Methacrylic Methacryloyl] H,C—C(CH3)CO— 

HC=CCOOH Propiolic Propioloyl HC=CCO— 

HOOCCH=CHCOOH cis-Maleic Maleoyl —OCCH=CHCO— 

trans-Fumaric Fumaroyl O 

ZA COOH I 

—< | Benzoic Benzoyl en 

O 

COOH ie 

C1 Phthalic Phthaloyl Cr 

COOH Qe 
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eens Ceo meme reer reer ere reese reese res eee eH ee ese HH HHT HSH EEE eee eeseeEeeeHeeeseFeEE EEE EE EEE PROBLEM 

20.1 Provide IUPAC names for these compounds: 

(a) (CH3)gCHCH,COOH (b) CHs;CHBrCH,CH,COOH 

COOH 

(c) CH;CH=CHCH=CHCOOH (d) CH;CH,CHCH,CH,CH3 

(e) COOH (f) CH3 

COOH 

PROBLEM... esse sees eesee ss seceeeeesessererseeseseeeueece 6 0/70, 16.,0 @) @.8)"416) 0:18) (6)16) ¢:16, 01000) a) Wc 0x6) 8) eto) allel utile, eel aire ¥ialens)inie 

20.2 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 

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°. Figure 20.1 shows the struc- 
ture of acetic acid, and its physical parameters are given in Table 20.2. 

Table 20.2 Physical parameters of 

acetic acid 

Bond angle (degrees) Bond length (A) 

C-C-O 119 C—C 1.52 

C-C-OH 119 C=O 125 

O-C-OH 122 C—OH 1.31 

Figure 20.1 Structure of acetic acid 

Like alcohols, carboxylic acids are strongly associated because of hydro- 
gen bonding between molecules. Studies have shown that most carboxylic 

“acids exist as dimers held together by two hydrogen bonds: 
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OmHEO 
1 hs 

R—C C—R 
\ 4 
O—H:.:-0 

A carboxylic acid dimer 
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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 observed properties of some common acids. 

Table 20.3 Physical constants of some carboxylic acids 

Melting point Boiling point 
Structure Name (°C) 

HCOOH Formic 8.4 

CH;COOH Acetic 16.6 

CH3;CH,COOH Propanoic ee 

CH;CH,CH,COOH Butanoic = 

FCH,COOH Fluoroacetic 35.2 

BrCH,COOH Bromoacetic 50 

HOCH,COOH Glycolic 80 

H,C—CHCOOH Propenoic 13 

Cg,H;COOH Benzoic 122.4 

HOOCCOOH Oxalic 189.5 

HOOCCH,COOH Malonic 135 

HOOCCH,CH,COOH Succinic 188 

(Z)-HOOCCH=CHCOOH Maleic 139 

(°C) 
100.5 

118 

141 

163 

165 

208 

Decomposes 

141 

249 

Decomposes 

Decomposes 

Decomposes 

Decomposes 

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 nature. 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. 

O 
| 

R—C—O—H + NaOH — R—C—O-Na* + H,0 
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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 -. 

RCOOH + H,O: == RCOO- + H,0* 

As with all acids, we can define an acidity constant, K,: 

- + 

K, = econ 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~°, 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 0.1M 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 never- 
theless much stronger acids than alcohols. For example, the K, for ethanol 
is approximately 10°1°, making ethanol a weaker acid than acetic acid by 
a factor of 1011. 

1 
pkie= ae pK, = 4.72 pK) =1.16 

<n 
Why do carboxylic acids dissociate to a greater extent than alcohols? 

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,—O—H + H,O <= CH,CH,—O:- + 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: >O: : O si 
1 VA / 

J oeae + HO = te — aaa + H,0+ 

6-H O:- : 
Carboxylic acid Resonance-stabilized carboxylate ion 

(two equivalent resonance forms) 
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Since a carboxylate ion is more stable than an alkoxide ion, it is lower 
in energy and is present in greater amount at equilibrium. The situation 
is shown in Figure 20.2 using reaction energy diagrams. Dissociation of a 
carboxylic acid has a smaller AG° than dissociation of an alcohol, leading 
to a larger equilibrium constant, K,. 

Ne 
/ J 

Resonance 

stabilization 

fT RCOO- + H,0* 
AC? 

_ RCOOH + H,0 

Reaction progress ———> 

Figure 20.2 A reaction energy diagram for the dissociation of an alcohol (dashed 
curve) and a carboxylic acid (solid 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.) 

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 
20.3). 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-center pi electron system. 

Figure 20.3 An orbital picture of acetate ion, showing the equivalence of the two 

oxygen atoms 
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20.3 

PROBLEM 

20.4 

PROBLEM 

20.5 
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Physical evidence for the equivalence of the two carboxylate oxygens 

has been provided by X-ray studies on sodium formate. Both carbon—oxygen 

bonds are 1.27 A in length, midway between the C=O double bond (1.20 
A) and C—O single bond (1.34 A) of formic acid. 

1.27A 

O F yO ye 1.20A 
et ~ Nat HC. ean 

O O—H 

Sodium formate Formic acid 

Pee eee eee ese eee HED EEE EEE HHH EH EH HEHEHE EHH HEHE E EEE EEE H EHH E HEHEHE HHH HET EH HHE HH HEHEHE HEHEHE HOES 

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. 

Coe eee eee eesr eres reser e tees eeeeeEEe EE EE COTE EEE EEE EEE EEE HEHEHE HEE HEHE EEE EHH HEE SEES HEH HEHEHE OOO 

Assume that you had a mixture of naphthalene and benzoic acid that you wished 
to separate. How might you take advantage of the acidity of one component in the 
mixture to effect a separation? 

eee eee oes ses eeeeeesresreseseeesreseeeeeeseeeeee eH HeHEHEHE HH ZESE FET HH HEHEHE HEHE OEE EHH EEE THEE 

The K, for dichloroacetic acid is 5.5 x 10-2. Approximately what percentage of the 
acid is dissociated in a 0.1M aqueous solution? 

20.4 Substituent Effects on Acidity 

The pK, values listed in Table 20.4 indicate a considerable difference 
in acidities 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 107°). How can we account for such differences? 

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 should drive the equilibrium toward increased dis- 
sociation and result in increased acidity. Conversely, any factor that 
destabilizes carboxylate relative to undissociated acid should result in 
decreased acidity. For example, an electron-withdrawing group attached to 
the carboxy] should inductively withdraw electron density, thus stabilizing 
the carboxylate anion and increasing acidity. An electron-donating group, 
however, should have exactly the opposite effect by destabilizing the car- 
boxylate and decreasing acidity. 

1 
€WO 4a c—o- 

Electron-withdrawing group Electron-donating group 
stabilizes carboxylate destabilizes carboxylate 
and strengthens acid and weakens acid 
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Table 20.4 Acidity of some carboxylic acids 
SS SBS SS SSS ES ESSE 

Structure K, pK, 

HCl (hydrochloric acid)* (10’) Ca) 

F;CCOOH 0.59 0.23 

ClsCCOOH 0.23 0.64 Strong 

Cl,CHCOOH 5.5 x 1072 1.26 acid 

FCH,COOH 2.6 x 1073 2.59 

CICH,COOH 1.4 x 1073 2.85 

BrCH,COOH 1.3 x 1073 2.89 

ICH,COOH 7.5 x 1074 3.12 

HCOOH 1.77 x 107+ 3.75 

HOCH,COOH 1.5 x 10-4 3.83 

CICH,CH,COOH 1.04 x 1074 3.98 

C.H;COOH 6.46 x 1075 4.19 

H,C—=CHCOOH 5.6 x 1075 4.25 

C.H;CH,COOH 4.9 x 1075 4.31 Weak 

CH,COOH 1.8 x 10-5 47a ee 
CH,;CH,COOH 1.34 x 1075 4.87 

CH;CH,OH (ethanol)? (10716) (16) 

Values for hydrochloric acid and ethanol are shown for reference. 

The pK, data of Table 20.4 show exactly the predicted effect. Highly 
electronegative substituents such as the halogens tend to make the carbox- 
ylate anion more stable by inductively withdrawing electrons. Thus, fluo- 
roacetic, 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-fold stronger than acetic acid, 
and introduction of three substituents makes trichloroacetic acid more than 

12,000 times stronger (Figure 20.4). 

Cl Cl 
IN NN 

CH;—COO- Cl<CH,<—COO7 Pa Gd VN Cee OC 

Cl Cl 

pK, = 4.72 pK, = 2.85 pK, = 1.26 pK, = 0.64 

Weak acid sg CENT Strong acid 

Figure 20.4 Relative strengths of chlorosubstituted acetic acids 
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PROBLEM 

20.7 

PROBLEM 

20.8 
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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. 

Table 20.5 Acidity of chlorosubstituted 

butanoic acids 

] 

CH3;CH,CHCOOH 1.39 x 10-3 2.86 

] 

CH;CHCH,COOH 8.9 x 10° 4.05 

c]|CH,CH,CH,COOH 3 GOL Any 

CH3;CH,CH,COOH 15 407° 4.82 

ONS CSCS 00S ewe ere (4! ia 'e\ eS) \v) lle O'S) 6) 6)'e' 4) 616 ele) 8 0a) 0) ee 906 BG 6 6.00 ele e € 0616 6 6p 6 olf 6 «6 a Ba be 618 © BTS uo 6 ele) ei! sielelel'el sire 

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) CH3;CH,OH, CH3;CH,NH2, CH;CH,COOH 

COMME CET H OHHH TESORO LE HEHEHE HHH TEES HH EERE TEC CHHE EHC RH HOMME HOLE ROLE O RE OS ORO RRO OO Reb Oe 

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—COOKH, the first ionization constant has a pK, of 1.2, and the second ion- 
ization constant has a pK» of 4.2? Why is the second carboxyl group so much less 
acidic than the first? 

SE SASH CES 2 Le: 68a) 01h 8! P98 5:18 "6-6 919 10 Wee. 6 8a (6G 68 8\-si.8) ea ler a a. 'gt Se eife ie a teliein tes eh @6 4) hunlin) aie w fal W tae oleh ete tees! kale) ape a@reualecnis 

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, pKe 
Oxalic HOOC—COOH 12 4.2 
Succinic HOOC—CH,CH,—COOH AN) 5.6 

Adipic HOOC—(CH,2)4,—COOH 4.4 5.4 a 

20.5 Substituent Effects in Substituted Benzoic Acids Ee gh A Te ee Se us eee enna ea Sin deh 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 
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toward further electrophilic substitution, and aromatic rings with electron- 
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 

¥ < \- COOH 

zs ie pK, 

— OH 2.8 x 1075 4.55 

Weak —OCHs 3.5 x 107-5 4.46 Activating 

acid 
groups 

— CHg3 4.3 x 1075 4.34 

= EL 6.46 x 1075 4.19 

—>Er. Talo el Om 3.96 

—=Cl Pie i0c. 3.96 

Strong —CHO Too 10a" 3.75 | Deactivating 

acid 
groups 

CN 2.8 x 10-4 3.55 

—NO, s982 10-* 3.41 

As Table 20.6 shows, electron-withdrawing (deactivating) groups 
increase acidity by stabilizing the carboxylate anion, and electron-donating 
(activating) groups decrease acidity by destabilizing the carboxylate anion. 
Thus, an activating group such as p-methoxy decreases the acidity of benzoic 
acid, but a deactivating group such as p-nitro increases the acidity. 

a COOH COOH 

OCHs NO, 

p-Methoxybenzoic acid Benzoic acid p-Nitrobenzoic acid 

(pK, = 4.46) (pK, = 4.19) (pK, = 3.41) 

Since it’s much easier to measure the acidity of a substituted benzoic 

acid than it is to determine the relative electrophilic reactivity of a substi- 

tuted benzene, the correlation between the two effects can be valuable in 

predicting reactivity. If we want to know the effect of a certain substituent 

on electrophilic reactivity, we can simply find the acidity of the correspond- 

ing benzoic acid. 

COOH 

Finding K, of x 
this acid lets us predict the reactivity 

of this substituted 

ek benzene toward eee 7 

Y electrophilic attack 
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PRACTICE PROBLEM. ..ccccccccsccesesevesesveces eeevcccee ec cccccccece eee cceeesceccoese eeccccees 

PROBLEM 

20.9 

PROBLEM 

20.10 

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. 

POOR e errr reser ese sere ee eee eee EH EEE OEE HE REE ES EHH HEHEHE HEHE EHR E ETO EH HEHEHE EEE HEHE EEO 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. 

COCO He eee He ee Hee eee eee HEHE TEE EEE EEE EEE HET EEE HERE HE EEE HEHEHE EEE HH HEHEHE HEE HERE EE EEE EE EOS 

Rank the compounds in the following groups in order of increasing acidity. Do not 
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 

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. 

CH3 COOH 

KMnO, 
H,0, 95°C 

NO, NO, 

p-Nitrotoluene p-Nitrobenzoic acid 

(88%) 

2. Oxidative cleavage of alkenes gives carboxylic acids if the alkene 
has at least one vinylic hydrogen (Section 7.8). The reaction can be 
carried out with sodium dichromate, potassium permanganate, or 
ozone. 

CH3(CH2)7;COOH 
, Nonanoic acid 

CH,(CH2),CH=CH(CH,),COOoH_ —“._, i 
H,0, K,CO, 

Oleic acid oocan onan 

Nonanedioic acid 



20.6 PREPARATION OF CARBOXYLIC ACIDS 725 

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, H2O, H2SO,), and aldehydes are oxidized 
either with Jones’ reagent or with basic silver oxide (Tollens’ 
reagent). Both oxidations take place rapidly and in high yield. 

CH;(CH,)sCH.OH oo CH,(CH,),COOH 
gent 

1-Decanol Decanoic acid (93%) 

CH;(CH,),CHO eat CH,(CH,),COOH 

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 most often prepared by 
Syn2 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 alky] halides. 

Na* CN H3;0* 
RCH,C=N ——-+ RCH,COOH + NH3 RCH,Br 

N: 

The method works best with primary halides, since competitive E2 
elimination reactions can occur when secondary and tertiary alkyl halides 

are used. Nevertheless, some unhindered secondary halides react well. A 
good example of the reaction occurs in the commercial synthesis of the 
antiarthritic drug fenoprofen. Note that this method yields a carboxylic acid 
product having one more carbon than the starting alkyl! halide. 

1, NaN 
2. —OH/H,0 

O CHCH, 7 340 O CHCOOH 
| | 
Br CH3 

Fenoprofen 
(an antiarthritic agent) 

CARBOXYLATION OF GRIGNARD REAGENTS 

Yet a further method for preparing carboxylic acids is the carboxylation of 

Grignard reagents. Both 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 pour- 

ing the Grignard reagent over dry ice (solid COz), 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). 
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PROBLEM 

20.11 
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Br MgBr COOH 

H3C CH3 H3C CH; H3C CH; 

Mg 1. COz, ether pee 1. COz, ether _ 
Ether 2. H30* 

CH; CH; CH3 

1-Bromo-2,4,6-trimethyl- 2,4,6-Trimethylbenzoic acid 

benzene (87%) 

CH,CH,CH,CH,Cl —, CH,CH,CH,CH,MgCl — CH,CH,CH,CH,COOH 
3 

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: 

“Or oe 

4 sk pe abl Vow H,0' 
XMg R:~ + i — Bee Cie MgX ——~ RCOOH 

0, ce 

Recall 

eae TEES are H,0° 
XMg R:~ + Oe — 57 > 1M, 

OW 110: '0)01}0) 01/8), 0) 0), @)10:18:)6 .0:<05,¢).0)\6)'@) (8 )(0 Bhai )(0 0/8) (0) (8: 0.10.0, 6) 4) 6/8 6018, Bi0)/a: 8110), 9):61 10.16 -16/,6) 6) (6: 'Ge: am ‘adelie) Bife/6ls celal ele: A/-b ahesalaldieleraileietaieiecataitere 

We have seen two methods of 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? 

SE S818 CBSO C 0 1) 081410 :.8):8,.0)18 -6,16.:8)\9i(0\"e) (eA /el'e 1 028:6reqel eco: i8./6\0leH0) w 6) 6)0//},8'. 88) .0)16) sbehereL wai le/miailaiiv ivi euler eapareidinyalecae temetemedete 

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) (CH3)3CCOOH from (CH3)3CCl 
(c) CH;CH,CH,COOH from CH;CH,CH.Br 

20.7 Reactions of Carboxylic Acids a a 

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 can undergo nucleophilic attack on their carbonyl group. 
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In addition, carboxylic acids undergo other reactions not characteristic of 
alcohols or ketones. Figure 20.5 shows some of the general types of reactions 
of carboxylic acids. 

H O 
ern 

C=C 
/ i‘ 0- 

Deprotonation 

A H 
. Base \ 

CO, + _-C—xX _-C—CH,OH 
4 4 

Decarboxylation Reduction 
(X = halogen) 

R O H 
\ 1 \ / 
-C—C eC 

\ 4 N 
OH Y 

Alpha substitution Nucleophilic acyl substitution 
(Y = Cl, OR, NHp, or O2CR) 

Figure 20.5 Some general reactions of carboxylic acids 

Reactions of carboxylic acids can be grouped into the five categories 
indicated in Figure 20.5. Of the five, we’ve already discussed the acidic 
behavior of carboxylic acids (Sections 20.3—20.5), and we’ll discuss the decar- 
boxylation reaction and reduction reaction later in this chapter. The remain- 
ing two general reactions of carboxylic acids—nucleophilic acy] substitution 
and alpha substitution—are two of the four fundamental carbonyl-group 
reaction mechanisms and will be discussed in detail in Chapters 21 and 22. 

20.8 Reduction of Carboxylic Acids 

Carboxylic acids are reduced by powerful hydride reagents like lithium 

aluminum hydride (but not NaBH,) to yield primary alcohols (Section 17.6). 

The reaction is difficult, however, and often requires heating in tetrahy- 

drofuran solvent to go to completion. 

CH,(CH»);CH=CH(CH,),COOH ———*"""", CH,(CH,);CH=CH(CH,);CH.0H 

Oleic acid cis-9-Octadecen-1-ol (87%) 



728 CHAPTER 20 CARBOXYLIC ACIDS 

Borane, BHsg, is also used for converting carboxylic acids into primary 
alcohols. Reaction of an acid with borane occurs rapidly at room temperature, 
and this procedure is often preferred to reduction with LiAlH, because of 
its relative ease and safety. 

CH,COOH CH,CH,0H 

i. BHs, THE 

2. H,0 

NO. NO, 

p-Nitrophenylacetic acid 2-(p-Nitrophenyl)ethanol 

(94%) 

20.9 Decarboxylation of Carboxylic 
Acids: The Hunsdiecker Reaction 

Carboxylic acids lose carbon dioxide under certain conditions to give a prod- 
uct having one less carbon atom than the starting acid. The Hunsdiecker! 2 
reaction, which involves heating a heavy-metal salt of a carboxylic acid 
with bromine or iodine, is one example of such a decarboxylation process. 
Carbon dioxide is lost, and an alkyl halide having one less carbon atom 
than the starting acid is formed. The metal ion may be either silver, mer- 
curic, or lead(IV)—all work equally well. 

CH,(CH2);;CH,COOH —2°"", CH,(CH,),;CH,Br + CO, 

Octadecanoic acid 1-Bromoheptadecane 
(93%) 

COOH I 

Pb(IV), Ib 
ee + CO, 

Cyclobutanecarboxylic Iodocyclobutane 
acid (100%) 

The Hunsdiecker reaction is thought to occur by the radical chain path- 
way shown in Figure 20.6. The initially formed acyl hypobromite undergoes 
homolytic cleavage of the weak O—Br bond to yield a carboxyl radical, 
which loses carbon dioxide to form an alkyl radical. The alkyl radical then 
propagates the chain by abstracting a bromine from acyl hypobromite. 

‘Heinz Hunsdiecker (1904— ); b. Cologne; Ph.D. Cologne (Wintgen); private laboratory, 
Cologne, Germany. 

2Clare Hunsdiecker (1903—_); b. Kiel; Ph.D. Cologne (Wintgen); private laboratory, Cologne, 
Germany. 
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O 

R—COz,Ag + Brg —~> R—C—O—Br + AgBr 

An acyl hypobromite 

O O 
| 

Initiation step: R—C—O-$Br pe R= C=O + Bre 

Carboxy] radical 

1 
Propagation steps: ie Rs-C—O: — > R- + CO, 

1 SEALE 

1 1 
2. R- + R—C—O—Br ——> R—Br +| R—C—O: 

Figure 20.6 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 cm“!. The exact position of carbonyl] absorption depends 
both on the structure of the molecule and on whether the acid is free (mono- 
meric) or associated (dimeric). Free carboxyl groups absorb at 1760 cm“, 
but the more commonly encountered associated carboxyl groups absorb at 

1710 cm“!. 

Free carboxyl R— co? 

(uncommon), 1760 cm + \ 
OH 

Associated carboxyl c7 > CR 
(usual case), 1710 cm™? Ne yo 

Ono 

The infrared spectrum of butanoic acid shown in Figure 20.7 has both 

the broad O—H absorption and the C=O absorption at 1710 cm™? (asso- 

ciated) identified. 
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Wave number (em +) 

5000 3000 2000 1500 1300 1100 1000 900 800 700 
100 ez 

a> oO oO Oo 

oe o 

Transmittance (%) 
O—H eivetch 

2 3 d 5 6 ft 8 9 10 di 12 13 14 15 

Wavelength (um) 

bo Oo 

0-0 stretch . _  CH3CH,CH,COOH 

Figure 20.7 Infrared spectrum of butanoic acid, CH;CH,CH,COOH 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Carboxylic acid groups can be detected by both 1H and 12°C NMR spectro- 
scopy. Carboxyl carbon atoms absorb in the range 165-185 6in the ®C NMR 
spectrum, with aromatic and a,8-unsaturated acids near the upfield end of 
the range (~165 5) and saturated aliphatic acids near the downfield end 
(~185 65). 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 upon addition of D,O to the 
sample tube, causing the —COOH absorption to disappear from the NMR 
spectrum. 

Figure 20.8 indicates the positions of the 8C NMR absorptions for 
several carboxylic acids, and Figure 20.9 shows the 'H 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 1730 174 6 180 6 

COOH 

» Figure 20.8 Carbon-13 NMR absorptions of some carboxylic acids 
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Intensity ———— 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

Figure 20.9 Proton NMR spectrum of phenylacetic acid 

20.11 Summary and Key Words 

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. 

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: oO: 
Y Be 

R—C <— R—C 
We = \ 

O: O: 

Most alkanoic acids have pK, values near 5, but the exact acidity con- 

stant of a given acid is subject to considerable variation depending on struc- 

ture. Carboxylic acids substituted 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 

alkylbenzenes with sodium dichromate or potassium permanganate; (2) 
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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, R—Br > R—COOH. 

General reactions of carboxylic acids include: (1) loss of the acidic proton; 
(2) nucleophilic acyl substitution at the carbonyl group; (3) loss of CO2 via 
a decarboxylation reaction; (4) substitution on the alpha carbon; and (5) 

reduction. 
Carboxylic acids are easily distinguished spectroscopically. They exhibit 

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 18C NMR absorp- 
tions at 165-185 6 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) 

# O 

CS Artie 
aw | HO, A 

R ; 

b. Oxidative cleavage of alkenes (Section 7.8) 

! 
R—C—OH + R’—C—OH KMn0O,4 | 

ee RCH=CHR’ 

c. Oxidation of primary alcohols (Section 17.9) 

OH O 

(CrO3, H30*) 

| Jones’ reagent | 
R— i —H ———. R—C—OH 

H 

d. Oxidation of aldehydes (Section 19.5) 

O 

| | R—C— H Jones’ reagent R=o= OH 

or Agt, NH,OH 

e. Hydrolysis of nitriles (Section 20.6) 

4 | 
R—C=N ——“°__. R-C—OH + NH, 

or NaOH, H2O 
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f Carboxylation of Grignard reagents (Section 20.6) 

O 
| 

R—MgX + O=C=0 1”. R—C—OH 
2, H30+ 

2. Reactions of carboxylic acids 

a. Deprotonation (Section 20.3) 

O 

| Base | 
R—C—O—H ——> R—C—O- 

b. Reduction to primary alcohols (Section 20.8) 

| a 
RnR C—OH 1. LiAIH, or BH3 R==C-— H 

2. H30* | 

H 

c. Decarboxylation: Hunsdiecker reaction (Section 20.9) 

O 
| 

RC —-OH =. AR = Br CO, 
Bra, CCl4 

ADDITIONAL PROBLEMS 
COCO OSEESSEEHESOEHEHHOHEHHO HHH HEHE HHSHHHHHHHEHHHOTHEHHOHEHHHHHHOHHHH OHHH EHHSETHHEHHEHTEEHOHHHTOHE OEE OOEOEE 

20.13 Provide IUPAC names for these compounds: 

COOH COOH 

COOH 
CH,CH,.CH3 

(c) ee (d) 

CH,COOH 

NO, 

(e) Co a (f) BrCH,CHBrCH,CH,COOH 

20.14 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 

20.15 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? 
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Draw and name the eight carboxylic acid isomers having the formula CgH;20b2. 

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 pKz = 5.4 
but terephthalic acid (1,4-benzenedicarboxylic acid) has pKy = 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 re- 
quired 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, K, = 5.6 x 1076 

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 H;0* (b) N-Bromosuccinimide in CCl, 
(c) HgO, I, in CCl, (d) CH3;MgBr in ether, then H;O+ 
(e) KMnO,, H;0* (f) LiAIH,, then H;0* 
Using ‘CO, as your only source of labeled carbon, how would you synthesize these 
compounds? 
(a) CH3CH2!°COOH (b) CH3!3CH,COOH 
Propose a structure for an organic compound, CgH,0>:, that dissolves in dilute 
sodium hydroxide and that shows the following 'H 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 

e 
CH: aa) oe 

sical H;C COOH 

? 
(b) 
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What spectroscopic method might you use to distinguish among the following three 
isomeric acids? Tell exactly what characteristic features you would expect for each 
acid. 

CH3(CH,);COOH (CH3),CHCH,COOH (CH3)3CCOOH 

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 Oe — 
OH OH 

CHs 

(b) CH;CH,CHBrCH; —> entttetcoon 

O O 

(c) neater cry aa, cere coor 

(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? 

As written, the following synthetic schemes all have at least one flaw in them. What 
is wrong with each? 

CH, COOH 
(a) 1. BH3 

2) HO" 

COOH 

(b) CH,CH,CHBrCH,CH; ox CH;,CH,CHCH,CH; 
. Na 

3. H30* 

CH,COOH CH2CH3 
) 1, LiAlH, 

2. H30* 

(d) (CH3).C(OH)CH,CH,Cl —- (CH;).C(OH)CH,CH,COOH 

p-Aminobenzoic acid (PABA) is widely used as a sunscreen agent. Propose a synthesis 

of PABA starting from toluene. 

Lithocholic acid is a steroid found in human bile: 

Lithocholic acid 
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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) BHs, then H30* (d) Dihydropyran, acid catalyst 

(e) CH3MgBr, then H;0* (f) LiAlH,, then H30* 

Propose a synthesis of the anti-inflammatory drug, Fenclorac from phenyl- 
cyclohexane. 

Cl 

i oon 

Cl 

Fenclorac 

How would you use NMR (either !8C or 1H) to distinguish between the following 
isomeric pairs? 

(a) COOH COOH 

ey and 

COOH 

COOH 

(b) HOOCCH,CH,COOH and CH3;CH(COOH), 
(c) CH;CH,CH,COOH and HOCH,CH,CH,CHO 

(@) (CHs),C—=CHCH,COOH and [coon 

The pK,’s of five para-substituted benzoic acids (Y —CgH,—COOH) are given in 
the table. Rank the corresponding substituted benzenes (Y—C,Hs) 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 pK, of r{_\-coon 

—Si(CHs3)3 4,27 

—CH+=CHC=N 4.03 

—OSO.CH; 3.84 

—PCl, 3.59 

Compound A, C,H,03, 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. 
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Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

20.39 The two 1H NMR spectra shown belong to crotonic acid (trans-CH,;CH—CHCOOH) 
and to methacrylic acid [Hy,C—C(CH3)COOH]. Which spectrum corresponds to 
which acid? Explain your answer. 

i 
2 
oa 

A 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

& 

3 
z 

6 4 2 0 ppm 

Chemical shift (5) 



CHAPTER 21 

Carboxylic Acid Derivatives 
and Nucleophilic Acyl 
Substitution Reactions 

Cites acids are just one member of a class of acyl derivatives, RCOY, 
where the —Y substituent may be oxygen, halogen, nitrogen, or sulfur. 
Numerous acy] derivatives are possible, but we will be concerned only with 
four of the more common ones, in addition to carboxylic acids themselves: 
acid halides, acid anhydrides, esters, and amides. All these derivatives con- 

tain an acyl group, RCO—, bonded to an electronegative atom that can act 
as a leaving group in substitution reactions. Also in this chapter, we’ll 
discuss nitriles, a class of compounds closely related to carboxylic acids. 

O O O 

ER—C—_OH spt ae Reve een 

Carboxylic acid Acid halide Acid anhydride 
(X = F, Cl, Br, or 1D) 

O 

C—O! Ae —NH, R—C=N 

Ester Amide Nitrile 

The chemistry of these acyl derivatives is similar and is dominated by 
a single general reaction type—the nucleophilic acyl substitution reac- 
tion that we saw briefly in the overview of carbonyl chemistry: 

I 
R—C—Y + :Nu- —— R—C=Na = 3v- 

738 
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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, 

i O 
| 

1 C= Br C= Ci 
CH3;CCl oak 

Acetyl chloride Benzoyl bromide Cyclohexanecarbony] 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. 

oe 10 Ons ais0 eve 
tee 

CH3;C—O—CCH3 CH3(CH2);C —O— C(CH2)5;CH3 apes 
4 

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. 

1 ! 
ClICH,C—O—CCH,Cl 

Bis(chloroacetic) anhydride 

AMIDES: RCONH2 

Amides with an unsubstituted —NH, group are named by replacing the 

-oic acid or -ic acid ending with -amide, or by replacing the -carboxylic acid 

ending with -carboxamide. 

eer CH3CNH2 CH3(CH2)4C NH2 

Acetamide Hexanamide Cyclopentanecarboxamide 

(from acetic acid) (from hexanoic acid) (from cyclopentanecarboxylic acid) 
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If the nitrogen atom is further substituted, the compound is named by 

first identifying the substituent groups and then citing the base name. The 

substituents are preceded by the letter N to identify them as being directly 

attached to nitrogen. 

1 
O C—N(CH2CHs3)2 

| 
CH3;CH2zCNHCH3 

N-Methylpropanamide N,N-Diethylcyclobutanecarboxamide 

ESTERS: RCO,R’ 

Systematic names for esters are derived by first citing 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 " 
| Ae —OCHs C—OC(CHs3)3 

CH3;COCH.2CH; HeC. 

Ethyl acetate jiootoeaes 
(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 alkane nitriles are named by adding -nitrile as a suffix to the 
alkane name, with the nitrile carbon itself numbered as C1. 

te 
CH3;CHCH2CH2CN 
5 4 3 2 1 

4-Methylpentanenitrile 

More complex nitriles are usually considered as derived from carboxylic 
acids, and are named either 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 

oN ies 1_-CN 
CH;C=N Cr (once 

4 
2 ; CH3 

Acetonitrile Benzonitrile 2,2-Dimethylcyclohexanecarbonitrile 
(from acetic acid) (from benzoic acid) (from 2,2-dimethylcyclohexanecarboxylic acid) 
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A summary of nomenclature rules for carboxylic acid derivatives is 
given in Table 21.1. 

Table 21.1 Nomenclature of carboxylic acid derivatives 
OSS ee eee ee 
Functional group Structure Name ending 

1 
Carboxylic acid R—C—OH -ic acid 

(-carboxylic acid) 

1 
Acid halide R—C—X -yl halide 

(-carbonyl halide) 

I work 
Acid anhydride R—C—O—C—R anhydride 

1 
Amide R—C—NH, -amide 

(-carboxamide) 

Ester R— C—OR’ -ate 
(-carboxylate) 

Nitrile R—C=N -onitrile 
(-carbonitrile) 

eee eee sere reese ees wee eee eee ee eee eee ree ee eeeeeseeeesesesesesesereserEereHeseeenEEee EEE EEE HE HEHEHE HOE EE EE 

Provide IUPAC names for these structures: 

CH,CONH2 

(a) (CH3)2,CHCH,CH2,COC1 (b) fio 

O 
! 
C350 

(c) CH;CH,CH(CH;)CN (d) cals 

on H a invari . 0,CCH(CH3). 

CN 
| 

CHs COCcI 1 1 

(i) eae (j) CF3;COCCF3 

CH; CHs 
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21.2 The names shown for the following compounds are incorrect. Provide the correct 

names. 

ero? 1 
(a) CH3;CH2,CH=CHCN (b) CH;CHz,CH,CONHCH; 

1-Pentenenitrile Methylbutanamide 

ay CH; 

(c) (CH3),CHCH,CHCOCI (d) (: CO,CH; 

2,4-Methylpentanoyl chloride 
Methyl-2-methylcyclohexane carboxylate 

21.2 Nucleophilic Acyl Substitution Reactions 

The addition of a nucleophile to the polar C=O bond is a general feature 
of 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 can either be protonated to 
yield an alcohol, or it can eliminate the carbonyl oxygen, leading to a new 
C=Nu bond. When nucleophiles add to carboxylic acid derivatives, how- 
ever, a different reaction course is followed: The initially formed tetrahedral 
intermediate expels one of the two substituents originally bonded to the 
carbonyl carbon, leading to a net nucleophilic acyl substitution (Figure 21.1). 

What is the reason for the different behavior of ketones/aldehydes and 
carboxylic acid derivatives? The difference is simply a consequence of struc- 
ture. Carboxylic acid derivatives have an acyl function bonded to a potential 
leaving group, Y, which can leave as a stabilized anion. As soon as the 
tetrahedral intermediate is formed, the negative charge on oxygen can read- 
ily expel this leaving group to generate a new carbonyl compound. Ketones 
and aldehydes have no such leaving group, however, and therefore do not 
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). The mechanisms of the two reactions 
are completely different, however. Sy2 reactions occur in a single step by 
back-side displacement of the leaving group, whereas nucleophilic acyl sub- 
stitutions take place in two steps and involve a tetrahedral intermediate. 

21.3 Relative Reactivity of Carboxylic Acid Derivatives 

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 is rate-limiting. Thus, any factor that makes the carbonyl group more 
easily attacked by nucleophiles favors the reaction. 
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p p 
C C 
YN iN 

R R’ RO ¥ 

| (or :Nu—H) [| (or :Nu—H) 

sis ‘ce 

: 
RY Nu RY Nu 
R’ gs) 

:>OH Nu :0: 

eeer ao yO RY ~Nu aN ia 2 
R’ R R’ R Nu 

(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 nucleo- 
philic acyl substitution reactions. 

& 
Coen INa (or :Nu—H) 

Ties 
R ve 

Addition of a nucleophile to the 
carbonyl group occurs, yielding a 
tetrahedral intermediate. 

hoje 
eo Nu 

An electron pair from oxygen 
displaces the leaving Y group, | 
generating a new carbonyl compound 
as product. oe 

1 
C se Ge 

RO An 
Y is a leaving group: 

—OR, —NRp:, —Cl 

Figure 21.2 General mechanism of nucleophilic acyl substitution 
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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, CH3;COCI, is 
much more reactive than 2,2-dimethylpropanoyl chloride (CH3)3CCOCI. 

Thus, we find a reactivity order: 

O O O O 
Less ! | | ! 

reactive heaC—) = R,CHC— RCH,C— < CH3;C— 

Electronically, we find that more 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 

reactive 

O O O O O 
Less | ! | ! | More 

reactive / R—C—NH, < R—C—OR’ < R—C—O—C—R’ < R—C—Cl\ reactive 

Amide Ester Anhydride Acid chloride 

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 differences is that 
it is usually possible to transform a more reactive acid derivative into a less 
reactive one. As we'll see in the next few sections, acid chlorides can be 
converted into anhydrides, esters, and amides, but amides can’t 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. 

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 do not occur naturally because they are too 
reactive. They rapidly undergo nucleophilic attack by water and are too 
reactive to exist in living organisms. Esters and amides, however, have 
exactly the 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 will find that there 
are striking similarities among the various types of compounds. We will be 
concerned largely with the reactions of just a few nucleophiles, and will see 

“that the same kinds of reactions keep occurring (Figure 21.4). 
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a 

More O 
reactive | 

R—C—(C 

Acid chloride 

O 

R—C—O—C—R’ 

Anhydride 

O 
| 

R= COR} 

Ester J i 

1 
ects R—C—NH, 

reactive Amide 

Figure 21.3 Interconversions of carboxylic acid derivatives 

R—C—OH Hydrolysis 

1 
R—C—NH, Aminolysis 

O 

! Further 
R—C—H Pee Reduction 

O 

Le _Further . Organometallic 

reaction reaction 

Figure 21.4 General reactions of carboxylic acid derivatives 
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21.3. Rank the compounds in the following sets with regard to expected reactivity toward 

nucleophilic acyl substitution: 

O 
| ! | 

(a) CH;CCl, CH;COCHs, CH3CNH, 
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| 
(b) CH;COCH;, CH ;COCH,CCls;, CH;COCH(CFs)2 

PRO BLE DM a ice. 5viosaise s0hctyio/ 0) 6) aia: 0 feud copal o'varienbre jou faye le' 0: 01 0) wl wide) eiraledmsnln wie oop oKeheceue; "a ceive ie) 6) qh ellen sliai'ore okagege ele wep 4a/e aie asilehe Abele o i 

21.4 Howcan you account for the fact that methy] trifluoroacetate, CF;COOCHs, is more 

reactive than methyl acetate, CH;COOCH3, in nucleophilic acyl substitution 

reactions? 

21.4 Nucleophilic Acyl Substitution 
Reactions of Carboxylic Acids 

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 starting from carboxylic acids (Figure 21.5). 

0 

, ee Acid chloride 

O O 

gi Aap Thue Acid anhydride 

R—C—OH 

Carboxylic acid Sopa oa 0 

ae ee Ester 

O 

Tene Amide 

Figure 21.5 Nucleophilic acyl substitution reactions of carboxylic acids 

CONVERSION INTO ACID CHLORIDES 

Carboxylic acids are converted into carboxylic acid chlorides by treatment 
with thionyl chloride (SOCI,), phosphorus trichloride (PCs), or oxaly] chlo- 
ride (CICOCOC]). Thiony] chloride is both cheap and convenient to use but 
is strongly acidic; only acid-stable molecules can survive the reaction con- 
ditions. Oxalyl chloride, on the other hand, is much more expensive but 
gives higher yields and reacts under milder conditions. 
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oO 

7 Il 7 
CH3(CH,);CH=CH(CH,);,COH —OC, CH;(CH,),CH=CH(CH,),CCl + HCl 

Benzene 

Oleic acid Oley] chloride (97%) 

+ CO + CO, 

OW ~ OH Os Cl 
C SS C a 

H3C CH; H3C CH; 
SOC], 
ce + HCl + SO, 

CH; CH; 

2,4,6-Trimethylbenzoic acid 2,4,6-Trimethylbenzoyl 

chloride (90%) 

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. For example, 

O O 
|: | 

R—C—OH + SOCl, — R—C—O—S—Cl + HCl 

Carboxylic acid A chlorosulfite 

VP i a NI (\ T 
R—C—O— Sodjeaesi : IO SC) —— et — OO sO, + sl 

Chlorosulfite :Cl: Acid chloride 

Tetrahedral 

intermediate 

CONVERSION INTO ACID ANHYDRIDES 

Acid anhydrides are formally derived from two molecules of carboxylic acid 
by removing 1 equiv of water. Acyclic anhydrides are difficult to prepare 
directly from the corresponding acids, and only acetic anhydride is com- 

mercially available. 

| | 
CH;C—O—CCH3 

Acetic anhydride 

Cyclic anhydrides of ring size five or six are readily obtained by high- 

temperature dehydration of the diacids. 



748 CHAPTER 21 CARBOXYLIC ACID DERIVATIVES 

1 
COOH 

Hoe Hee « 
| mae | O + H,O 

H.C H.C. / 
COOH a 

O 

Succinic acid Succinic anhydride 

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, one of which we’ve already studied— 

the Sy2 reaction between a carboxylate anion nucleophile and a primary 

alkyl] halide (Section 11.5). 

O O 

pea aS Le Sy2 ee es 
CH,CH,CH,CO* Na* + CH;—I CH;CH,CH,CO—CH; + Nal 

reaction 

Sodium butanoate Methyl] butanoate, an ester 

(97%) 

Alternatively, esters can be synthesized by a nucleophilic acyl substi- 
tution reaction 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 the 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. 

vias ia 

CHCOOH CHCOOCH,CH3; 

CT + CH,CH,0H — > er + HO 

Mandelic acid Ethyl mandelate (86%) 

HOOC(CH,),COOH + 2 CH,CH,OH a CH;,CH,O0OC(CH,),COOCH,CH; 

Hexanedioic acid Diethyl hexanedioate (95%) 
(Adipic acid) + H,O 

The Fischer esterification reaction, whose mechanism is shown in 
Figure 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 H,SO,. The mineral 
acid acts by protonating the carbonyl-group oxygen atom, thereby giving 

1Emil Fischer (1852-1919); b. Euskirchen, Germany; Ph.D. Strasbourg (Baeyer); professor, 
universities of Erlangen, Wurzburg, and Berlin; Nobel prize (1902). 
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Protonation of the carbonyl oxygen 
activates the carbonyl group... 

... toward nucleophilic addition by 
alcohol, yielding a tetrahedral 
intermediate. 

Transfer of a proton from one oxygen 
to another yields a second tetrahedral 
intermediate and converts the 
hydroxyl into a good leaving group. 

Loss of water yields a protonated 

ester. 

Loss of a proton regenerates acid 
catalyst, and gives the free ester 
product. 

aoe 
R’—C—OR + H;0* 

Figure 21.6 Mechanism of Fischer esterification: The reaction is an acid-catalyzed 

nucleophilic acyl substitution process. 
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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 

direction by proper choice of reaction conditions. Ester formation is favored 

when a large excess of alcohol is used as solvent, but carboxylic acid for- 

mation is favored when a large excess of water is present. 

One of the best pieces of evidence in support of the mechanism shown 

in Figure 21.6 comes from isotopic labeling experiments. When 180-labeled 

methanol reacts with benzoic acid under Fischer esterification conditions, 

the methyl benzoate produced is found to be labeled with 180, but the water 

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. 

0 
| i 
C—OH C—OCH3 

HCl va 
+ CH,0O—H == | + HOH 

WN 

A final method of ester synthesis is ‘the reaction between a carboxylic 

acid and diazomethane, CH,Np, 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. 

1 
COOH C—O—CH3; Cr + CH.Ne _Ether Cr es 

Benzoic acid 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 
handled only in small amounts by skilled persons. 

eee eee eee sere sete eee eee Heseee eee EOE De EEE HEHE SESE TE EHE EEE EE HEHE EE EEE HEHEHE EEE EERE HEE EES 

Show how you would prepare these esters: 
(a) Butyl acetate (b) Methyl butanoate 

CeCe ee eee eee ree Heese eee eZee HEHE OEE EEE EHH HEHE EEE EEE EEE EEE EEE HEH HEHEHE EEE TEES EEE EEE EEE OS 

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.) 

?Hans von Pechmann (1850-1902); b. Nuremberg; Ph.D. Greiswald; professor, universities 
of Munich and Tiibingen. 
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21.7 The first step in the reaction of a carboxylic acid with diazomethane is a proton 
transfer to give the methyldiazonium cation (CH3N3) and carboxylate anion. What 
kind of mechanism accounts for the second step? 

1 1 1 seb ty 
R—C—O—H + :CH.N=N —> R—C—O- + CH;N=N —> R—C—O—CH, + Ny 

CONVERSION INTO AMIDES 

Amides are carboxylic acid derivatives in which the acid hydroxyl group 
has been replaced by a nitrogen substituent, —NH,, —NHR, or —NRp. 
Amides are difficult to prepare directly from carboxylic acids, and high 
reaction temperatures are required. The reason for this lack of reactivity is 
that amines are bases (Section 25.4), which 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. 

i i 
Re Ce Olas: NHa i — hk _-C_One Ni 

21.5 Chemistry of Acid Halides 

PREPARATION OF ACID HALIDES 

Acid chlorides are prepared from carboxylic acids by reaction with thionyl 
chloride (SOCl,), oxalyl chloride (CICOCOCI), or phosphorus trichloride 
(PCl3), as we saw in the previous section. Reaction of an acid with phos- 

phorus tribromide (PBrs3) yields the acid bromide. 

1 
Gs! pa SOC ee rR EO 
eee CICOCOCI, or PCls Z a 

| 
R—C—on te R—C—Br + HOPBr, 

REACTIONS OF ACID HALIDES 

Acid halides are among the most reactive of carboxylic acid derivatives and 

can therefore be converted into a variety of other compound types. For 

example, we have already seen the value of acid chlorides in preparing ary] 

alkyl ketones via the Friedel-Crafts reaction (Section 16.4). 

O 

| AICls 
Ar—H + R—C—Cl —— Ar—C—R + HCl 
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Most acid halide reactions occur by nucleophilic acyl substitution mech- 

anisms. 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 —NH, to yield an amide. 

In addition, the reduction of acid halides yields primary alcohols, and reac- 

tion 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. 

2 9 4c whic » loo sie i Goble yp Dee eee 

O O 
| ] | ! ! 

R—C—OH  R—C—oR’ R—C—NH, |R—C—H]| | R—C—R'’ 
Acid Ester Amide Aldehyde Ketone 

OH OH 

| | 
a Eratar i 

H R’ 

1° alcohol 3° 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 ofa proton to give the product 
carboxylic acid plus HCl. 

i :O:- 

R—C—Cl 0H: ——> Re eee ee Roe 

| Es 

An acid chloride a H 

| 
R—C—OH + HCl 

A carboxylic acid 
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Since HCl is generated during the hydrolysis, the reaction is often 
carried out in the presence of pyridine 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 
I 

1 OH a 
C—Cl 

hr i Pyridine 

Benzoyl] chloride Cyclohexanol Cyclohexyl benzoate 

(97%) 

+ HCl 

O 
| a | 

CH;C—Cl + CH;CH,CH,CH,OH —““"°> CH;C—OCH,CH,CH.CH; 

Acetyl chloride 1-Butanol Buty] acetate (90%) 

As with hydrolysis, alcoholysis reactions are usually carried out in the 
presence of pyridine 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 slow down the 
rate of reaction considerably, resulting in a reactivity order among alcohols 
of primary > secondary > tertiary. As a result, it is 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 OH 

> 
| oh 

+ lequiv (Sea Eee, 

Primary (less hindered. CH,OH CH,90—C < 
j N35 

and more reactive) 

~80% 

PROBLEM... cece cece c cert c cere esse acre reese seer sr seers essere eeeersssesererseessesresenenseseseens 

21.8 How might you prepare these esters using a nucleophilic acyl substitution reaction 

of an acid chloride? 
(a) CHs;CH,COOCH,; (b) CH;COOCH,CH3s (c) Ethyl benzoate 
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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. 

Aminolysis: Conversion of acid halides into amides Acid chlorides 

react 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, as well as ammonia. 

| ] HS gs 
(CH,),>CHC— Cl + 2:NH,; —2%>  (CH;),CHC— NH, + NH,Cl 

2-Methylpropanoy] chloride 2-Methylpropanamide 

(83%) 

O ‘ 
| 
CCl C= N(CH3)o ; E 

Cr + 2:NH(CHs3)o — CY + NH,(CH3).Cl 

Benzoyl chloride N,N-Dimethylbenzamide 

(92%) 

Since HCl is formed during the reaction, 2 equiv of the amine must be 
used; 1 equiv reacts with the acid chloride, and 1 equiv reacts with HCl to 

form an ammonium chloride salt. If, however, the amine component is valu- 

able, amide synthesis is often carried out using 1 equiv of the desired amine 
plus 1 equiv 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 1 equiv NaOH. 

CH,0 0 CH30 

| ee iter om OR 
CH,0 CCl HN a wo oa CH,0 C-N  O 

CH3 O Morpholine C Hs O Trimetozine 

(an amide) 
3,4,5-Trimethoxybenzoyl! chloride 

+ NaCl 

PROBLEM B90 eNO! 6) COW) Olas 0) 60 Kielce 6e (alee 65a, 0:06) 0).0.0':0) 0/0 6:46) @-01R\ 8 0 010)0 8) 0) 0).6 0,010.6 16. G86) a).6 a) S| 08) 9 Gin) O'ihl 6) ule 6. ine) a; mele) Beles) ciel 

21.10 Write the steps in the mechanism of the reaction between 3,4,5-trimethoxybenzoyl 
chloride and morpholine to form trimetozine. 

PROBLEM 8). CXO\0.' 0:00 (0/16: 'o fe (o 1608) /0) (0/6, a) (eee: 80m" 06, 'a)'0, 00.4) 8) 8 0.0 0/8/6180: 8/6: 6) 6) 6) 6.(8)'016; 0) 6) ¢)\6) &:10:16:16 ule :0 16,16] 0)16)16,6. 86,416 \\sb) aia eialal eal alaleleibubiaiel ciel a 

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? 

3Carl Schotten (1853-1910); b. Marburg, Germany; Ph.D. Berlin (Hofmann); professor, Uni- 
versity of Berlin. 
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How could you prepare these amides using an acid chloride and an amine or 
ammonia? 
(a) CH;CH,CONHCH,; (b) N,N-Diethylbenzamide (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. 

1 
C—Cl CH,OH 

1. LiAlHg, ether 
> 

Cr s ae Cr 

Benzoyl] chloride Benzyl alcohol 

(96%) 

Reduction occurs via a typical nucleophilic acyl substitution mechanism 
in which the reducing agent donates a hydride ion (H:~) that attacks the 
carbonyl group, yielding a tetrahedral 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, to yield the primary alcohol. 

R—C—Cl + “H-” — | R-C—H —> R-C£H 3] R : H 

(hi An aldehyde H 
(not isolated) 

H3;0* 

OH 

ee 

i 
A 1° alcohol 

The aldehyde intermediate can be isolated if the less powerful hydride 

reducing agent, lithium tri-tert-butoxyaluminum hydride, is used. This 

reagent, which is obtained from reaction of LiA]H, with 3 equiv of tert-butyl] 

alcohol, is particularly effective for carrying out the partial reduction of acid 

chlorides to aldehydes: 
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3(CH)sCOH + LiAIH; — > Lit ~AIH[OC(CHs3)3]l3 + 3 He 

Lithium tri-tert-butoxyaluminum hydride 

0 "1 

onc Cl - HATHTOOICT le ether ON (=H 

p-Nitrobenzoyl] chloride p-Nitrobenzaldehyde 

(81%) 

Alternatively, the Rosenmund reduction of acid chlorides under cata- 

lytic hydrogenation conditions can be used, but this procedure is mechan- 

istically quite different (Section 19.3). 

O O 

| | 
( )-cHe—c1 a CH,C—H + HCl 

Ethyl acetate 

Cyclohexylacetyl chloride Cyclohexylacetaldehyde 

(70%) 

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: 

O OH 
| 

RMgX + R'—C—Cl —> R’—C—R + MgXCl 
| 
R 

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: 

T O OH 

| | ee CH3 MgBr ny 1. CH;MgBr ms 

( \-6 Cl Bther ¢ \-o CHs | 5 H,0* f CH 

3 

Acid chloride Ketone 3° alcohol 
(not isolated) 

The ketone intermediate cannot usually be isolated in Grignard reac- 
tions, since addition of the second equivalent of organomagnesium reagent 
occurs so rapidly. Ketones can, however, be isolated from the reaction of 
acid chlorides with diorganocopper reagents (Section 19.4): 
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i O 
| 

R—C—Cl + R3Cu: Lit’ —> R—C—R’ 

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 
diorganocopper reactions are almost certainly not typical nucleophilic acyl 
substitution processes. Rather, it is 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]- 
2-hexenoy] chloride: 

i 
H C—Cl 
~N ha 
Ore + (CH3CH2)2CuLi 

CH;CH,CH CHs H C—CH,CH; 
er s 

CHs a - mei 
2,4-Dimethyl-2-hexenoy] chloride See aa 

CH3 

Manicone (92%) 

Note that lithium diorganocoppers react only with acid chlorides. Acids, 
esters, anhydrides, and amides are inert to diorganocopper reagents. 

CRU OES EE Waterorier otakelraheletes ol evelel alee el ofaiele oi olln)-c/felfn) uve ayodet viele \e7s)ieie. eile) v,/¥)91/s) s/folisife) siielie/ie'(6i'sie iaiteie eV e'4) oye .s (oimialeual'a\(e. (0s) 67s es 41 Uplate ce (ore 

21.13 Show how these ketones might be prepared by reaction of an acid chloride with a 

lithium diorganocopper reagent. 

O O 
! | 

(a) ( \-coner (b) HyJC=CHCCH,CH,CH; 

PROBLEM... cc cee rece cere c reece cere ere e reese essere esses sees see ss eeseeseseeeesseesssresseresseseers 

21.14 It has been reported in the chemical literature that ketones can be prepared by 
reaction of acid chlorides with 1 equiv of Grignard reagent. It appears, however, 
that the Grignard reagent must be slowly added at low temperature to a solution 
of the acid chloride, rather than vice versa. Draw on your knowledge of the relative 
reactivity of ketones and acid chlorides to explain this observation. 

21.6 Chemistry of Acid Anhydrides 

PREPARATION OF ACID ANHYDRIDES 

The most general method of preparation of 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 

manner. 

O O O O 
| | | | 

H-= C07 Nate +(CHso oe HCO—CCH; + NaCl 

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). 

! | 1 e 
2R—C—OH = R—C—oR’ R—C—NH, 2 ar 

(+ RCOOH) (+ RCOOH) H 

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, 
phenacetin, a drug formerly used in headache remedies, can be prepared by 
reaction of p-ethoxyaniline with acetic anhydride. Aspirin (acetylsalicylic 
acid) is prepared similarly by the acetylation of o-hydroxybenzoic acid (sal- 
icylic acid) with acetic anhydride. 

T 
H G 
NNN 

:NH, N CHs 

TT 
+ CH,COCCH, ee + CH,CO; 

Acetic 

OCH,CH; anhydride OCH,CH, 

p-Ethoxyaniline Phenacetin (an amide) 



21.7 CHEMISTRY OF ESTERS 759 

COOH ; COOH 4 
OH { O—CCH, 

+ CH;COCCH, 4, + CH,COz 
Acetic 

Salicyclic acid | anhydride ae 
(o-Hydroxybenzoic acid) Baylin (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. 

Sha eee a ae PSS PEELE SEARS 95 0\ Sis uaineye els eieiie ee Sls iu esas lecereye eke ropaKe-laneua iene eienere 0. ¢ (as ey.0 cone (850, Gece) @udielia:85e0. 9 10 o: 8-016 0 

21.15 What product would you expect to obtain from reaction of 1 equiv of methanol with 
a cyclic anhydride such as phthalic anhydride? What is the fate of the second “half” 
of the anhydride in such cases? 

Pipe ii es PAP RSES) 4) Cree) 6X61 ke eA 16. e oe: 81'g: 10/6) 6, 0/6) 6.58! @: ©..6) 0 66).6) 0) 0) 06! 0) 4.4).0 1b 6/0) Fd OHbl chats). leteuersiejin is ete ste elute e's e/e'e.s 00-v 6 eleee 0.6 

21.16 Write the steps involved in the mechanism of reaction between p-ethoxyaniline and 
acetic anhydride to prepare phenacetin. 
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21.17 Why is 1 equiv of a base such as sodium hydroxide required for the reaction between 
an amine and an anhydride to go to completion? 

21.7 Chemistry of Esters 

Esters are among the most important and most widespread of naturally 
occurring compounds. Many simple low-molecular-weight esters are pleas- 
ant-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. 

CH,OCOR 

| | CHOCOR’ 
CH;CH,CH,COCH3 CH;COCH,CH,CH(CH3). CH,OCOR’ 

Methyl butanoate Isopentyl acetate A fat 
(from pineapples) (from bananas) (R, R’, R” = Cy2-1g 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 to keep plastics from turning brittle. 
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i 
7 ie 

C OCHS a Hal Hs 

O 

Dibutyl phthalate (a plasticizer) 

PREPARATION OF ESTERS 

Esters are usually prepared either from acids or from acid anhydrides by 

the methods already discussed. Thus, carboxylic acids are converted directly 

into esters either by Sy2 reaction of a carboxylate salt with a primary alkyl 

halide, by Fischer esterification of a carboxylic acid with a low-molecular- 

weight alcohol in the presence of a mineral acid catalyst, or by reaction of 

a carboxylic acid with diazomethane (Section 21.4). In addition, acid chlo- 

rides are converted into esters by treatment with an alcohol in the presence 

of base (Section 21.5). 

O 
I Salt formation I 

=. R—C—OR’ 

O O 

| I 
R20 OH ee ee 

oo 
O 

|| CH2Nop, ether R—C—OCH; 

O O 

R= 260d ie Onn 2 ee a Gato 

REACTIONS OF ESTERS 

Esters exhibit 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. Figure 21.9 shows some general reactions of esters. 
All of these reactions are equally applicable to both acyclic and cyclic esters 
(lactones). 

Hydrolysis: Conversion of esters into carboxylic acids Esters are 
hydrolyzed either by aqueous base or by aqueous acid to yield carboxylic 
acid plus alcohol: 

O O 

| | 
RoC 0— kD Ce On GH 

H30* or OH 
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| | 3 
RCOOH + R‘OH R—C—NH, + ROH R—C—H+R/OH R—C—R" + R'OH 

Hydrolysis Aminolysis | R” 
“yo 

Grignard reaction 

RCH,OH 

Reduction 

Figure 21.9 Some reactions of esters 

Ester hydrolysis in basic solution is called saponification, after the 
Latin sapo, “soap.” As we'll see in Section 28.2, the boiling of wood ash 
extract with animal fat to make soap is indeed a saponification, since wood 
ash contains alkali and fats have ester linkages. Ester hydrolysis occurs 
through a typical nucleophilic acyl substitution pathway in which hydroxide 
ion nucleophile adds to the ester carbonyl group to give a tetrahedral inter- 
mediate. Loss of alkoxide ion then gives a carboxylic acid, which is depro- 
tonated to give the carboxylate salt. 

0: :O: :O: 

| . ST A | 7 
ut ol pee iaE Ss R—Cor SS SOO ei! 

i. 

R—C—0= + HOR’ 

One of the most elegant experiments in support of this mechanism 

involves isotope labeling. The Russian chemist D. N. Kursanov* showed 

that, when ethyl propanoate labeled with 1°O in the ether-type oxygen is 

hydrolyzed in aqueous sodium hydroxide, the '°O label shows up exclusively 

in the ethanol product. None of the label remains with the propanoate salt, 

4D. N. Kursanov (1899—_); graduate of Moscow University (1924); professor, Moscow Textile 

Institute (1930-1947); Institute of Organic Chemistry (1947-1953); Institute of Scientific Infor- 

mation, USSR Academy of Sciences (1953—_). 
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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 knowledge of the nucleophilic acyl 

substitution mechanism. 

O 
| : ine 

CH,CH,C—"OCH,CH;, + ‘OH _“°, CH;CH,C—O: + H'*OCH,CHs 

Acidic hydrolysis of esters can occur by more than one mechanism, 

depending on the structure of 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 

21.10). 

a 

:0: oH :0 
| | ! | 

C—OCH3 C—OCH3; C—OCH3 

pee. RC of Sait lie fu ae | 
; OH 

H 
1 107 

[ 
C—OH ve eed 

CY + HOCH; + HCl ss CTs: H 

Figure 21.10 Mechanism of acid-catalyzed ester hydrolysis: The forward reaction 
is a hydrolysis; the back-reaction is a Fischer esterification. 

PROBLEM... cece ccc r reece ee eee rere ee eee eee ee eee eee reese esse sees esse seen eeeseeereeseeerees 

21.18 How would you synthesize the 18O-labeled ethyl propanoate used by Kursanov in 
his mechanistic studies? Assume that !°O-labeled acetic acid is your only source of 
isotopic oxygen. 

PROBLEM COO OO EHO EHH HEHEHE EHH HHHH HHH EE TE THEE EET EE HEHEHE HEE EH ETH HOHE HEHE SHH HHH HOHE HHH HEHEHE OEE EEO 

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? 
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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). 

, CO2CHs CONH, 

Bs am, heb + CH.OH 

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). 

| . 
CH;CH,CH=CHCOCH,CH, =“ *"*, ¢H,CH,CH=CHCH,OH + CH,CH,OH 

2. H,0* 

Ethyl 2-pentenoate 2-Penten-1-ol (91%) 

O 
OH 

1. LiAIH,, ether | 

’ 2. oS —“+ HOCH,CH,CH,CHCH; 

CH3 1,4-Pentanediol (86%) 

The mechanism of ester (and lactone) reductions is similar to that we 
saw earlier for acid chloride reduction. A hydride ion first adds to the car- 
bonyl group, followed by elimination of alkoxide ion to yield an aldehyde 
intermediate. Further addition of hydride to the aldehyde gives the primary 
alcohol. 

20: :O: 3 

pehjammenpr ances. tek te lop gry | Rec aR ash 

H 
“HH” 

L ie 
R—-C—H =< RCo 

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 1 equiv of hydride reagent must be used, and the 

reaction must be carried out at —78°C. If these conditions are met, however, 
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the DIBAH reduction of esters can be an excellent method of aldehyde 

synthesis. 

O 

! 1 ue | ny 

CH,(CH,),9COCH»CH; ove CH,(CH,);9CH + CH;CH,OH 

Ethyl dodecanoate Dodecanal (88%) 

where DIBAH = [(CH3),CHCH.],AlH 
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21.20 What product would you expect from the reaction of butyrolactone with DIBAH? 

0. 

o 
Butyrolactone 

PROBLEM 60 ck ceti as ccc ews ee ee HTM OHS EOC ee ANA OSC A OU ET HH He 00 50 a6 6 666 FSS Sele Hosa SS 45) wale 

21.21 Show the products you would obtain by reduction of these esters with LiAlHg. 
(a) CHz;CH,CH,CH(CH3)COOCH3 (b) Phenyl benzoate 

Reaction of esters with Grignard reagents Esters and lactones react 
with 2 equiv of Grignard reagent or organolithium reagent to yield tertiary 
alcohols (Section 17.7). The reactions occur readily and give excellent yields 
of products by the usual nucleophilic addition mechanism. For example, 

O ae 

| | ? an _MgBr 

C= OCH; 2( - 

1. hon Or = CRC 
Methyl] benzoate Triphenylmethanol (96%) 

O 
OH 

O - 4 3 r, ether | 

ae (CH3)2CCH,CH,CH,CH,0H 

5-Methyl-1,5-hexanediol 

Valerolactone 

PROBLEM Ce ee ee ee ee ee ee I Cee ee 

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 
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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). 

R—C—NR,» 

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). 

i i i i 
H,N—CH—COOH > ~«~NH—CH— iWhieiaaes A SRSRARK OTT ayn 

| 
Amino acids O O O 

A protein 

(a polyamide) 

Amides undergo hydrolysis to yield carboxylic acids plus amine upon 
heating 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 hydrol- 
ysis of amides yields an amine and a carboxylate ion as products, and occurs 
via nucleophilic addition of hydroxide to the amide carbonyl group, followed 
by elimination of amide ion (~: NH). The acidic hydrolysis reaction occurs 
by nucleophilic addition of water to the protonated amide, followed by loss 

of ammonia. 

Acidic hydrolysis 
H H H 

Va va = 

; “0 p o 
RCo NHee = |R-CONH, 222: R-C—NH, — R—C<NHs 

ic OH, *OH 
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Basic hydrolysis 

t o ae 
R—CONH, FN:0H == R—C+ Ny — R—C—OH + ~?NHp 

O 
| 

R—C—O + NH, 

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 doesnot occur with other carboxylic acid 

derivatives. 

O H 

| 1. LiAlH,, ether | 
CH3(CHg)10C NHCH3; ae ES ae ante 

N-Methyldodecanamide H 

Dodecylmethylamine 

(95%) 

Amide reduction is thought to occur by initial nucleophilic addition of 
hydride ion to the amide carbonyl group, followed by expulsion of the oxygen 
atom as an aluminate anion to give an imine intermediate. The intermediate 
imine is then further reduced by LiAl]H, to yield the amine. 

Als 
€0: 20 *NH, CNH 

YP a LiAIH a R—C=NH, sce pee we R—C—NH, —~> R—C—H === R—C—H 

H Iminium ion Imine 

| : 
SH 

NH, ~:NH 

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. 
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H3C ee 1, LiAIH, ether = HC sl \H 
H.C Qo. 2 H0 

7 H;C N H 

H H 

A lactam A cyclic amine (80%) 
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21.23 How would you convert N-ethylbenzamide to these products? 
(a) Benzoic acid (b) Benzyl alcohol (c) CgseH;CH,NHCH,CH; 
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21.24 How would you use the reaction between an amide and LiAlH, as the key step in 
going from bromocyclohexane to (dimethylaminomethy])cyclohexane? Formulate all 
steps involved in the reaction sequence. 

Br , CH,N(CHs3)2 

Cy" 4 C7 
(Dimethylaminomethyl)cyclohexane 

21.9 Chemistry of Nitriles 

Nitriles are not related to carboxylic acids in the same sense that acyl 
derivatives are. Nevertheless, 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. 

R—CH,—Br + NatCN- —*2 R—CH,—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,O5, POCl3, and acetic anhy- 

dride can also be used. 

| nzene 

CH,CH,CH,CH,CHC—NH, ——_— CH,CH,CH,CH,CHC=N + SO, + 2 HCI 

CH.CH3 CH.CH3 

2-Ethylhexanamide 2-Ethylhexanenitrile (94%) 
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Amide dehydration is thought to occur by initial reaction on the amide 

oxygen atom, followed by an elimination reaction. 

Col 

O se O 

x ll ~ 
Cl S—Cl 

O 
eas: how sans 

p_ CNH, __, | R-C=N—H + HC]| ——> R—C=N +,S0,.7-HCl 

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 
making the carbon atom electrophilic. Thus, nitriles are attacked by nucleo- 
philes to yield sp?-hybridized intermediate imine anions in a reaction anal- 
ogous to the formation of an sp®-hybridized alkoxide ion intermediate by 
nucleophilic addition to a carbonyl group (Figure 21.11). 

10° No 

he i R~ -R | 

R 
Carbonyl compound 

Nitrile 

| . 
7 : : oe 

eC | 
R 1 aN 2 CS 
R Nu R Nu 

Alkoxide anion intermediate Imine anion intermediate 

Figure 21.11 The similarity between reactions of carbonyl compounds and nitriles 
with nucleophiles a a he ls eh eee 
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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). 

| H O O 

R—C—NH, eer ees Ra Ott 

Amide I Aldehyde Ketone 

Amine 
| H,0O 

O 

R = — OH 

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: 

R=C==N co" 8, RCOOHH NH, 

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 converted to an amide in a step similar 

to the conversion of an enol to a ketone. Further hydrolysis of the amide 

then yields the carboxylic acid (Figure 21.13). 
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. 
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oo te ee 

H H " sys 
aie 1 

pon OH Ss | R-c= i He R—-C=N—H | + On 
&* & e ee 

Nitrile Hydroxy imine 

O o 

| as 
NH, + R-C—OH <<“ R—C—NHz 

Carboxylic acid * Amide 

Recall the following: 

HO H O 
\ eae | 

R—C=CH ao R=cs ches) eso =e, 

Enol Ketone 

Figure 21.13 Mechanism of amide hydrolysis to yield a carboxylic acid 
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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. 

Reduction: Conversion of nitriles into amines Treatment of nitriles 
with lithium aluminum hydride gives primary amines in high yields. For 
example, 

Cr ==N CH,NH, 
1. LiAlH4, ether 

SEE 

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: 
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1. LiAlH,, ether 

2. HO 
RCH.NH, 

Primary amine 

iN 
uA eh aa | 

R=-C=Noeths Hoecr R--C =H 
eA O 

Nitrile Imine anion | 
R—C—H 

H,0 
Aldehyde 

For example, 

CHs CH; 
= | 

CHCH,C=N CHCH,C HO 
1, DIBAH, toluene, —78°C Srey 

1 => CH, 1 = CH. 

CH; CH; 

96% 

Reaction of nitriles with organometallic reagents Grignard reagents 
add to nitriles giving intermediate imine anions that can be hydrolyzed to 
yield ketones: 

:N-MgX O 
Sea wer: | nat 
ae Vien > R—C— R’ : R—C— RR’ + NH. 

Nitrile Imine anion Ketone 

The reaction is similar to the DIBAH reduction of nitriles, except that 
the attacking nucleophile is a carbanion rather than a hydride ion. Yields 
are generally high. For example, 

1 
C=N C— CH,CH3 

1. CH;CH,MgBr, ether 

2. H30* 

Benzonitrile _ Propiophenone 

(89%) 

RO BEB Mie oop ss-elein a:0 on sie) 696.6, 5-516 eels Siali 66 nee ae Nain sw 8 8 Hl 86 eee 80 8 elu 58 68 6-8 ee) sie v6 as) 6109 4:88 8) 80 4 0 0 G8 Goes m8 

21.26 Show how would you prepare these carbonyl compounds from an appropriate nitrile. 

(a) CH;CH,COCH,CH3 (b) CH;CH,COCH(CHs3)2 

(c) (CH3),CHCHO (d) Acetophenone 

(e) O 
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ala ellewiterreve aie ee @ ele ele etereer ee: e) a! a! pe) Gi e146) 61:6)'0) @) Oca ere\ Sie) Sie) wep @liN] bine) 6) 'e/6) (6) elie eels 0 Si elie e Ores oe Or See Ale) SutL ee Ages ae 

How would you prepare 1-phenyl-2-butanone from benzyl bromide, CgH;CH2Br? 

More than one step is required. 

06.0 0:0 0 6 0 06 6 00 6 00 8 600 0 60 0 080 0 0:0 6 6 6 0 0 F Oe 6.418108 610.0 00 0 000 4.0.0 0 0 01010 6:4 .66.0'8 6 6 6106 0) 68 ¢ 80/0) 019 88 9) 8/8) 2 

Why do you suppose only 1 equiv of Grignard reagent adds to nitriles? Why doesn’t 
a second Grignard reagent add to the initially formed imine anion? 

21.10 Thiol Esters: Biological Carboxylic Acid Derivatives 

O 
| 

Thiol 

ester 

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’, as reactive acyl 
derivatives, rather than acid chlorides or acid anhydrides. The pK, of a 
typical alkane thiol (R—SH) is about 10, placing thiols midway between 
carboxylic 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 are not so reactive that they hydrolyze rapidly like anhy- 
drides, yet they are more reactive than normal esters toward nucleophilic 
attack. 

Acetyl coenzyme A (abbreviated acetyl CoA; Figure 21.14) is the most 
common thiol ester found in nature. Acetyl CoA is an enormously complex 
molecule by comparison with acetyl chloride or acetic anhydride, yet it 
serves exactly the same purpose. Nature uses acetyl CoA as a reactive 
acylating agent in nucleophilic acyl substitution reactions. 

NH» 

I 
T I ra) I oe / 

CH3 — C—S— CH,CH,.NHCCH,CH,NHCCH(OH)C CH,O0P— O—P— OCH, O Cd ee 
Se | | N 

Cy on “ona ONE bY hg 

O OH 

popes 
a 

O O 
|| | 3 

Figure 21.14 The structure of acetyl coenzyme A, abbreviated acetyl CoA or CH;COSCoA ee eee ae nee 

For example, N-acetylglucosamine, an important constituent of surface 
membranes in mammalian cells, is synthesized in nature by an aminolysis 
reaction between glucosamine and acetyl CoA: 
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CH,OH CH,OH 

H : Oo. H | nN H o.H 

OH H)| + CHc+S—coaa — KH, 4 + H-—S—CoA 
HO OH HO OH 

Glucosamine C—CHg3 
(an amine) | 

O 

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 

Table 21.2 Infrared absorptions of some carbonyl compounds 

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 ie. 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 1710 
Cee eee e ee reer eee ee nn 
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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. 
As the data in the table indicate, acid chlorides are readily detected in 

the infrared by their characteristic carbonyl-group absorption near 1800 

cm~!. Acid anhydrides can be identified by the fact that they show two 
absorptions in the carbonyl region, one at 1820 cm! and the second 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 
cm~!. Since few other functional groups absorb in this region, infrared spec- 

troscopy is highly diagnostic for nitriles. 

CeCe eee eee ee meee ee eee eee seer eee eee eeEeeE See HEHEHE HE DE HED EEE HEHEHE EOE EE EEE HE EE EEE THEE EE EOS 

What kinds of functional groups might compounds have if they exhibit the following 
infrared spectral properties? 
(a) Absorption at 1735 cm™! (b) Absorption at 1810 cm™! 

(c) Absorptions at 2500-3300 cm™! and 1710 cm“! 
(d) Absorption at 2250 cm7! (e) Absorption at 1715 cm “+ 

Seem m ee er cere rere rerererersreeee Hes seseseseeneres ee eeeeeeeererenererererereseesereresreecor 

Propose structures for compounds having the following formulas and infrared 
absorptions: 

(a) C3H;N, 2250 cm7! (b) CgH,202, 1735 cm™! 

(c) C4HygNO, 1650 cm“ (d) C4H;Cl1O, 1780 cm“? 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Although '°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 ‘*C NMR absorptions in some carbonyl compounds 

Compound Absorption (68) Compound Absorption (6) 
Acetic acid 11727 Acetic anhydride 166.9 
Ethyl acetate 1.707 Acetonitrile 117.4 
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 'H NMR spectrum. The exact nature of the 
carbonyl] group cannot be distinguished by 1H NMR, however, since all acyl 
derivatives absorb in the same range. Figure 21.15 shows the 1H NMR 
spectrum of ethyl] acetate. 
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1 
CH,COCH,CH, 

Intensity 

10 8 6 4 2, 0 ppm 

Chemical shift (6) 

Figure 21.15 Proton NMR spectrum of ethyl acetate 

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: 

Co 20: 
| _ | 
Cen a CN —  R—C—Nu + :Y~ R—C— Y + 

Tetrahedral intermediate 

where Y = Cl, Br, I (acid halide); OR (ester); OCOR (anhydride); or NH2 

(amide) 

The reactivity of an acid derivative, RCOY, 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 
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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 i in living 
systems to acetylate amines and alcohols. 

Infrared spectroscopy is an extremely valuable tool for the structure 
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. 

21.13 Summary of Reactions 

1. Reactions of carboxylic acids 

a. Conversion into acid chlorides (Section 21.4) 

| | 
R—C—OH —*, rR—C—cl +0, + HCl 

CHCl3 

The reaction also can be carried out using PCls or (COC))s. 

b. Conversion into cyclic acid anhydrides (Section 21.4). 

COOH 7C=0 
(CH), = (CH) 0 0 

« 200°C NG 

COOH C=0 
where n = 2 or 3. 

c. Conversion into esters (Section 21.4). 

i O 

R—C—O: + RK —> ROR’ 
Via Sy2 reaction 

1 i 
R—C—OH + R’OH ail R—C—OR’ +H,0 

Via Fischer esterification 
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1 | 
R—C—OH + CH,N, —= > 'R—C—OCH, + No 

Via diazomethane 

d. Conversion into amides (Section 21.4) 

° O 
| 

R—C—OH + NH; ——> R—C—NH, + H,0 
200°C 

2. Reactions of acid chlorides 

a. Hydrolysis to yield acids (Section 21.5) 

O 
| 

R-C—Cl + 1,0 =] R=cC_OM + HCI 

b. Alcoholysis to yield esters (Section 21.5) 

1 
R—C—OR’ + HCl 

Pyridine 
piu hion. + R'OH 

c. Aminolysis to yield amides (Section 21.5) 

O O 

roe ee Lo NH a> ene + NH,Cl 

d. Reduction to yield primary alcohols (Section 21.5) 

OH 
| 

R—C—Cl oo aa! 

H 

e. Partial reduction to yield aldehydes (Section 21.5) 

7 | 1. LiAlH(O-tert-Bu)3, ether 
R—C—Cl <7 a ae R—C—H 

. 3 

f. Rosenmund reduction to yield aldehydes (Section 21.5) 

1 1 
Reece) ee RO 

Ethyl acetate 

g. Grignard reaction to yield tertiary alcohols (Section 21.5) 

! 1. 2R’M : gX, ether ep 
R—C—Cl Punic ms R i R 
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h. Diorganocopper reaction to yield ketones (Section 21.5) 

1 1 
R—C—cl “4 R-—-C—R’ 

Ether 

3. Reactions of acid anhydrides 

a. Hydrolysis to yield acids (Section 21.6) 

O O O 
| 

Ris Licenst age + HO .— 2RKR—C—OH 

b. Alcoholysis to yield esters (Section 21.6) 

O O 

Ree eenarh + ROH aay + RCOOH 

c. Aminolysis to yield amides (Section 21.6) 

O O O 

peco ngieltng + 2NH, -—> ears + RCO, NH,* 

d. Reduction to yield primary alcohols (Section 21.6) 

1 ff ie 
RoC —O_C-hi- ciara 

H 

4. Reactions of amides and lactams 

a. Hydrolysis to yield acids (Section 21.8) 

O O 
| re | 

R—C—NH, —> R—C—OH + NH, 

b. Reduction to yield amines (Section 21.8) 

i i 
R=Ce NH, 1. LiAlHy,, ether R—C—NH, 

2. HO | 

H 

c. Dehydration of primary amides to yield nitriles (Section 21.9) 

O 
| 

R—C—NH, —“S R—C=N + SO, + HCl 
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5. Reactions of esters and lactones 

a. Hydrolysis to yield acids (Section 21.7) 

O 

eee + Ho S02 Of eer + HOR’ 

b. Aminolysis to yield amides (Section 21.7) 

O 

R=C or"? Nao nam omer + HOR’ 

c. Reduction to yield primary alcohols (Section 21.7) 

1 ie 
Se. Sven + ROH 

H 

d. Partial reduction to yield aldehydes (Section 21.7) 

O O 

R—C—oR’ : ae toluene R—C—H-+ ROH 

e. Grignard reaction to yield tertiary alcohols (Section 21.7) 

? H 

RU ORMe = Ren GaeR + R'OH 
R’ 

6. Reactions of nitriles 

a. Hydrolysis to yield carboxylic acids (Section 21.9) 

O 

H30* or HO™ 
> 

| 
R—C=N + H,0 R—C—OH + NH; 

b. Partial hydrolysis to yield amides (Section 21.9) 

i 
R—C=N + H,0 BO R—C—NH, 

c. Reduction to yield primary amines (Section 21.9) 

H 
| 

R—C=N alla ether ahaa 

H 
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d. Partial reduction to yield aldehydes (Section 21.9) 

O 
| 

R—C=N 1, ain R— C= Ht NH; 

2. H3;0° 

e. Reaction with Grignard reagents to yield ketones (Section 21.9) 

O 
| 

R-CaN ae R—C—R’ + NH; 

ADDITIONAL PROBLEMS 
CHSC H SHOOT EEEHHTEHEHEHHHHEHHEHEHHOHHOHHOHHHHEHHEHHHHHTHH HEHEHE HEH HHHHHHHHOHEHHHHSHHEHEE HEHEHE EHEHHETEEHHHHOHEHEE 

21.31 Provide IUPAC names for these compounds: 

CONH, 
(a) IS (b) (CH;CH>),CHCH—CHCN 

H.C 
CH,CH,CO,CH(CHs). 

(c) CH,0,CCH,CH,CO,CH, (a) CY 

i 
C=O 

(e) eis i. (f) CH,CHBrCH,CONHCH, 

T 
Br C—Cl 

(g) (h) Cs) 

Br 

21.32 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 

21.33 Draw and name compounds meeting these descriptions: 
(a) Three different acid chlorides having the formula C,H ClO 

2 (b) Three different amides having the formula C7H,,NO 
(c) Three different nitriles having the formula C;H,N 
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The following reactivity order has been found for the saponification of alkyl acetates 
by aqueous hydroxide ion: 

CH3CO,CH; > CH;CO,CH,CH; > CH3;CO,CH(CH3). > CH3;CO,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? 

4 
R—C—OH + HO == R—C—*0H + H,0 

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: NOz > Br > H > CH; > 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? 

COSC a me Ccoo- Geena a Y Y 

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;OCOOCHS3? 

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. 

0 
-OH i R—C—Cl; ——> R—COO™ + 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 O 

| tae | | 
CEO CH ME GENE wi y0ra etiN—C—Cl 
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Which compound would you expect to have a more highly polarized carbonyl group, 

methoxycarbony] chloride or N,N-dimethylaminocarbony] chloride? Explain. 

1 
CH;,0—C—Cl or (CH3)2.N—C—Cl 

Methoxycarbonyl] chloride N,N-Dimethylaminocarbonyl] chloride 

In light of your answer to Problem 21.44, which compound would you expect to react 
faster with nucleophiles—methoxycarbonyl chloride or N,N-dimethylaminocar- 
bony] 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] + NaN3; ——* (CH3)3COCON3 + NaCl 

Predict the product, if any, of reaction between propanoy] chloride and the following 
reagents: 

(a) (Ph).CuLi in ether (b) LiAIH,, then H;0* (c) CH3MgBr, then H3;0* 
(d) H,, Pd/BaSO, (e) H3,0* (f) Cyclohexanol 
(g) Aniline (h) CH3z;COO- *Na 

Answer Problem 21.47 for reaction of the listed reagents with methyl propanoate. 

Answer Problem 21.47 for reaction of the listed 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: 

| | ; | 
RCOOH + (CF;CO),0 —> R—C—O—C—cF, 98, R—C—or’ + CF,COOH 

21.51 

21.52 

21.53 

(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) CH3;CH,CH,CH,CN —> CH3;CH,CH,CH,CH.NH, 

(b) CH3CH,CH,CH,CN —> CH;CH,CH,CH,CH,N(CHs), 

(c) CH3CH,CH,CH,CN —> CH;CH,CH,CH,C(CH;),0H 

(d) CH3CH,CH,CH,CN —- CH;CH,CH,CH,CH(OH)CH, 

(e) CH3CH,CH,CH,CN ——~ CH;CH,CH,CH,CHO 
List as many ways as you can think of for transforming cyclohexanol into cyclo- 
hexanecarbaldehyde (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? 
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CH2—C CH.—C 
| ep eee PN Ot: 10 + 4c] CH ae Gaal 200°C cn ae 2 

21.54 Butacetin is an analgesic (pain-killing) agent that is synthesized commercially from 
p-fluoronitrobenzene. Propose a likely synthesis route. 

1% NHCOCHs3 

(CH3)3CO 

Butacetin 

21.55 Phenyl 4-aminosalicylate is a drug used in the treatment of tuberculosis. Propose a 
synthesis of this compound starting from 4-nitrosalicylic acid. 

1 
COOH c—o-¢ 

oat —_> 

O.N OH HN OH 

4-Nitrosalicylic acid Phenyl 4-aminosalicylate 

21.56 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 

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? 

O 
| 

H,C ioe —N(CH, CH3 Jo 

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 coon 

H,NCHz 4 

Tranexamic acid 
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21.59 Propose a structure for a compound, C4H,ClO,, that has the infrared and NMR 

spectra shown. 

Wave number (em~+) 

2500 2000 1500 1300 1100 1000 900 800 700 4000 3000 

40 

Transmittance (%) 
20 

2 25 3 4 5 6 Tes 9 10 Dp 12 13 14 15 

Wavelength (um) 

Intensity 

10 8 6 4 2 

Chemical shift (6) 

21.60 Propose a structure for a compound, C,H7N, that has the infrared and NMR spectra 
shown. si 

Wave number (cm 

4000 a 3000 2500 2000 1500 1300 1100 1000 100 plaice debe ths) 

Transmittance (%) 

2 2808 4 SMCMAEY 8 9 ~10"." il oUoPeeioeeaaameie 
Wavelength (um) 
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Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

21.61 The following 1H NMR spectrum is of ethyl propanoate, CH3CH,COOCH,CHs. 
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 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

21.62 Assign structures to compounds with the following ‘H NMR spectra: 

(a) C,H,Cl1O; 
IR: 1810 cm=! 

Intensity 

10 8 6 4 z 
Chemical shift (5) 

0 ppm 
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(b) CgHgNO,; 

IR: 2250, 

1735 cm7! 

Intensity 

‘Chemical shift (6) 

(c) C5H 902; 
IR: 1735 cm7! 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

21.63 Propose structures for compounds with the following 1H NMR spectra: 

(a) C5H,gClO,; 

IR: 1735 cm7+ 

& 

3 
5 

R 10 8 6 4 2 0 ppm 

Chemical shift (5) 
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(b) C7H 204; 

IR: 1735 em7! 

Intensity 

Chemical shift (5) 

(ce) Cy,Hy209; 
TR: 1710 cm~! 

Intensity 

10 8 4 2 0 ppm 

Chemical shift (6) 



CHAPTER 22 

Carbonyl Alpha-Substitution 
Reactions 

\ V said in the overview of carbonyl] chemistry that most carbonyl-group chem- 
istry can be explained in terms of just four fundamental reactions—nucleo- 
philic additions, nucleophilic acyl substitutions, alpha substitutions, and 
carbonyl condensations. Having already looked at the chemistry of nucleo- 
philic addition reactions and nucleophilic acyl substitution reactions, we'll 
now look at the chemistry of the third major carbonyl-group process—the 
alpha-substitution reaction. 

1 
R—C—Nu ___—iNucleophilic 

acyl 

substitution 

® ! ee 
=O aN ia ——> RNS —____> Ra 
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OH 

\ y 
C=C 

c 1D A 1 

C d Fee 0H E 5 he Alph b = —— 20:7 > — a substitution S/o a ia OX 7 
7 C=C 

i ‘ E* = an electrophile 
An enolate anion 

788 



22.1 KETO—ENOL TAUTOMERISM 789 

Alpha-substitution reactions occur at the position next to the carbonyl 
group—the alpha (a) 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. 

22.1 Keto—Enol Tautomerism eee ee ee 

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). 

py ne ee 
CC ce 
/ & \ equilibration  / \ 

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 do not rapidly interconvert under normal circumstances. 

H H 
| oes no | CH;CH—CH =CH, eee CH,CH =CH—CH, 

Most carbonyl compounds exist almost exclusively in the keto form at 
equilibrium, and it is difficult to isolate the pure enol form. For example, 
cyclohexanone contains only about 0.001% of its enol tautomer at room 
temperature, and acetone contains only about 0.0001% enol. The percentage 
of enol tautomer is even less for carboxylic acids and acyl derivatives 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. 

pil 
O O 

Cyclohexanone oo —— 

99.999% 0.001% 

H 
O ae 
| | 
Cw H3O*or ~OH /o~ Hi 

Acetone | H3C a CH; <———,; H;C C 

99.9999% H = 0.0001% 
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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 an 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 when a carbocation 

loses a proton to form an alkene in an El reaction (Section 11.14). 

H sO 
Nag A, 

; na 5 

H oC ae easy ee a mn 2 dheslne, 
ee ee ee ae ee 

502)" O=H 
Keto tautomer Boy es ae Enol tautomer 

eC C 
/ ‘ 

aE 
: Base 

X + A f 
Recall: eo ( nia C=C 

ee DOSEN 
Alkene formation 

by E1 reaction 

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). 

HO: Ne eee, 
I C—C a 

H :0: a :O—H 
Ve H,0 x 

= C—GC —— | —* C—€ + “OH 
7. \ rie eo 

7@% 

Keto tautomer N if Enol tautomer 

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 regen- 
erate starting ketone, or on oxygen to give an enol. 
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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 
cannot be removed by base. We’ll account for this unique behavior of alpha 
protons shortly. 

Acidic oo = a Not acid 

gles | 
—C—C—C—C—C— 

Boy 68 Qa 
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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 phenyl ketone) 

AE anh ee Sete 8) 'S)'6 8 18hO) <BR) 'S vee! (9) ie) ite (ere. fe seNO, (6x6 (a) e 6 ed) wie (058,00) 01618 10, © Olea Wi'a & 6. @ 0)M (eee eo 06) eiiarecate tae pc bist er eeuece.e ca,aae 

How many acidic hydrogens does each of the molecules listed in Problem 22.1 have? 
Identify them. 
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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. 

O 

O 

1,3-Cyclohexanedione 

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, however, enol double bonds are more 
reactive than alkenes (Section 14.9). 

H—O: (Ou 
\2 v/ \, a 
meen a yi ba —— Nucleophilic carbon 

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 intermediate cation loses 
the hydroxyl proton to regenerate a carbonyl compound. The net result of 
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the reaction of an enol with an electrophile is alpha substitution. The general 

mechanism is shown in Figure 22.3. 

Acid-catalyzed enolization occurs. 

OH Enol 
eres 

C=C 

An electron pair from the enol attacks an fe / fs 

electrophile, forming a new bond and leaving é 

a positively charged intermediate that can be E* | 
stabilized by two resonance forms. ¥ 

E *OH E >OH 

‘o_o Soe — > —— 

ms. ft/s ies 
Se eee 

Loss of a proton from oxygen yields the 
neutral alpha-substitution product, and the || 

O—H bond electrons form a new C=O bond. 

nee 
oT ees 

Figure 22.3 General mechanism of a carbonyl] alpha-substitution reaction 

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. 

1 1 
C = CHs C —— CH2Br 

CY smi + HBr 
CH3;COOH 

Acetophenone Phenacyl bromide 

(72%) 

O 

Cl 
Cl, 

H,0, HCl + HCl 

Cyclohexanone 2-Chlorocyclohexanone 

(66%) 
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The alpha halogenation of ketones is a typical alpha-substitution reac- 
tion that proceeds by acid-catalyzed formation of enol intermediates, as 
shown in Figure 22.4. 

‘fy ee 

| H—Br 

Acid—base reaction between a eats 
catalyst and the carbonyl oxygen 
forms a protonated carbonyl | 
compound. 

ox 
+e ‘O= H 

Ute Sak 
HCH, ec, 

This compound loses an acidic proton 
from the alpha carbon to yield an | 
enol intermediate. 

:OH Enol 
a 

An electron pair from the enol H,C—=C—CH, + HBr 
attacks a positively polarized bromine 
atom, giving an intermediate cation Br—Br | 
that can be drawn as a resonance Mf 

hybrid of two forms. *s0O—H :0O—H 

| | 
BrCH,—C—CH3 <—~ BrCH,—C—CHs 

ae 

(a ee OO be 

Loss of a proton then gives the alpha- || 
halogenated product. 

i 
BrCH,—C—CH, + HBr 

Figure 22.4 Mechanism of the acid-catalyzed bromination of ketones and aldehydes 

There is much evidence to indicate that the mechanism shown in Figure 
22.4 is correct. For example, the rate of the halogenation reaction is inde- 
pendent of the nature of the halogen. Chlorination, bromination, and iodi- 
nation of a given ketone all occur at exactly the same rate, indicating that 
the same rate-limiting step is involved in chlorination, bromination, and 

iodination. 
Additional evidence comes from measurements indicating that acid- 

catalyzed ketone halogenations exhibit second-order kinetics and follow the 

rate law: 
Reaction rate = k[Ketone][HA] 

This information tells us that ketone halogenations depend only on ketone 

and acid concentrations and are independent of halogen concentration. Thus, 

halogen is not involved in the rate-limiting step. 
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A final piece of evidence comes from deuteration experiments. If a 

ketone is treated with D,0+ instead of H30*, the acidic alpha-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 

intermediate is involved in both deuteration and halogenation. The common 

intermediate that satisfies all the evidence just presented can only be an 

enol. D p 

+ —c—¢ 
H O OH (D) fas A x 
. a H;0* (D307) - oe 

ah \ Ea ing 7. \ X O 

x, iN I 
Ketone/aldehyde Enol ee 4 C— ee 

Xc=CCIABr orn! 

a-Bromo ketones are useful in organic synthesis because they can be 
dehydrobrominated by base treatment to yield a,6-unsaturated ketones. For 

example, 2-bromo-2-methylcyclohexanone gives 2-methyl-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 of intro- 
ducing carbon—carbon double bonds into molecules. 

O ye O 

Cie ee a_-CHs 
E2 reaction Br Me + HBr 

B 

2-Bromo-2-methylcyclohexanone 2-Methyl1-2-cyclohexenone (62%) 

(an a,B-unsaturated ketone) 

Cee rere eee sare ses eee esse eee eee Ee FEET ER ETE RHR EEE EHH HEHE EERE HEHE HEHEHE HEHE THEE ERE HEE EE EEE 

Show in detail the mechanism of the deuteration of acetone on treatment with D,O*. 

CH,CocH, —222 CH3;COCH,D 

Demo eee ere see ese reese sees eee eee eee eee eee Hee eee eee eeeeeeHeeE ee eEeeeeeeeeeeeeeEeeeeseeesese 

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. 

Some meee meee reese eee ee sere reer eeereeese reser eere He eeeeeeeEneeeeseseeeseeeseeEeseseeseseses 

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. 

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 do not 
enolize sufficiently for halogenation to take place. Carboxylic acids, however, 
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can be a-brominated by a mixture of bromine and phosphorus tribromide— 
the Hell—-Volhard—Zelinskii (HVZ) reaction: 

i ‘e CH;CH.CH.CH,CH,CHCOOH oe CH;CH,CH,CH,CH,CHCOOH + HBr 

Heptanoic acid 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. 

feu dfn ike 
ReCH =o Ones ss | RCH Car SS oR coe CL_Br 

Acid bromide Acid bromide enol 

[pe 

Et pepo 
Re CHO OH — [R= CHC Br + ripe 

The overall result of the Hell—Volhard—Zelinskii reaction is the trans- 
formation of an acid into an a-bromo acid. Note, however, that the key step 

involves bromination of an acid bromide enol in a manner analogous to that 
occurring during ketone bromination. 

PRED M coc eetae EL. Hele any, AOC tena omar Rta Cute LEP mae eats see alele bie eld. Bbbs 

22.7 ~If an optically active carboxylic acid such as (R)-2-phenylpropanoic acid were brom- 
inated under Hell—Volhard—Zelinskii conditions, would you expect the product to 
be optically active or racemic? Explain. 
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22.8 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. Bro, PBr3 

22.5 Acidity of Alpha-Hydrogen Atoms: Enolate Ion 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 abstract acidic alpha protons from carbonyl compounds to 

yield enolate anions: 
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satin __ Base . ae y > ee te Base— H* 

en ina i 

An enolate anion 

Why are carbonyl compounds somewhat acidic? If we compare acetone, 

pK, ~ 20, with ethane, pK, ~ 50, we find that the presence of a neighboring 

carbonyl group increases the acidity of a ketone over an alkane by a factor © 

of 10°°. 

i a | 
CH3;—CH, versus H,C—C—CH, 

Ethane, pK, ~ 50 ‘ Acetone, pK, ~ 20 

The reason for this increased acidity is best seen by viewing 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. 

H e» ’ XN er Base . 
C ee 

a ~ 2 
a : 

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 undoubtedly of lower energy 
than the form with the charge on carbon. Nevertheless, the principle behind 
resonance stabilization is the same in both cases. 

O 20: :0:- 

H,0 | H hss | 
CH;— CH,—H versus CH;C—CH,— H ——_— CH;C —CH, <>. CH3;C— CH, Gre H,0* 

pK, = 50 pk, ~ 20 Nonequivalent resonance forms 
of ketone enolate ion 
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Recall the following: 

O 20: :O:- 
| Zo I Fe e 

CH3;—O—H versus CH;C—O—H => CH,C—O:- <-> es + H;0+ 

pK, ~ 16 ' pK, = 5 Equivalent resonance forms 
of carboxylate ion 

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 0.01%, since 

ethanol (pK, = 16) is a stronger acid than acetone. If, however, a powerful 
base such as sodium hydride (NaH, the sodium “salt” of H.), sodium amide 
(NaNHp2, the sodium salt of ammonia), or lithium diisopropylamide 
[LiN(@-C3H7)o, the lithium salt of diisopropylamine] is used, a carbonyl 
compound can be completely converted into its enolate ion. 

‘oO ‘OP Lai? 

Li’ “N(i-C3H;)o ; 
Se cn eet tr H—N(i-C3H7)> 

Cyclohexanone Cyclohexanone enolate 

(100%) 

Lithium diisopropylamide (LDA) is widely used as a base for preparing 
enolate ions from carbonyl compounds. It is easily prepared by reaction 
between butyllithium and diisopropylamine and has nearly ideal properties: 
It is an exceedingly powerful base since diisopropylamine has pK, ~ 40; it 
is soluble in organic solvents such as THF; it is too bulky to add to carbonyl 
groups in nucleophilic addition reactions but is nevertheless extremely reac- 

tive, even at —78°C. 

CH(CH3)o aes c 
I 

H—N 4G ,blald — Lit :N- eC ae 

CH(CHs3)2 CH(CH3)2 

Diisopropylamine Lithium diisopropylamide (LDA) 

All types of carbonyl compounds, including aldehydes, ketones, esters, 

acid chlorides, and amides have greatly enhanced alpha-hydrogen acidity 

compared 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 have seen. 
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Table 22.1 Acidity constants for some organic compounds 

Compound type 

Carboxylic acid 

1,3-Diketone 

1,3-Keto ester 

1,3-Dinitrile 

1,3-Diester 

Water 

Primary alcohol 

Acid chloride 

Aldehyde 

Ketone 

Ester 

Nitrile 

Dialkylamide 

Ammonia 

Dialkylamine 

Alkyne 

Alkene 

Alkane 

When a hydrogen atom is flanked by two carbonyl groups, the acidity 
is enhanced even more. Thus, as Table 22.1 indicates, compounds such as 

1,3-diketones (known as B-diketones), 1,3-keto esters (B-keto esters), and 

1,3-diesters are much more acidic than water. The reason for the high acidity 
of these B-dicarbonyl compounds is that their enolate ions are highly sta- 
bilized by resonance stabilization of the charge by both neighboring carbonyl] 
groups. For example, the enolate ion of 2,4-pentanedione has three resonance 
forms: 

sis 

| | || 
CH;C—CH—CCHs3 

B a 

2,4-Pentanedione, 

a B-diketone (pK, = 9) 

Compound 

CH;COOH 

CH.(COCH3)2 

CH3COC H2CO.C2H; 

CH2(CN)e2 

CH2(CO2C2H5)o 

HOH 

CH3;CH,OH 

CH3COC1 

CH;CHO 

CH3COCHs3 

CH3CO.C2H;5 

CH3CN 

CH3;CON(CH3)2 

NHs 

HN(i-C3H7)2 

HC=CH 

CH2=CHe 

CH3CHs3 

Base 

16 

16 

16 

any 

20 

25 

25 

30 

35 

40 

25 

49 

50 

:0:- :O: 

a | ! 
—— CH,;C—CH—CCH; <> CH,;C=CH—CCH, 

loth 
oh 

! 
CH,;C—CH=CCH; 
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Similar resonance forms can be drawn for other doubly stabilized enolate 
ions. 
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Identify the most acidic hydrogens in these molecules: 
(a) CH;CH,CHO- (b) (CHs3)sCCOCHS (c) CH;COOH 
(d) Benzamide (e) CH3;CH,CH,CN (f) CH3;CON(CHs3). 
(g) 1,3-Cyclohexanedione 
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When optically active (R)-2-methylcyclohexanone is treated with aqueous NaOH, 
racemic 2-methylcyclohexanone is produced. Propose a mechanism to account for 
this racemization. 
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Would you expect optically active (S)-3-methylcyclohexanone to be racemized on 
base treatment in the same way that 2-methylcyclohexanone is (Problem 22.10)? 
Explain. 

22.6 Reactivity of Enolate Ions 

Enolate ions are much more useful than enols for two reasons. The first is 
that pure enols cannot normally be isolated; they are usually generated only 
as fleeting intermediates in small concentration. By contrast, solutions of 
pure enolate ions are easily prepared from most carbonyl compounds by 
reaction with a strong base. 

Second and more important is the fact that 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. 

:0H 202k; ‘O. 
PY i \ / Ate og 
C=C C=C es C—C 
/ N ih ‘\ i N 

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 

electrophiles either on oxygen or on carbon. Reaction on oxygen would yield 

an enol derivative, whereas reaction on carbon would yield an alpha-sub- 

stituted carbonyl compound (Figure 22.6). Both kinds of reactivity are 

known, but reaction on carbon is the more commonly observed pathway. 
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Reaction here or reaction here 

[03 O 
‘ 7 Sea) 
C=C oe C—C 

Fa \ / \ 

Vinylic alkoxide a-Keto carbanion 

O—E E O 
\ / - ra 
C=C — 

ah od none Be 

An enol derivative (E* = an electrophile) An a-substituted carbonyl compound 

Figure 22.6 Two modes of enolate ion reactivity: Reaction on carbon to yield an alpha-sub- 

stituted carbonyl product is the more commonly followed path. 

22.7 Halogenation of Enolate Ions: The Haloform Reaction 

Halogenation of ketones is promoted by base as well as by acid. The base- 
promoted reaction occurs through enolate ion intermediates. Even relatively 
weak bases such as hydroxide ion are effective for halogenation, since it is 
not necessary to convert the ketone completely into its enolate ion. It is 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 0. :O: B iO: 
is 1 NaOH, HO - / Bro 1 
_C—C ———— C=C a _C—C tire 

i 

ar} 

Base-promoted halogenation of ketones is little used in practice because 
it is difficult to stop the reaction at the monosubstituted product. An alpha- 
halogenated ketone product is generally more acidic than the starting 
unsubstituted 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, methy] ketones are trihalogenated 
and then cleaved by base in the haloform reaction: 

7 O 
- : ] : R—C—CH, —> |R—C—cx,| —=> R—C—O- + CHX, 

where X = Cl, Br, or I. 
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The haloform reaction, which converts a methyl ketone into a carboxylic 
acid plus a haloform (chloroform, CHCl3; bromoform, CHBrs3; or iodoform, 
CHI3), is the basis for a qualitative test for methyl ketones. A sample of 
unknown structure is dissolved in THF 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, CHIs, 
signals a positive test and indicates that the sample is a methyl ketone. 
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Base-promoted chlorination and bromination of a given ketone occur at the same 
rate. Explain. 
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Why do you suppose 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? 
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The second step of the haloform reaction is simply a nucleophilic acyl substitution— 
the replacement of “CX3 by ~OH. Show the mechanism of this transformation. 

22.8 Selenenylation of Enolate Ions: 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 
selenenylated. That is, a selenium atom can be attached to the alpha posi- 
tion of a carbonyl compound. Selenenylation is accomplished by first allow- 
ing the carbonyl compound to react with a strong base such as LDA in THF 
solvent, followed by treatment of the enolate ion solution with 1 equiv of 
benzeneseleneny! bromide (CgH;SeBr). Immediate alpha-substitution reac- 
tion 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. 

On treatment with dilute hydrogen peroxide at room temperature, the selen- 

ium 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, position of the saturated carbonyl starting material. 

Yields are generally excellent, and the method is often superior to the alter- 

native alpha-bromination—dehydrobromination route. 

O 

pat 4 4. wa, THF | 4 neo NOES 97 
rita Grabs eur? rater Hoi — Homey + CgH;SeQH 

An a-phenylseleno product 
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Mechanistically, the alpha-phenylselenenylation reaction is similar to 

halogenation except that the reactive enolate ion intermediate is prepared 

in a separate step prior to reaction, rather than during reaction as in hal- 

ogenation. The overall process is shown in Figure 22.7. 

O: VY 
~C—C 
fPOION 

Hess 

The strong base LDA abstracts an ax -CgH, 
acidic alpha-hydrogen atom from the ae a 
carbonyl compound, yielding an er 
enolate ion. ili. 

seine 
Neen 
C=C oe HN(i-C3H, Jo 

A x 

Enolate 

The nucleophilic enolate ion then 
attacks electrophilic selenium and nore 
carries out a displacement of bromide, ; fe: pe eho: 
yielding the a-phenylseleno product. 

NEE) aR , | 
C=O Se ier 
WA hy 

Figure 22.7 Mechanism of the reaction of an enolate ion with benzeneselenenyl bromide 

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: 

Recall 

reaction 

x i ns 
Nu-# 0B sas? owl aaa are 

The elimination step involves oxidation of the phenylseleno interme- 
diate to a phenyl selenoxide, which undergoes a spontaneous intramolecular 
elimination reaction. No added base is required (as it is in dehydrobromi- 
nation), and the reaction occurs at room temperature under very mild 
conditions. 
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ve 0 
epee ee |- |b ee 

La BOT Hy ORC ee NoR a7 oS kink a CgH;SeOH 

(Sse (ener obé\ ae | 
a-Phenylseleno ’ cn f An enone 

ketone 

A selenoxide 

Ketones, esters, and nitriles all undergo the alpha-phenylseleneny]l- 
ation—elimination reaction in good yield. Aldehydes, however, often give 

product mixtures because their enolate ions are too reactive. 

7 O 
| 

C—CH,CH3 1. LDA in THF C—CH=CH, 
Ketone 2. CgH;SeBr 

3. H,O. 

Propiophenone Phenyl vinyl ketone 

(80%) 

1. LDA in THF 
Ketone 2. CoHSeBr 

3. H,02 

Cycloheptanone 2-Cycloheptenone 

(55%) 

1. LDA in THF 
. CeHs Ester ( )-co,cti epee CO.CH; 

Methyl! cyclohexanecarboxylate Methyl 1-cyclohexenecarboxylate 

(96%) 

1. LDA in THF 
Bes 2. CgH;SeB Nitrile  CH3(CH,)4,CH,CH,CN oe CH3(CH,),CH=CHCN 

Octanenitrile 2-Octenenitrile 
(80%) 
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22.15 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 
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22.16 Ketones react slowly with benzeneselenenyl chloride in the presence of HC] to yield 

a-phenylseleno ketones. Propose a mechanism for this acid-catalyzed alpha-substi- 

tution reaction. To what other reaction is this process analogous? 
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22.9 Alkylation of Enolate Ions 

One of the most important reactions of enolate ions is their alkylation by 

treatment with an alkyl halide. The alkylation reaction is extraordinarily 

useful for synthesis purposes because it allows the formation of a new 

carbon-carbon bond, thereby joining two small pieces into one larger mol- 

ecule. Alkylation occurs when the nucleophilic enolate anion reacts with 

the electrophilic alkyl halide and displaces the leaving group by an Sy2 
back-side attack. ; 

1 Gousixi A - 
FOR aan © Ly = ee ee O. pare 

| | oe 
Alkyl 

Enolate ion halide 

Alkylation reactions are subject to the same constraints that affect all 
Sn2 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 do not alkylate at all 
since competing E2 elimination of HX occurs instead. Vinylic and ary] hal- 
ides are also unreactive, since back-side attack is sterically prevented. 

—yY: Tosylate > —I > —Br > —Cl 

R—: Allylic ~ Benzylic > H3C— > RCH,— 
Ra 

THE MALONIC ESTER SYNTHESIS 

The malonic ester synthesis, one of the oldest and best known carbonyl 
alkylation reactions, is an excellent method for preparing alpha-substituted 
acetic acids from alkyl] halides: 

R—X Via malonic R—CH,CO.H 

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 alpha-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 alpha-substituted malonic 
esters. 
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CO.CH,CH; CO,CH,CH; CO,CH,CH; 

CH3CH20H 

eee | H—¢—CO,CHCHs Ne OCHCHs Ne mae ee (OCH CH: 

H H H_ An alkylated 
malonic ester 

Malonic ester Sodio malonic ester 

+ NaxX 

The product of malonic ester alkylation has one acidic alpha-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, 
sme mec a Soe a ae 

H R' 
A dialkylated 

malonic ester 

Once formed, the alkylated malonic esters can be hydrolyzed and decar- 
boxylated when heated with aqueous acid (decarboxylation is the loss of 
carbon dioxide, CO,). The product is a substituted monoacid. 

CO,CH,CH, jf 

Ranta OcGus sar ana Baits 0H + CO, + 2CH,CH,OH 

R’ H 

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 £-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 mechanism. 

O O R O—H 
CO,CH,CH; pisos sl i 

ese atiienys wantion alo ioe : 
HK CO,CH,CH; A Bi C R OH 

hoe An acid enol 

A malonic 

oe DSdiacid 

R,CH COOH 

A carboxylic acid 
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The malonic ester synthesis is an excellent method for converting alkyl 

halides into carboxylic acids while lengthening the carbon chain by two 

atoms. For example, 

CH;(CH2),CH,Br + Na* :CH(CO2C2H5)2 —>» CH3(CH2)3CH(CO2C2Hs)o 

1-Bromobutane 84% 

| H,0°, 4 

CH3(CH2)4COOH 

Hexanoic acid 

(75%) 

CHs 

Na* ~OCH,CH, | 
——_———————> CH3CH2CH2CH2CH(CO2C2Hs)o + CHsI esa CH3CH2CH2CH2C(CO2C2Hs)o 

| io A 

a 
CH3;CH2,CH,CH,CHCOOH 

2-Methylhexanoic acid 

(74%) 

The malonic ester synthesis can also be used to prepare cycloalkanecar- 
boxylic acids by the proper choice of alkyl halide. For example, if 1,4-dibro- 
mobutane is treated with diethyl malonate in the presence of 2 equiv 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 cyclopentanecarboxylic acid 
(Figure 22.8). Three-, four-, five-, and six-membered rings can be prepared 
in this manner, but yields decrease drastically for larger ring sizes. 

PRACTICE PROBLEM SPH HSH HETHHHSEETHETEHEHETHEE STOTT HEEHE HEHEHE HHE HHO EEH HE TH HEHEHE SE EEEEE EEE EES 

How would you prepare heptanoic acid via a malonic ester synthesis? 

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. 

CH;CH,CH,CH,CH,Br + CH,(COOCH,CH;). ee CH;CH,CH,CH,CH,CH,COOH 
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22.17 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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CH, CH, 
wt WES. 

CH> 2 CH, CH(CO.C2H;). 
| ‘ oF >CH(CO2CoH5)> — | 

Bae CH, 

ike CH» 

Br oe 

1,4-Dibromobutane Na* ~OC.Hs 
Ethanol 

CHe 
a 
ee :C(CO.C2H5)> 

bral 

CH, 

Obs 

GOO sMe=2= 5514) C 
A CH, NS 

x CO.C>H; 
CH, Cyclopentanecarboxylic acid 

Figure 22.8 Malonic ester synthesis of cyclopentanecarboxylic acid 
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22.18 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 

PLUG EEE Maret telios creeds oii in oe eiieliolrel er alielioiia Vuiiekvitalieloits [ole jei's:,ayie: aco oVel.ei(e J» Ju)iella! gfe] e]ia).ol(aexe ia) 8).8/-4)\s'(8 '0}1a9) vlle)ibie' «)(0)/0)'#)8, a):8)\a'6\)a/-0i €ie,(ellei/s e)isi0le 

22.19 Monoalkylated and dialkylated acetic acids can be prepared by the malonic ester 

synthesis, but trialkylated acetic acids (R;CCOOH) cannot be prepared. Explain. 

THE ACETOACETIC ESTER SYNTHESIS 

The acetoacetic ester synthesis provides a method for preparing alpha- 

substituted acetone derivatives from alkyl halides in the same way that the 

malonic ester synthesis provides a method for preparing alpha-substituted 

acetic acids. 
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O 

Via acetoacetic. | 
R—X aaah R—CH,CCH3 

a-Substituted acetone 

Ethy] 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. 

O H O O O 

| | | Ethanol 
i en 

He gc Oat + Na*-OC;H; ——> CHa eae 

H H 

Acetoacetic ester | 
Rea 

O 

ie tanta “Ours | | 
ators aa eae : CEC cn onsets 

R’ . H 

Upon heating with aqueous HCl, the alkylated acetoacetic ester is 
hydrolyzed and decarboxylated via a B-keto acid intermediate to yield an 
alpha-substituted acetone product. If a monoalkylated acetoacetic ester is 
hydrolyzed and decarboxylated, an alpha-monosubstituted acetone is 
formed; if a dialkylated acetoacetic ester is hydrolyzed and decarboxylated, 
an a,a-disubstituted acetone is formed. 

O O pete 
C0,CiHs ROE Arita Ae Be 

ee C=C am (OKO) 

coe ae oe pe : 
Hid, COCHs = Es /oles Gu R CH3 
R R 

A monoalkylated Ce | 
acetoacetic ester 

1 
RCH,CCH3 

An a-monosubstituted 

acetone 

pape 
ene =’; — RR'CHCCH; + CO, + C,H;0H 

R’ An a,a-disubstituted 

acetone 

A dialkylated 

acetoacetic ester 
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For example, 

O 
| “a | 

CH,CCH; + CHsCH,CH,CH,Br =" —°"'s> CH,CH,CH,CH,—CH,CCH, 

CO2C2H; 1-Bromobutane 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, 

O 
H |i | 

COC,H; «~COC2H;5 
Na’ OC2H; 

C,H;0H 

Ethyl 2-oxocyclohexanecarboxylate 

[esucn 

OF CH Cele 
CH, Vos CO.C.H; 

C 3 , 

2-Benzylcyclohexanone (77%) 

PRACTICE PROBLEM....cccccccccccccccccesecsscscsssseseessscsssesssssssssssssesesccscsessssens 

How would you prepare 2-pentanone via an acetoacetic ester synthesis? 

Solution The acetoacetic ester synthesis yields a ketone product by adding three 

carbons to an alkyl halide: 

O This bond formed 

CH3CCH, —CH,CHs3 

a 

These three carbons from These carbons from 

acetoacetic ester alkyl halide 

Thus, the acetoacetic ester synthesis of 2-pentanone would involve reaction of 

bromoethane: 

O O 

1. Nat ~OCH2CH | | 
CH;CCH,COOCH,CH3 + CH;CH,Br 2. Hj0* CH;CCH,CH2CH3; 
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What alkyl halides would you use to prepare these ketones via an acetoacetic ester 

synthesis? 

(a) 5-Methyl-2-hexanone (b) 5-Phenyl-2-pentanone 

sees e eres esse eres eeeeese 
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How would you prepare methyl cyclopentyl ketone, using an acetoacetic ester 

synthesis? 

i 
CH3C 

Methyl cyclopentyl ketone 
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Which of the following compounds cannot be prepared by an acetoacetic ester syn- 

thesis? Explain. 
(a) 2-Butanone (b) Phenylacetone 

(c) Acetophenone (d) 3,3-Dimethyl-2-butanone 

DIRECT ALKYLATION OF KETONES, ESTERS, AND NITRILES 

The malonic ester synthesis and the acetoacetic ester synthesis are rather 

special, since both alkylation reactions take place at doubly carbonyl-acti- 
vated centers. 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 will not 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 

i H LDA i y Rox ee 
ae amar | ~-Sa~| > ee + 3m 

OX | ia 

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, it’s that 
aldehyde enolate ions undergo carbony!] condensation reactions instead of 
alkylation. We'll study this condensation reaction in the next chapter.) Some 
specific examples of alkylation reactions are shown. 
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O O 

H LDA CHI CH; 

Butyrolactone , 2-Methylbutyrolactone (88%) 

Ester 

ae ee LDA ss ‘HsI (CH3)2C —C— OC2H; “cur? | (CHs)eC—C—OC,H; —+ (CH;),C—C—OC,H; 

Ethyl 2-methylpropanoate Ethyl 2,2-dimethylpropanoate 
(87%) 

Nitrile 
H CH3 

2 | 
CHC=N :CHC=N CHC=N 

THF 

Phenylacetonitrile 2-Phenylpropanenitrile 

(71%) 

Ketone 
O O 

H;C ea H3C CH; 
5 H H CHI 

H3C H 
H H UDA, aa 2,6-Dimethylcyclohexanone 

THF (56%) 

2-Methylcyclohexanone 

PROBLEM 

22.23 

H3C oe H HsC 

H CHsl H3C 

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. 
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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 
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22.10 Summary and Key Words 

The alpha substitution of carbonyl compounds via enol or enolate ion 
intermediates is one of the four fundamental reaction types in carbonyl- 
group chemistry. 

H O :OH E O 
Ye Ge es oe E \ a 

as ——> = ees Pa 

-/ ~ f. s /; \ 

Enol a-Substituted product 

ie (E* = an electrophile) 
sin 

ce 

Va a 

Enolate 

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 cannot 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 Bry and PBr3. The alpha-halogenated products 
can then undergo base-induced E2 elimination to yield a,B-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,-unsaturated car- 
bonyl compounds when treated with H,Oy. 

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 
bade cx ciate olka’ : 
Ce en One ene eer C 

muslcman bee 
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 



22.11 SUMMARY OF REACTIONS 813 

acetone derivatives. Most important of all is that many carbonyl compounds, 
including ketones, esters, and nitriles, can be directly alkylated. These car- 
bonyl alkylation reactions constitute what is perhaps the most important 
method in organic chemistry for synthesizing complex molecules. 

22.11 Summary of Reactions aN cee ee ge 
1. Ketone/aldehyde halogenation, where X = Cl, Br, or I (Section 22.3) 

0. H X 

ee, nee ON 
| CH,;COOH | 

2. Hell—Volhard—Zelinskii bromination of acids (Section 22.4) 

a r 

Taina SoH ibe 7 es, —C—COO0H 
2. H,O | 

3. Dehydrobromination of a-bromo ketones (Section 22.3) 

Br H 
i ot | ee / 

R—C—C—C— ed R—C—C=C 
nl ; hae Kae 

4. Haloform reaction, where X = Cl, Br, or I (Section 22.7) 

1 1 
RC Chee RCO HOR, 

5. Phenylselenenylation—elimination (Section 22.8) 

O O SeC.Hs; 

{ ‘ 1 LDAinTHF | op I oe 202, vt es A 
ee (i 2, CgH,SeBr aa | SS ‘a 

6. Alkylation of enolate ions (Section 22.9) 

a. Malonic ester synthesis 

H,0* 
CH2(CO2C2Hs)2 + RX “i> R—CH(CO2C2Hs)2 —> R—CH,COOH 

i | | 
a otis , H; : eee RCH(CO,C2Hs)2 + RX 22> R’—C(COC2Hs5)2 “> ~R’—CHCOOH 
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b. Acetoacetic ester synthesis 

O 
ie il | OF 

CH;CCH,COC.H, + RX ee eC . CH,CCH,R 

R 

i la | || sift H,0° Soe + RX a CHa api aaioeten CH,C—CHR 

R R 

c. Alkylation of ketones 

O ! 

Res | ae | 1, LDA in THF ae es 
| , 2. RX | 

d. Alkylation of esters 

idol | 
ray ence —r OR ae yartbony eee 

e. Alkylation of nitriles 

| | seu 1. LDA in THF R—C—C=N 

2. RX | 

ADDITIONAL PROBLEMS 

22.24 Acetone is enolized only to the extent of about 0.0001% at equilibrium, whereas 2,4- 
pentanedione is 76% enolized. Explain. 

22.25 Write resonance structures for these anions: 

0 

(a) or caban (b) :CH,C=N 
0 

(c) cHCu = che nec: (@) N=CCHCO,C,H; 

1 
CHCCH, 
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22.27 

22.28 

22.29 

22.30 
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22.32 

22.33 
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Indicate all the acidic hydrogen atoms in the following structures: 

O 

| 
(a) HOCH,CH,CCH; (b) HOCH,CH,CC(CHs)s 

(c) 1,3-Cyclopentanedione (d) CH3;CH=CHCHO 

One way to determine the number of acidic hydrogens in a molecule is to treat the 
compound with NaOD in D,0O, isolate the product, and determine its molecular 
weight by mass spectroscopy. For example, if cyclohexanone is treated with NaOD 
in D,0, 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 
22.27 to differentiate them? 

Rank the following compounds in order of increasing acidity: 

(a) CH3CH,COOH (b) CH3;CH,OH (c) (CH3CH2)2.NH 

1d 
(d) CH3;COCH3 (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 quite stable. Explain. 

| A | 

i I 1 
é —5 C ZC RN eX RP 

R 4H RR Reet 

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) (CH3sCH2)2,CHCOCH3 (b) Be ope ass 

CHs 

How would you prepare these compounds using either an acetoacetic ester synthesis 

or a malonic ester synthesis? 

O 
| 

(a) (CH3)gC(CO2C2Hs)o (b) (eon, 

(c) < > coon (4) H,C—CHCH,CH,COCH, 
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22.38 
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Predict the product(s) of these reactions: 

CO2H a) [Freon zs 
1. LDA, THF 
—__ 
2. Cg.H;SeBr 

O OQ 1. NaOC,H, 
(c) 2. CHgI 

Br , PBrs 
SSS ES 

H,0, 
A B (b) (CH3)eCHCO2C2H; 

H,0 
es (d) CH3;CH,CH,COOH A B 

O 
| 
C—CH, 

~OH, H,O Cr = 
Nonconjugated £,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,B8 interconversion of unsaturated ketones (Problem 22.35) is also cat- 
alyzed by base. Explain. 

One interesting consequence of the base-catalyzed B,y-to-a,8 isomerization of unsat- 
urated ketones (Problem 22.35) 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 

CHa CH; 

Although 2-substituted 2-cyclopentenones are in a base-catalyzed equilibrium with 
their 5-substituted 2-cyclopentenone isomers (Problem 22.37), the analogous iso- 
merization is not observed for 2-substituted 2-cyclohexenones. Explain. 

O O 

CH3; -on CH; 

a 
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 
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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 
acid, and another compound called ecgonine. Chromium trioxide oxidation of ecgon- 
ine led to a keto acid that readily lost COz, on heating, giving tropinone. 

_OH 
C,7H2,:NO, iO” CH;0H + Cs,H;COOH ata CyH,;NO3 

Cocaine Ecgonine 

HOU 

Ecgonine “> (,H,,NO; — CO, + 

Keto acid 

(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. 

22.40 Which of these substances would give a positive haloform reaction? 

(a) CH3;COCH3 (b) Acetophenone (c) CH;CH,CHO 
(d) CH;COOH (e) CH;C=N 

22.41 Show how you might convert geraniol into either ethyl geranylacetate or 
geranylacetone. 

yas (CH3).C = CHCH,CH,C(CH3 ) — CHCH,CH,CO.C.H; 

Ethyl geranylacetate 

(CH3)2C = CHCH,CH,C(CH3) = CHCH,0H 

Geraniol 

NUE (CH3)2C =CHCH2,CH,C(CH3)—= CHCH,CH2,COCH3 

Geranylacetone 

22.42 How would you synthesize the following compounds from cyclohexanone? More than 

one step may be required. 

O 

CH, CH,Br CH.C.H; 

(a) el (b) Gr (c) 

CH,2CH,COOH COOH 

(d) (e) (f) 

COOH 

QO 
CH=CHCO,.CH; 

(g) fe (h) 
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How can you account for the fact that cis- and trans-4-tert-butyl-2-methy]-cyclo- 

hexanone are interconverted by base treatment? 

(CH) Ce ot (CHa) H 

Which of the two isomers do you think is more stable, and why? Use molecular 
models to help formulate your answer. 

The following synthetic routes are incorrect as drawn. What is wrong with each? 

1. Brz, CH;COOH 
CH3;CH,CH=CHCO,CH3 

2. A, pyridine 
(a) CH;CH,CH2,CH,CO,CH3 

iad (b) CHsCH(CO,CH,CHs). SG SCCM, ( \-cwo.csti 

1. -OC,H,/C;H,0H 
2. H,C=CHCH,Br 
3. H,0* 

(c) CH;COCH2CO,2C2H; H2,C =CHCH,CH,COOH 

1. ~OC,H;/C,H;0H 
EE a 

2. C.H;SeBr 

3. A, pyridine 

(d) CH;CH,CH,CN CH;CH=CHCN 

1. Brg, NaOH 
Sa 
2. A, pyridine 

(e) 

1. LDA, THF 
(f) (CH3)eCHCOCH3 2. CoH{CH,Br” (CH3)2CCOCH3 

CH2C.H; 

Unlike most £-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 prove helpful. 

ov H O 

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. 



ADDITIONAL PROBLEMS 819 

Furthermore, if D3O* is added to the reaction mixture after a suitable period, one 
deuterium atom is incorporated into the recovered cyclohexanone. Explain. 

O 
DO C(CHs)s D 

1. (CHs)3;CMgBr 
2. D30* 

22.47 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 these unexpected results. 

cH 

4C) 
CH; 

Laurene (not formed) 

THF fx 
H;C 

CH3 

22.48 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? 

O O 

K OC(CHs)3 in H 

(CH;)3COH > 
i (CH3)2HC 

| 
H 

? 

CH. C 2 

H 

H 

Hs 

H 
(CH3)2HC~ 

H 

Sativene 
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The Favorskii reaction involves treatment of an a-bromo ketone with base to yield 

a ring-contracted product. For example, reaction of 2-bromocyclohexanone with 

aqueous NaOH yields cyclopentanecarboxylic acid. Propose a mechanism to account 

for this reaction. 

4 COOH 
Br 

1. NaOH 

2. H30* 

Treatment of a cyclic ketone with diazomethane is a method for accomplishing a 

ring-expansion reaction. For example, treatment of cyclohexanone with diazome- 
thane yields cycloheptanone. Propose a mechanism to account for this reaction. 

O 

:CH, = =N 

Ether 



CHAPTER 23 

Carbonyl Condensation 
Reactions 

\ V.. seen three general kinds of carbonyl-group reactions in the past four 
chapters and have studied two general kinds of behavior. In nucleophilic 
addition reactions and nucleophilic acyl substitution reactions, the carbonyl 
group behaves as an electrophile by accepting electrons from an attacking 
nucleophile. In alpha-substitution reactions, however, the carbonyl com- 
pound 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. 

sO 10: 

i a o = 

a - Ja tes 

E Nu Er 

Electrophilic carbonyl is Nucleophilic alpha position of 

attacked by nucleophiles (: Nu) enolate attacks electrophiles (E*) 

23.1 General Mechanism of Carbonyl Condensation Reactions 

Carbonyl condensation reactions take place between two carbonyl compo- 
nents and involve a combination of nucleophilic addition and alpha-substi- 
tution steps. One component acts as a nucleophilic electron donor in 
undergoing a nucleophilic addition, while the other component acts as an 

821 
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electrophilic electron acceptor in undergoing an alpha substitution. The 
general mechanism of a carbonyl! condensation reaction is shown in Figure 

23.1. 

1 
C ae Oat 
AN iv 

PO 

One carbonyl component with an 
alpha-hydrogen atom is converted by 
base into its enolate anion. 

——— 

. O 

I Nucleophilic 
donor 

This enolate ion acts as a nucleophilic T 
donor and adds to the electrophilic as 1¢ 
carbonyl group of the acceptor aeceptce 
component. 

O 

to 
vA Ne Ni 

4 
eee 

Protonation of the tetrahedral 

alkoxide ion intermediate gives the H20 
neutral condensation product. 

ie 
C (Coe ee OL 

laa aa \ 
wo 

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. However one chooses to view the reaction, 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 
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steps in the biosynthesis of many naturally occurring compounds, and chem- 
ists use the same reactions in the laboratory. 

23.2 Condensations of Aldehydes and Ketones: 
The Aldol Reaction 
iat 

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 B-hydroxy aldehyde known 
commonly as aldol (aldehyde + alcohol). 

ie 

Na*OC.H; |B 2 CH;CHO —— CHC — CH,CHO 
Acetaldehyde H 

Aldol (a B-hydroxy aldehyde) 

Known as the aldol reaction, base-catalyzed dimerization is a general 
reaction for all ketones and aldehydes having alpha-hydrogen atoms. If the 
ketone or aldehyde does not have an alpha-hydrogen atom, however, aldol 
condensation can’t occur. As the following examples indicate, the aldol equi- 
librium generally favors condensation product in the case of monosubsti- 
tuted acetaldehydes (RCH2CHO), but favors starting material for 
disubstituted acetaldehydes (R,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. 

O 
O 

2 NaOH, ethanol OH 

Cyclohexanone 22% 

O OH 

ao itl 
2 CH;CCH3; erg (CH3)2C— CH,CCH; 

Acetone 55% 

OH 

| 
CH,CHO CH,CH— CHCHO 

NaOH, ethanol 

of ees 
Phenylacetaldehyde 90% 
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H3C_ _CHs 
O 

° H3C CH3 
H3C re 

NaOH, ethanol 
2 H3C a OH 

2,2-Dimethylcyclohexanone Low yield 

CH3 OH CH; 

\ NaOH, ethanol ly 

2 H—C—CHO as (CH),CHCH—€ —CHO 

CHs CHs 

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 hydroxy] proton to yield 
an alkoxide, which fragments to give one molecule of enolate ion and one 
molecule of neutral carbonyl compound (Figure 23.2). 

Base removes an acidic alpha 
hydrogen from one aldehyde molecule, 
yielding a resonance-stabilized 
enolate ion. 

(}CH,—C—H + CH,0H 

The enolate ion next attacks a second 
aldehyde molecule in a nucleophilic 
addition reaction to give a tetrahedral 
alkoxide ion intermediate. 

Protonation of the alkoxide 
intermediate yields neutral aldol 
product and regenerates the base 
catalyst. 

Figure 23.2 Mechanism of the aldol reaction 
re 

f.Gc— 

\ 

Se 
C—ii 

Ee 

0 
ee ~~ CH,CHO 

ks SS ae fae SR wee} 

| Hoc, 

ot 

CH,;CHCH,CHO + -OCH, 
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23.3 CARBONYL CONDENSATION VERSUS ALPHA-SUBSTITUTION 825 

Mie tdracinicit, Snesie} ©).08'\e eee a lare ie /ete\e\¢/9)e/6)0)6\ei6\0.6 nie A 0s 619 \er0.6 9:0 '0\8 6 6 e:0ieie'e 6.0.0 00 6140.6 610.0% .00 406 

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 

1 7 
ia if O 

CH3;CH,—C—H + CH,—C—H NaOH I 
iia Has Care 

CHs Heche 

Seer nedn curing ic See) ese ®) 8S Rugte [Pelee (sl ayy /erenenerevsVeneKeny, so aeTalial stele llafens-tet elairals talatetens: ep at aha ol ereNe a eiereve: s:.018 deuereveeiee 

Predict the product of aldol reaction of these compounds: 
(a) Butanal (b) 2-Butanone (c) Cyclopentanone 

Dee peerage okt SL Lele ge) ® 2. 61> 8) 9) \e).8\\8) A) /8''8 mile) @(6'\@6 1¢:{¢)\e:elele qin! eG 66:66 %e ae) 16/6. 046 W919) 0 lo. gie 6 6:6 ele ela eid ele, ei6'e.6\ 0 ane 66 a ele ee a 6 

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. 

SUSE AE RAGS PoC Shin see ie 1948) a) 858) eco heh 'y Je 0 eho je hes\e) s).0) 6 619. € Bios) .6 8 9 [6 je (ole, Vio Wii0..6,.6 6/6) 0:1n] oe miele 0 16 Ole sie elelele & 0. e(e le 00 0 wie #6 68.6 6 

Show by means of curved arrows how the base-catalyzed reverse aldol reaction of 
4-methyl-4-hydroxy-2-pentanone to yield two molecules of acetone takes place. 

23.3 Carbonyl Condensation Reactions 
versus Alpha-Substitution Reactions 

Two of the four general carbonyl-group reactions—carbonyl 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 doesn’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 in such a way that the carbonyl compound is rapidly and completely 
converted into its enolate ion at as low a temperature as possible. An elec- 
trophile is then added rapidly to ensure that the reactive enolate ion is 
quenched quickly. 

In a malonic ester synthesis, for example, we might use 1 equiv of 

sodium ethoxide in ethanol solution at room temperature. Instant and com- 
plete generation of the malonic ester enolate ion would happen, and no 
unreacted starting material would be left so that no condensation reaction 
could occur. We would then immediately add an alkyl halide to complete 
the alkylation reaction. 
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CH3(CO{CH;CH,), ae (Na = CHICOsCELCH | 
Ethanol, 25°C 

(very fast reaction) 100% 

| Add R—X 

R—CH(CO,CH,CHs)o 

Similarly, if we wanted to carry out the direct alkylation of a ketone 
such as 2-methylcyclohexanone, we might use 1 equiv of the strong base 
LDA in THF solution at very low temperature. Again, complete generation 
of the ketone enolate ion would occur rapidly, and no unreacted starting 
material would remain. Rapid addition of an alkyl halide would then let 
the desired alkylation (alpha-substitution) reaction occur. 

O PO® fcr O 

1 equiv LDA R= x 
—————— > 
THF, —78°C 

On the other hand, we might want to carry out a carbonyl condensation 
reaction. This, too, we could accomplish by selecting the proper reaction 
conditions. Since we need to generate only a small amount of the enolate 
ion in the presence of unreacted carbonyl compound, 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 dis- 
solve propanal in methanol, add 0.05 equiv of sodium methoxide, and then 
warm the mixture. A high yield of aldol product would result. 

aie, | CH,CHCHO | CH;CH,CHO 
CH3;0H, A 

Present in 

tiny amount 

| CH,CH,CHO 

OH O- 
hd | HOCH, | 
OCH; + CHsCH,CHCHCHO <-> CH;CH,CHCHCHO 

Regenerated ibd ie 
catalyst : A 

23.4 Dehydration of Aldol Products: Synthesis of Enones 

The B-hydroxy ketones and B-hydroxy aldehydes formed in aldol reactions 
can be readily dehydrated to yield conjugated enones. In fact, it is this loss 
of water that gives the aldol condensation its name, since the enone product 
is more “condensed” than the hydroxy aldehyde/ketone. 
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HO H O O 
Re ak 47. ee Seber eapord ae betta ee eC C—O 

S | 
A B-hydroxy aldehyde/ketone A conjugated enone 

Most alcohols are resistant to dehydration by dilute acid or base, and 
powerful reagents like POCl3; 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 abstracted, yielding an enolate ion from which the hydroxide ion leaving 
group is expelled. Under acidic conditions, an enol is formed, the hydroxy] 
group is protonated, and water is expelled. 

HO H O ¢OH nea 0 
Basic ‘ | | -OH | | | | , 

elimination tara —- BR aes —— oe ee ie OH 

| 

Enolate ion 

i i f 40H, :O—-H 
Acidic P H3;0* | | . 

elimination ie yan po Ga E Tae Os om mi Sa As + H30 

| | 

Enol 

The conditions required to effect aldol dehydration reactions are often 
only a bit more vigorous (slightly higher temperature, for example) than 
the conditions required for the aldol dimerization itself. As a result, con- 
jugated enones are often obtained directly from aldol reactions, and the 
intermediate 6-hydroxy carbonyl compounds are not 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. 

\ \ 
C=C—C= C=C—C—C=0O 

a iad (ne een eam 

Conjugated enone Nonconjugated enone 
(more stable) (less stable) 

Recall the following: 

\ i \ | 
C=C—C=C C=C—C—C=C 

Aedsh-S lo md aibelidel acl oe 
Conjugated diene Nonconjugated diene 

(more stable) (less stable) 
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PRACTICE PROBLEMY ssc eoisc56ess00s0cascuavmndar ange eee asthe ss.o« saan suave ede e geen ae 

What is the structure of the enone obtained from aldol condensation of acetaldehyde? 

Solution In the aldol reaction, H,O is eliminated by removing two hydrogens from 

the acidic alpha position of one partner and the oxygen from the second partner: 

H H H i 
| | : 

H,c—C =0 + H,c—cHo —.. 4,c—c=c—cHOo + H,O 

2-Butenal 

ERO BEIM GS rete eevee ra rave vate! sia, oi syrsitaltal-s) oe\reiie) v.isiie <ohat oXe level ean ete} a ole paNohene tone be sire che eleus fetes fell cha, etwtetensste) st UweRoweiey shells (eilsle lols elietaiaisiate 

23.4 What enone products would you expect from aldol condensation of the following 
compounds? 
(a) Cyclopentanone (b) Acetophenone (c) 3-Methylbutanal 

PROBLEM 6 insite esau) aveice seca r0ice teres ie t8 Ce: ai ayia (0; wie, ov 0-10 Notaries $66) /0) 408 tomer ete) eile) «pie eres) eliaiia\‘ol’ey ellay eMere le @eve: ereMatetee -ayetn «) o cee eveltal ani uetel eens 

23.5 Aldol condensation of 3-methylcyclohexanone leads to a mixture of two products, 
not counting double-bond isomers. Draw them. 

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 6-hydroxy ketone/aldehyde or a con- 
jugated enone functional group, it might come from an aldol reaction: 

HO H O 

oes 2 a ae ene | vel 
or S= C+ H—-C—C— 

O | peers aah 
C=C—C— Starting materials 

el 
Products 

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 in fact 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-condensation product of butanal. The reactions that follow show the 
sequence in reverse order. 
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CHsCH,CH,CH,CHCH.OH ——__*“_____ ¢,CH,CH,CH,CHCHO 
(industrially, by H./Pt) 

CH,CH, CH.CH3 

Target: 2-ethyl-1-hexanol Starting material: 2-ethylhexanal 

CH;CH,CH,CH,CHCHO <2“ CH;CH,CH,CH—CCHO 
CH.CH; CH,CH3; 

2-Ethylhexanal 2-Ethy1-2-hexenal 

CH;CH,CH,CH—CCHO <2" 2CH,CH,CH,CHO 

CH,CH; Butanal 

2-Ethyl-2-hexenal 
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Which of the following compounds are aldol self-condensation products? What is the 
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 

See ees SOLS ers (Sele eeleise leyeire e A)ih: 8).8\a) ater) (9: 81-8) 01S) :b\6/ 61,0) (6,6 6/18) 61.0118, 6 Te )0 6 69 60016. 6 00 @ 8d 'e mie ine) 86 eia 010 66 6\-a18 6 e'e lees. a6 

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. 

23.6 Mixed Aldol Reactions 

Until now, we’ve considered only symmetrical aldol reactions, in which the 

two carbonyl components have been identical. What would happen, though, 
if we attempted to carry out a mixed aldol reaction between two different 
carbonyl] partners? 

In general, a mixed aldol reaction between two similar ketone or alde- 
hyde components leads to a mixture 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. 

OH OH 
| | 

CH3CHCH,CHO + eee 

CH; 

CH,CHO + CH,CH,CHO —2%> + + 

Acetaldehyde Propanal OH ae 

cH,CH,CHCHCHO + CH,;CH,CHCH,CHO 
EO EEO 

eee Mixed products 
Symmetrical 

products 
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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 cannot 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 

H3C H H3C Ji 
H es Na* ~OC,H; +H 20 

Ethanol 

2-Methylcyclohexanone Benzaldehyde ' 78% 

(donor) (acceptor) 

Benzaldehyde (or formaldehyde) can’t form an enolate ion to con- 
dense with itself or with another partner, yet its carbonyl group is 
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: 

i 
O CH3;C CO.C2Hs 

coenetil fs 
+ CH;CCH,COC,H; = + H,O 

Cyclohexanone Ethyl acetoacetate 80% 
(acceptor) (donor) 

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 is either an unusually good nucleophilic donor (such as 
ethyl acetoacetate) or else has no alpha protons and is a good electrophilic 
acceptor (such as benzaldehyde). 

P1010 8 Be alee! 4.6) wile) ie\\s) .0118)0\\e),e/'e/'6 (6 @)e) 6)" a) 6) evi wie a, @iiel.e\.6..0) CFS sheL ere ieh ee) 'eishs elerre: wren sieieyel iv Vsatuiels vel aera tele ois) ew ieie: Ge: bleed pi alle 606: a lellekelioue. «07416, ee 

23.8 Which of the following compounds can probably be prepared by a mixed aldol 
reaction? 
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1 
(a) CsgH;sCH=CHCCH, (b) eae eae nae? 

CH; 

CHCH,CH; 

(c) (d) COCH; 

23.7 Intramolecular Aldol Reactions 

The aldol reactions we’ve seen up to this point have 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. 

O O 

Cc H, NaOH + H,O 

Ethanol 

O CH; CHs; 

2,5-Hexanedione 3-Methyl-2-cyclopentenone 
(a 1,4-diketone) 

O O 

CH3 NaOH + H,O 
Ethanol 

o CHs CH3 

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-methylcyclo- 
propenyl)ethanone (Figure 23.3). In practice, though, only the cyclopenten- 

one is formed. 
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Cu CH; 

CH3 
S —— oe H,O 

H 
CH; CH; 

‘ A alin) wie g 
NaOH, H,0 (2-Methylcyclopropenyl)ethanone or <b 

H Path b 
eS NaOH H,0 O O 

2,5-Hexanedione SS eal 

l) —= + H,O 
CH3 

Con CH3 

3-Methy1-2-cyclopentenone 

Figure 23.3 Intramolecular aldol reaction of 2,5-hexanedione to yield 3-methyl-2- 

cyclopentenone 

The reason for the observed product selectivity in intramolecular aldol 
reactions is that all steps.in the mechanism are reversible and an equilib- 
rium is reached. Thus, the relatively strain-free cyclopentenone product is 
considerably more stable than the highly strained cyclopropene alternative. 
For similar reasons, intramolecular aldol reactions of 1,5-diketones lead 

only to cyclohexenone products rather than to cyclobutenes. 

PROBLEM ie 0/10 )s,oh01010. 01», oisitsiialeiiertehisrelielio she’ 'oynuel.ei.a 'a Ge) a) Gun intlgs © = ‘ei-0)r elo hte isibal sole let stabion ial'@ isis: «) oils e (oueiieilenerevaite elieve rate isis) ete toaereneienate 

23.9 Why do you suppose 1,3-diketones do not undergo internal aldol condensation to 
yield cyclobutenones? 
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23.10 What product would you expect to obtain from base treatment of 1,6- 
cyclodecanedione? 

O 

Base 
—— 

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 possible similar 
reactions in which a compound with acidic alpha hydrogens condenses with 
a second carbonyl component. For example, diethyl malonate can condense 
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with aldehydes and unhindered ketones to yield a,B-unsaturated diesters— 
the Knoevenagel! reaction. Like other malonates, these diesters can then 
be decarboxylated (Section 22.9). 

CHO | CH= C(CO,C.H;). 

+ CH,(CO,C2H;)> SWE OEHO CT 
thanol 

Diethyl malonate 

Benzaldehyde 91% 

CH=CHCOOH 

CT + CO, + 2C,H;OH 

Cinnamic acid 

Many other possibilities exist, including condensations with nitriles, 

anhydrides, and nitro compounds as the acidic donor components. The many 
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. 

Cee eee eee etme eee seers ress eseeaeseseeeseereeesereeeeesesereseseEeeseeEeEeseseserereereeeesone 

Show the mechanism of the Knoevenagel reaction of diethyl malonate and 
benzaldehyde. 

eee eee eee eee eee reer meee seers ese sees ereeeeeeeeeeeeeseeeeeereeeeeeseeeeeeeeeeseeeeeeeeeese 

In the Perkin reaction, an 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 under- 
goes hydrolysis to yield the cinnamic acid. What is the structure of the unsaturated 
intermediate? 

CHO 1 ; 
ae 

CY + CH;COCCH3; a Gui 

2. He 

Benzaldehyde Acetic anhydride Cinnamic acid (64%) 

23.9 The Claisen Condensation Reaction 

Esters, like aldehydes and ketones, are weakly acidic. When an ester having 
an alpha hydrogen is treated with 1 equiv 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. 

1#imil Knoevenagel (1865-1921); b. Linden/Hannover, Germany; Ph.D. Gottingen; professor, 
University of Heidelberg. 
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This reaction between two ester components is known as the Claisen? con- 

densation reaction. 

1 Baal ial ethano 
2 CH,COCH,CH, 22 — USM sthand CH,C—CH,COCH.CH, + CH,CH,OH 

B a 2. H,0* 

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. Viewed from the side of the donor component, the 
reaction is simply an alpha substitution; viewed from the side of the acceptor 
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 
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 6-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. 

ERACTICE PRO BLE Misia vic e's 6:010:0.0s:0'00 asda s.a0.ce.sis alee a9 atealee gue de 0 Meatau sa guance emeeinee teen 

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: 

° 0 C=O 
CH,CH,C—OCH, + H— CHOC = CH,CH,C—CHCOCH, + CH;0H 

CH; bn, 
2 Methylpropanoate Methyl 1-methyl-2-oxopentanoate 

“Ludwig 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). 
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ee ee 

Kthoxide base abstracts an acidic 
alpha hydrogen atom from an ester 
molecule, yielding an ester enolate 
ion. 

This ion does a nucleophilic addition 
to a second ester molecule, giving a 
tetrahedral intermediate. 

The tetrahedral intermediate is not 
stable. It expels ethoxide ion to yield 
the new carbonyl compound, ethyl 
acetoacetate. 

But ethoxide ion is a base. It 
therefore converts the 6-keto ester 
product into its enolate, thus shifting 
the equilibrium and driving the 
reaction to completion. 

Protonation by addition of acid yields 
the final product. 

i 
CH;COC3H; 

—— 

a 
:CH,COC,H; + C,H;OH 

Nucleophilic donor 

: ne Electrophilic 

CH,COC2H; acceptor 

: O 27 O 

SG 
CH,;C—CH,COC,H; 

ea H 

| 

| s! 
CH,CCH2COC2H; 3 C2H;0 > 

Ils 
CH,CCHCOC,H; + C.H;0H 

| 

| H;0° 

ee! 
CH,CCH,COC,H; + H,0 

em 

Figure 23.4 Mechanism of the Claisen condensation reaction 

PROBLEM... ceececcccreresscscrerese-sesesens Sere reeset sete eee eee teste eee eeeeeeeeeeeeeeesrseeesene 

23.18 Show the products you would expect to obtain by Claisen condensation of these 

esters: 

(a) (CH3)2,CHCH,COOCH3 
(c) Methyl cyclohexylacetate 

(b) Methyl phenylacetate 
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23.14 As shown in Figure 23.4, the Claisen reaction is reversible. That is, a 6-keto ester 

can be cleaved by base into two fragments. Show in detail the mechanism by which 

this cleavage occurs. 

i 
C— CH,CO,C.H; | coo- 

CT ee ae (al + CH,CO,C,H; 

23.10 Mixed Claisen Condensations 

The mixed Claisen condensation of two different esters is similar to the 
mixed aldol condensation (Section 23.6). Mixed Claisen reactions are gen- 

erally successful only when one of the two ester components has no alpha 
hydrogens and thus cannot form an enolate ion. For example, ethyl benzoate 
and ethyl formate cannot form enolate ions and thus cannot serve as donors. 
They can, however, act as the electrophilic acceptor components in reactions 
with other ester anions to give good yields of mixed B-keto ester products. 

1 | cara 
COC.H; 1 C—CH,COC,H, + C,H;0H 

CT 1 GH.COGH ae CT 
2. H30 

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 
cannot act as the nucleophilic donor. For example, ethyl formate gives par- 
ticularly high yields in mixed Claisen condensations with ketones. 

0 o * 
O H3C H HsC\ yeu 

H;C H ¥ HCOC.H; 1. Na* OC.Hs, ethanol H3C H H 

2. Hs0* 

2,2-Dimethylcyclohexanone Ethyl formate A B-keto aldehyde 
(donor) (acceptor) (91%) 

PROBLEM os ssjoiere vereirere:oneyorshatolipteliass) slejielievs soilets)ay ele el ayelleyeleiarenaienalicleliecevereis) ateie eretarere ae crorerere eee 

23.15% Would you expect diethyl oxalate, C.H;02CCO.C2Hs, to give good yields in mixed 
Claisen reactions? Explain your answer. What product would you expect to obtain 
from mixed Claisen reaction of ethyl acetate with diethyl oxalate? 
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23.16 What product would you expect from a mixed Claisen-like reaction of 2,2-dimethyl- 
cyclohexanone with diethyl oxalate (Problem 23.15)? 

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 
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. 

‘ate Oe 
een 1. Na* -OCH;, CH,0H 2 COCH; : a : E135 3 COCH3 ci CH;0H 

‘ 5 6 2. H30 

3 4 

Dimethyl hexanedioate Methyl 2-oxocyclopentanecarboxylate 
(a 1,6-diester) (82%) 

O O O Peon | 
aa COCH; COCH; 
2 67 1, Na* ~OCH;, CH;0H + CH.OH 
3 Fy 2) HO” 3 

4 

Dimethyl] heptanedioate Methyl] 2-oxocyclohexanecarboxylate 

(a 1,7-diester) 

The mechanism of the Dieckmann cyclization, shown in Figure 23.5 on 
page 838, 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-oxocyclohexane- 

carboxylate yields a 2-alkylcyclohexanone, as shown at the top of page 839. 

The overall sequence of Dieckmann cyclization, B-keto ester alkylation, and 

decarboxylation is an excellent method for preparing 2-substituted cyclo- 

hexanones and cyclopentanones. 

3Walter Dieckmann (1869-1925); b. Hamburg, Germany; Ph.D. Munich (Bamberger); pro- 

fessor, University of Munich. 
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O 

OCH3 
H H 

COOCH3 

Base abstracts an acidic alpha proton ~ 
from the carbon atom next to one of | Na* “OCH; 
the ester groups, yielding an enolate 
ion. 

:02) 

‘OCH; 
Intramolecular nucleophilic addition “~—-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. 

Loss of alkoxide ion from the 

tetrahedral intermediate forms a 

cyclic B-keto ester. 

Deprotonation of the acidic B-keto 
ester gives an enolate ion... 

... which is protonated by addition Se Bea a 
of aqueous acid at the end of the 
reaction to generate the neutral | H,0* 
B-keto ester product. 

COOCH; + H,0 

Figure 23.5 Mechanism of the Dieckmann cyclization of a diester to yield a cyclic 
” B-keto ester product 
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O O 
H CO.CH; CO.CH, 

1. Na* ~OCH;, CH;0H 

——____. CH,—CH=CH, 
2. HXC=CHCH.Br 

Methyl] 2-oxocyclohexanecarboxylate 

H 
CH,CH=CH, 

CO, + CH;0H + 

2-Allylcyclohexanone 

(83%) 
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23.17 What product would you expect on treatment of diethyl 4-methylheptanedioate with 
sodium ethoxide followed by acidification? 
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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? 

23.12 The Michael Reaction 

We saw earlier (Section 19.18) that nucleophiles such as amines and cyanide 
ion can react with a,GB-unsaturated ketones and aldehydes to give the con- 
jugate addition product, rather than the direct addition product: 

el. isl 
SIN eae! 

Conjugate addition product 

uo 
= 

Exactly the same kind of conjugate addition can occur when a nucleophilic 
enolate ion reacts with an a,G-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 £-keto esters or B-diesters (malonic esters) 

add to unhindered a,f-unsaturated ketones. For example, ethyl acetoacetate 

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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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 | 

cance + oecaccrn — cH cnerccens 

CO.C.H; 3-Buten-2-one , CO;CoH= 

Ethyl acetoacetate 94% 

Michael reactions take place by addition of a nucleophilic enolate ion 
donor to the beta carbon of an a,B-unsaturated carbonyl acceptor, as indi- 

cated in Figure 23.6. 

1 | 
_ CH3CCH,COC2H; 

The base catalyst removes an acidic 
alpha proton from the starting B-keto 
ester to generate a stabilized enolate OCI setae 
nucleophile. 

The nucleophile takes part in a CH3CCHCOC2Hs 

a,B-unsaturated ketone electrophile. oa ae wee 
The product anion is a ketone cdl naa Saal 
enolate. 

conjugate (Michael) addition to the le as 

CH;CCHCOC,H; 

Cs 
CH,CHCCH; 
ee ey 

The ketone enolate abstracts an 
available proton, either from solvent 
or from the starting B-keto ester, to nee: 
yield the final product. 

ten 4 
CH;CCHCOC,H; + OC.H; 

1 
CH,CH,CCH, 

Figure 23.6 Mechanism of the Michael reaction between a $-keto ester and an 
a,B-unsaturated ketone 

a reer 

The Michael reaction is general for a wide variety of a,B-unsaturated 
carbonyl compounds, not just conjugated enones. Conjugated aldehydes, 
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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 6-diketones, -keto esters, malonic 
esters, B-keto nitriles, and nitro compounds. 

Table 23.1 Some Michael acceptors and Michael donors 

Michael acceptors Michael donors 

H,C—CHCHO Propenal RCOCH,COR’ B-Diketone 

H2C—CHCO,CH; Methyl propenoate RCOCH,CO,CH3 B-Keto ester 

H,C—=CHC=N Propenenitrile CH302CCH,CO2CH3 Malonic ester 

H,C=CHCOCHs 3-Buten-2-one RCOCH,C=N B-Keto nitrile 

H,C—CHNO, Nitroethylene RCH,NO, Nitro compound 

H,C=CHCONH, Propenamide 

Pe R OPS ARC NT rete laneke Patel telest sista vote eietersiaravatala/avofalistetaliefel ere) cre iaier sue iersis avajer siseeia’is vis che) siierare! e/eiie-e)ei/eh. sie .e'Calieuele ete tetai‘er eyeie elcteleter stake 

23.19 What products would you obtain from base-induced Michael reaction of 2,4-pentane- 
dione with these a,B-unsaturated acceptors? 
(a) 2-Cyclohexenone (b) Propenenitrile (c) Methyl 2-butenoate 

eee Co ES Rs eA ovat ota altel Vo allo eM Walla) sae oliolee Sets) shel tor ai oho ielo lereiiel eves) ete es sk shal sie\iol.a)s) ey sisi ey oieiey aces] ors/a) o1 ev evsrer ete erakeleherone)e)sieteeieuehelaielaiciiers 

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) COOCH3 (c) Nitromethane 
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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) CHyCCHCH,CH,COC,H; (b) CH;CCH,CH,CH,CCHs 

CO2CH; 

lias 
(c) (CH;02C),CHCH,CH,CN (d) CH;CHCH,CH,CO,CH; 

(e) (CH302C),CHCH,CH,NO2 

23.13 The Stork Enamine Reaction 

Other kinds of carbon nucleophiles besides enolate ions add to a,6-unsat- 

urated acceptors in the Michael reaction, greatly extending the usefulness 

and versatility of the process. Among the most important such nucleophiles 
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are enamines. Recall from Section 19.12 that enamines are readily prepared 

by reaction between a ketone and a secondary amine: 

O baa? 

| 
pO + HNR, =— ee + H,O 

me | 
For example, 

Onn = Od 
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 it strongly nucleophilic. 

i 0 se sOls 

Gi | 
An enolate ion BA 4a 7 Caio 

| ae 

ee 
Ipha carbon 

>NRg *NR» e 

| S| | 
An enamine ZS ms, 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 
in adding 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,fB-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. 

5Gilbert Stork (1921— ); b. Brussels, Belgium; Ph.D. Wisconsin (McElvain); professor, Har- 
vard University, Columbia University (1953—_ ). 
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eS 
a = 

| ae e Tet) 
H 

Cyclohexanone  Pyrrolidine An enamine 

a e 
0 al al XS | CH,CHCCH, 

eH CO CHCCH, USS 
We 

Enamine 3-Buten-2-one | 

7) ‘ 1 
! » CHLCH,CCH, _Z~_CH2CH2CCHs3 

| H,O 

A 1,5-diketone 

(71%) 

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,f- 
unsaturated ketone in a Michael reaction; and the initial product is hydrolyzed to 

yield a 1,5-diketone. 

PROBLEM 6 cc vc ccc ccc cece eee e ee c en era ere eee ee eee eee eee neers ereresese seers Heese erereenenensenee 

23.22 Draw the structures of the enamines you would obtain from reaction of pyrrolidine 

with these ketones: 

(a) Cyclopentanone (b) 2,2-Dimethylcyclohexanone 

PROBLE Mignisfeica tele sic 26 5p ooo wlsa's slelelt bese cele Pee eset ve eseee saat see ew Haman ecgeee sieeaieetersecvecsecnsece 

23.23 What products would result from reaction of each enamine you prepared in Problem 

23.22 with these a,6-unsaturated acceptors? (Assume that the initial product is 

hydrolyzed.) 
(a) Ethyl propenoate (b) Propenal (acrolein) 

PROBLEM ls ccc cuca cc ccc ccc cease vec ewer wn eae e eres sete t resets one wnnennsenesseeesessenentareeereeses 

23.24 Show how you might use an enamine reaction to prepare these compounds: 

(a) nO (b) O 

CS 
CH,CH,CO.CH3 
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23.14 Carbonyl Condensation Reactions in Synthesis: 

The Robinson Annulation Reaction 

Carbonyl condensation reactions are among the most valuable methods 
available for the synthesis of complex molecules. By putting a few funda- 
mental reactions together in the proper sequence, some remarkably useful 
transformations can be carried out. One such example is the Robinson® 
annulation 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 £-keto ester or B-diketone and an a,- 
unsaturated ketone acceptor such as 3-buten-2-one. The product is a sub- 
stituted 2-cyclohexenone: 

_ .CO,C.H; 
uM Na‘ OG>H,, ethanol ae 

Michael reaction 

CO,C2H; 

3-Buten-2-one Ethyl Michael product 
acetoacetate ~ 

Na* ~OC2H;, 
Aldol reaction Bail 

CO.2C2H; ce 
O 

Annulation product 

The first step of the Robinson annulation is simply a Michael reaction— 
a stabilized B-diketone or -keto ester enolate ion 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 condensation to 
yield cyclohexenones when treated with base. Thus, the final product con- 
tains 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,8-unsaturated ketone is used as the acceptor. Base-cat- 
alyzed Michael reaction between the two yields an intermediate triketone, 
which immediately cyclizes in an intramolecular aldol condensation to give 
a Robinson annulation product. Several further transformations are then 

Sir 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). 
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required to complete the synthesis of estrone, but the Robinson annulation 
serves as the key step for assembling much of the molecule. 

se o 

O aE a.) Base 

CH,0 CH,O 
O 

Michael product 
Michael acceptor Michael donor 

(an a,8-unsaturated (an acidic 
ketone) B-diketone) fos 

O HC ico, 

one 
_——— 

HO CH,0 + H,O 

Estrone Robinson annulation product 

Figure 23.8 A Robinson annulation reaction used in the commercial synthesis of the steroid 
hormone estrone 

PROBLEM... ccc cccc cece cc cc cece cers crea eee reese ase r ee ee essere serereseseseesssesesseseseeesereesreses 

23.25 What product would you expect from a Robinson annulation reaction of 2-methyl- 

1,3-cyclopentanedione and 3-buten-2-one? 

O 

PROBLEM eis ccc ce cit cele ev ness ce wt a eae e eee es Heme AHORA Eee e eer nas Feweeeereaenesecuaneee 

23.26 How would you prepare the following compound using a Robinson annulation reac- 

tion between a B-diketone and an a,f-unsaturated ketone acceptor? Draw the struc- 

tures of both reactants you would use and the structure of the intermediate Michael 

addition product. 

O 
H3C 

CH; 

0 CH; 
CH; 
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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 all 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. Not only can acetyl CoA 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 oxaloacetie acid 
in a kind of mixed aldol reaction, followed by hydrolysis of the thiol ester 
group. ' 

1 1 
CH3CSCoA — > “:CH,CSCoA” 

Acetyl CoA, 

a thiol ester 

COOH | 0 | COOH 
a en 

o=¢ + :CH,CSCoA => HO ei 

ce Pe 
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. 

O O 

| Jah | | CH3C SC0A F\1CH,CSCoA ==> CH,C—CH,CSCoA 
ee 

Acetyl CoA Acetoacetyl CoA 

Acetoacetyl CoA > Fats, steroids, prostaglandins 

>... SS 
23.16 Summary and Key Words 

ee ee ee eee 

A carbonyl condensation reaction is one that takes place between two 
carbonyl components and involves a combination of nucleophilic addition 
and alpha-substitution steps. One carbonyl component (the donor) is con- 
verted by base into a nucleophilic enolate ion, which adds to the electrophilic 
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carbonyl group of the second component (the acceptor). The donor molecule 
undergoes an alpha substitution while the acceptor molecule undergoes a 
nucleophilic addition. 

ga0 O :0:> 

Mane ff Cnt \ Sagan SS. 7 S 
Acceptor Donor oN 

The aldol reaction is a carbonyl 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,B-unsaturated ketones. 

O O HO H O O 

| | le le | pee 
Pet RCH, Co, Bp e —— 7 me + HO 

R R 

A B-hydroxy An a,B-unsaturated 
ketone ketone 

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). Intramolecular aldol condensations of 1,4- and 1,5-dike- 

tones are also successful and provide an excellent method for preparing five 
and six-membered enone rings. 

The Claisen reaction is a carbonyl condensation that occurs between 

two ester components and leads to B-keto ester products: 

T i Tl | I 
RCOC,H; + R’CH,COC,H; == we + H,O + C,H;OH 

R’ 

A B-keto ester 

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. Intramolecular Claisen condensations (Dieckmann 

cyclization reactions) provide excellent syntheses of five- and six-mem- 

bered 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 (B-keto esters or B-diketones) 

and unhindered a,$-unsaturated acceptors. Enamines, prepared by reaction 

of a ketone with a disubstituted amine, are also excellent Michael donors. 
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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 B-keto ester with an a,6-unsaturated ketone leads first to 
a Michael addition, which is followed by intramolecular aldol cyclization of 
the product. Condensation reactions are also used widely in nature for the 
biosynthesis of such molecules as fats and steroids. 

23.17 Summary of Reactions 

1. Aldol reaction—a condensation between two ketones, two alde- 

hydes, or one ketone and one aldehyde 

a. Ketones (Section 23.2) 

OH 

NaOH, ethanol | 
— > 

| 
severe 

| 
2 RCH,CR’ 

Re 

b. Aldehydes (Section 23.2) 

7 OH O 

NaOH, ethanol 
= 

| | 
2 RCH,CH Se ay 

R 

c. Mixed aldol reaction (Section 23.6) 

O OH 

| , NaOH, ethanol | 
RCH,CR’ + ArcHQ > ames 

R 

O O 

NaOH, ethanol | ! 
RCH CR] (CH 0. ae eS 

R 

d. Intramolecular aldol reaction (Section 23.7 ) 

NaOH, ethanol Q, a Ol 
O QO R’ O R’ 

ie : R 

2. Dehydration of aldol products (Section 23.4) 

HO H O O 

ee : - | I Base \ | 

a Se ae + H,O 
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3. Claisen reaction—the condensation between two esters, or one ester 
and one ketone (Section 23.9) 

NaOCH2CH3 
ethanol a. 2RCH.CO.R' ———=—= Rant eLOas + HOR’ 

R 

b. Mixed Claisen reaction (Section 23.10) 

NaOCH>2CHsz, ethanol | RCH,CO2R’ + HCO,R) ——————> Be ace + HOR’ 

R 

4. Dieckmann cyclization; intramolecular Claisen condensation (Sec- 
tion 23.11) 

O 

NaOCH,CHsg, ethanol CO.R 
RO.C(CH2)4CO2R ie + HOR 

NaOC Goal aOCH,CHs3, ethanol 
RO.C(CHe2)5CO2R ————— + HOR 

5. Michael reaction (Section 23.12) 

O O 

| eal | | 
—CCH,C— + po=c—o— _NaOCH,CH,, ethanol, —CCH—C—CHC— 

ie 

O 
| 

6. Enamine reaction (Section 23.13) 

(Re O O O 

ede i HHO i: ee ( 7 a Vacs _ Was deride fans 
ie. 

7. Robinson annulation reaction (Section 23.14) 

C 

C C a Tee Yas O 6- cH, 0 
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ADDITIONAL PROBLEMS 
eeececseceos 

23.28 

23.29 

23.30 

23.31 

23.32 

23.33 

23.34 

COCHC FOOL ELE EEE EET EOHETOHHHHEESHHHOTHEHHH HEHEHE H TEESE H HE STHSHHHHHHHOHHH HEHEHE HSHHEHHE HHH OH SEEE 

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 

Show the product from each compound listed in Problem 23.27 that is capable of 
undergoing the aldol reaction. 

What product would you expect to obtain from aldol cyclization of hexanedial 

(OHCCH,CH,CH,CH,CHO)? 

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) CsgH;CH—=CHCOC,H; _ (b) 2-Cyclohexenone 

(c) (d) O 

Ge CsH; CeH; 

CHO 
CeH; C,H; 

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 formulate 
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. [Hint: Try to build a molecular model of 
the enolate ion intermediate. ] 

O 
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23.36 

23.37 

23.38 

23.39 
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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,CO.CH; (b) CgsHsCO2CH3 + CgH;CH,CO,CH; 
(c) CH30CO,CH3 + Cyclohexanone (d) CgH;CHO + CH;CO,CH; 

As written, the following reactions are unlikely to provide the desired product in 
high yield. What is wrong with each? 

on 

(a) CH;CHO + CH,COCH; ——, CH,CHCH,COCH; 

OH 
Base | 

(b) CH,(CO,C2H5)2 + HyC—=CHCOCH; ——> H,C=CHC—CH(CO,C2Hs5). 
| 
CH, 

O 0 
| CH,CH,COCH; 

(c) + H,C=CHCOCH,; —%> 
CH3 CH; 

COCH, 

(@) CH,COCH,CH,CH,COCH, > cI 
CH; 

O O O O 
(e) is + H,C=CHCO,CH, —2#, 

CH,CH,CO,CH; 

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. 

O 
| EE 

CH,CC(CHs),COOCH,CH, —2—°*, CH,;COOCH,CH; + (CH3),CHCOOCH,CHs; 

23.40 

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? 

O 

| Na* ~OC2H5 

CH;CCH,COOCH,CH3; —+ 2CH;COOCH,CH; 
Ethanol, 150°C 
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23.41 The Darzens reaction involves a two-step base-catalyzed condensation of ethyl] chlo- 

roacetate with a ketone to yield an epoxy ester. The first step is a carbonyl conden- 
sation reaction, and the second step is an Sy2 reaction. Formulate the complete 
mechanism by which this reaction occurs. 

O 
Na* ~OC,H; | 

+ CICH,CO.C.H; Thanos CHCO.C.H; 

23.42 How would you prepare these compounds from cyclohexanone? 

(a) O (b) O 

C,H;CH CHC,H; CO.C2Hs 

(c) O (d) O 

CH,CH,CN CH,CH=CHp, 

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. 

OCH3 

[ ° 
+ CH,0—C=C—C—CH=CHCH; 

CH,0 0 
Cl pe ~ O-t-Bu, tert-butyl alcohol 

OCHs 9 OCH, 

CH,0 O 
Cll H 

Griseofulvin (10%) 

23.44 The useful compound known as Hagemann’s ester is prepared by treatment of a 
mixture of formaldehyde and ethyl acetoacetate with base, followed by acid-catalyzed 
decarboxylation: 

O 

CH;COCH,CO,C,H; + CH,O pe tthe, + CO, + HOC,H; 
CH, 

CO,C.H, 

Hagemann’s ester 
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23.46 

23.47 

23.48 

23.49 

23.50 
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1. The first step in the reaction is an aldol-like condensation between ethyl ace- 
toacetate and formaldehyde to yield an a,6-unsaturated product. Write the reac- 
tion and show the structure of the product. 

2. 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. 

The third and fourth steps in the synthesis of Hagemann’s ester from ethyl aceto- 
acetate and formaldehyde (Problem 23.44) are an intramolecular aldol cyclization 
to yield a substituted cyclohexenone ring, and a decarboxylation reaction. Formulate 
both reactions and write the products of each step. 

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. 

O ao ie ce 
CH; q CH; CH, 

free Les 

Not formed 

Intramolecular aldol cyclization of 2,5-heptanedione with aqueous NaOH yields a 
mixture of two 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. [Hint: Remember that all steps in the aldol reaction are reversible. ] 

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. 

N 1. HyC=CHCOCH; 
2. H,0* 
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. ] 

O O 

CH; CH3 
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23.52 Propose a mechanism to account for the following reaction: 

O O 

NaOH 
———— 
Ethanol HO \ 

wee 

23.53 Propose a mechanism to account for the following reaction: 

COOCH; 
at, (CHg3)gCuLi COOCH3 

C=C0+COOCH; 

CH; 



CHAPTER 24 

Carbohydrates 

Cotes are everywhere in nature. They occur in every living organism 
and are essential to life. The sugar and starch in food, and the cellulose in 
wood, paper, and cotton, are nearly pure carbohydrate. Some modified car- 
bohydrates form part of the coating around living cells; others are found in 
the DNA that carries genetic information; and still others, such as genta- 
micin, are invaluable as medicines. 

The word carbohydrate derives historically from the fact that glucose, 
the first simple carbohydrate to be purified, has the molecular formula 
CgH120¢ 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. 

eee 

HCOH 

HOCH 

HCOH 
| 

HCOH 
| 
CH,0H 

Glucose (also called dextrose), 

a pentahydroxyhexanal 

Carbohydrates synthesized by green plants during photosynthesis are 

the chemical intermediaries by which solar energy is stored and used to 
support life. When broken down by metabolic processes in the cell, they 
provide the major source of energy required by living organisms. 

855 
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Photosynthesis is a complex process in which carbon dioxide is converted 
into glucose. Many molecules of glucose are then chemically linked together 
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. 

Sunlight 
— 6 CO, + 6H,O 6 Og + CgH;20g —— Cellulose, Starch 

Glucose 

When eaten, glucose can be either metabolized in the body to provide 
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 diges- 
tion of cellulose, they require starch as their dietary source of carbohydrates. 
Grazing animals such as cows, however, contain in their ramen microor- 
ganisms 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; cellulose is a poly- 
saccharide (many sugars) made up of several thousand glucose molecules 
linked together. Hydrolysis of these polysaccharides breaks them down into 
their constituent monosaccharide units. 

1 Sucrose —22. 1 Glucose + 1 Fructose 

Cellulose —22. ~3000 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 tri-, 
tetr-, pent-, hex-, and so forth as the base name. When prefix, base, and suffix 
are combined, a monosaccharide is fully classified. 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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fae CH,OH CHO 

HCOH ist ace 

HOCH ae HCOH 

HCOH HCOH HCOH 

HCOH HCOH CH,OH 

CH,OH CH,OH Ribose 
(an aldopentose 

Glucose Fructose P 

(an aldohexose) (a ketohexose) 

PROBLEM eeeee RSS) O52 RAS 18) BUR) a [Oh ee iS) 05019 (614 0).6. 18106) 6/0101 6) 6..0:16):6)14) 01) e) (Se (0) 61018 0 10,0 0 8 6 6 61616 os Crelslele «eles C BN CeO 6 6 Od bad es 68 

24.1 Classify each of the following monosaccharides: 

(a) fai (b) CH,OH (c) CH,OH (d) CHO 

HOCH an nas nn 

Tee coe noe urs 

CH,OH HCOH wa oe 

' Threose CH,OH on en 

Ribulose on 2-Deoxyribose 

Tagatose 

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 chiral 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 monosacchar- 

ide, can be drawn as follows: 

CHO CHO CHO 

be 
HY ~~ CH,OH 

Bonds 

(R)-Glyceraldehyde out of 

page 

Hw 1.30H 
. eee = | OH 

Lax GEOEDS Danas CH,0H 
into Fischer 
page projection 
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Recall also that Fischer projections can be rotated on the page by 180° 

(but not by 90° or 270°) without changing their meaning: 

/~ 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 chiral center 
in a molecule simply by stacking the chiral 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 carbohydrate. For 
example, glucose has four chiral centers stacked on top of each other in 
Fischer projection: 

CHO ies 

H OH cceecaene HO.4 | eecrt A) wer 
HO H HO a ae ~ 

H OH = H=—cC—= — ~ - 

Sa HOM" NOH 

| CH, HC 
CH,OH CH,OH | 

OH O 
Glucose 

(carbonyl group at top) 

PROBLEM cg lv steht starsat te ager t care oiGe we GI Fadia wot tarda hc ahaa hata aba aera oneal NTS tw 

24.2 Which of these Fischer projections of glyceraldehyde represent the same enantiomer? 

CHO OH H CH,OH 

Ho Isl HOCH, —|— H HO CH,0H Hf CHO 

CH,OH CHO CHO OH 

A B Cc D 

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, which we denote (+). 
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Since (+)-glyceraldehyde is known to have the R configuration at C2, 
we can represent it in Fischer projection as shown in Figure 24.1. For his- 
torical reasons dating back long before the adoption of the R,S system, (R)- 
(+)-glyceraldehyde is also referred to as D-glyceraldehyde (p from dextro- 
rotatory). The nonnatural enantiomer, (S)-(—)-glyceraldehyde, is similarly 
known as L-glyceraldehyde (u from levorotatory). 

For reasons having to do with the way monosaccharides are biosyn- 
thesized in nature, it turns out that glucose, fructose, and almost all other 
naturally occurring monosaccharides have the same stereochemical config- 
uration as D-glyceraldehyde at the chiral carbon atom farthest from the 
carbonyl group. In Fischer projections, therefore, most naturally occurring 
sugars have the hydroxyl group at the lowest chiral carbon atom on the 
right (Figure 24.1). Such compounds are referred to as D sugars. 

CHO CHO CHO CH,0H 

H + OH H OH H OH d =O 

CH,OH H OH HO H HO H 

_ D-Glyceraldehyde H OH H OH H OH 
[(R)-(+)-Glyceraldehyde] CH,OH H OH H OH 

p-Ribose CH,0H CH,OH 

p-Glucose p-Fructose 

Figure 24.1 Some naturally occurring p sugars: The hydroxyl] group at the chiral 
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 left in Fischer projection. Thus, L sugars 
are mirror images (enantiomers) of D sugars. 

Mirror 

CHO CHO CHO 

HO H HO H H OH 
| 

CH,OH H OH HO H 

L-Glyceraldehyde HO H H OH 

[(S)-(—)-Glyceraldehyde] | 

HO H | H OH 
| 

CH,OH CH,OH 

L-Glucose p-Glucose 

(not naturally occurring) 
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Although widely used by carbohydrate chemists, the p and L notations 
have no relation to the direction in which a given sugar rotates plane- 
polarized light. A p 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. 

The D,L system of carbohydrate nomenclature is of limited use, since it 
describes the configuration at only one chiral center and says nothing about 
other chiral 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. 

COM e meee eee ee eereesreeereererererereresresrerereeeseEeesesereneeeeeeEEeeeeeeeeseeeneeEeeseeeescoes 

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 () CH,OH 
HO He On G0 

las HOH HO 22H 

CH,OH 10H Hon 

CH,OH CH,OH 
PAC SUS 01.0) 0 ONO ee OOH AN ANPL OL ee) Siiai gi eiia eee weil) pier ee 6/4 819.4020 19) ehierinl whee! ©) 6\6,181/6,:0, {61/8 60a 6) le) eis eile ie: 6 @ ala een’. al er eh eileiavel eiialatakelareisnane 

(+)-Arabinose, an aldopentose that is widely distributed in plants, can be named 
systematically as (2R,3S,4S)-5-tetrahydroxypentanal. Draw a Fischer projection of 
(+)-arabinose and identify it as a D or L sugar. 

24.4 Configurations of the Aldoses 

Aldotetroses are four-carbon sugars that have two chiral centers. There are 
2? = 4 possible stereoisomers, or two D,L pairs of enantiomers. These enan- 
tiomeric pairs are called erythrose and threose. 

Aldopentoses have three chiral centers, leading to a total of 22 = 8 
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 p-xylose is found in wood. 

Aldohexoses have four chiral centers, for a total of 24 = 16 stereoiso- 
mers, or eight D,L pairs of enantiomers. The names of the eight pairs 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 D-talose also 
occur naturally, but in lesser abundance. 

Fischer projections of the four-, five-, and six-carbon aldoses can be 
constructed as shown in Figure 24.2 for the p series. Starting from p-glycer- 
aldehyde, we can construct the two p-aldotetroses by inserting a new chiral 
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ee ee —‘(‘COCsCs 

Haas 

CH,OH 

D-Glyceraldehyde 

CHO CHO 

R/L ators ce 

2R HCOH nae 

CH,0OH Pon 

p-Erythrose p-Threose 

CHO CHO CHO CHO 

R/L on Hct ACOH BOeE 

2R/2L HCOH HCOH on HOCH 

4R HCOH HCOH HCOH HCOH 

CH,OH CH,OH CH,0H CH,OH 

D-Ribose p-Arabinose D-Xylose p-Lyxose 

CHO CHO CHO CHO CHO CHO CHO CHO 

R/L HCOH HOCH ACOH BOnn Abs HOCH a eee 

2R/2L HCOH HCOH HOCH oon HCOH muee HOCH HOCH 

4R/4L HCOH HCOH HCOH HCOH HOCH HOCH HOCH HOCH 
| 

8R HCOH HCOH HCOH HCOH HCOH HCOH HCOH HCOH 

CH,OH CH,OH CH,0OH CH,OH CH,0OH CH,OH CH,OH CH,OH 

p-Allose p-Altrose D-Glucose p-Mannose opD-Gulose p-Idose p-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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carbon atom just below the aldehyde carbon. Each of the two p-aldotetroses 
can then lead to two p-aldopentoses (four total), and each of the four pD- 
aldopentoses can lead to two D-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 CH,OH 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. 

6. Name the eight isomers according to the mnemonic “All altruists 
gladly make gum in gallon tanks.” 

The four D-aldopentose structures can be generated in a similar way 
and can be named by the mnemonic “Ribs are extra lean.” 

(2 Ie) (G) 0/010) 6\14) (6) 6 16 (616.016) 6 18) 0.6) 6\6\.6) a) wee) 8) 4:10) 9) 8) 0) 60: 10!'6\ eae 6.0 6's 0 wv 0) wie ¥\ «6 6 6 6.610166) # Sala, = milsiim ei lwlbi sible u/s) ae 6 alee ms) aite elie 

Only the p sugars are shown in Figure 24.2. Draw Fischer projections for these L 
sugars: 

(a) L-Xylose (b) t-Galactose (c) L-Glucose 

Stale (64 eke’ se) 90 \0\0 Ss © ef e! 9 6 6/66 eee (ee 019 8 B00 (ee 6,0 «6 © 8 © © © 6p am ih) G6) 5 we see) 690 bso s 6 a: ee) slielelaval sola a) ktalspalateonier ares 

How many aldoheptoses are there? How many are D sugars and how many are L 
sugars? 

SERRE Sey eS) erapeLevedeNeter-si ciel d's) ete tee ‘a aie: a!'e)'e; wye)'e) 10) te) 0) G4) SNOh ANG, (6..0.°0;'s,\0l@" (8, 9, (Bile! 'w AG) m:(bii6, Sal -oheita cwilel:6)as606)1e).e1ra)-acteireycal alieiiatieha te larterenwitaletee 

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. 

24.5 Cyclic Structures of Monosaccharides: 
Hemiacetal Formation SR epee 93a set Lehn CAE Srgeel beers gaenees gti enn 

We said during our discussion of carbonyl- -group chemistry (Section 19.14) 
that alcohols undergo a rapid and reversible nucleophilic addition reaction 
with ketones and aldehydes to form hemiacetals: 

I a 
R=O-=H. = R= = Uh Hiies Ran 

Rv eer 
A hemiacetal 

* Louis F. Fieser (1899-1977); b. Columbus, Ohio; Ph.D. Harvard (Conant); professor, Bryn 
Mawr College, Harvard University. 
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If both the hydroxyl and the carbonyl 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 
are particularly stable, and many carbohydrates therefore exist in an equi- 
librium between open-chain and cyclic forms. For example, glucose 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 hydroxy] 
group at C5 to the C2 ketone. The words pyranose (six-membered ring) and 
furanose (five-membered ring) are derived from the names of the simple 
oxygen-containing cyclic compounds pyran and furan. The cyclic forms of 
glucose and fructose are shown in Figure 24.3. 

Carbohydrate chemists often represent pyranose and furanose forms by 
using Haworth? projections, as shown in Figure 24.3, rather than Fischer 

6 CH,OH D-Glucose, pyranose form 

(Haworth projection) 
pD-Glucose 

(Fischer projection) 

er bk 
H 

2=0 
ONE CH,OH 

3 HOCH — a a: 
HO H C= 

ul! oH Ni HO; \G 

H—+— 0H OH?" OH 7H 

6CH,0H p-Fructose, furanose form 
(Haworth projection) 

p-Fructose 

(Fischer projection) 

0 O Oe 
Pyran Furan 

(six-membered ring) (five-membered ring) 

Figure 24.3 Glucose and fructose in their cyclic furanose and pyranose forms 

2Sir Walter Norman Haworth (1883-1950); b. Chorley, Lancashire; Ph.D. Géttingen; D.Sc. 

Manchester; professor, University of Birmingham; Nobel prize (1937). 
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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 since pyranose rings 

are actually chair shaped like cyclohexane (Section 4.9), rather than flat. 
Nevertheless, Haworth projections are widely used because they allow us 

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 
projection. Conversely, a hydroxyl on the /eft 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 —CH,OH group 
is down. Figure 24.4 illustrates the conversion for D-glucose. 

CHO CHO A 
H—1— oH H=C—O0OH [ BY oun 

Turn on H ie HO H HO C =H ua Ga, _ 
’ a H OH H=C—0H HO XN | 

H OH H=C—O0H 

CH,OH 

CHO 

| 

| I 
OH 

O 

i 

H CH,OH CH,OH 
Rotate around p-Glucose (Fischer) 
C4—C5 bond — on 

CH,OH 

H O 
H N Close ring 
OH H CHOH es 

HO 

H OH 

p-Glucose (Haworth) 

Figure 24.4 Interconversion of Fischer and Haworth projections of p-glucose 

PRACTICE PROBLEM: sdsswysieastis edeviecencaveccrepssitscendutee vt seseeancne see eernene Gimme 

D-Mannose differs from p-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. ; 
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CHO H CH,OH 
Toe —CH,0H ae 

_ — >. A oe ney , Ce or 
C—OH ei ia ie ve By: fe ae 
tee 7 Kao tame 

aoe - tt H H 

SS See Ses Keio e810) 6) aa) ei (4) 1@ ee) SG. S) a) Sere) Bw Ts) ele) :G), 81M \elie,,8) @.9\.¢.. ua eho '@ (@ (ee 8) 6a) a) e 8.0 alana we Silene ie) © pid ié.8. 6 Seleleie) 6 «be. da ee 

D-Galactose differs from D-glucose in its stereochemistry at C4. Draw a Haworth 
projection of p-galactose in its pyranose form. 

COME RECO Ree Soe ee HAC TERM e OSORNO TOMALES ECR OROREH CCE HL ETOH eee Tee HES EC CRC CCRC DCH e 

Draw Haworth projections of L-glucose in its pyranose form and p-ribose in its 
furanose form. 

24.6 Monosaccharide Anomers: Mutarotation 

When an open-chain monosaccharide cyclizes to a furanose or pyranose form, 
a new chiral 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 carbon. 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 —CH,OH substituent at C5 (up in a Haworth projection) is called 
the beta anomer; its complete name is B-D-glucopyranose. 

va vary: 

(ee CH. iow sie CH,OH 

Oo OH 

Kea ypumo syn H 
H 
OH 

‘Anomeric carbon 
p-Glucose 

a-p-Glucopyranose (36%) B-p-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-b-glucopyranose has a melting point of 146°C and a specific rotation, [a]p, 

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 
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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°. This phenom- 
enon, known as mutarotation, is due to the slow conversion of the pure 

anomers into the 36:64 equilibrium mixture. 
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 either acid or base. 

CH,OH CH,OH CH,OH 

H oH H OH H OLOH 
H ee BES H CH=0O cele H 

OH H ie OH H a OH H 
HO OH HO HO H 

H OH H OH H OH 

a-D-Glucose (36%) ; B-p-Glucose (64%) 

lalp = +112.2° [aly = +18.7° 

Se eee eres reese srer sree e ree eoeee eee eeseeeeseereoeaseseeeseeresrerereseeHoeeseeeeeEeeeeDeeeeeesese 

Knowing that the specific rotation of pure a-D-glucopyranose is +112.2° and that 
the specific rotation of pure 6-p-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°. 

Ce ewe ce se ne ee renee eeeeresreersicesererscerereereseresreresereeBeeeeerereeesseserseeceeseesesece 

Many other sugars besides glucose exhibit mutarotation. For example, a-p-galac- 
topyranose has [a]p = +150.7°, and B-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. 

24.7 Conformations of Monosaccharides 

Although Haworth projections are relatively 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 
conformation. Pyranose rings, like cyclohexane rings (Section 4.9), havea 
chair-like geometry with axial and equatorial substituents. Any substituent 
that’s up in a Haworth projection is also up in a chair conformational for- 
mula, and any substituent that’s down in a Haworth projection is down in 
the chair conformation. 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 is done for a-p-glucopyranose and B-D-gluco- 
pyranose. Make molecular models to see the process more clearly. 
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Oxygen at upper right 

CH,OH H 

Raise ( H O H aro H wen HD Saree 
OH, ) obits» H 

, H HO 

H OH OH 
a-D-Glucopyranose 

CHOU fT CHO 
Rai H : aise ( a O OH HO Ho 

= H 
HO OH H H } Lower HO OH 

H HO 

H OH E 

B-p-Glucopyranose 

Axial bonds Equatorial bonds 

Figure 24.5 Chair representations of a-p-glucopyranose and £-p-glucopyranose: Computer- 

generated representations of 6-p-glucopyranose are shown at the bottom of the figure. 

Note that in B-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. 

RL OES EIVE clot oie clietonoedetcl unis choke yelsi si elelieieteticlis!/sif0i.41 91's velis)ie e ‘e.'e)si'eice. okelvoaleliviie1 eu/e\joie\s0.J0),6150\\e! 9! e030) %9..81 g/s0\-e\'6/16:[0)/6) 19/0) 9/40)( (2,0) 0) 0:1¢.\0: (8 i9:8, ¢:08) 6 

24.12 Draw chair conformations of B-p-galactopyranose and B-D-mannopyranose. Label the 

ring substituents as either axial or equatorial. Which would you expect to be more 

stable—galactose or mannose? 
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24.13 Draw a chair conformation of B-L-glucopyranose and label the substituents as either 

axial or equatorial. 

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 hydroxy] 
groups react, including the anomeric one. For example, 6-p-glucopyranose 
is converted into its pentaacetate by treatment with acetic anhydride in 
pyridine solution. 

CH,OH CH,OCOCH; 

HO O (CH;CO).O CH3CO, 0 
mee ; = i 

HO OH Pyridine, 0°C CH3CO, OCOCH; 

OH OCOCH; 

B-p-Glucopyranose : ‘ Penta-O-acetyl-8-p-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. 

CH20H CH20CH; 
HO Q Mo. x 
HO CHsl CH30 

HO CH3;0 
OH OCH; 

a-D-Glucopyranose a-D-Glucopyranose pentamethy] ether 
(85%) 

Kster and ether derivatives of carbohydrates are often prepared because 
they are easier to work with than the free sugars. 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. 

* 3Thomas Purdie (1843-1916); b. Biggar, Scotland; Ph.D. Wurzburg; professor, St. Andrews 
University. 
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GLYCOSIDE FORMATION 

We saw in Section 19.14 that treatment of a hemiacetal with an alcohol and 
an acid catalyst yields an acetal: 

he OR 
| 

e + ROH == _C + H,O 
7 ~OoR he : 

In the same way, treatment of a monosaccharide hemiacetal with an alcohol 
and an acid catalyst yields an acetal in which the anomeric hydroxyl] has 
been replaced by an alkoxy group. For example, reaction of glucose with 
methanol gives methyl 8-p-glucopyranoside: 

CH,OH CH,0OH 

HO O CH,0H, HCl HO HO 

HO OH H,0' HO OCHS aa 
HO H HO 

B-p-Glucopyranose Methyl B-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 are not in 

equilibrium with an open-chain form and they do not show mutarotation. 
They can, however, be converted back to the original monosaccharide by 

hydrolysis 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 (Figure 24.6). Note also that the three sugars are linked 

to each other by glycosidic bonds. 

Steroid 
O 

Trisaccharide 

—_—<—<—<—$———— eee 

CHs 

O CH, HO 

O O 
CH H 

HO O O H 

O H 

OH H 
Digitoxin, a complex glycoside 

Figure 24.6 The structure of digitoxin, a complex glycoside 
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The laboratory synthesis of glycosides is often difficult, and a successful 
reaction scheme is strongly dependent on the structures of both alcohol and 
saccharide components. One method (the Koenigs—Knorr‘* reaction) that 
is particularly suitable for preparation of glucose B-glycosides involves treat- 
ment of glucose pentaacetate with HBr, followed by addition of the appro- 
priate alcohol in the presence of silver oxide. 

The Koenigs—Knorr reaction sequence involves formation of a pyra- 
nosyl bromide, followed by nucleophilic substitution, yielding a B-glycoside. 
For example, methylarbutin, a glycoside found in pear leaves, has been 
prepared by reaction between p-methoxyphenol (hydroquinone monomethy] 
ether) and tetraacetyl-a-p-glucopyranosyl bromide (Figure 24.7). 

CH,OAc CH,OAc 
AcO O aa AcO O 

— 
AcO OAc AcO H 

AcO AcO 
H Br 

Pentaacetyl-8-p-glucopyranose Tetraacetyl-a-p- 

glucopyranosy! bromide 

OH 

+ AgsO 

OCH; 

CH,0Ac 

AcO O 

AcO o _\-ocn, 
AcO 

H 
A B-glycoside 

(Ac = CH;CO—) 

~OH la 
CH,OH 

HO O 

HO 
H 

Methylarbutin 

(a glycoside) 

Figure 24.7 Synthesis of the glycoside methylarbutin by Koenigs—Knorr reaction 
of pentaacetyl-6-p-glucopyranose with p-methoxyphenol 

« ‘Ludwig Knorr (1859-1921); Ph.D. Erlangen, 1882; professor, University of Jena. 
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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. Thus, both alpha and beta 
anomers of tetraacetyl-p-glucopyranosyl bromide give the same B-glycoside 
product, suggesting that both anomers react by a common pathway. 

This observation is best explained by assuming that tetraacetyl-p-glu- 
copyranosyl bromide (either alpha or beta anomer) undergoes a spontaneous 
Sn1 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 24.8). 

CH.OAc CH,OAc 

AcO 0 oe AcO : - 
— + Br 

AcO\\ Br reaction AcO - 

AcO . \ H 

An alpha or beta anomer ao 

H;C a 

CH,OAc CH,OAc 

AcO 2 R—OH, Ag,O AcO 0 eG ROH 
AcO O—R Sn2 reaction AcO H 

AcO O 

H mide 
ey C=O* 

A B-glycoside H3;C i: 

Oxonium ion intermediate 

Figure 24.8 Mechanism of the Koenigs—Knorr reaction, showing the neighboring-group effect 

of a nearby acetoxyl 

This kind of participation by a nearby group, referred to as a neigh- 

boring-group effect, is a common occurrence in organic chemistry. Neigh- 

boring-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. 
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REDUCTION OF MONOSACCHARIDES 

PROBLEM 

24.14 

PROBLEM 

24.15 

The carbonyl groups of monosaccharides undergo many reactions charac- 
teristic of simple ketones and aldehydes. For example, treatment of an aldose 
or ketose with NaBH, reduces it to a polyalcohol called an alditol. The 
reduction occurs by interception of the open-chain monosaccharide present 
in the aldehyde/ketone = hemiacetal equilibrium. 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. 

HO CH,OH 

H OH H —OH 
CH,OH . 

HO O HO H 1. NaBH, HO H 

HO OH H OHA eo ee H OH 
HO 

H OH H OH 

B-D-Glucopyranose CH,OH CH,OH 

pD-Glucose p-Glucitol (D-Sorbitol), 

an alditol 

D-Glucitol, the alditol produced on reduction of D-glucose, is itself a 
natural product that has been isolated from many fruits and berries. It is 
used in many foods, under the name p-sorbitol, as an artificial sweetener 
and sugar substitute. 
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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? 
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Reduction of t-gulose with NaBH, leads to the same alditol (pD-glucitol) as reduction 
of D-glucose. Explain. 

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. The 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. 
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All aldoses are reducing sugars since they contain an aldehyde carbonyl 
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 24.9). Once formed, the 
aldose is oxidized normally. Glycosides, however, are nonreducing; they do 
not react with Tollens’ reagent because the acetal group cannot open to an 
aldehyde under basic conditions. 

oe lee one COOH 

| 
C=O C—OH CHOH CHOH 

HO H -onn,o HO H -onH,0 HO H ; HO H 
—————— —— pee 

Keto—enol Keto-—enol 

H OH nS H OH rns H OH mee H OH + Ag 

H OH H OH H OH H OH 

CH,OH CH,OH CH,OH CH,OH 

p-Fructose An enediol An aldohexose An aldonic acid 

Figure 24.9 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 do not 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 
aqueous bromine oxidizes aldoses to monocarboxylic acids called aldonic 
acids. The reaction is specific for aldoses; ketoses are not oxidized by bro- 

mine water. 

CHO COOH 

H OH H OH 

HO CH,0OH 
O | Ho H ea HO H 

HO rae aa HO H pH = 6 HO H 
HO 

OH H OH H H 

-D- t a-D-Galactose CH,OH CH,OH 

(an aldose) 

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. 
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CH,0OH 

HO 0 
HO OH 

HO 
H 
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CHO COOH 

H OH H OH 

HO H HO H 
Dilute HNO, 

= H OH Teta 7 oe pO eT OH 

OH H OH 

CH,OH COOH 

D-Glucaric acid 

(an aldaric acid) 

A summary of the various kinds of carbohydrate derivatives is shown 
in Figure 24.10. 

CHO 

(CHOH), 

CH,OH 

NaBH, ~H0 o/ne \ wo? ROH,HCl 

CHLOH 

(CHOH), 

CH,OH 

An alditol 

ene, aan aca 

(CHOH), ote ese ie O 

CH,OH COOH a 

An aldonic acid An aldaric acid CH,0OH 

A glycoside 

Figure 24.10 Summary of carbohydrate derivatives 
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D-Glucose yields an optically active aldaric acid on treatment with nitric acid, but 
D-allose yields an optically inactive aldaric acid. Explain. 
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Which of the other six p-aldohexoses yield optically active aldaric acids on oxidation, 
and which yield meso aldaric acids? (See Problem 24.16.) 

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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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, as shown in Figure 24.11. 

N N 
CHO 

H OH HO H 
HO H 

HO H HO H 
H OH -HeN, + 

H OH H OH 
H OH 

H OH H OH 
CH,0H 

CH,OH CH,OH 
ee 

p-Arabinose Two cyanohydrins 

O=C O=C 

H OH HO H 

HO H O HO H O 

H OH - H OH 

H H 

CH,OH CH,OH 

Two lactones 

Na(Hg) 

CHO CHO 

H OH HO 

HO H HO 

H OH i H OH 

H OH H OH 

CH,OH CH,OH 

p-Glucose p-Mannose 

Figure 24.11 Kiliani—Fischer chain lengthening of p-arabinose leads to a mixture 
of p-glucose and D-mannose. 
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PROBLEM 

24.18 

PROBLEM 

24.19 

CHAPTER 24 CARBOHYDRATES 

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. 

an ae 

cHo —2%, cHOH => _ CHOH 
| | 
CHOH CHOH CHOH 

Av sv 
An aldose A cyanohydrin A chain-lengthened 

aldose 

Conversion of the nitrile into an aldehyde is accomplished by first hydro- 
lyzing the cyanohydrin intermediate to'a hydroxy carboxylic acid and then 
forming a lactone ring by internal esterification with a hydroxyl] group four 
carbon atoms away. Reduction of the lactone carbonyl group with sodium 
amalgam (an alloy of sodium and mercury) then yields the chain-lengthened 
aldose. Note that the initial cyanohydrin is a mixture of stereoisomers at 
the new chiral center. Thus, two new aldoses, differing only in their stereo- 
chemistry at C2, result from Kiliani—Fischer synthesis. For example, chain 
extension of D-arabinose yields a mixture of D-glucose and D-mannose (Figure 
24.11). 
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What aldohexose would give a mixture of L-gulose and L-idose on Kiliani—Fischer 
chain extension? 

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 carbonyl group is first converted into a nitrile 
group, and the resulting cyanohydrin loses HCN under basic conditions (a 
retronucleophilic 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, p-galactose is converted by 
Wohl degradation into pD-lyxose: 

°Heinrich Kiliani (1855-1945); b. Wurzburg, Germany; Ph.D. Munich (Erlenmeyer); pro- 
fessor, University of Freiburg. 
* Alfred Wohl (1863-1933); b. Graudenz, Poland; Ph.D. Berlin (Hofmann); professor, Uni- 
versity of Danzig. 
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CHO CH=NOH C=N 

H OH H OH H OH 

HO H H,NOH HO H (CH,CO),0 HO H 
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24.20 What two p-aldopentoses yield p-threose on Wohl degradation? 

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. 

FACT 1: (+)-Glucose is an aldohexose. Glucose has four chiral centers 
and can therefore be any one of 24 = 16 possible stereoisomers. These 16 
possible stereoisomers consist of eight pairs of enantiomers. Since no method 
was available at the time for determining the absolute three-dimensional 
stereochemistry of a molecule, Fischer realized that the best he could do 
would be to limit his choices for the structure of glucose to a pair of enan- 
tiomers. He decided to simplify matters by considering only the eight enan- 
tiomers having the C5 hydroxyl group on the right in Fischer projections 
(p 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 24.12. 
One of the eight aldohexoses is glucose, but which one? 
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Figure 24,12 The four p-aldopentoses and the eight p-aldohexoses 
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FACT 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 24.12. 

FACT 3: Arabinose is converted by treatment with warm nitric acid 
into an optically active aldaric acid. Of the four possible aldopentoses 
(A, B, C, and D in Figure 24.12), A and C give optically inactive meso aldaric 
acids, 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 24.13). 

CHO CHO CHO CHO 

H OH HO H H OH HO H 

H OH H OH HO H HO H 

H OH H OH H OH H OH 

CH,0OH CH,0H CH,OH CH,OH 

A B C D 

| | | | 
COOH COOH COOH COOH 

H OH HO H H OH HO H 

aid OH--- H OH ---HO H--- HO H 

H OH H OH H OH H OH 

COOH COOH COOH COOH 

Meso Optically active Meso Optically active 
(plane of (plane of 
symmetry) symmetry) 

Figure 24.13 Oxidation of aldopentoses to aldaric acids: Only structures B and D 
lead to optically active products. 

FACT 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 24.14). Thus, glucose and mannose must be 3 and 4, 
though we can’t yet tell which is which. 
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CHO CHO CHO CHO 
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Figure 24.14 Oxidation of aldohexoses to aldaric acids: Only the pair of structures 
3 and 4 both give optically active products. 

FACT 5: One of the other 15 aldohexoses is converted by nitric acid 
oxidation 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 —CH,OH end. 
Thus, a given aldaric acid can have two different precursors. The aldaric 
acid from compound 3, 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 24.15). 

If we look carefully at the aldaric acids derived from compounds 3 and 
4, we find that the aldaric acid derived from compound 3 could also come 
from oxidation of another aldohexose (L-gulose), but that the aldaric acid 
derived from compound 4 could not. The “other” aldohexose that could pro- 
duce the same aldaric acid as the one 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 24.15). 

Reasoning similar to that shown 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. 
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Rotate 180° 
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CH,OH COOH CHO alibi 2 

4 (p-Mannose) Mannaric acid (Also D-mannose) 

Figure 24.15 There is another aldohexose (L-gulose) that can produce the same aldaric acid 
as compound 3, but there is no other aldohexose that can produce the same aldaric acid as 
compound 4. Thus, glucose has structure 3. 
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_ 24.21 The structures of the four aldopentoses, A, B, C, and D, are shown in Figure 24.12. 

In light of fact 2 presented by Fischer, what is the structure of arabinose? In light 
of fact 3, what is the structure of lyxose, another aldopentose that yields an optically 
active aldaric acid? 
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24.22 The aldotetrose D-erythrose yields a mixture of D-ribose and D-arabinose on Kiliani— 

Fischer chain extension. 
(a) What is the structure of D-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 Determination of Monosaccharide Ring Size 

With the stereochemistry of glucose known, the only problem remaining is 
to determine the size of the cyclic hemiacetal ring. Is glucose a furanose or 
a pyranose? This problem was solved by Haworth and Hirst in 1926 by 

recourse to simple yet effective chemistry. 
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Methylation of glucose yields the pentamethyl ether derivative, and 
aqueous acid hydrolysis cleaves the methyl glycoside to a tetramethyl ether. 
In the ring-opened form of this tetramethyl] ether, only the hydroxyl group 

that was part of the hemiacetal ring remains unmethylated. 
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CH,0 

= OMe tpnrinted 

CH,OCH; 

Haworth and Hirst determined the position of the free hydroxyl group 
by oxidation of the tetramethyl] ether. Under the conditions used (hot nitric 
acid), the aldehyde group at C1 and the free hydroxyl were both oxidized, 
and cleavage occurred next to the ketone carbonyl group to yield a compound 
identified as dimethoxytartaric acid. This could happen only if the free 
hydroxyl group were at C5 and if glucose were therefore a pyranose. The 
structure of glucose was complete! 
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24.23 What product would you expect to obtain from oxidation of glucose tetramethyl ether 
if glucose were a furanose? 
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24.24 Is the dimethoxytartaric acid obtained by degradation of glucose optically active or 
meso? Explain. 

24.11 Disaccharides neers eae Pre fy A)! he Ol 

We saw earlier that reaction of a monosaccharide hemiacetal with an alcohol 
yields a glycoside in which the anomeric hydroxyl 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. 

A glycosidic bond to the anomeric carbon can be either alpha or beta. 
For example, cellobiose, the disaccharide obtained by partial hydrolysis of 
cellulose, consists of two p-glucopyranoses joined by a 1,4'-B-glycoside bond. 
Maltose, the disaccharide obtained by enzyme-catalyzed hydrolysis of starch, 
consists of two p-glucopyranoses joined by a 1,4’-a-glycoside bond. 

CH,OH 
| HO . paCHJOH 

Cellulose ees HO : O O 

HOw "HO OH 
HO 

H 
Cellobiose, a 1,4’-8-glycoside 

[4-O-(B-p-Glucopyranosy])-8-p-glucopyranose] 

CH,OH 
HO O 

HO ee 
aCHOH 

O 

HO OH 
HO 

H 

HO Enzyme 
os Starch 

Maltose, a 1,4’-a-glycoside 
[4-O-(a-p-Glucopyranosy])-6-p-glucopyranose] 
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Both maltose and cellobiose are reducing sugars because the anomeric 

carbons on the right-hand sugar are part of a hemiacetal. Both are therefore 

in equilibrium with aldehyde forms, which can reduce Tollens’ or Fehling’s 

reagent. For a similar reason, both maltose and cellobiose exhibit muta- 

rotation of alpha and beta anomers of the glucopyranose unit on the right 

(Figure 24.16). 

CH,OH CH,OH 

Glucose — O O Glucose—O 

HO OH HO CHO 
HO HO 

H 

OH 

Maltose or cellobiose ’ Maltose or cellobiose 
(8 anomers) : (aldehydes) 

| 
CH,OH 

Glucose —O O 

HO H 

HO 
OH 

Maltose or cellobiose 

(a anomers) 

Figure 24.16 Mutarotation of maltose and cellobiose 

Despite the similarities of their structures, cellobiose and maltose are 
dramatically different biologically. Cellobiose cannot be digested by humans 
and cannot be fermented by yeast. Maltose, however, is digested without 
difficulty and is fermented readily. 

Ce mee emcee sian e eee sees eer esereerer eerste eet eee te eee reste ete este ete tee ees ese eee ee eee et tenses 

Show the product you would obtain from the reaction of cellobiose with these 
reagents: 

(a) NaBH, (b) Brg, H2O (c) CH3COCI, pyridine 

0) 9 Bie) a) oe epee aiel 8) 89 [elfal e261 616 ere: 1046 (are 616 arene (@ wie) 4) 6) 0)'s. (a, 8) l¢; eeu); ¥) UH. 0).8)/9)-8) 8a) >) w/e) e\\e\e)-wiim) eo! ie) -) wile) Wie l®] wi’) Oralin) elfe) e\ieiaior ml etiereriel 

The position of the glycosidic link in cellobiose can be determined by a modification 
of the method used by Haworth and Hirst to determine the ring size of glucose 
(Section 24.10). Reaction of cellobiose with iodomethane and Ag,O yields an octa- 
methyl ether derivative. Acid hydrolysis of this octamethyl ether yields a tri-O- 
methyl-glucopyranose and a tetra-O-methylglucopyranose. What are the structures 
of these octamethyl, trimethyl, and tetramethyl ethers? How can you use this infor- 
mation to determine the position of the glycosidic link in cellobiose? 

LACTOSE 

*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. 
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Like cellobiose and maltose, lactose is a reducing sugar. It exhibits muta- 
rotation and is a 1,4’-6-linked glycoside. Unlike cellobiose and maltose, 
however, lactose contains two different monosaccharide units. Acidic hydrol- 
ysis of lactose yields 1 equiv of p-glucose and 1 equiv of D-galactose; the two 
are joined by a £-glycoside bond between C1 of galactose and C4 of glucose. 

HO’ 
CH,OH 

© 4 CH,OH 
HO 6 O 

PL 8g OH 
HO 

H 
$$”) a ny 

B-Galactopyranoside B-Glucopyranose 

Lactose, a 1,4'-B-glycoside 
[4-O-(B-p-Galactopyranosyl)-B-p-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, common sugar is still sucrose. 

Sucrose is a disaccharide that yields 1 equiv of glucose and 1 equiv of 
fructose on acidic hydrolysis. This 1:1 mixture of glucose and fructose is 
often referred to as invert sugar, since 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, particularly honeybees, 
have enzymes called invertases that catalyze the hydrolysis of sucrose to a 
glucose—fructose mixture. Honey, in fact, is primarily a mixture of these 
three sugars. 

Unlike most other disaccharides, sucrose is not a reducing sugar and 
does not exhibit mutarotation. These facts imply that sucrose has no hemi- 
acetal linkages and 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. 

CH,OH 

HO O 
HO CH,OH H 

Ho ! 2 H OF on? CH,OH 

OHH 
——— 

a-D-Glucopyranoside £-p-Fructofuranoside 

Sucrose, a 1,2’-glycoside 

[2-O-(a-p-Glucopyranosy])-8-p-fructofuranoside] 
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ng a ee 
24.12 Polysaccharides 

Polysaccharides are carbohydrates in which tens, hundreds, or even thou- 

sands 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 are not reducing sugars and do not show mutarotation. 

Cellulose and starch are the two most widely occurring polysaccharides. 

CELLULOSE 

Cellulose consists simply of p-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 
O O 

4f CH,OH 
ate Reto Q CH,OH 

Be 0 . CH,0H 
OH HO O O 

OH HO o% 
: OH 

Cellulose, a 1,4'-O-(8-p-glucopyranoside) polymer 

Nature uses cellulose primarily as a structural material to impart 
strength and rigidity to plants. Wood, leaves, grasses; and cotton are pri- 

; a 
marily cellulose. Cellulose also serves as raw material for the manufacture 
of cellulose acetate, known commercially as rayon. 

CH.OCOCH, 

Z,0 CH,OCOCHS 
0 O H,OCOCH 
| CH,COO Gis 8 

CHC, 5 O O O 
0 eee CH,COO 0 oz 

3 

No | OCOCH, 
CH.C 

No 

A segment of cellulose acetate (rayon) 

STARCH 

Starch is also a polymer of glucose, but the 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 mol- 
ecules linked together by 1,4’'-a-glycoside bonds. 
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CH,OH 
4-0 

HO H 
HO CH,OH 

O O 

HO 
2 CH,OH HO 

O O 

HO H 

HO eed 

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 or straight-chain polymers, amylopectin contains 1,6'-a-glycoside 
branches approximately every 25 glucose units. As a result, amylopectin 
has an exceedingly complex three-dimensional structure (Figure 24.17). 
Nature uses starch as the means by which plants store energy for later use. 
Potatoes, corn, and cereal grains contain large amounts of starch. 

CH,0H 
O 

HO bye] 

cH,oH HO 
O O 

HO H 
Homies ce 

O O 

HO H 

Figure 24.17 A 1,6'-a-glycoside branch in amylopectin 

24.13 Carbohydrates on Cell Surfaces 

For many years, carbohydrates were thought to be rather dull compounds 
whose only biological purposes were to serve as structural materials and as 
energy sources. Although carbohydrates do indeed fill these two roles, recent 
research has shown that they perform many other important biochemical 

functions as well. For example, polysaccharides are known to be centrally 
involved in the critical process by which one cell type recognizes another. 
Small polysaccharide chains, covalently .bound by glycosidic links to 
hydroxyl groups on proteins (glycoproteins), act as biochemical labels on 

cell surfaces, as exemplified by the human blood-group antigens. 
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It has been known for over 80 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 cannot be transfused into a recipient with another type unless 

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 

© = compatible; x = 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 
cells 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 (antigenic deter- 
minants), and type AB cells have both type A and type B markers. The 
structures of all three blood-group determinants are shown in Figure 24.18. 

Note that some rather unusual carbohydrates are involved. Thus, all 
three contain N-acetylamino sugars as well as the unusual monosaccharide 
L-fucose. 

CH,OH a CH,OH 2 2 
HO 0 0 a 

OH HO OH H3C O 
Nee nari as OH 

H O HO HO a 

B-p-N-Acetylglucosamine B-p-N-Acetylgalactosamine a-L-Fucose 

(p-2-Acetamino-2-deoxyglucose) (p-2-Acetamino-2-deoxygalactose) (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 saccharide 
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. All 
stages of this work—isolation, purification, structure determination, and 

* chemical synthesis of the carbohydrate cell markers—are extremely diffi- 
cult, but the ultimate rewards and benefits may be enormous. 
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O 
| Os 

CH3;CNH 

d Gal) —Genad~ Protein 

OHO CH,OH pie 

( ‘Fucose 

OH 

OH 

Blood group O 

O 

limos HO 
CH,OH CH,CNH 

j ' : ee ‘ues O.. HO CH,OH 
HO 

O 

CH,0OH 
HO 

Blood group A, X 
Blood group B, X 

NHCOCH; 
OH tt 

Figure 24.18 Structures of the A, B, and O blood group antigenic determinants 
(Gal = p-galactose; GleNAc = N-acetylglucosamine; GalNAc = N-acetylgalac- 
tosamine) 

24.14 Summary and Key Words 

Carbohydrates are polyhydroxy aldehydes and ketones. They can be class- 
ified according to the number of carbon atoms and the kind of carbonyl group 
they contain; thus, glucose 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 hydroxy] 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 chiral center and production of two diastereomeric hem- 
iacetals 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. These projections are useful in allowing us quickly to relate 
one sugar to another, but cyclic Haworth projections provide a more accu- 
rate view. Any group to the right in a Fischer projection is down in a Haworth 
projection. 
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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 

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 

CH3;30—CH 2 baer The pie 

(CHOCHS O erg O oo 

CHOCH; CH,OAc CHOH 

An ether An ester A glycoside 

(Section 24.8) (Section 24.8) (Section 24.8) 

CH,0H 
CHal, Ac,O, | 
Ag,O pyridine (CHOH),, 

| 
NaBH, CH,OH 

CHO An alditol 
| (Section 24.8) 

(CHOH),, 
Bry COOH 

CH,OH HO 

Wives 

1. H,NOH CH,OH 
2. (CHsCO),0 
3. NaOCH, An aldonic acid 

(Section 24.8) 

CHO CHO 
| | COOH 

(CHOH),-; CHOH 

| (CHOH),, 
CH,OH (CHOH),, 

| : COOH 
A chain-shortened CH,OH 

aldose An aldaric acid 
“ (Sention, 24:8) A chain-lengthened (Section 24.8) 

aldose 

(Section 24.8) 
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24.27 Classify the following sugars by type; for example, glucose is an aldohexose. 

(a) CH,OH (b) CH,OH (c) CHO 

C—O ; H OH H OH 

CH,0H C=0 HO H 

H OH H OH 

CH,OH HO H 

H OH 

CH,OH 
24.28 Draw a Haworth projection of ascorbic acid (vitamin C). 

O 
\ 
; 

HO—C 
| Oo 

HO—C 

H 

HO H 

CH,OH 

Ascorbic acid 

24.29 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) Bre, H,O 

(d) CH3;CH,OH, HCl (e) CHI, Ag,O (f) (CH3CO),O, pyridine 

24.30 How many p-2-ketohexoses are possible? Draw them. 

24.31 One of the p-ketohexoses (Problem 24.30) is called sorbose. On treatment with 
NaBH,, sorbose yields a mixture of gulitol and iditol. What is the structure of 

sorbose? 

24.32 Another p-2-ketohexose, psicose, yields a mixture of allitol and altritol when reduced 

with NaBH. What is the structure of psicose? 

24.33 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? 

24.34 What other p-aldohexose gives the same alditol as p-talose? 

24.35 Which of the eight p-aldohexoses give the same aldaric acids as their L enantiomers? 

24.36 Which of the other three p-aldopentoses gives the same aldaric acid as D-lyxose? 
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24.37 

24.38 

24.39 

24.40 

24.41 

24.42 

24.43 

24.44 

24.45 

24.46 

24.47 
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Gentiobiose, a rare disaccharide found in saffron and gentian, is a reducing sugar 

and forms only glucose on hydrolysis with aqueous acid. Reaction of gentiobiose with 

iodomethane and silver iodide yields an octamethy] derivative, which can be hydro- 

lyzed with aqueous acid to give 1 equiv of 2,3,4,6-tetra-O-methyl-p-glucopyranose 

and 1 equiv of 2,3,4-tri-O-methyl-p-glucopyranose. If gentiobiose contains a 6-gly- 

coside 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 2 equiv of p-glucose. Structural studies have shown 
amygdalin to be a B-glycoside of benzaldehyde cyanohydrin with gentiobiose (Prob- 
lem 24.37). Draw the structure of amygdalin. 

Trehalose is a nonreducing disaccharide that is hydrolyzed by aqueous acid to yield 
2 equiv of p-glucose. Methylation followed by acidic hydrolysis yields 2 equiv of 
2,3,4,6-tetra-O-methylglucose. How many possible structures are there for trehalose? 

Trehalose (Problem 24.39) is cleaved by enzymes that hydrolyze a-glycosides but 
not by enzymes that hydrolyze B-glycosides. What is the structure and systematic 

name of trehalose? 

Isotrehalose and neotrehalose are chemically similar to trehalose (Problem 24.39) 
except for the fact that neotrehalose is hydrolyzed only by B-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 24.37), 
starting from £-p-glucose and methyl 2,3,4-tri-O-acetyl-B-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. 

H,C—O CH3 

\e4 
C aX 

CH,OH 3 H-C-O ‘CH; 

0 | “Soa 
OH OH + CH,CCH, —“> HOH HX + 2H,0 

HO . 
OH H O. | -CHs 

C 
| 
CH 

1,2:5,6-Diisopropylidene-p-glucofuranose 

D-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, compound B. On Kiliani—Fischer chain extension, compound A is converted 
into compounds C and D. Compound C can be oxidized to an optically active aldaric 

*acid, E, but compound D is oxidized to an optically inactive aldaric acid, F. What 
are the structures of compounds A—-F? 



CHAPTER 25 

Aliphatic Amines 

Nee are organic derivatives of ammonia in the same way that alcohols 
and ethers are organic derivatives of water. Amines are classified as either 
primary (RNHo2), secondary (R2NH), or tertiary (R3N), depending on the 
number of organic substituents attached to nitrogen. For example, methy]- 
amine, CH3NHg, is a primary amine; dimethylamine, (CH3).NH, 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. 

CHs CHs CH; 

pet eoees ae a Neate liveth 

bn, on, oH, 
tert-Buty] alcohol Trimethylamine tert-Butylamine 

(a tertiary alcohol) (a tertiary amine) (a primary amine) 

Compounds with four groups attached to nitrogen are also possible, but 
the nitrogen atom must carry a positive charge. Such compounds are called 

quaternary ammonium salts. 

R 
[ a 
R 

A quaternary ammonium salt 

893 
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Amines can be either alkyl substituted or aryl substituted. Much of the 

chemistry of the two classes is similar, but there are sufficient differences 

that we will consider the classes separately. Arylamines will be discussed 

in Chapter 26. 

CH,CH,NH, ¢ \-i, (cutie, 

Ethylamine Aniline Benzylamine 

(an aliphatic amine) (an arylamine) (an aliphatic amine) 

PROBLEM cis siayerecrins. pat er tiaed sbunwoiaas 2: ota fsaya Noveged oot cis guns sbeuepayebencurt= Suede armies, ean Peceieeees teisgehhe sok nates Ae cesta 

25.1 Classify these compounds as either primary, secondary, or tertiary amines, or as 
quaternary ammonium salts. f 

(a) ale (b) CH (c) CH,N(CHg)3 ~I 

ee 
(@) [(CHs),CH],NH —e) es 

fy 
H 

25.1 Nomenclature of Amines 

Primary amines, R—NH)g, are named in the IUPAC system in several ways, 

depending on their structure. For relatively simple amines, the suffix -amine 
is added to the name of the alkyl substituent. 

CH, 

a a (nn, H,NCH,CH,CH,CH,NH, 

on, 
tert-Butylamine Cyclohexylamine 1/4-Butanediamine 

For more complex amines, it is also correct to add the suffix -amine in place 
of the final -e in the name of the parent compound. 

HC Oe H3C 

“ 4,4-Dimethylcyclohexanamine 
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Amines having more than one functional group are named by consid- 
ering the —NHp as an amino substituent on the parent molecule. 

COOH 
NH . NH, 

CH;3;CH,CHCOOH H,NCH,CH,CCH; 
4 3 2 eal, 4 3 el 

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 
N CH;CH,—N—CH,CH, 

C1. ae 
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 are attached to nitrogen). 

H.C. CH.CHs 
N 

CH3 

N—CH,CH,€H3 

CH; 

N,N-Dimethylpropylamine 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, 

NH» 

Aniline m-Toluidine 



896 CHAPTER 25 ALIPHATIC AMINES 

Heterocyclic amines—compounds in which the nitrogen atom occurs 

as part of a ring—are common, and each different heterocyclic ring system 

is given its own parent name. In all cases, the nitrogen atom is numbered 

as position 1. 

4 5 4 

V3 & \ 6a Ro 

| 22 - iw | Za 2 

N 41 8 Nj 
1 

H 

Pyridine Pyrrole Quinoline 

3 A 3 A 4-—N ~ 5 5 N3 

5 a \ : 6 CLS : 6 oe 2 N{ Ny N 
| “ | 1 
H Jel 

Imidazole Indole Pyrimidine 

0 4 

Ce Lasuleslss aaa aaa 2 
2 2 

i rh wa nf 
H Hee H 

Pyrrolidine Morpholine Piperidine 
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25.2 Name these compounds by IUPAC rules: 

3 

(ec) CH3—N—CH,CH,CH; (d) bes 

N 

bn, 
CH3 

(e) [((CH3)2CH],NH (f) eee 

PROBLEM 6 6:2'éais.s,s5.0i) <i dosgions eulels sic sMicAobaeice te ad crn ant Ae eiate Ae ene 

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 
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25.2 Structure and Bonding in Amines 

Bonding in amines is similar to bonding in ammonia. The nitrogen atom is 
sp® hybridized, with the three substituents occupying three corners of a 
tetrahedron. The nitrogen’s nonbonding lone pair of electrons occupies 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. 

N. <2- sp? hybridized 

HC ~ d ae 
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 

9 | 
-N me 

EX he 1 SS X- 1 ~ 

AY “i iy, Z 

A chiral amine A chiral alkane 

Unlike chiral alkanes, however, most chiral amines can’t be resolved 

into their two enantiomers, because the two enantiomeric forms rapidly 
interconvert by a pyramidal inversion, much as an alkyl halide inverts 
in an Sy2 reaction. Pyramidal inversion occurs by a momentary rehybri- 
dization of the nitrogen atom to planar, sp? geometry, followed by rehybri- 
dization of the planar intermediate to tetrahedral, sp? geometry (Figure 
25.1, page 898). 

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 cannot 

normally be isolated. 



898 CHAPTER 25 ALIPHATIC AMINES 

Mirror 

x | X 
Vials yall 
“N@® == On~ 

Z 7 Z 
sp® hybridized . sp® hybridized 

hoe, 
XY J 

See 

Z 

sp” hybridized 
(planar) 

Figure 25.1 Pyramidal inversion of amines interconverts the two mirror-image 
forms. 
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25.4 Although rapid pyramidal inversion prevents chiral trialkylamines from being 
resolved, chiral tetraalkylammonium salts such as N-ethyl-N-methyl-N-propyl- 
benzylammonium chloride are configurationally stable. Draw both the R and S 
enantiomers of this chiral ammonium salt and explain why they do not interconvert 
by pyramidal inversion. 

CH,CH,CH, 
| 

a 6 eae ae 

CH; 

N-Ethyl-N-methyl-N-propylbenzylammonium chloride 

25.3 Physical Properties of Amines 

Amines are highly polar and therefore have higher boiling points than 
alkanes of equivalent molecular weight. Like alcohols, amines with fewer 
than five carbon atoms are generally water-soluble. Also like alcohols, pri- 
mary 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. 

Heer Fat Bary 
7 in 9 Olishely dae 

N N N N 
\ aN Ne Nee 

R RR RR RR RF 
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One characteristic of amines that does not show up in Table 25.1 is 
odor. All low-molecular-weight amines have a characteristic and distinctive 
fish-like aroma. Diamines such as putrescine (1,4-butanediamine) have 
names that are self-explanatory. 

Table 25.1 Physical properties of some simple amines 
SS 

Melting Boiling 
point point 

Name Structure (°C) (°C) 
Ammonia NHs3 tel —33.3 

Primary amines 
Methylamine CH3NH2 —94 —6.3 

Ethylamine CH3;CH,NH, —81 16.6 

tert-Butylamine (CH3)3CNH, =67.5 44.4 

Aniline (an arylamine) CgH;NH2 —6.3 184.1 

Secondary amines 
Dimethylamine (CH3),.NH —93 7.4 

Diethylamine (CH3CH2)2.NH —48 56.3 

Diisopropylamine [(CH3)2CH],NH —61 84 

Pyrrolidine [Na 2 89 

Tertiary amines 
Trimethylamine (CH3)3N =ilily 3 

Triethylamine (CH3CH2)3N =! 89.3 

N-Methylpyrrolidine [ y- CH3 —21 81 

25.4 Amine Basicity 

The chemistry of amines is dominated by a single feature of their structure— 
the nitrogen lone pair of electrons. Because of the nitrogen lone pair, amines 
are both basic and nucleophilic. Amines react with Lewis acids to form 

acid/base salts, and they react with electrophiles in many of the polar reac- 
tions we’ve seen in past chapters. 

S Va aa a _ 

Se enn etedtis pag 
fe 

An amine An acid A salt 

(a Lewis base) 
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Amines are much more basic than alcohols, ethers, or water, but not 

all amines are equal in base strength. 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 strongly 
basic amine holds a proton tightly, its corresponding ammonium ion is rel- 
atively nonacidic (high pK,). A weakly basic amine, however, holds a proton 
less tightly, and its corresponding ammonium ion is thus relatively acidic 
(low 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 (RNH,) that results from deprotonation of a weak acid 
(RNH3) is a strong base, and the conjugate base of a strong acid is a weak 
base. 

If this ammonium salt has a lower pK, 
(stronger acid), then this amine 

@ is a weaker base. ‘ 

R—NH;* + HO = R—NH, + H,0* 

If this ammonium salt has a higher pK, 
(weaker acid), then this amine 

is.a stronger base: 

Table 25.2, which lists the measured pK,’s of some common ammonium 
salts, indicates that there is relatively little effect of substitution on alkyl- 
amine basicity. The salts of most simple alkylamines have pK,’s in the 
narrow range 10-11, regardless of their substitution pattern. 

Table 25.2 Basicity of some common alkylamines 

Name Structure pK, of ammonium ion 

Ammonia : NH; 9.26 

Primary alkylamine 

Methylamine CH;NH, 10.64 

Ethylamine CH,CH,NH, —_—10.75 

Secondary alkylamine 

Dimethylamine (CH,),NH 10.73 
Diethylamine (CH;CH,),NH 10.94 
Pyrrolidine 11.27 OM 
Tertiary alkylamine 

Trimethylamine (CH3)3N: 9.79 

Triethylamine (CH3CH,)3N: 10.75 



25.4 AMINE BASICITY 901 

In contrast to amines, amides (RCONH,) are completely nonbasic. 
Amides do not 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: 

Gs, 0:7 

Since this amide resonance stabilization is lost in the protonated product, 
protonation is disfavored (high AG*). Second, a protonated amide is higher 
in energy than a protonated amine because the electron-withdrawing car- 
bonyl group inductively destabilizes the neighboring positive charge. 

sO 

Protonated amide (no resonance stabilization; - l 
inductive destabilization of positive charge Sane 

R NH; 

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. 

> Dest ‘abilization of oo 
__ protonated ami 
_ protonated am: 

Reaction progress———> 

Figure 25.2 Reaction energy diagram comparing the protonation of amines and 

amides: The AG° for amide protonation is larger because of increased reactant sta- 

bility and decreased product stability. 
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We can often take advantage of the basicity of amines to purify them. 
For example, if we have a mixture of a basic amine and a neutral compound 
like a ketone, alcohol, or ether, we can simply dissolve the mixture in an 

organic solvent and extract 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 allow us to recover pure amine 
(Figure 25.3). 

Dissolve in ether; 

add HCl, H2O 

Ether layer 
(neutral compound) 

Add NaOH, ether 

Aqueous layer 
“(NaCl) 

Figure 25.3 Purification of an amine component from a mixture 
—_—_—_—_—_—_ een ke 

In addition to their behavior as bases, primary and secondary amines 
can also be considered 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 
diisopropylamide (LDA) and butane (Section 22.5): 

(CH3)2CH (CH3)2CH 

ae + n-C,HolLi —> Ne li =) n-GAHio 

(CH3)2CH (CH3)2CH Butane 

Diisopropylamine Lithium diisopropylamide a Oe 
(pK, ~ 40) (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). 
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Which compound in each of the following pairs is more basic? 
(a) CH;CH,NH, or CH;CH,CONH, (b) NaOH or CH3NH, 

(c) CH3NHCH3 or CH;0CH; 



25.5 RESOLUTION OF ENANTIOMERS VIA AMINE SALTS 903 

PROBLEM eee eens Semana in) meee cee oWoks (9) 2''2) 2 sh0)a 6: «90:0; ecerereya! o'ial'eiel ols [eva yeue, oifo .0' 00 :0)'a)e)\o1.aiepeio..s, 96 10.16 (el dhe oye ee eo vss cee ee 

25.6 Protonation of an amide actually occurs on oxygen rather than on nitrogen. Suggest 
a reason for this behavior. 

0: ~O—H 
es H,SO hoy: 

R-C—-NH3 4 9 RC NHz + HSO7 

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 9.11 that a racemic mixture is a 50:50 mixture of (+) 
and (—) enantiomers. | 

Historically, Louis Pasteur was the first person to resolve a racemic 
mixture when he was able to crystallize a salt of (+)-tartaric acid and to 
separate two different kinds of crystals by hand (Section 9.3). Pasteur’s 
method is not generally applicable, however, since few racemic compounds 
crystallize into separate mirror-image forms. The most commonly used 
method of resolution makes use of an acid—base reaction between a racemic 
mixture of carboxylic acids and a chiral amine. 

To understand how this method works, let’s see what happens when a 
racemic mixture of chiral (+)- and (—)-lactic acids reacts with an achiral 
amine base like methylamine (Figure 25.4). Stereochemically, the situation 
is analogous to what happens when left and right hands (chiral) pick up a 
ball (achiral). Both left and right hands pick up the ball equally well, and 
the results—ball in right hand and ball in left hand—are mirror images. 

COOH ee H,NCH; 
| 

(R) = G AO 
HY ~CH, H/ “CH 
HO a HO q 

R salt mn 

=f ee wnnee- Mirror ------------- Enantiomers 

HO, HO, ay 
A CH, HN _CHs3 

Swe di Git : 

COOH COO- H,NCH, 
S salt 

Racemic lactic acid Racemic ammonium salt 

(50% R, 50% S) (50% R, 50% S) 

Figure 25.4 Reaction of racemic lactic acid with achiral methylamine leads to a 

racemic mixture of ammonium salts. 
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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. 

Now let’s see what happens when the racemic mixture of (+)- and (—)- 

lactic acid reacts with a single enantiomer of a chiral amine base such as 

(R)-1-phenylethylamine (Figure 25.5). Stereochemically, the situation is 
analogous to what happens when a hand (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 results—right hand in right glove and left 
hand in right glove—are not mirror images. They are altogether different. 

COO Hey 

COOH NH, Hey iy : 

| HO CHs | 
(R) H——CH; H3C | | 

HY “cH Z 2 
HO : ini Tl 

(Py: Phenylothylamind An sei salt Digeteraomers 

HO HO HN NCH CH, ws San ae Page Al thae 
, Hass SS COOH Coo Hct y | 

; ag 

eS Se 

Racemic lactic acid An SR salt 
(50% R, 50% S) 

Figure 25.5 Reaction of racemic lactic acid with pure (R)-1-phenylethylamine yields a mixture 
of diastereomeric ammonium salts. 

In the same way, (+)- and (—)-lactic acid react with (R)-1-phenylethy]l- 
amine to give two different products. (R)-Lactic acid reacts with (R )-1-phen- 
ylethylamine to give the R,R ammonium carboxylate 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 tech- 
nique. Once separated, 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. 
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Sa a ee Cit 

R amine 

t+, R salt 
: ste 

| Separate 

ck R, salt / S, R salt 

HCl HCl 

R amine-HCl R amine-HCl 

Figure 25.6 Flow diagram for the resolution of a racemic carboxylic acid into its 
two pure enantiomers 

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: Reaction between a racemic mixture and another chiral partner always 
yields a mixture of diastereomeric products. 

Coes sees ee sees see eee ee se eee eee esse sees eeeEeereeee EEE EEE EEE eee DEE EEE EEE EEE EEE EEE HEE ERED 

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? 

Cees eee eee re resesseeseesersseeeeeeeeeeeeeeseeeseee eee eH oEo EEE HEE TEEPE EE HEHEHE HOE HORE EE 

Suppose that a chiral acid such as (S)-lactic acid reacts with a chiral alcohol such 
as (R)-2-butanol: 

(S) CH;CH(OH)CO,H + (R) CH;CH,CH(OH)CH3 

0 
i | 
ee CH,CHOH)COCHCH,CHs + H,0 

CH3 

What is the stereochemistry at the two chiral centers in the product? Draw the 

starting materials and product. 
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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? 
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25.6 Industrial Sources and Uses of Alkylamines 

Small alkylamines like methylamine, ethylamine, and dimethylamine all 
find a variety of relatively minor applications in the chemical industry as 
starting materials for the preparation of insecticides and pharmaceuticals. 
Simple methylated amines are prepared by reaction of ammonia with meth- 
anol in the presence of an alumina catalyst. The reaction yields a mixture 
of mono-, di-, and trimethylated products but is nonetheless useful indus- 

trially since the separation of the three products by distillation is easy. 

NH, + CH,0OH —“"> CH;NH, + (CHa)sNH + (CH3)3N + H,O 450°C 

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, R,N*t X~. 

LN e 

Ammonia NH, + RZX —> RNHiX 0H, RNH, Primary 
Primary RNH, + 9R X= NF Pe seca 
Secondary R,.NH + R—X — > R,NH* X~ ante R3N Tertiary 

Tertiary R,N + R—X —— R,N* X™ Quaternary ammonium salt 

Syn2 reaction 

Unfortunately, these reactions do not stop cleanly after a single alkyl- 
ation has occurred. Since primary, secondary, and even tertiary amines are 
all of similar reactivity, the initially formed monoalkylated product can 
undergo further reaction to yield a mixture of products. For example, treat- 
ment of 1-bromooctane with a twofold excess of ammonia leads to a mixture 
containing only 45% of the desired octylamine. A nearly equal amount of 
dioctylamine is produced by overalkylation, along with smaller amounts of 
trioctylamine and tetraoctylammonium bromide. 

CH3(CH2)gCH2Br + :NH3; —> CH,(CH)¢CH,NH» a [CH3(CH,),CH,],NH 

1-Bromooctane Octylamine (45%) Dioctylamine (43%) 

+ [CH3(CH2)gCHg]3N: + [CH3(CH)gCH>],NBr 

Trace Trace 
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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 
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 in Syn2 reac- 
tions. It displaces halide ion from primary and even secondary alkyl] halides 
to give alkyl azides, R—Ns, in high yield. Since alkyl azides are not them- 
selves nucleophilic, overalkylation cannot occur. Reduction of alkyl azides, 
either by catalytic hydrogenation over palladium or by reaction with 
LiAIH,, 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 with great care. 

CH,CH,Br CH,CH,N=N=N 
iC: — ; = Cy NRE 

1-Bromo-2-phenylethane 2-Phenylethyl azide 

2. H,O 

Reap NH, 

2-Phenylethylamine 

(89%) 

=N NH, 
‘ 

N=N 

NaN 1. LiAlHy, ether 
wees, + NaBr ————> 

2. H,O 

Bromocyclohexane Cyclohexyl azide SE rues 
(54% 

F . LiAlH,, ether 

The Gabriel! amine synthesis, introduced in 1887, makes use of an 

imide alkylation to provide an alternative means of preparing primary 

amines from alkyl halides. Imides — CONHCO — are structurally similar 

to ethyl acetoacetate in that the proton on nitrogen is flanked by two aci- 

difying carbonyl groups. Thus, imides are readily deprotonated by bases 

1Sigmund 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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such 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).]. Note that the imide hydrolysis step to yield amine plus 
phthalate ion is closely analogous to the hydrolysis of an amide (Section 
21.8). 

O O O 

| K+ 
C Be 

er Veo Noe -N—R + KX 
i Ethanol J DMF 

C C 

I | O 
O O , 

Phthalimide Potassium phthalimide | oun 

rm OF 
CO.” 

For example, . 

1 Ol + DMF re 

CH.Br ‘ CH,NH2 

O 

fom 2. -OH/H,0 

Benzyl bromide Benzylamine (81%) 

Recall the acetoacetic ester synthesis: 

1 1 1 
C.H;0—C C,H;0—C CHOC 

N NaOC.H, Nee Syn te 
Ch == Ch: = CH—R 
a a HOC>2H; oS YA 

ae ome ie an 

O O 

25.10 Propose a mechanism to account for the last step in the Gabriel amine synthesis, 
the base-promoted hydrolysis of an imide to yield an amine plus phthalate ion. 

25.11 Show two methods for the synthesis of dopamine, a neurotransmitter involved in 
regulation of the central nervous system. Use any alkyl halide needed. 

CH,CH,NH, 

HO 

OH 

Dopamine 
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REDUCTION OF NITRILES AND AMIDES 

We have already seen how amines can be prepared by reduction of nitriles 
(Section 21.9) and amides (Section 21.8) with LiAl1H4. 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: 

NaCN j RN e SSRN Sep ALB R— CH,NH, 

Alkyl halide 1° amine 

7 O 
| Ree Gae 1. SOCl, Pe 1. LiAlH,, ether a 

C— OH 2. NH, Rin@awNe 2. H,0 BC ra 
Carboxylic acid 1° amine 

AUS) ES aS IVE Taree eed oeate ds col sb ops Ealiod oh) WiaU linda oh + ali al/ek eich a ausuis Goh 0) 9 sats osha el Alias cauiayeieouellor'ou deus loxe4s\ey/ehaiens dy Sueh sho uauaie'ayovousneba revel oseoaniers 

25.12 Propose structures of either a nitrile or an amide that might be a precursor of each 
of these amines. 

(a) Propylamine (b) Dipropylamine 
(c) Benzylamine, CsH;CH,NH,2 (d) N-Ethylaniline 

REDUCTIVE AMINATION OF KETONES AND ALDEHYDES 

Amines can be synthesized in a single step by treatment of a ketone or 
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 reducing agent. 

>NH>, 

1 
CH2CCHs CH.C HCH; 

el oe CT sa H20 

Phenyl-2-propanone Amphetamine 

Reductive amination takes place by the pathway shown in Figure 25.7 

(page 910). As indicated, an imine intermediate is first formed by a nucleo- 

philic addition reaction (Section 19.12), and the imine is then reduced. 

Ammonia, primary amines, and secondary amines can all be used in 

the reductive amination reaction to yield primary, secondary, and tertiary 

amines, respectively. 
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1. 

eye 

Ammonia attacks the carbonyl group 
in a nucleophilic addition reaction to 
yield an intermediate carbinolamine. 

a na 

ee 

onsen 

The intermediate loses water to give _H,0 
an imine. 

a 

The imine is reduced catalytically 
over Raney nickel to yield the amine Hg ee 
product. 

dnd 
Filton 

Figure 25.7 Mechanism of reductive amination of a ketone to yield an amine 

:NH3 
R,CHNH, Primary amine 

H2/cat. 

R’NH, 

H,/cat. 
R,C=O R,CHNHR’ Secondary amine 

H,/cat. 
R,CHNR; 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. 
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Hee tec: O oN 

= NaBH;CN 
+ HN(CHs). CH.OH + H,O 

Cyclohexanone * N,N-Dimethylcyclohexylamine 

(85%) 
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25.13 Show how these amines might be prepared by reductive amination of a ketone or 
aldehyde. Show all precursors if more than one is possible. 
(a) CH3CH,NHCH(CH3). (b) N-Ethylaniline 
(c) N-Methylcyclopentylamine 
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25.14 Show the mechanism of reductive amination of cyclohexanone and dimethylamine 
with NaBH3CN. What intermediates are involved? 

25.15 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. 

HO eae 

. CHCHCH3 

Ephedrine 

HOFMANN AND CURTIUS REARRANGEMENTS OF AMIDES 

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: 

~OH, Bre 

H,0 ENE Oz 
Hofmann rearrangement RCONH, 

Curtius rearrangement RCON,; oe RNH, + CO, + No 

Hofmann rearrangement occurs when a primary amide, RCONHag, 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 

2August Wilhelm von Hofmann (1818-1892); b. Giessen, Germany; professor, Bonn, the Royal 

College of Chemistry, London (1845-1864), Berlin (1865-1892). a 

3Theodor Curtius (1857-1928); b. Duisberg; Ph.D. Leipzig; professor, universities of Kiel, 

Bonn, and Heidelberg (1898-1926). 
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H 
ates 

R— a 

pee 
Base abstracts an acidic amide ® | :OH 

proton, yielding an anion. 

1 
RoC NE EO 

The anion reacts with bromine in an n\ 

alpha-substitution reaction to give an @ | proBr 

N-bromoamide. i 

O Br 

R i ve Bi Ces + eBres \D ae 
H 

A bona) 

Base abstraction of the remaining ¢ 
amide proton gives a bromoamide @ || :0H 
anion. 

O 
l apr 

The bromoamide anion spontaneously R--C—N—Br +.H,O 
rearranges as the R— group attached = 
to the carbonyl carbon migrates to 

nitrogen at the same time the ® 
bromide ion leaves, yielding an 
isocyanate. Bone =N Ree ene 

An sent 

The isocyanate adds water ina 

nucleophilic addition step to yield a ® | : OH, 
carbamic acid. 

O 

(NIK Hat ox-oe- NTR 

A carbamic acid 

The carbamic acid spontaneously 
loses COg, yielding the final product. © 

Ri NHys48CO4 

Figure 25.8 Mechanism of the Hofmann rearrangement of an amide to an amine: 
Each step is analogous to reactions studied previously. 
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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 decarboxyl- 
ation 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. 

CH; CH; 
| ~ OH, Cl | bait geawion ee ca or kalaouahni 

CH; CH; 

2,2-Dimethy1-3-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 concomitant loss of a leaving group. The reaction takes place 
on heating an acyl azide that is itself prepared by nucleophilic acyl substi- 
tution of an acid chloride: 

1 1 at 2 - 0 = 
RCC] > RC“ N-N=N OS ONG FY O=C=N_ RS ~R—NED 

| Some A 
Acid Isocyanate Amine 
chloride Acyl azide 

+ COs 

PROBLEM 

For example, the antidepressant drug tranylcypromine is prepared com- 
mercially by Curtius rearrangement of 2-phenylcyclopropanecarbonyl 

chloride. 

trans-2-Phenylcyclopropanecarbony] 

chloride 

wee cre ee eee e ee ee essere ester eee reese ee HEE DEH HHEH HEE EOE H EHH EEE EHH HEHEHE EH EEE EEE EE oeee seme eee cere sees eeeee 

25.16 Formulate the mechanism of the Curtius rearrangement of an acyl azide to an 

PROBLEM 

25.17 

isocyanate, showing the origin and fate of all bonding electrons. Formulate also the 

mechanism of the addition of water to an isocyanate to yield a carbamic acid. 

woe eee cere eee e reer reser ees eeeeeese sees eeee digi abel cleltaisleisiaie) aelalieliais is\lelele ie aces! a)\nlie)@\,6) (6 (© ¢ ei 'e 010'/0\ 6) RCs 4):81.8\8/2 0..616)9/ 8,0: 9) #19: 0 a)(8 0.8, 

What starting materials would you use to prepare these amines by Hofmann and 

Curtius rearrangements? 

(a) (CH3)3CCH2CH2N He (b) H3C NH» 



914 CHAPTER 25 ALIPHATIC AMINES 

25.8 Reactions of Amines 

We have 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 rather dif- 
ficult to control and often give mixtures of products, but tertiary amines 
are cleanly alkylated to give quaternary (tetrasubstituted) ammonium salts. 

Primary and secondary (but not tertiary) amines also can be acylated 
by reaction with acid chlorides or acid anhydrides (Sections 21.5 and 21.6) 

to yield amides. 

O 

NE an + HCl 

RN, EEE RC —Nnw + He 
O 

PON May ea, eee + HCl 

If a sulfonyl chloride (RSO2Cl) is used as the acylating agent, a 
sulfonamide (RgN—SO,R’) is produced. This reaction forms the basis of a 
classic laboratory test for distinguishing among primary, secondary, and 
tertiary amines (the Hinsberg test). 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 an 
Primary RNH, tr ( \-3-a seein ( sown Base- 
amine | | soluble 

O O 
product 

Benzenesulfony] A sulfonamide 
chloride 

1 an 
Secondary R,NH a ( \s-a —— ( \-s—yp, Base- 
amine i i insoluble 

product 
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O O | e hae Tertiary R3N: + Se oy gs brudine, S—NR,Cl7 
amine | | 

O O 

[x0 

R3N: + CgH;SO3H 

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 iodide, which then undergoes an elimi- 
nation reaction to give an alkene on heating with silver oxide. For example, 
1-hexene is formed from hexylamine in 60% yield: 

CH;CH,CH,CH,CH,CH,NH, =a CH,(CH)s;CH»CH,N(CHs)3 I- 
excess) 

Hexylamine Hexyltrimethylammonium 

iodide 

| Ag,O 
HO 

CH,(CH,);CH,CH,N(CHs); OH + Agl 

3 

CH3;CH2CH,CH,.CH—CH, + N(CH3)3 + H,O 

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 (Figure 25.9). 

ee Soy 

: : ( 

re ee OC + HO NCHys 4 —_— 
ON(CH,) 

fe Alkene 

Quarternary ammonium 

salt 

Figure 25.9 Mechanism of the Hofmann elimination of an amine to yield an alkene 
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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 11.11), the less highly substituted 

alkene predominates in the Hofmann elimination of a quaternary ammo- 

nium salt. The reasons for this selectivity are not well understood, but are 

probably steric in origin. Owing to the large size of the trialkylamine leaving 

group, hydroxide ion must abstract a hydrogen from the least hindered, 
most sterically accessible position. For example, (1-methylbutyl)trimethyl- 

ammonium hydroxide yields 1-pentene and 2-pentene in a 94:6 ratio. 

*N(CHs),-OH 
CH;CH,CH,CHCH, it CH3;CH,CH,zCH= CH2 at: CH;CH,CH=CHCH3 

(1-Methylbutyl)trimethylammonium 1-Pentene 2-Pentene 

hydroxide SSS eal 

94:6 ratio 

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. 

PROBEEIM 5 te < v5.15) one siceiis,clie8) he's) +: ahayonatove,’siis! oie elie gues 6% ouegeln ce: sisunge, ots’ ai PteLeusibelatsucien stole aia ereisiela ala een teie tal areteteets iat nena ae ee 

25.18 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) CH;CH,CH,CH(NH,2)CH,CH,CH,CHs 
(b) Cyclohexylamine 

(c) CH3CH,CH,CH(NH,2)CH,CH,CH; 
(d) N-Ethylcyclohexylamine 

BR OB AB M6055, a 01.0) ayeiis e:5).513) Si 'el/als.0,0, 816 io1:0..shsiohsi3 3018 s6)5 4 sShe,s/(Sac vs) ailsia: lel syajiehaie Mai ae Naketayeceraierenel eve le hae tener teen ce 

25.19 What product would you expect from Hofmann elimination of a cyclic amine such 
as piperidine? Formulate all the steps involved. 

1. CHgI (excess) 

NH 2. Ag,O, H,O 
a 
oa 

25.9 Tetraalkylammonium Salts as Phase-Transfer Agents 

Tetraalkylammonium salts, R4sN* X~, easily prepared by Sn2 reaction 
between a tertiary amine and an alkyl halide, have come to be widely used 
in the past decade as catalysts for many different kinds of organic reactions. 
For example, we saw in Section 7.10 that chloroform reacts with strong base 
to generate dichlorocarbene, which can then add to a carbon—carbon double 
*bond to yield a dichlorocyclopropane. 



25.9 TETRAALKYLAMMONIUM SALTS AS PHASE-TRANSFER AGENTS 917 

Imagine an experiment where we dissolve cyclohexene in chloroform 
and stir the organic solution 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, we add a small amount of a 
tetraalkylammonium salt such as benzyltriethylammonium chloride to the 
two-phase mixture, an immediate reaction occurs, leading to formation of 
the dichlorocyclopropane product in 77% yield: 

CHCls, 50% NaOH/H,O Cl SS 

CsHs;CH.N(CH2CHa)3 Cl~ (trace) Cl 

No reaction occurs without CeH;CH,N(CH,CHs),Cl- ute 

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 25.10). 

Aqueous phase H,0 + Na* HO” + Cl 
: - 

H2,0 + Na HO = Add R4N* Cl 

CHCl3 + O 

Figure 25.10 Phase-transfer catalysis: Addition of a small amount of a tetraalkyl- 
ammonium 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. 

CHCl, + R4N* HO- 
Organic phase 

Transfer of an inorganic ion from one phase to another is called phase 

transfer, and the tetraalkylammonium salt is referred to as a phase-trans- 

fer catalyst. Many different kinds of organic reactions, including oxidations, 

reductions, carbonyl-group alkylations, and Sy2 reactions, are subject to 

phase-transfer catalysis, often with considerable improvements in yield. Sn2 

reactions are particularly good candidates for phase-transfer catalysis, since 
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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 ——2@:-benwne 5 CH;(CH2)¢CH2CN + NaBr 
C.H;CH2zN(CH2CH3)3 Cl~ 

1-Bromooctane Nonanenitrile (92%) 

25.10 Naturally Occurring Amines: Alkaloids 

A great variety of amines are widely distributed among plants and animals. 
For example, trimethylamine occurs in animal tissues and is partially 
responsible for the distinctive odor of many fish; morphine is a powerful 
analgesic (painkiller) isolated from the opium poppy; quinine is an important 
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 Rauwolfia serpentina. 

H 
cae 

H N 

HO. 
CH;0 H 

N—-CH; SS 

zo 

N 

Morphine (analgesic) Quinine (antimalarial) 

HO” 
H 

OCH, 

VAS OcC OCH, 
OCH, 

OCH, 

Reserpine (antihypertensive) 

Naturally occurring amines derived from plant sources were once 
known as “vegetable alkali,” since their aqueous solutions are 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 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. 
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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. 

CH30 

Codeine 

Heroin 

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. 

Morphine and its relatives constitute a class of exceedingly useful phar- 
maceutical agents, yet they also pose a social problem of great proportion 
because of their addictive properties. Much effort has therefore gone into a 
search to understand the mode of action of morphine and to develop modified 
morphine analogs that retain the desired analgesic activity but do not cause 
physical dependence. 

Our present understanding is that morphine appears to bind to opiate 
receptor sites in the brain. It does not interfere with or lessen the trans- 
mission of a pain signal to the brain, but rather changes the brain’s reception 
of the signal. Much progress has been made in the search for modified 
morphine-like agents. 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 
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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: (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, 
a quaternary carbon, two carbons, a tertiary amine 

C2H;02C N—CH3 

Meperidine 

BRO BLE Migs 6:5) 5) sco. :6 \e :016),01,6) 9 eihs)aiv'(ehislerslis/ <iekoileliot») el es |is e fe\inietoivoun,.ei\b viele \nlalalie) 6.075) 0 Yale celle (ove ener ov Lsteeeka ta cuca ia avers tatave ener Sante 

25.20 Show how the morphine rule fits the structure of dextromethorphan, a common 
constituent of cough remedies. 

CH30 

: 
iy ICH 

Dextromethorphan 

25.11 Spectroscopy of Amines 

MASS SPECTROSCOPY 

The “nitrogen rule” of mass spectroscopy says that compounds with an odd 
number of nitrogen atoms have odd-numbered niolecular weights. Thus, we 
detect the presence of nitrogen in a molecule 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. 
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The logic behind this 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 CHsN and a molecular weight of 31; 
morphine has the formula C;7H,;yNO3 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: 

R’ +. R’ ms 

a Alpha cleavage a RCH,-+CH,—N ———_ > RCH; | CHI—N ast Soy 

For example, the mass spectrum of N-ethylpropylamine shown in Figure 
25.11 exhibits peaks at m/z = 58 and m/z = 72, corresponding to the two 
possible modes of alpha cleavage. 

100 py 

80 

60 

40 
abundance (%) Relative 

20 

son Aja = Gh ae eee ay. 100 120 140 
0/2 a 

t 
‘CH, + | CH2=N —CH2CH2CH3 

m/z = 72 

H 
| Alpha cleavage 

CH, -3- CH,— N— CH, —3- CH2CHg 
a Qa 

m/z = 87 a 

H 

| + -CH,CH3 
CH,CH, = N=CH, 

m/z = 58 

Figure 25.11 Mass spectrum of N-ethylpropylamine: The two possible modes of alpha cleavage 

occur, leading to the observed fragment ions at m/z = 58 and miz = 72. 
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INFRARED SPECTROSCOPY 

100 

80 
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20 
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60 

40 

Primary and secondary amines can be identified by characteristic N—H 
bond stretching absorptions in the 3300-3500 cm™! range of the infrared 
spectrum. Alcohols also absorb in this range (Section 17.11), but amine 

absorption bands are generally both sharper and less intense than hydroxyl 
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. Rep- 
resentative infrared spectra of both primary and secondary amines are 
shown in Figure 25.12. 

Wave numbet (cm — - 
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i 
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Wavelength (um) 
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Tt 1 T ies T 

CH,CH,—N—CH,CH, 

s oA 
4 5 6 a 8 9 10 11 2) 13 «14 15 

Wavelength (um) 

(b) 

Figure,25.12 Infrared spectra of (a) cyclohexylamine and (b) diethylamine 
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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 cm~! range if the sample contains an 
amino group. All protonated amines give rise to this readily observable 
absorption caused by the ammonium R3N—H* bond. Figure 25.13 gives 
an example. 

erm a a 

Wave number (cm7') 
ae 3000 2000 1500 1300 1100 1000 900 800 700 

80 

& 
o 
o 5 60 } 

& 40 = é : (CHgCH2)3NH CI~ 

20 2 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Wavelength (um) 

Figure 25.13 Infrared spectrum of triethylammonium chloride 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Amines are often difficult to identify solely by 'H NMR spectroscopy because 
N—H protons tend to appear as very broad resonances 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 iden- 
tified by adding a small amount of D,O to the sample tube. Exchange of 
N—D for N—H occurs, and the N—H signal disappears from the NMR 
spectrum. 

s Dow’ 
piste —S eat + HDO 

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. N-Methyl] groups are particularly dis- 
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tinctive, since they absorb as a sharp three-proton singlet at 2.2—2.6 5. The 

N-methyl] resonance at 2.42 6 is easily seen in the 1H NMR spectrum of N- 

methylcyclohexylamine (Figure 25.14). 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

Figure 25.14 Proton NMR spectrum of N-methylcyclohexylamine 

Carbons next to amine nitrogens are slightly deshielded in the 123C NMR 
and absorb about 20 ppm downfield from where they would absorb in an 
alkane of similar structure. For example, in N-methylcyclohexylamine, the 
ring carbon to which nitrogen is attached absorbs at a position 24 ppm lower 
than that of any other ring carbon (Figure 25.15). 

H 
| 33.4 
N 33.3 eG 

25.2 (oa che 
26.5 aan 

Figure 25.15 Carbon-13 NMR absorptions (ppm) for N-methylcyclohexylamine rr as ene en ee een 
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The infrared and 'H NMR spectra shown at the top of the next page are those of 
methamphetamine, which has a molecular ion in the mass spectrum at m/z = 149. 
Propose a structure for methamphetamine and justify your answer. [Note: The signal 
at 1.2 6 disappears when D,0 is added to the sample.] 
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' 25.12 Summary and Key Words 

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 presence of 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. 
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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 aldehyde is treated with an amine in the presence of a reducing 

agent such as NaBH;CN. 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. 

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 
readily detectable at 3200-3500 cm~1. In the 'H NMR spectrum, protons 
on carbon next to nitrogen are deshielded and absorb in the range 2.2— 
2.6 5. 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 

NaOH 
Ammonia :NH; + RX ——> RNH3 X= —— RNH, Primary 

Primary :NH.R + RX — > R2NHZ X™ Bee R,NH Secondary 

Secondary :NHR, + RX —~> R3NH* X7 = R3N Tertiary 

Tertiary sNRz + RX — > R,N* X~ Quaternary ammonium salt 

b. Gabriel amine synthesis 

O O 

+! DMF [N=] : + RX , N—R OH RNH, 
solvent H,0 

O O 

c. Reduction of azides 

Rx poNaNg 8 ST RNa en 
solvent 2. H2O 

d. Reduction of nitriles 

DMF 1. LiAIH4, ether 
xX —— R te NaCN RCN 2. HO RCH,NH. 
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e. Reduction of amides 

RCONH, : oe oe RCH,NH, Primary 

RCONHR 7", RCH,NHR Secondary 

RCONR, ~~ “"", RCH,NR, Tertiary 

f. Reductive amination of ketones/aldehydes 

NH; + R,C=O — R,CH NH, Primary 

R'NH, + R,SC=0 —<—“, R,CHNHR’ Secondary 

NaBH3CN 
R2,NH + R,C=O R,CH NRz Tertiary 

Ethanol 

g. Hofmann rearrangement of amides 

~OH, Brg 

H,20, A 
RCONH, RNH,z + CO, 

h. Curtius rearrangement of acyl azides 

Ethanol H20 
RCOC!] + NaN; ——— > RCON3 — RNH; + COQ; 

Reactions of amines (Section 25.8) 

a. Alkylation of alkyl halides [see reaction 1(a)] 

b. Nucleophilic acyl substitution (see also Section 21.5) 

Ammonia NH; + RCOC] —““> RCONH, + HCl 

Primary R’NH, + RCOC] 2%. RCONHR’ + HCl 

Secondary RSNH + RCOC] —“2> RCONR; + HCl 

c. Sulfonamides (Hinsberg test) 

Primary R’'NH, + RSO.Cl — > RSO,NHR’ + HCl 

Secondary R3NH + RSO.Cl —~> RSO,NR2 + HCl 

Tertiary R3N + RSO.Cl1 —— Product hydrolyzes 

d. Hofmann elimination 

| \ oniguaner’ 
et hs ets aes + R,N + H,0 

*NR3 Alkene 3° amine 
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ADDITIONAL PROBLEMS 

25.22 

25.23 

25.24 

25.25 

25.26 

25.27 

25.28 

Classify each of the amine nitrogen atoms in these substances as either primary, 

secondary, or tertiary: 

(a) O (b) O CH3 
| 

H3C N ~ v yy 
Ayes 

air 
CH3 

Caffeine 

Lysergic acid diethylamide 

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 

Name these compounds by IUPAC rules: 

(a) NH, (b) 

Br CH. CH,NH, 

Br 

(c) (d) CH; 
[_ -NacH.ct, [> ha 

N. 
Ss 
CH3 

(e) [ y- CH, CH,CH3 (f) H,NCH,CH,CH,CN 

How can you explain the fact that trimethylamine (bp 3°C) boils at a lower tem- 
perature than dimethylamine (bp 7°C) even though it has a higher molecular weight? 

How would you prepare these substances from 1-butanol? 

(a) Butylamine (b) Dibutylamine (c) Propylamine 
(d) Pentylamine (e) N,N-Dimethylbutylamine (f) Propene 

How would you prepare these substances from pentanoic acid? 
(a) Pentanamide (b) Butylamine (c) Pentylamine 
(d) 2-Bromopentanoic acid (e) Hexanenitrile (f) Hexylamine 

Treatment of bromoacetone with ammonia yields a compound having the formula 
CgH Ne, rather than the expected 1-amino-2-propanone. What is a likely structure 
for the product? 



25.29 

25.30 

25.31 

25.32 

25.33 

25.34 
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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 

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 
\ aS 
CH, || 
x 

CH3 

HC 

Tréger’s base 

Predict the product(s) of these reactions. If more than one product is formed, tell 
which is major. 

i iersieny CHslI (excess) A Ag,O, H2O B : C 

N 

H 

COC] 

oC a ee ec 
O 

K N—H KOH A C.H;CHBr B a Cc 

O 

(4) BrCH,CH,CH,CH,Br + 1 equiv CH;NH, S, » 
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 as written. What is wrong with each? 

(a) CH,CH,CONH, —22*20% 7°. CH;CH,CH,NH, 

S 
: H3CN as BH3 

(b) ens PINGH) No aes CHs 
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25.35 

25.36 

25.37 

25.38 

25.39 

25.40 

CHAPTER 25 ALIPHATIC AMINES 

(c) (CH3)3C—Br + NH; ——~ (CH3)sC—NH 2 

CONH, N=C=O 

NH» 

| 1. CHal (excess) 
(e) CH;CH,CH,CHCH3 atagOm Peres CH3;CH,CH ae CHCH3 

. 2! 
3. A 

Coniine, CgH,,N, 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;7H23NOs, is a poisonous alkaloid isolated from the leaves and roots of 

Atropa belladonna, commonly called deadly nightshade. In low doses, atropine acts 

as a muscle relaxant; 0.5 ng (nanogram, 10~° g) is sufficient to cause pupil dilation. 

On basic hydrolysis, atropine yields tropic acid, CsH;CH(CH,OH)COOH, and tro- 

pine, CsH,;NO. Tropine is an optically inactive alcohol that yields tropidene on 

dehydration with H,SO,. Propose a structure for atropine. 

ys 
N 

Tropidene 

Tropidene (Problem 25.36) 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 the fact 
that by-products are sometimes obtained. For example, reductive amination of 
benzaldehyde with methylamine leads to a mixture of methylbenzylamine and meth- 
yldibenzylamine. 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)g,CHCH(NH,)CH,CH,CH3 

(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. 

[_ -crucxicn 

NHCH; 

Cyclopentamine 
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25.41 Prolitane is an antidepressant drug that is prepared commercially by a route that 
involves a reductive amination. What amine and what carbonyl precursors are used? 

oF 
Prolitane 

25.42 Tetracaine is a substance used medicinally as a spinal anesthetic during lumbar 
punctures (spinal taps). 

i 1 
cxycucncx, NC) COCH,CH,N(CH;), 

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? 

25.43 Propose a structure for the product of formula CgH,7N that results when 2-(2-cyano- 
ethyl)cyclohexanone is reduced catalytically. 

CH,CH,CN 

Corr O 
25.44 How would you synthesize coniine (Problem 25.35) from acrylonitrile (H,C —=CHCN) 

and ethyl 3-oxohexanoate (CH;CH,CH,COCH,CO.C2H;)? [Hint: See Problem 

25.43.] 

25.45 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 
TaN ZED 

Ph 

1-Chloro-2,2-diphenylaziridine 

25.46 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 Je > C1 ae H,N—NH, CL NH ¢oR-ENES 

oe H,0 H 
C Co 
| | 

O 

Phthalhydrazide 

25.47 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? 

25.48 Propose a mechanism for the following reaction: 

O 
COOCH; 

_ _CH;NH, N—CH, + CH,0H 
CH, A : 

O O 

25.49 Propose a mechanism for the following reaction: 

OH 
Ci + BrCH, COOCH, —CHs*H2sN.4 N~ ~~ ~COOCH: 

fl omae ae 
25.50 Propose structures for amines with the following 'H NMR spectra. The peaks marked 

by an asterisk disappear when D,0O is added to the sample. 
(a) C,H, iN 

2H 2H III 
Intensity 

1H 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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(b) C3HgNO 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(c) C4Hy,NO2 

Intensity 

Chemical shift (6) 



CHAPTER 26 

Arylamines and Phenols 

26.1 Aniline and the Discovery of Synthetic Dyes 

934 

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 350,000 tons of 
aniline annually in the United States, although the reduction step is now 
carried out by catalytic hydrogenation. 

‘Sir William Henry Perkin (1838-1907); b. London; studied at Royal College of Chemistry, 
London; industrial consultant, London. 
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NO, NH, 

HNO, Fe, HCl 

H2S0O,4 or Hy, Ni 

Benzene Nitrobenzene Aniline 

Subsequent work showed that Perkin’s original mauve was in fact 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 psewdomauveine. 

H3C Nw CH3 

LE 
NH Nz NH, 

C } X- 

Perkin’s mauve 

(pseudomauveine has no methyl groups) 

Today, dyestuff manufacture is 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. 

26.2 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 ary]l- 
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 that can be drawn: 

“NH, :NH> :NH, *NH, “NH» 

a a a thc a wisi 
Ol oe cs 
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Resonance stabilization is lost on protonation, however, since only two 

resonance structures are possible for the arylammonium ion: 

*NHs3 *NH3 

As a result, the energy difference (AG°) between protonated and nonproton- 
ated forms is higher for arylamines than it is for alkylamines, and aryl- 
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. 

= f  RNH, 2A0 
_ Resonance 

stabilization 

Reaction progress ———+ 

Figure 26.1 Reaction energy diagrams for the protonation of alkylamines (black 
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 
aromatic ring toward electrophilic substitution -CH3, —NH2, —OCH3) 
also increase the basicity of the corresponding arylamine. Conversely, sub- 
stituents that decrease ring reactivity (~Cl, —NO.,, —CN) also decrease 
arylamine basicity. Although Table 26.1 considers only para-substi- 
tuted anilines, the same general trends are observed for ortho and meta 
derivatives. 
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Table 26.1 Base strength of para-substituted anilines 

Y . NH, + HA == vii, + ~OH 

Substituent, Y pK, 

Stronger —NH, 6.15 

sips — OCHs 5.34 Activating groups 

—CHs 5.08 

—H 4.63 

—Cl 3.98 

—Br 3.86 
Weaker Ge Ay 74 Deactivating groups 

ro —NO, 1.00 

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 
electron-rich, thereby increasing the stability of the positively charged nitro- 
gen. Deactivating substituents, however, make the aromatic ring electron- 
poor, thereby decreasing the stability of the positively charged nitrogen. We 
therefore find a lower AG° for protonation of an activated arylamine than 
for protonation of a deactivated arylamine. 

Reaction progress 

Figure 26.2 Reaction energy diagrams for the protonation of substituted aryl- 

amines: An electron-donating substituent (red curve) stabilizes the ammonium salt 

much more than an electron-withdrawing substituent (black curve). 
ia aun rrr" 
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26.1 How do you account for the fact that p-nitroaniline (pK, = 1.0) is less basic than 

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.) 

PROBL BM jo 26:6 56:5.56 cise ve © 9 alors Vatererartatel etre aves ow'eltaP eltal"ev-e’ eltet'eeliostevlefievrertotialb Mune Tele eMianéy'er se ie d™biranerene ey enoens Money eleneneNci ssn hots iede ie SAC ir memaa 

26.2 Rank the following compounds in order of ascending basicity. Don’t look at Table 

26.1 to determine 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 

26.3 Preparation of Arylamines 

Arylamines are almost always prepared by nitration of an aromatic starting 

material, followed by reduction of the nitro group. No other method of syn- 

thesis approaches this nitration—reduction route with respect to 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 not compatible with the presence of other 
reducible groups (such as carbon—carbon double bonds or carbonyl! groups) 
elsewhere in the molecule. Iron, zinc, tin metal, and stannous chloride 
(SnCl,) are also effective when used in aqueous solution. Stannous chloride 
is particularly mild and is often used when other reducible functional groups 
are present. 

NO, 

H,/Pt 
——$+$— 
Ethanol 

NH, 

<7 
C(CHs3)3 C(CHs3)3 

p-tert-Butylnitrobenzene p-tert-Butylaniline (100%) 

NO. NH, 

1. Fe, HCl 
nd 

2. NaOH, H,O 

NO. NH» 

CH; CH3 

2,4-Dinitrotoluene Toluene-2,4-diamine 

(74%) 

NO. NH, 

1. SnClo, H30* 

2. NaOH, H,O 

CHO CHO 

m-Nitrobenzaldehyde m-Aminobenzaldehyde 

(90%) 
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26.4 Reactions of Arylamines eerie eas ns ko Oaleuedad Olgas wo. let 

ELECTROPHILIC AROMATIC SUBSTITUTION 

: 
ree 

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 is sometimes difficult to prevent polysubstitution. For example, 
reaction of aniline with bromine takes place rapidly to yield the 2,4,6-tri- 
brominated product. The amino group is so strongly activating that it is not 
possible to stop cleanly at the monobromo stage. 

NH, NH, 

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. 

-NHCOCH3 sleds 

_(CH,CO),0 , _Br , + CHsCO 
ae cidincnd 

2-Bromo-4- sie dorset 

(79%) 
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Friedel—Crafts alkylations and acylations of N-arylamides also proceed 

normally. For example, benzoylation of acetanilide (N-acetylaniline) under 

Friedel-Crafts conditions gives p-aminobenzophenone in 80% yield after 

hydrolysis: 
:NHCOCH3 *>NH2 

>NH2 >NHCOCHS; - o 

(CH,CO),0 CcHsCOCl 9 SOS O=C + CH3;COz - 
Pyridine AICl, H2O 

Aniline Acetanilide eS 

p-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 antibiotics 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. These compounds are prepared by chloro- 
sulfonation of acetanilide, followed by reaction of p-(N-acetylamino)- 
benzenesulfonyl chloride with ammonia or some other amine to give a sul- 
fonamide. Hydrolysis of the amide then yields the sulfa drug. (Note that 
this hydrolysis can be carried out in the presence of the sulfonamide group, 
because sulfonamides hydrolyze very slowly.) 

:-NHCOCH3 >NHCOCH3 >NHCOCH3 >NH». 

-OH HOSO.Cl NH, H,O 
H,0 

Acetanilide Oiingta: vod [S998 ee 

Cl NH, NH, 

p-(N-Acetylamino)- A sulfonamide Sulfanilamide 
benzenesulfony] chloride (a sulfa drug) 

PROBLEM a 5s. dia 5..0is algae pgs ery ole 5 Wm ale ofeaaisfoja sia bie pati. h- cha feo. 0 ea ane Ped eave ee 

26.3 Propose a synthesis of sulfathiazole from benzene and any necessary amine. 

one 
Aes a 0 N 

Sulfathiazole 
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Account for the fact that an amido substituent (—NHCOR) is ortho- and para- 
directing, by drawing resonance structures that share the nitrogen lone-pair elec- 
trons with the aromatic ring. 

SO 6 89.010 Wi b> a) ale le) ml Ore eeie a alee ie ee reae oe MAVENS (Se QW (6..6,(9- 18.0169, eierepalisielienb(enaUanene (aNal(ewsial'b (s:\/e%0) :s/l4.8i1e:)4\ @. e168; 41's aloe) sie % ve-d) sce aeseve. seine ce ee 

Propose syntheses of these compounds from benzene: 
(a) N,N-Dimethylaniline (b) p-Chloroaniline 
(c) m-Chloroaniline (d) 2,4-Dimethylaniline 

DIAZONIUM SALTS: THE SANDMEYER REACTION 

Primary aromatic amines react with nitrous acid, HNOg, to yield stable 
+ 

arenediazonium salts, Ar—N=N X-. This diazotization reaction is 
compatible with the presence of a wide variety of substituents on the aro- 
matic ring. 

Ar—NH, + HNO, + H,SO, —>» Ar—N=NHSO; + 2H,0 

Alkylamines also react with nitrous acid, but the products of these reactions, 
alkanediazonium salts, are too reactive to isolate since they lose nitrogen 
instantly. 

Arenediazonium salts are extremely useful in synthesis, because the 
diazonio group (N3) can be replaced by nucleophiles: 

Ar=eNe=N/SoctNu-1-2> |Ar—Nu +i NaN 

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 are not fully understood, 
the mechanism by which these substitutions occur is probably a radical, 
rather than a polar, one. 

ArCl 
Chloroarene 

Ar Br 

Bromoarene 

La Ar]| 

HNO, Iodoarene HNO, Fe = ArH —» ArNOQ, Fam ArNH, —— ArN=N =. nae 

Arene Nitroarene Arylamine 2 Aryl cyanide 
Arenediazonium ArH 

salt 
Arene 

ArOH 

Phenol 

Figure 26.3 Preparation of substituted aromatic compounds by diazonio replace- 

ment reactions 
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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. 

NH, N3 HSO;z Br 

HNO, CuBr 

H,SO,4 

CH3 CH3 CHg 

p-Toluidine p-Bromotoluene_ 

(73%) 

NH, Nz HSO4 

HNO, Nal 

H,SO4 

Aniline Iodobenzene 

(67%) 

Similar treatment of an arenediazonium salt with cuprous cyanide 
yields the arenenitrile ArCN. This reaction is particularly useful, since 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, N3 HSOz N OOH 

oc co CH, CH, 
HNO, CuCN H30* 

H,SO, 

o-Toluidine o-Methylbenzene- o-Methylbenzonitrile o-Methylbenzoic 
diazonium bisulfate (70%) 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. 

Traugott Sandmeyer (1854-1922); b. Wettingen, Switzerland; Ph.D. Heidelberg (Gatter- 
mann); Geigy Company, Basel, Switzerland. 
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NH, N,. HSO, OH 

HNO, H;0* SSS ——_ 
H,SO, 

NO. NO. NO, 

m-Nitroaniline | m-Nitrophenol (86%) 

Arenes are produced by reduction of the diazonium salt with hypo- 
phosphorous acid, H3PO9. This reaction is not of great use, however, unless 
there is a particular 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-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 cannot be prepared by 
direct bromination of toluene, however, since reaction would occur at posi- 
tions 2 and 4. 

NH, NH, Nz HSO, H 

Br. Br Br Br Br Br 
2 Bro HNO, HPO, 
— ——> ————> 

H.SO, 

CH; CH, CH; CH, 

p-Toluidine 3,5-Dibromotoluene 

However, 

Br 

2 Bro 
——— 

FeBr, 

Br 

CH, CH; 

Toluene 2,4-Dibromotoluene 

PROBLEM... cece cece rece r ese eee eee eee ee ee ee ee eee eee eee eee eee seer eee esesesess esses seesesessesesesees 

26.6 Alkanediazonium salts cannot be isolated because they spontaneously lose Nz to 
yield a carbocation. Why do you suppose arenediazonium salts are more stable than 

alkanediazonium salts? 

PROBLEM... cccec ccc cece rere c cee seer cree cree seer sree sess essere areeeserssrseesrensseseessreseseesesens 

26.7 How would you prepare these compounds from benzene, using a diazonium replace- 

ment reaction at some point? 
(a) p-Bromobenzoic acid (b) m-Bromobenzoic acid 
(c) m-Bromochlorobenzene (d) p-Methylbenzoic acid 

(e) 1,2,4-Tribromobenzene 
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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': 

( \-wen ae (\4 = ( \-nont_\-# 

An azo compound 

where Y = —OH or —NRp. 
Diazonium coupling reactions are typical electrophilic aromatic sub- 

stitution processes (Section 16.2) in which the positively charged diazonium 
ion is the electrophile that reacts with the electron-rich ring of a phenol or 
arylamine. Reaction almost always ,occurs at the para position, although 
ortho attack can take place if the para position is blocked. 

Opinio — Opa am 
Benzenediazonium Phenol 

chloride | 

ae : OH, 

Oe 
| 

On On 
p-Hydroxyazobenzene 

(orange crystals, mp 152°C) 

yee 

Opt OH Oe Oram 
CH; 

Benzenediazonium N,N-Dimethylaniline p-(Dimethylamino)azobenzene 
chloride (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 margarine. Another azo compound, Alizarin Yellow R, is used for 
dyeing wool. 
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26.8 Propose a synthesis of p-(dimethylamino)azobenzene from benzene. 
PROBLEM 

26.9 
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Methyl Orange is an azo dye that is widely used as a pH indicator. How would you 
synthesize Methyl Orange from benzene? 

naos{ \-van-(_\—weonp, 

Methyl Orange 

26.5 Phenols 

Phenols are compounds with a hydroxy group bonded directly 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. For example, phenol itself is a general disinfectant found 
in coal tar; methyl salicylate is a flavoring agent and liniment found in oil 
of wintergreen; 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 alkenyl chains) 

26.6 Industrial Uses of Phenols 

The outbreak of World War I provided the stimulus for industrial preparation 
of large amounts of synthetic phenol, needed as raw material for the man- 
ufacture of the explosive picric acid (2,4,6-trinitrophenol). Today, approxi- 
mately 1.5 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. 
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For many years, phenol was manufactured by a process (Section 16.10) 

in which chlorobenzene reacts with sodium hydroxide at high temperature 

and pressure. Now, however, an alternative synthesis from isopropylbenzene 

(cumene) is in use. Cumene reacts with air at high temperature by a radical 

mechanism to form cumene hydroperoxide; acid treatment then gives phenol 

and acetone. This is a particularly efficient process, since two valuable chem- 

icals are prepared at the same time. 

i OOH 

H3;C— C—CHg3 H,C—C—CH3 H 

Cumene Cumene hydroperoxide Phenol Acetone 

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). 

7H » SOF, 

HeC—C—_Cis H,C—C—CH3, 

CH; Pate adie Ut / o 
CH, 

pa OH ae 
see 2 

? peal 
H,C—C—CH3 se << H:-C—C—O0 

| lu 
CH, 

Hemiacetal 

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 
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preservatives BHT (butylated hydroxytoluene) and BHA (butylated hydrox- 
yanisole). Thus, pentachlorophenol, a widely used wood preservative, is pre- 
pared 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-trichlorophenol. 

OH OCH,COOH OH OH 

Cl Cl Cl Cl Cl 

Cl Cl (es Cl eS 
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. 

OH OH 

(CH,),C CCH: 
“(CHC —=CHh aS 

CH, CHs 

p-Methylphenol BHT 

OH 

C(CH3)3 

+ (CH3),C=CH, “= + 
C(CH3)3 

OCHs3 OCHs3 OCH; 
SS SS EE EE 

p-Methoxyphenol BHA 

PROBLEM 2... ccc ccer reece rere cccc ese r ec ar accesses esses eeess rere r es ere sree reer sees sensrsesereeees 

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. 
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26.7 Properties of Phenols; Acidity 

The properties of phenols are similar in many respects to those of alcohols. 

Thus, 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 can dissociate in aqueous solution to give H30* plus a phenoxide 

anion, ArO~. Acidity values for some common phenols are given in Table 

26.2. 

Table 26.2 Physical properties of some phenols 
eee 

Melting __ Boiling pK, 

point point 

Phenol CO) t (@ 

Acetic acid @ 4.75 

2,4,6-Trinitrophenol 122 — 0.60 

p-Nitrophenol 115 — 7.16 

o-Nitrophenol 97 — 7.21 

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 

Ethanol? 16.00 

“Values for acetic acid and ethanol are given for reference. 

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-n + NaOH ——> ( \-o Na* + H,O 

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 
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 low AG*° for the dissociation reaction. 
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Recall the following: 

Oo. 2 

R—C—O: << R—C=O 

Figure 26.5 compares the acidity of phenols and alcohols through reac- 
tion energy diagrams. 

ROH+H,0 _ 

: -AOH+H,0 2 

Reaction progress 

Figure 26.5 A comparison of phenol and alcohol acidities: Phenols (red curve) are 

more acidic than alcohols (black curve) because a phenoxide ion is stabilized relative 
to free phenol more than an alkoxide ion is stabilized relative to free alcohol. 

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 (page 950). 
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a te a een 

Less stable 

a 

AG ~ 

1 More stable 

LAG 

More stable 

Reaction progress Reaction progress ————>— 

(a) (b) 

Figure 26.6 Effect of stabilizing factors on equilibria (AG*): (a) Stabilization of starting mate- 

rial relative to product raises AG° and disfavors the reaction, whereas (b) stabilization of product 

relative to starting material lowers AG° and favors the reaction. 

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 

with an electron-donating substituent, however, are less acidic, since these 
substituents destabilize the phenoxide ion by concentrating the charge. 

#0 EO 
EWG EDG 

Electron-withdrawing groups (EWG) Electron-donating groups (EDG) 

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 
position because the phenoxide anion is strongly stabilized in these cases. 

:0 3 :0: Ee ‘oO L0; ‘oO O° 

‘ NO NO NO *N *N NO 2 2 ia of « . / x ; 2 

ee ee ee 
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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 

Y 

OH 

Electron-withdrawing; increased acidity 
Electron-donating; decreased acidity 

W's 

:NH. 

Electron-withdrawing; decreased basicity 

Electron-donating; increased basicity 

y: 

CERO) ESUIED Miteratoxel eto Vorie ene tagsre wie lets tava lovarteve eho aMefeiatisLels (eles se fer eels ota isisieereNerat 3: elo fera esters latauctetel ete atc ei ticle a Tateeiatince.e/ 6 eieletese: coecels 

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 

26.8 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, however, and the reaction is therefore limited to the prep- 

aration of alkyl-substituted phenols. 
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SO3H OH 

SO; NaOH 
—> —_— 
H,SO, 200°C 

CH3 CH3 CH; 

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. N3 HSO; OH 

Br Br Br 
HNO, H;,0* 

H2SO4 

CH3 CH3 CH3 

2-Bromo-4-methylaniline 2-Bromo-4-methylphenol 
(92%) 

PROBLEM... cece scree cece reer e ere a seer erasers esse essere essere eereesssereeeerrrereeesesesseseseees 

26.12 p-Cresol (p-methylphenol) is used industrially as both an antiseptic and as a starting 
material to prepare the food additive BHT. How would you prepare p-cresol from 
benzene? 

PROBLEM Cee eee eee eee eee eee eres seers sees eseeeeeeeeseeeseseseseseeeeeeeeeeseEEeeeEEsEeeEeeeEeseseene 

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. 

26.9 Reactions of Phenols 

ALCOHOL-LIKE REACTIONS 

The chemistry of phenols is similar in part 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 relatively mild condi- 
tions 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 esterification by acid-catalyzed reaction between a 
phenol and a carboxylic acid, however, is not usually successful. 
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Ester formation 

aoe spate ee on 4) 

Phenol Benzoyl! chloride Phenyl] benzoate (96%) 

Ether formation 

NO, NO, 

OH OCH,CH,CH,CH; 
+ CH;CH,CH,CH,Br —%20%, 

Acetone 

o-Nitrophenol 1-Bromobutane Butyl] o-nitrophenyl] 
ether (80%) 

ELECTROPHILIC AROMATIC SUBSTITUTION REACTIONS 

The hydroxy] 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 a full negative 
charge is present: 

Phenoxide ion 

Recall the following: 

‘°O° 

Bence sme 
Ketone enolate ion 

Resonance structures of phenoxide anion show a similarity to the res- 
onance structures of a ketone enolate anion, which suggests the possibility 
that phenoxides might undergo alpha-substitution reactions similar to those 
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of ketones (Section 22.6). In practice, phenoxide ions are less reactive than 

enolate ions because of the great stability of the benzene ring. N evertheless, 

there are a number of examples of enolate-like reactivity of phenoxide ions. 

For example, in the Kolbe—Schmitt?* carboxylation reaction, phenoxide 

ion adds to carbon dioxide under pressure to yield an intermediate keto acid 

anion that enolizes to give o-hydroxybenzoic acid (salicylic acid). This reac- 

tion is a key step in the industrial synthesis of aspirin (acetylsalicylic acid). 

OH ied iee wali 0 ue O=C+O Mel enoeg cogs 
NaOH 

Phenol 
H30* 

OCOCH3 OH 

COOH COOH 

(CH3CO),0 
— 

Acetylsalicylic acid Salicylic 

(aspirin) acid 

eee mere er es ee reer rsseeseosesreeeeereeeeeeeeeseseeesEeeeEsEeseeeseEeEeeseoEeesEeseesEEEESEEH EEO 

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? 

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. 

3Herman Kolbe (1818-1884); b. Germany; Ph.D. Géttingen; professor, universities of Mar- 
burg and Leipzig. 

*Rudolf Schmitt (1830-1898); b. Wippershain, Germany; Ph.D. Marburg; professor, Univer- 
sity of Dresden. 
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OH O 

(KSO3)2NO 
rs 

H,0 

Phenol O 

Benzoquinone (79%) 

NH, O 
CH,0 CH. CH,0 CH, 

(KSO3)2.NO 
ee 

H,O 

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 SnCly, 
and hydroquinones can be easily reoxidized back to quinones by Fremy’s 
salt. 

O OH 

SnCl, 

Fremy’s salt 

O OH 

Benzoquinone Hydroquinone 

These redox properties of quinones are important to the functioning of 
living cells, where compounds called ubiquinones act as biochemical oxi- 
dizing agents to mediate the electron-transfer processes involved in energy 
production. Ubiquinones, also called coenzymes Q, 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, 

i 
CH,;0 (CH,CH=CCH.,),H 

O 

Ubiquinones (n = 1-10) 

Ubiquinones function within the mitochondria of cells as mobile elec- 
tron carriers (oxidizing agents) to mediate the respiration process whereby 

electrons are transported from the biological reducing agent NADH (reduced 
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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 CHs CH3;0 CH; 

2NADH + acs + 2NAD 

Reduced nee R CH30 R Oxidized form 

O OH 

Step 2: 

OH ; O 

CH;0 CH3 CH;0 CH3 

+ 5 Os =——— oF H,O 

CH30 R CH;30 R 

OH O 

Net change: 

2NADH + 5 02 2 oNAD 4 9ELO 

Seem eee reer re reer eee serene eeseseseseseeeeseseseseseseeeeeZeeeHEeE eH EEE HEHE SEH HEHEHE EH EEO 

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 
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 

CH;0 CH; CH3;CH,O CH3 
CH,CH,OH 
hegus me + 2CH;,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. 
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OH O~ Na* OCH,CH=CH, 

+ NaH a BrOH, CH SCH 
solution 

Phenol Sodium phenoxide Allyl phenyl ether 

CH, 
oe O07 “cy OH 

| CH,CH=CH 
CH, Claisen rearrangement ‘ z 

250°C 

Allyl phenyl 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. For example, 
phenyl allyl 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 peri- 
cyclic one, which we’ll look at in more detail in Section 30.10. 

* 
¢ 

Ab oS Oe CH Oa 
| CH, 
CH, 

> ———-> H 

Allyl phenyl Transition state Intermediate 
ether (6-Allyl-2,4-cyclohexadienone) 

* 

HO Non 
oe 

CH, 

o-Allylphenol 
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26.16 What product would you expect to obtain from Claisen rearrangement of 2-butenyl 

phenyl ether? 

———_— 
(Gi 250°C 

2-Butenyl pheny! ether 

26.10 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 
infrared 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 cm“. 

Wave number (cm !) 

5000 3000 2000 1500 1300 1100 1000 900 800 700 

Transmittance (%) 

2 3 4 5 6 wl 8 9 10 at 12 13 14 15 

Wavelength (um) 

Figure 26.7 Infrared spectrum of aniline 

Phenol shows a characteristic broad absorption at 3500 cm~! 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. 
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Transmittance (%) 

Wave number (cm! ) 

3000 2000 1500 1800 1100 1000 900 800 700 

3 4 5 6 7 8 9 10 11 12 13 14 15 

Wavelength (um) 

Figure 26.8 Infrared spectrum of phenol 

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 2.5-6 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 evidence is usually needed to assign structure. 

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 D2O to the sample tube. Since the O—H and N—H protons 
rapidly exchange with added D,0, their peaks disappear from the spectrum. 

26.11 Summary and Key Words 

Arylamines, like their aliphatic counterparts, are basic. The base strength 
of arylamines is generally lower than that of aliphatic amines, however, 
because the nitrogen lone-pair electrons are delocalized into the aromatic 
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, whereas 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. 
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The most important reaction of arylamines is conversion by nitrous acid 

into arenediazonium salts, ArN,+ 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 by one of two methods: (1) alkali fusion -of aromatic sulfonates or 

(2) 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 aromatic ring 

toward electrophilic substitution reactions. In addition, phenols can be oxi- 

dized to quinones by reaction with Fremy’s salt, potassium nitroso- 

disulfonate. 

26.12 Summary of Reactions 

1. Preparation of arylamines 

a. Reduction of nitrobenzenes (Section 26.3) 

Pt ArNO, + H, at 
Ethanol 

ArNH, 

1. H30* 
—_- ArNO, + Fe : 
2. HO 

ArNH, 

1. H30* 
—— 
2) HOF 

Ar NO. ae SnCl, ArNH, 

2. Reactions of arylamines 

a. Electrophilic aromatic substitution (Sections 16.2 and 26.4) 

>NH» 

ae EE —> © 

E 
Ortho and para directing 

:NH, 
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b. Formation of arenediazonium salts (Section 26.4). 

ArNH, + HNO, —> ArN} X- 

c. Reaction of arenediazonium salts (Section 26.4) 

(1) Aryl chlorides 

ArN3 X~ + CuCl —> ArCl + CuX + Ny 

(2) Aryl bromides 

ArN3 X- + CuBr —> ArBr + CuX + No 

(3) Aryl iodides 

ArN3; X- + Nal —> ArlI + NaX + Np 

(4) Arenenitriles 

ArN3 X~ + CuCN —> ArCN + CuX + Ny 

(5) Phenols 

ArN3 X- + H30* — > ArOH + HX + Np 

(6) Arenes 

ArN3 X- + H3PO, —> ArH + HX + Ny 

(7) Diazonium coupling 

d. Oxidation to quinones (Section 26.9) 

NH, 

(KSO3),NO 
Se 

H,0 
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3. Preparation of phenols 

a. Alkali fusion of aryl sulfonates (Sections 16.2 and 26.8) 

ArSO,;H + NaOH —> ArOH + NaHSO; 

b. Hydrolysis of arenediazonium salts (Section 26.4) 

ArNi X- +7H,;0* —— ArOH + No + HX 

4. Reactions of phenols 

a. Ester formation (Section 26.9) 

ArOH + RCOC] ——“> ArOCOR 
2 

b. Williamson ether synthesis (Sections 18.4 and 26.9) 

RX 

Ethanol 
ArOH 

c. Kolbe—Schmitt carboxylation (Section 26.9) 

OH OH 
1. NaOH 
2. COz, A 

eal COOH 

d. Oxidation to quinones (Section 26.9) 

OH O 

(KSO3),.NO 

H,0 

e. Claisen rearrangement (Sections 26.9 and 30.12) 

OCH,CH=CH, OH oe = OL 
CH,CH=CH, 
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ADDITIONAL PROBLEMS 

26.17 

26.18 

26.19 

26.20 

26.21 

26.22 

26.23 

ee ee aie Onn obie 058) 6/S,e pu enenaireysv6))@ 8) eee) 6/619 \e\e 6 Bieleie en 6 alae d'6 acelela alee eee 's ia e/elels aie te 'els/eeelesie eecate-ovelelcuehe crore 

Provide IUPAC names for these compounds; 

OH 

NHCH, 
(a) (b) 

Cl 

Br Cl 

OH 

NH. 

(c) steele (d) 

HN CH; H3C OCH; 

yell 

OH H3C ee 

(e) (f) CHs 

HO OH CH,CH3; 

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 
how you would do this. 

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) CHglI (excess) (d) CH3Cl + AICl3 

(e) CH3COCI in pyridine (f) The product of part (e), then HSO;Cl 

Benzoquinone is an excellent dienophile in the Diels—Alder reaction. What product 

would you expect to obtain from reaction of benzoquinone with 1 equiv of butadiene? 
From reaction with 2 equiv of butadiene? 

When the product, A, of the Diels—Alder reaction of benzoquinone and 1 equiv 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? 

O 

+ H,C=CH—CH=CH, —> A —#2. B 
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26.24 

26.25 

26.26 

26.27 

26.28 

26.29 

26.30 
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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=2 

HO 

Tyramine 

How can you account for the fact that diphenylamine does not dissolve in dilute _ 

aqueous HC] and appears to be nonbasic? 

How would you prepare these compounds from toluene? A diazonio replacement 

reaction is needed in some instances. 

i 

(a) p-Methylaniline (b) p-Methylbenzylamine (c) COOCH3 

Show the products from reaction of p-bromoaniline with these reagents: 
(a) Excess CHI (b) HCl 
(c) NaNOz, H,SO, (d) CH3;COCI1 
(e) CH3MgBr (f) CH3CH,Cl, AICls; 
(g) Product of part (c) with CuCl (h) Product of part (d) with CH3;CH,Cl, AICl3 

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. 

COOH 

NH, 

Anthranilic acid 

(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. 

OCH.CH(OH)CH,OH 

Mephenesin 
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How would you prepare these substances? 
(a) p-lodobenzoic acid from aniline (b) o-lodobromobenzene from benzene 
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 

Prontosil is an antibacterial azo dye that was once used for urinary tract infections. 
How would you prepare prontosil from benzene? 

tan {pn {_) soa 

NH, 
Prontosil 

How would you synthesize the dye Orange II from benzene and 6-naphthol? 

: O OH - 

CI sme 
B-Naphthol 

Orange II 

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? 

The germicidal agent hexachlorophene is prepared by condensation of two molecules 
of 2,4,5-trichlorophenol with one molecule of formaldehyde in the presence of sulfuric 
acid. Propose a mechanism to account for this reaction. 

OH OH 

CO 
Cl Cl 

Cl Cl 

Hexachlorophene 

26.37 Propose a route from benzene for the synthesis of the antiseptic agent 

trichlorosalicylanilide. OH 

CONH Cl 

Cl 

Cl 
Trichlorosalicylanilide 



966 

26.38 

Transmittance (%) 

26.39 

CHAPTER 26 ARYLAMINES AND PHENOLS 

Compound A, CgH, 0, has the infrared and 1H NMR spectra shown. hoot 

structure consistent with the observed spectral properties, and assign each ee ri 

the NMR spectrum. Note that the absorption at 5.5 5 disappears when D,0 is added. 

Wave number (cm~!) 

4000 3000 2500 2000 1500 1300 1100 1000 900 800 700 
100 

80 

60 

40 

20 

0 é Z 

25 3 4 5 6 7 8 9 10 11 12 13 14 15 

Wavelength (ym) 

7 

TMS 
i 

5 

L =z] 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

Phenacetin, a substance formerly used in over-the-counter headache remedies, has 
the formula C,;9H,3NO, 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 
benzoquinone. What is the structure of phenacetin, and what are the structures of 
the amine and the aminophenol? 

: HO- : HI 2 Fremy’s Phenacetin Sareea Amine se Aminophenol ameter Benzoquinone 
Sa: 
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Wave number (cm~') 

_ 2000 1500 _1300 1100 1000 900 80! 700 
40 

100 ~ a a 3000 2500 

80 

60 | 

40 

20 

Dials eS 4 Gaeecn 7m eee oun ON edi Ia 498) 148 cas 
Wavelength (um) 

Intensity 

Chemical shift (5) 

26.40 Inthe 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 
: 1. ZnCl,/ether 

= ee ey CC Neen 5: 
CCHs 
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Propose structures for compounds that show the following 1H NMR spectra. The 

peak marked by an asterisk disappears when D,0O is added to the sample. 

(a) Cy5H240 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(b) CgHi3N 

Intensity 

Chemical shift (6) 
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26.42 Propose structures for compounds that show the following 1H NMR spectra. The 
peak marked by an asterisk disappears when D,O is added to the sample. 

(a) Cy5H7N 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) Cy9H1;Cl02 

Pie a a 
2H 

2H 
I . hte 

3 1 H* 
5 ; ;. 

4 

10 8 6 4 2 0 ppm 

Chemical shift (5) 



CHAPTER 27 

Amino Acids, Peptides, 
and Proteins 

P..... are large biomolecules that occur in every living organism. They 
are of many different types, and they serve many different biological roles. 
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 cata- 
lysts to carry out chemical reactions in the cell are proteins called enzymes. 

Regardless of their appearance or their function, all proteins are chem- 
ically similar since all are made up of many amino acid units linked together 
in a long chain. Amino acids are the building blocks from which all proteins 
are made. As their name implies, amino acids are difunctional; they contain 
both a basic amino group and an acidic carboxyl group. 

H;C O 

H.N —C—COH 

Alanine, an amino acid 

The great value of amino acids as biological building blocks stems from 
the fact that they can link together by forming amide, or peptide, bonds. 

970 
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A dipeptide results when an amide bond is formed between the —NHg, of 
one amino acid and the —COOH ofa second amino acid; a tripeptide results 
from linkage of three amino acids via two amide bonds, and so on. Any 
number of amino acids can link together to form large chains. For classi- 
fication purposes, chains with fewer than 50 amino acids are called poly- 
peptides, whereas the term protein is reserved for larger chains. 

mee 
2H2,NCHCOOH => eae NCC OOH 

| 
| 

A dipeptide (one amide bond) 

R R R’ In 

| | | | 
Many HJNCHCOOH > eae a 

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 (pages 972-973). All 20 are a-amino acids; that is, the amino 
group in each is a substituent on the carbon atom alpha (a) to, or next to, 
the carbonyl group. The amino acid structures differ only in the nature of 
the side chains. Note that 19 of the 20 are primary amines, R—NHg, but 
that proline is a secondary amine whose nitrogen and alpha-carbon atoms 
are part of a pyrrolidine ring. Proline can still form amide bonds like the 
other 19 a-amino acids, however. 

COOH H COOH 

eon \y-6=H 

R 
Primary a-amino acids Proline, a secondary 

(R = a side chain) a-amino acid 

Note also that each of the amino acids in Table 27.1 can be referred to 
by a mnemonic three-letter shorthand code: Ala for alanine, Gly for glycine, 

and so on. In addition, a new one-letter code is gaining popularity. This new 

code is shown in parentheses in the table. 

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 
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Table 27.1 The twenty common amino acids found in proteins; essential amino acids are 

shown in blue 
a ee 

Molecular Isoelectric 

Name Abbreviations weight Structure point 

Neutral amino acids 
Alanine Ala (A) 89 CH;CHCOOH 6.0 

NH, 
O 

Asparagine Asn _ (N) 132 Hasan ateaoa 5.4 

NH, 
Cysteine Cys (C) 121 HSCH,CHCOOH 5.0 

NH, 
O 

Glutamine Gln (Q) 146 PU CHCrearn 5a 

NE, 
Glycine Gly (G) 75 CH,COOH 6.0 

NH, 
Isoleucine Tle () 131 CH;CH,CH(CH3)CHCOOH 6.0 

NH, 
Leucine Leu (L) 131 (CH3)2,CHCH,CHCOOH 6.0 

NH, 
Methionine Met (M) 149 CH;sSCH,CH,CHCOOH 5.7 

NH, 
Phen lalanine Phe (F) 165 (_\-cucxcoon 5.5 

NH, 
CH 

Proline Pro (P) 115 HCC ae 6.3 
Oa 

Serine Ser (S) 105 HOCH,CHCOOH Bud) 

NH, 
Threonine Thr (T) 119 CoE Re OOH 5.6 

NH, 
SS 
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ii ‘ Molecular Isoelectric 
ame Abbreviations weight Structure point ge EE OU UTE a point 

CH,.CHCOOH 
Tryptophan Trp (W) 204 | a 5.9 

: N NH, 

H 

Tyrosine TypaaGy) 181 no—{_\)—cxxexcoon 5.7 

NH, 

Valine Val (V) 117 (CH3)g,CHCHCOOH 6.0 

NH, 
Acidic amino acids 
Aspartic acid Asp (D) 133 HOOCCH,CHCOOH 3.0 

NH, 
Glutamic acid Glu (E) 147 HOOCCH,CH,CHCOOH 3.2 

' a 

Basic amino acids 
Arginine Arg (R) 174 H,NCNHCH,CH,CH,CHCOOH 10.8 

. H, be 

N 

Histidine His (H) 155 ( \_cx,cxcoon 7.6 

HONK, 
Lysine Lys (K) 146 H,NCH,CH,CH,CH,CHCOOH Og 

NH, 

of their stereochemical similarity to L sugars (Section 24.3), the naturally 
occurring a-amino acids are often referred to as L-amino acids. 

COOH COOH COOH CHO 

uN nw tn ust n nox 

CH3 CHe, CH,OH CH,OH 

(S)-Alanine (S)-Serine Stereochemically 

(L-Alanine) (L-Serine) similar to 
L-glyceraldehyde 

(S)-Phenylalanine 

(L-Phenylalanine) 
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The 20 common amino acids can be further categorized as either neutral, 

acidic, or basic, depending on the nature of their specific side chains. Fifteen 

of the 20 have neutral side chains, but 2 (aspartic acid and glutamic acid) 

have an extra carboxylic acid group 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 required 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 since they must be obtained from dietary 

sources. Failure to include an adequate dietary supply of these essential 

amino acids can lead to severe deficiency diseases. 

aw wieideia 6 5 ns 6 6 s 0 a6 6.910) 055) Sn eLe Ss CR 

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? 

9 08 000. emcee 6 © a re 8.1 8 8 6) lie Oe) 6 6) 6 B'\8) 0) 6/10, 6:0: 60: © 1018, el alle’ © 6),6) ao) -0\ © 016) e1i8! oeN@ 9) :8\e Rie (Se (6) Sg8 ei iae pm) is Lalas soe) Ses Sa ek oe 

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. 

Cee meee rere sees serene rereeeeesee reser e re eeeeeeseseseseeEeeeeeeeeseneEseeeesesseeeseeeseseee 

The amino acid threonine, (2S,3R)-2-amino-3-hydroxybutanoic acid, has two chiral 

centers. Draw a Fischer projection of threonine. 

Some ee eee eres ese eesereeereeereseeeseest sess eeeeeseeereseseseeseseseroreseseeoeeseeseesesesese 

Draw the Fischer projection of a threonine diastereomer, and label the chiral centers 
as R or S (see Problem 27.3). 

27.2 Dipolar Structure of Amino Acids 

Amino acids contain both acidic and basic groups in the same molecule. 
Thus, they undergo an intramolecular acid—base reaction and exist pri- 
marily in the form of a dipolar ion or zwitterion (German zwitter, “hybrid”): 

iat ‘i 
splat ates — ed 

H H 

A zwitterion 

Amino acid zwitterions are a kind of internal salt and therefore have 
many of the physical properties we associate with salts. Thus, amino acids 
have large dipole moments; they are soluble in water but insoluble in hydro- 
carbons; and they are crystalline substances with high melting points. Fur- 
thermore, 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 lose a proton to form an anion. 
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27.3 ISOELECTRIC POINT 975 

H R 
In acid 4 Tac t ert fs 

solution  HsN—CH—COz + H;0* == H,;N—CH—COOH + H,0 

nee i In base | 

solution ny CF + OH = H,N—CH—CO; + H—O—H 
H 

Note that it is the carboxylate anion, —COO , rather than the amino 
group that acts as the basic site and accepts the proton in acid solution. 
Similarly, it is the ammonium cation rather than the carboxyl group that 
acts as the acidic site and donates a proton in base solution. This behavior 
is simply another consequence of the zwitterionic structure of amino acids. 

coisa cae aeL UA Sie le) (08] 41.01 8i/e.¢)i8 1818/18)! e\ lala x60, (818119 /\¢; @)eleyerieiis! Susilo lesa ie! bi 6, @(0)/0)(6)(0)6: (6: s)-9ilsie) 6-108. (en6, die evel (er ereiiel eee. alee lab e.ecerarene 

Draw these amino acids in their zwitterionic forms: 
(a) Phenylalanine (b) Serine (c) Proline 

27.3 Isoelectric Point 

In acid solution (low pH), an amino acid is protonated and exists primarily 
as a cation; in basic solution (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 isoelectric 
point. 

R R R 

+| H30* + | ~OH | H;NCHCOOH <2; H;NCHCOO- =“£ H,NCHCOO- 

Low pH i SS is eS > High pH 
(protonated) Isoelectric point (deprotonated) 

(neutral zwitterion) 

The isoelectric point of a given amino acid depends on its structure, 
with values for the 20 most common amino acids given in Table 27.1. As 
indicated, the 15 amino acids with neutral side chains have isoelectric points 
near neutrality, in the pH range 5.0—6.5. (These values are not 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 isoelectric points at lower (more acidic) pH to suppress disso- 
ciation 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 to 
suppress 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 separate 

a mixture of amino acids (or a mixture of proteins) into its pure constituents. 
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In the technique known as electrophoresis, a solution of different 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 given 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 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 

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). 

Paper strip 

Figure 27.1 Separation of an amino acid mixture by electrophoresis: At pH = 6.0, glycine 
molecules are mostly neutral and do not migrate; lysine molecules are largely protonated and 

migrate toward the negative electrode; and aspartic acid molecules are largely deprotonated 
and migrate toward the positive electrode. (Lysine has its isoelectric point at 9.7, glycine at 
6.0, and aspartic acid at 3.0.) 
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27.6 Draw structures of the predominant forms of glycine at pH = 2.0, 6.0, and 10.0. 
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27.7 For the mixtures of amino acids indicated, predict the direction of migration of each 
component (toward anode or cathode) and 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 = 5.5 
(d) Glycine, phenylalanine, and serine at pH = 6.0 

PROBLEM Ce CC ee ey 

27.8 How can you account for the fact that tryptophan has a lower isoelectric point than 

histidine, even though both have five-membered-ring nitrogen atoms? Which nitro- 
gen in the five-membered ring of histidine is more basic? 



27.4 SYNTHESIS OF @-AMINO ACIDS 977 

27.4 Synthesis of a-Amino Acids a ag ee Nt el 

a-Amino acids can be synthesized using some of the standard chemical 
methods already discussed. For example, one of the oldest methods of a- 
amino-acid synthesis begins with alpha bromination of a carboxylic acid by 
treatment with bromine and phosphorus (the Hell—Volhard—Zelinskii reac- 
tion, Section 22.4). Nucleophilic substitution (Sy2 reaction) of the a-bromo 
acid with ammonia (Section 25.7) then yields an a-amino acid. 

(CH,),CHCH,CH,COOH >=", RGHy-CHOE,CBCOOH Mee (CH3)2CHCH,CHCOOH 
4-Methylpentanoic acid Br a 

2-Bromo-4-methylpentanoic acid (R, S)-Leucine (45%) 

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. 

ES RUS ES NARGIS Cea isd Na atta ots als y ve\fastean (ote Pe ielfe) eifsu yas Gets \ay/0h $5) 8) Sis voile) sla) 6/1 yas. 9: say/9.'s oy No olss a say 00s « kaye uevioh uy sv 8s scaxedagaucnsyone whayayevevaekavare. devas 

27.9 Show how you could prepare these a-amino acids starting from the appropriate 
carboxylic acids: 

(a) Phenylalanine (b) Valine 

PEERY Ea LGN IVS Dee Mat Reo MNES oe rM No (ara Lol nff clin toiso¥eifelle- cece iene heii selP a) Uae! sol 9 atyei- sso, seiteoro(0iT0irosl0iC6) oid 6” al ayeuelve.r0\ 9 -aivauteies e\ce. alial aahis(ce\/eveh a, iol elaaaneesijei® atone 

27.10 Show how a Gabriel amine synthesis (Section 25.7) might be used to prepare 
isoleucine. 

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: 

CH,zCHO CH,.CHCN CH,zCHCOOH 
ea NH,Cl/KCN | H30* | 

| HO NH, NH, a 2 

Phenylacetaldehyde An a-amino nitrile (R,S)-Phenylalanine (53%) 

The first part 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. The first step is 

1Adolf Friedrich Ludwig Strecker (1822-1871); Ph.D. Giessen (1842); assistant to Liebig at 

Tubingen. 
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reaction of the aldehyde with ammonia to yield 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 

27.2. 

Cu og ste 

| 
rnd ac en NH, —— | R—C—NH, — R—C—H + H,0 

| 
H 

ciNH ?NH NH, 
leeraacar se | bn | 

ee re ON Bint ues, Beiigell On 

H H 

Figure 27.2 Mechanism of a-amino nitrile formation in the Strecker amino acid 

synthesis 
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27.11 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. 

Ko) aac 

NH, HO 

Dopa 

REDUCTIVE AMINATION OF a-KETO ACIDS: BIOSYNTHESIS 

Yet a third method for the synthesis of a-amino acids is reductive amination 
of a-keto acids (Section 25.7): 

| 
CH,CCOOH Se oe COOH 

Pyruvic acid NHe 
(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 
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glutamic acid synthesis in most organisms is reductive amination of a- 
ketoglutaric acid. The biological reducing agent is the rather complex mol- 
ecule nicotinamide adenine dinucleotide (NADH), and the reductive ami- 
nation step is catalyzed by an enzyme, L-glutamate dehydrogenase. 
Nevertheless, the fundamental chemical principles of this biosynthetic reac- 
tion are identical to.those of the laboratory reaction. 

O 
| 7 

HOOCCH,CH,CCOOH + NH, ——“2# , HOOCCH,CH,CHCOOH 
L-Glutamate | 

a-Ketoglutaric acid Cece ee 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 
occur when the alkylated product is warmed with aqueous acid, and a 
racemic 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: 

O CO.C2H; O CO.C2H; 

ncn enti a cH,oNHt—¢ : 

CO2C2H5 CO2CoH5 

Diethyl acetamidomalonate | 

Br—CH,CO,C.H; 

0 CO.C.H; 

ie CH,CO,C2H;, 

CO,C2H; 

COOH 

CO, + 2C,H;OH + CH;COOH + Hz,NCHCH2,COOH 

(R,S)-Aspartic acid (55%) 

Recall the malonic ester synthesis: 

CO.C2Hs 
4 

CH, 

CO,C2H; 

1 Na* cOC,H: 
> 

DoORX 
3. H,O” 

R—CH,COOH 
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PROBLEM 

27.12 

PROBLEM 

27.13 
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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 

eo ewer sere reese eee esse ees 
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Serine can be synthesized by a simple variation of the amidomalonate method. Can 

you suggest how this might be done? [Hint: See Section 23.6.] 

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 
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. 

; R 

| 
H,NCHCOOH = 2°", GH,CONHCHCOOH 

An R,S mixture of An R,S mixture of 

amino acids amido acids 

H,O 

Carboxypeptidase 

COOH «COOH 

H.N H +H NHCOCH, 

R 
An S enantiomer An R enantiomer 
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ss 
27.6 Peptides 

ee ——“‘(‘(‘(‘(‘(‘(‘(‘(‘“(T 

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 carboxyl 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: 

yt CH,OH CH3 CH,OH 

aioe ioe + H,NCHCOH => H,NCHC— ee 

eee 
Alanine Serine Alanylserine 
(Ala) (Ser) (H-Ala-Ser-OH) 

Note that two dipeptides can result from reaction between alanine and 
serine, depending on which carboxy] group reacts with which amino group. 
If the alanine amino group reacts with the serine carboxyl, serylalanine 
results: 

CH,OH CH; CH,OH CH; 

H,NCHCOH + H,NCHCOH 3 cme eeeon 
| | | I 

Serine Alanine Serylalanine 
(Ser) (Ala) (H-Ser-Ala-OH) 

By convention, peptides are always written with the N-terminal amino 

acid (the one with the free —NHg, 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 often appended to the 
abbreviation of the leftmost amino acid to underscore its position as the N- 
terminal residue, and an -OH is often appended to the abbreviation of the 
rightmost amino acid (C-terminal residue). For example, H-Gly-Val-Tyr-OH 
is the tripeptide glycylvalyltyrosine, whose structure is shown in Figure 

27.3 (page 982). 
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 to join the eight 

amino acids present in the hormone angiotensin II, which regulates blood 

pressure (Figure 27.4). 
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OH 

ue dees CH, 

ae at Se a TENG Oe 

O O 

Glycine Valine Tyrosine 

(Gly) (Val) (Tyr) 

OH 

N terminus C terminus 
(CH3)2CH CH, 

| | | ws 
rigs NE adhe tatiae ORs ARUN 

O O O 

Glycylvalyltyrosine 

(H-Gly-Val-Tyr-OH) 

Figure 27.3 Structure of glycylvalyltyrosine, H-Gly-Val-Tyr-OH 

I 1 1 t 1 I 1 1 
HN—CH—C--NH—CH—C--NH—CH—C—-NH—CH—C—-NH—CH Cc NH tC oon CH—C NS ee 

CH, CH, ta : CHCH, CH, CH, ‘CH, CH, 
| | H CO CH | a Nees 
COOH CH, ® 3 CH ZO CH, 

| us H 
CH CH, N= 

C OH 
HN’ ‘NH, 

H —Asp Arg Val Tyr Tle His Pro Phe—OH 

Figure 27.4 The structure of angiotensin II, a hormone present in blood plasma that regulates 
blood pressure 

PROBLEM 

27.14 

PROBLEM 

27.15 

516) (0)/6) pile) (a) O)e)a) ae (ael ef ea e860: 68 (ek (oe 68 aie. 848 6 618) a: 8) 8 (6 0)"0)/6)e, Be Al Oueie/ Uile)e)\e) b\u) 6) Bie} el ele) e SUSUR elapel slat aalteth acu baja aie Sis) ele) al 

Name the six possible isomeric tripeptides that contain valine, tyrosine, and glycine. 
Use the three-letter shorthand notation for each amino acid. 
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Draw the full structure of H-Met-Pro-Val-Gly-OH and indicate where the amide 
bonds are. 
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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 (Figure 27.5). 

Co Hp (0: HRY 
eEewups p Gairiel Hiqioaitmen oe 2 

I dgriweslan 2 Ss 
r ee coor ee a NX” cooH 

cae eal 

Restricted rotation 

Figure 27.5 Amide resonance causes restricted rotation around the C—N bond, 
giving it a certain amount of double-bond character. 

A second kind of covalent bonding in peptides occurs when a disulfide 
linkage, R—S—S—R, is formed between two cysteine residues. As we’ve 
seen, disulfide bonds are easily formed by mild oxidation of thiols, R—SH, 
and are easily cleaved back to thiols by mild reduction (Section 17.12). 

AV AW AV 
1 =O 1 ——(@) 1 =O ; =O 

CHCH,— SH! | HS—CH,CH ———= CHCH,—S—S—CH,CH 
eduction 

NH NH NH NH 

Av Av Av 

Two cysteines Cystine 

(thiols) (disulfide) 

Disulfide bonds between cysteine residues in two different peptide 
chains can link the otherwise separate chains together. Alternatively, a 
disulfide bond between two cysteine residues within the same chain can 
cause a loop in the chain. Such is the case with the nonapeptide vasopressin, 
an antidiuretic hormone involved in controlling water balance in the body. 
Note also that the C-terminal end of vasopressin occurs as the primary 

amide, —CONHg, rather than as the free acid. 

i Disulfide bridge 
if; oe 6 Bl ie ane a. 

H-CyS-Tyr-Phe-Glu-Asn-CyS-Pro-Arg-Gly-NH»2 

Vasopressin 
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27.8 Peptide Structure Determination: Amino Acid Analysis 

PROBLEM 

27.16 

Determining the structure of a peptide is a challenging task that requires 

finding the answers to three questions: What amino acids are present? How 

much of each is present? Where does each occur in the peptide chain? The 

answers to the first two questions are provided by a remarkable device, the 

amino acid analyzer. 

The amino acid analyzer is an automated instrument based on analyt- 

ical 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 HCI. Chromatography (Section 12.2) 

of the resultant amino acid mixture using a series of aqueous buffers as the 

mobile phase then effects a separation into component amino acids. 

As each different amino acid elutes from the end of the chromatography 

column, it is allowed to mix with 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 OH 
. R 

OH | ; 

2 + H,NCHCOOH ——— —N ca 

OH : 
O An a-amino acid 0 0 

Ninhydrin Purple color 
+ 

RCHO + CO, 

Since the amount of time required for a given amino acid to elute from 
the chromatography column is reproducible from sample to sample, 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 can be determined by measuring the intensity of 
the purple color resulting from its reaction with ninhydrin. Figure 27.6 
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 pentapeptide with morphine-like analgesic 
activity. 

COOH ee ee eB ee rere eee EEE HEE HEHEHE EEE HEHEHE HET EEE HEHEHE EHH HHH ETHER HOE EE Hee EEE oe Eee ERS 

Show the structures of the products obtained on reaction of valine with ninhydrin. 

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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Absorbance 

Elution time ——— 

(a) 

Absorbance 

Elution time ———~ 

(b) 

Figure 27.6 Amino acid analysis of (a) an equimolar amino acid mixture and 
(b) methionine enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH) 

PROBLEM....... cece eee eeenee eee meer esse ees e rere seer e reer eee sersreeerrrrseserereseseeerreccce 

27.17 The data for amino acid analysis in Figure 27.6(a) indicate that proline is not easily 
detected by reaction with ninhydrin; only a very small peak is seen on the chro- 
matogram. Explain. 

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 pep- 
tide 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. 
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Almost all peptide sequencing is now done by Edman* degradation, 

an efficient method of N-terminal analysis. Automated Edman protein 

sequenators are available that allow a series of 20 or more repetitive sequenc- 

ing 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, CsH; -N—C=S, followed by mild acid hydrolysis. These 

steps yield a phenylthiohydantoin derivative of the N-terminal amino acid 

plus the chain-shortened peptide (Figure 27.7). The phenylthiohydantoin is 

then identified chromatographically by comparison with known derivatives 

of the common amino acids. 

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, the large peptide chain is first cleaved 

by partial hydrolysis into a number of smaller fragments, and the sequence 

of each fragment is determined. The individual fragments are then 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. 
For example, trypsin catalyzes hydrolysis only at the carboxy! 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. 

H-Val-Phe-Leu-Met-Tyr-Pro-Gly-Trp-Cys-Glu-Asp-Ile-Lys-Ser-Arg-His-OH 
t q t t 1 

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 I, a hormonal octapeptide involved 
in controlling hypertension by regulating the sodium—potassium salt bal- 
ance in the body. 

1. Amino acid analysis of angiotensin II would show 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 would show that 
angiotensin 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 

a e. H-Val-Tyr-Ile-OH 

“Pehr Edman (1916— ); b. Stockholm; M.D. Karolinska Institute (E. Jorpes); professor, 
University of Lund. 
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e in Steal (Peptide 

C 

_N FUN: = 
Nucleophilic addition of the CoH 
peptide terminal amino group to 
phenylisothiocyanate yields an | 
N-phenylthiourea derivative. 

Acid-catalyzed cyclization then yields | el 
a tetrahedral intermediate .. . 

. .. Which expels the chain-shortened 
peptide and forms a thiazolinone. —_—— 

CeH5 et 

N 

A thiazolinone 
: > grey ree Dre 

The thiazolinone rearranges in the 
presence of aqueous acid to yield the | eM 

final N-phenylthiohydantoin 3 

derivative. 
C.Hs 70 me N sai 

C Cs ZA = 

| H 

H 

S 

An N-phenylthiohydantoin 

Figure 27.7 Mechanism of the Edman degradation for N-terminal analysis of peptides 
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PROBLEM 

27.18 

PROBLEM 

27.19 
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4. Matching of overlapping fragment regions provides the full 

sequence of angiotensin II: 

a. H-Asp-Arg-Val-OH 

H-Arg-Val-Tyr-OH Cc. 

e. H-Val-Tyr-Ile-OH 
b. H-Ile-His-Pro-OH 
d. H-Pro-Phe-OH 

H-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-OH 

Angiotensin II 

The structure of angiotensin II is relatively simple (the entire sequence 

could easily be done by a protein sequenator instrument), but the methods 

and logic used to solve this simple structure 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. 
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What fragments would result if angiotensin II were cleaved with trypsin? With 

chymotrypsin? 
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Give the amino acid sequence .of hexapeptides that produce these fragments on 

partial acid hydrolysis: 
(a) Arg, Gly, Ile, 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 

27.10 Peptide Sequencing: C-Terminal Residue Determination 

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 specifically to cleave the C-terminal amide 
bond in a peptide chain. 

ee 
(Peptide)-NHCHC—NHCHCOOH 

O 
Carboxypeptidase 
H,O 

R’ R 
| | ‘ (Peptide) NHCHCOOH + H,NCHCOOH 
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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. 
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27.20 A hexapeptide with the composition Arg, Gly, Leu, Pro3 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? 
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27.21 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 
isothiocyanate. 

27.11 Peptide Synthesis 

Once the structure of a peptide 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. 

Ordinary amide bonds are usually formed by reaction between amines 
and acylating agents (Section 21.8): 

| 1 
R’—C—X + H,NR —> R’—C—NHR + HX 

An amide 

Peptide synthesis is much more complex than simple amide synthesis, 
however, 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 

acid functional groups except for those we want to have react. For example, 

if we want to couple alanine with leucine to synthesize H-Leu-Ala-OH, we 

can protect the amino group of leucine and the carboxyl group of alanine 

to render them unreactive, then form the desired amide bond, and then 

remove the protecting groups, as shown at the top of the next page. 
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‘ e 

we is 

H,N—CH—COOH HN —CH—COOH 

Leucine Alanine 

|r | Protect 

re Jo 

ie we 
(@,N)-CH—COOH + H,N—CH-€COOH 

N-protected Leu ‘  QO-protected Ala 

1. Form amide 

2. Deprotect 

tee Je 

ied fee 

com —NH—CH—COOH 

O 

H-Leu-Ala-OH 

Many different amino- and carboxyl-protecting groups have been 
devised 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 27.8 
shows, benzyl esters can also be cleaved by catalytic hydrogenolysis of the 
weak benzylic C—O bond (ArCH,—OCOR + Hz — ArCH3 + RCOOH). 

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 (nucleophilic acyl sub- 
stitution reaction; Section 21.6), and is removed by brief treatment with a 

strong acid such as trifluoroacetic acid, CF;COOH. 

CH(CHs)s CH(CHe)s 

CH CH 6 CH ° CHa 
H,N —CH—COOH + (CHy~C-—0—63,0 Wee CHy Grex Geir CH= COOH 

Leucine « CHs CHs 

Di-tert-butyl dicarbonate BOC-Leu 
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i CH,0H 1, ~OH, HO 
ae H2z.N—CH—CO,CHs3 ae 

Alanine methyl 

: ester 

CH;0H 

+ 

ieass a 

H2N —CH—COOH H.N—CH— COOH 

Alanine Alanine 

+ 

CH3Ph 

ie / PhCH,OH ~OH, HO 

HCl HN —CH—CO,CH2Ph or H»/Pd 
Alanine benzyl ester 

Figure 27.8 Protection of an amino acid carboxyl group by ester formation 

The step of peptide bond formation is usually accomplished by treating 
a mixture of protected acid and amine components with dicyclohexylcar- 
bodiimide (DCC). As shown in Figure 27.9 on page 992, DCC functions by 
converting the carboxylic acid group into a reactive acylating agent that 
then undergoes a further nucleophilic acyl substitution with the amine. 

We now have the knowledge needed to complete a synthesis of H-Leu- 
Ala-OH. Five separate steps are required: 

1. Protect the amino group of leucine as the BOC derivative: 

1 
H-Leu-OH + (fBuOC),0 —~> BOC-Leu-OH 

2. Protect the carboxyl group of alanine as the methy] ester: 

Acid 

catalyst 
H-Ala-OH + CH3;0H H-Ala-OCH3; + H,O 

3. Couple the two protected amino acids using DCC: 

BOC-Leu-OH + H-Ala-OCH, ——> BOC-Leu-Ala-OCH, 

4. Remove the BOC protecting group by acid treatment: 

BOC-Leu-Ala-OCH, —“2°> H-Leu-Ala-OCH; + CO2 4 (CHs),0—CH, 
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Le OC 
Dicyclohexylcarbodiimide (DCC) 

The carboxylic acid first adds to the 
carbodiimide reagent to yield a | 

reactive acylating agent. 

I 
R—-C— 0-8 \ 

Nucleophilic attack of the amine on te 
the acylating agent gives a sted 
tetrahedral intermediate. yu 

Z 
N 

Re C 
| \ 

The intermediate loses 

dicyclohexylurea and yields the 
desired amide. 

H ? H 
A “" / 
I N= (CN 

R—C—NHR’ + a ite 

Amide 

N,N-Dicyclohexylurea 

Figure 27.9 The mechanism of amide formation by reaction of a carboxylic acid and an amine 
with DCC (dicyclohexylcarbodiimide) 

5. Remove the methyl] ester by basic hydrolysis: 

H-Leu-Ala-OCH; ——“+> H-Leu-Ala-OH + HOCH; 
2 1 

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 
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synthesis of human insulin. Insulin, the structure of which is shown in 
Figure 27.10, is composed of two chains totaling 51 amino acids linked by 
two disulfide bridges. Its structure was determined by Frederick Sanger,° 
who received the 1958 Nobel prize for his work. 

A chain (21 units) 

B chain (30 units) 

' 

Gln-CyS-CyS-Thr-Ser-Ile-CyS -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 
Asn Glu 

Val Arg 

Phe HO-Thr-Lys-Pro-Thr-Tyr-Phe-Phe-Gly 
H 

Figure 27.10 Structure of human insulin: Two separate chains totaling 51 amino acids are 
linked by two disulfide bridges. 

PROBLEM 

27.22 

PROBLEM 

27.23 

PROBLEM 

27.24 

oer eee eee eee eee eres ee Hees eee eHH FEE HEHE EE EH HEHEHE HEHEHE EEE D EHH O HEHEHE DERE HEE EHH EEE EEO TEESE 

Propose a mechanism for the formation of a BOC derivative by reaction of an amino 
acid with di-tert-butyl dicarbonate. 

Soe ee eee oor eee ere eee eee eee eee EEE HH ETE THEE THEE EEE H EH EH EHH HEHEHE HEHEHE H OHHH HEH HEHEHE EDO OS 

Write all five steps required for the synthesis of H-Leu-Ala-OH from alanine and 
leucine. 

Pe 

How would you prepare these tripeptides? 
(a) H-Leu-Ala-Gly-OH (b) H-Gly-Leu-Ala-OH 

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 method introduced by R. Bruce 

5Frederick Sanger (1918— _); b. Gloucestershire, England; Ph.D. Cambridge; professor, Cam- 

bridge University; Nobel prize (1958, 1980). 



994 CHAPTER 27 AMINO ACIDS, PEPTIDES, AND PROTEINS 

Merrifield® at the Rockefeller University. In the Merrifield method, peptide 

synthesis is carried out on solid polymer beads of polystyrene, prepared so 

that one of every 100 or so benzene rings bears a chloromethyl (—CH,Cl) 

group: 

3-CH,—CH-2-CH,—CH—CH,— CH-3-CH,— CH—CH,— CH= 

Oo Eo 
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 serves 
as 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. 

Rk 
| | 

(CH3)s;COCNH —CH—COOH + CICH, 

BOC-protected amino acid 
Syn2 

reaction 

i 
Ta ae ee ee 

Ester link to polymer 

Step2 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 toremove the BOC group. 

R 
| 

BOC enc aad o = CH. , 

O | 1. Wash 

2. CF;,COOH 

I 
H,N —CH—C—O—CH, 

! 
O 

Polymer-bonded amino acid 

6Robert Bruce Merrifield (1921— ); Ph.D. University of California, Los Angel 1 : 
professor, Rockefeller Institute; Nobel prize (1984). ict tea aa 
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Step3 A second BOC-protected amino acid is added along with the 
coupling reagent, DCC. A peptide bond forms, and excess 
reagents are then removed by washing the insoluble polymer: 

1 1 
De he gine ee ia Omeebt oP 

| 
O 

Polymer-bonded dipeptide 

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. 

Step 4 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. 

k’ R t R 

| | | 
BOC— NH —CH— ¢ +NH—CH—C),. NH—CH— C—0—CH, 

! | 
O 

R’ R’ R 

| HF 

| | | : 
SRACb Rook jo Witee ekRO Remade ory OF + HO—CH,-€! 

| 
O 

Polypeptide 

The solid-phase technique has now been automated. Peptide-growing 

machines are available for automatically repeating the coupling and depro- 

tection steps with different amino acids as many times as desired. Each step 

occurs in extremely high yield, and mechanical losses are minimized 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. 
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a a SS eee 

27.13 Classification of Proteins 

Proteins can be classified into two major types according to their composi- 

tion. Simple proteins, such as blood serum albumin, are those that yield 

only amino acids and no other organic compounds on hydrolysis. Conju- 

gated proteins, such as are found in cell membranes, yield other compounds 

in addition to amino acids on hydrolysis. 

Conjugated proteins are far more common than simple proteins and 

may be further classified according to the chemical nature of the non—amino 

acid portion. Thus, glycoproteins contain a carbohydrate part, lipopro- 

teins 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. ~ 

Table 27.2 Classification of some conjugated proteins 

Weight of 

(228 iets SON rrarees NOt OR Bea peor OO aa 

Glycoproteins 
y-Globulin Carbohydrate 10 

Carboxypeptidase Y Carbohydrate 17 

Interferon Carbohydrate 20 

Lipoproteins 
Plasma £ 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 

Proteins can also be classified as either fibrous or globular, according 
to their three-dimensional shape. Fibrous proteins, such as collagen and a- 
keratin, consist of polypeptide chains arranged side by side in long threads. 
Because these proteins are tough and insoluble in water, they are used in 
nature for structural materials like tendons, hooves, horns, and fingernails. 

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. 
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Table 27.3 Conformational classes of proteins 
Fe ag er ee a eens 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 

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. 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, however, much more to protein structure than just amino acid 

sequence. 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 

properties. 

a-KERATIN 

a-Keratin is the fibrous structural protein found in wool, hair, nails, and 

feathers. Studies indicate that a-keratin is coiled into a right-handed sec- 

ondary structure, as shown in Figure 27.11. This so-called a-helix is sta- 

bilized by hydrogen bonding between amide N—H groups and other amide 

carbonyl groups four residues away. Although the strength of a single hydro- 

gen bond (about 5 kcal/mol) is only about 5% of the strength of a C—C or 

C—H covalent bond, the large number of hydrogen bonds made possible by 
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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. 

Figure 27.11 The helical secondary structure of a-keratin 

Further evidence suggests 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. 

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 
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chains (Figure 27.12). 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 

R i R oH 

Nex a cK 
al Re 
H H 

; Red 
0 O 
| 4 
> 
Ae ey 

Figure 27.12 The B-pleated-sheet structure in silk fibroin 

MYOGLOBIN 

PROBLEM 

27.25 

Myoglobin is a rather 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 segments, 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 27.13, page 1000). Although the bends 
appear to be irregular and the three-dimensional structure appears to be 
random, this is not the case. All myoglobin molecules adopt this same shape 
because it has a lower energy than any other possible shape. 

Note that myoglobin is a conjugated protein that contains a covalently 
bound organic group (a prosthetic group) called heme (Figure 27.14). A 
great many proteins contain such prosthetic groups, which are crucial to 

their mechanism of action. 

piatatntata ats eleletelene srt elie le/eleilele) s eles 6.6/6.9 6, e160 0 10/8) 6 8! 66 \e © 66) 6) © 6) 4100 [0)10 8 0),6 6 1¢ 0.66, ¢) 600) 0)\0\ 6, ee 0% 6,8 8\.9)19)8.10,80 0. 6100/08, 

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. 

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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C terminus 

N terminus 

Figure 27.13 Secondary and tertiary structure of myoglobin, a globular protein 

H,c CH=CH, 

H3C CH; 

HOOCCH,CH, CH=CH, 

HOOCCH,CH, CHs3 

Figure 27.14 The structure of heme, a prosthetic group found in myoglobin 

27.15 Protein Denaturation 
pie es 5 a or Seer: eteen oc aosluen tude test of) +3 ten pae pees ge 2 ee eee 

The tertiary structure of globular proteins 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 
are not affected; the polypeptide primary structure remains intact, but the 
tertiary structure unfolds from a well-defined spherical shape to a randomly 
looped chain (Figure 27.15). 
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Figure 27.15 Schematic representation of protein denaturation: A globular protein 
loses its specific three-dimensional shape and becomes randomly looped. 

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 

uncooked when their temperature is lowered, and curdled milk doesn’t 
become homogeneous. Many cases have now been found, however, where 
spontaneous renaturation of an unfolded protein occurs. Renaturation is 
accompanied by a full recovery of biological activity in the case of enzymes, 
indicating that the protein has completely returned to its stable tertiary 
structure. 

27.16 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. 

; a i 

H2N Lay ee | Sy OH 

O 

A polypeptide or protein 

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,(CI followed by hydrolysis, and alkyl- 

ation of diethyl acetamidomalonate. Resolution of the synthetic racemate 

then provides the optically active amino acid. 
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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 e-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 us to sequence peptide chains up to 25 residues in length. 

Peptide synthesis is an equally challenging task, and one that must be 

solved by the use of selective protecting groups. An N-protected amino 

acid having a free carboxyl group is coupled with an O-protected amino acid 

having a free amino group in the presence of dicyclohexylearbodiimide 

(DCC). Amide formation occurs, the protecting groups are removed, and the 

sequence is repeated. Amines are usually protected as their tert-butoxy 

carbonyl (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 poly- 

meric 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. 

27.17 Summary of Reactions 

1. Amino acid synthesis 

a. From a-bromo acids (Section 27.4) 

Br NH, 
Bro | NH | 

RCH,COOH RCHCOOH ——> RCHCOOH 

b. Strecker synthesis (Section 27.4) 

NH, NH, 

KCN | H30* | 
RCHO ——~> RCHCN —— RCHCOOH 

NH,Cl 

c. Reductive amination (Sections 25.7 and 27.4) 

1 es 
RCCOOH —“=.. RCHCOOH 

NaBH, 
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d. Diethyl acetamidomalonate synthesis (Sections 22.9 and 27.4) 

O R 
| 1, Nat ~OCoHs | CHsCNHCH(CO,C,Hs). ~~", H,NCHCOOH 

3. H30* 

2. Peptide synthesis 

a. Nitrogen protection (Section 27.11) 

| i ie 
H,NCHCOOH + [((CHs)sCOCE-O —~ (CH3)3COC—NHCHCOOH 

BOC-protected amino acid 

The BOC protecting group can be removed by acid treatment: 

R 
Hf ant CF,COOH | (CH3)3COC—NHCHCOOH -~———~> H,NCHCOOH + CO, + (CH3),C=CH, 

b. Oxygen protection (Section 27.11) 

R R 
| | 

H,NCHCOOH + CH,0H —+ H,NCHCOOCH, 

R R i CH,OH | 
H,NCHCOOH + Cy > H,NCHCOOCH,C,H; 

The ester protecting group can be removed by base hydrolysis: 

R R 
| . | 

H,NCHCOOCH, es H,NCHCOO- + CH;,0H 
2 

c. Amide bond formation (Section 27.11) 

i 1 OHO Cay | | 
BOCNHCHCOOH + H,NCHCOOCH; —“> Noe COOCEs 

where DCC § 
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3. Peptide sequencing: Edman degradation (Section 27.9) 

N=C=S CeHs 0 
ates aa R’ 

H,NCHC —NHCHC3- + comeaph take ak + HUNCH 
——— 

H 

ADDITIONAL PROBLEMS 

27.26 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. 

27.27 Draw a Fischer projection of (S)-proline. 

27.28 Show the structures of the amino acids corresponding to these three-letter codes: 

(a) Trp (b) Ile (c) Cys (d) His 

27.29 Explain the observation that amino acids exist as dipolar zwitterions in aqueous 

solution, but exist largely as true amino carboxylic acids in chloroform solution. 

i I 
H,NCHCO; =< H,NCHCOOH 

In H,O In CHCl, 

27.30 At what pH would you carry out an electrophoresis experiment if you wanted to 

separate a mixture of histidine, serine, and glutamic acid? Explain. 

27.31 Define these terms: 
(a) Amphoteric (b) Isoelectric point (c) Zwitterion 

27.32 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 

27.33 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? 

27.34 Predict the product of the reaction of valine with these reagents: 

(a) CH3;CH,OH, acid (b) Di-tert-butyl dicarbonate 

(c) KOH, H,O (d) CH3COCI, pyridine; then HO 

27.35 Write out full structures for these peptides: 

(a) H-Val-Phe-Cys-Ala-OH (b) H-Gly-Pro-Ile-Leu-OH 

27.36 Show the steps involved in a synthesis of H-Phe-Ala-Val-OH using the Merrifield 

procedure. 

27.37 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 
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27.39 

27.40 

27.41 

NO, 

ADDITIONAL PROBLEMS 1005 

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,—CH -=-CH,—CH> 

CH30CH,Cl 
as 

SnCl, 

CH,Cl 

Which amide bonds in the following polypeptide would be cleaved by trypsin? By 
chymotrypsin? 

H-Phe-Leu-Met-Lys-Tyr-Asp-Gly-Gly-Arg-Val-Ile-Pro-Tyr-OH 

The synthesis of large peptides is much more efficient when done in a convergent 
manner. That is, higher overall yields of final products are obtained if several small 
chains are constructed and coupled, as opposed to constructing one long chain by 
stepwise addition of one amino acid residue at a time. For example, consider a 
synthesis of methionine enkephalin, H-Tyr-Gly-Gly-Phe-Met-OH, by two routes: 

(a) Tyr + Gly —> Tyr-Gly > Tyr-Gly-Gly —%> Tyr-Gly-Gly-Phe 

| Met 

Tyr-Gly-Gly-Phe-Met 

(b) Tyr + Gly —> Tyr-Gly > Tyr-Gly-Gly 
— Tyr-Gly-Gly-Phe-Met 

Phe + Met —~— Phe-Met 

Assume a yield of 90% for each coupling step and calculate overall yields for the 

two routes. 

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-dinitrophenyl derivative: 

R H R H NO, | | i : | 

a SE Beane’ =a OoN Ear 

O 
NO, 

[0 

| 
O.N NHCHCOOH + Amino acids 

NO, 



1006 CHAPTER 27 AMINO ACIDS, PEPTIDES, AND PROTEINS 

Propose a mechanism to account for the initial reaction between peptide and 

dinitrofluorobenzene. 

27.42 Would you foresee-any problems in using the Sanger end-group determination 

method (Problem 27.41) on a peptide such as H-Gly-Pro-Lys-Ile-OH? Explain. 

27.43 When a-amino acids are treated with dicyclohexylcarbodiimide, DCC, 2,5-diketo- 

piperazines result. Propose a mechanism for this reaction. 

| RAN 3 
H,NCHCOOH 36-2“ 

A 2,5-diketopiperazine 

27.44 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 
eee aga | 

NH, 
Guanidino 

group 

Arginine 

27.45 Good 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 6 (singlet, 1 H). As 
the temperature is raised, however, the two singlets at 2.9 6 and 3.0 6 slowly merge. 

At 180°C, the 'H 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 
al 

N—C—H 
is 

CH3 

N,N-Dimethylformamide 

27.46 An octapeptide shows the composition Asp, Gly2, Leu, Phe, Proz, 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 3. H-Gly-Asp-Phe-Pro-OH 

2. H-Gly-OH 4. H-Phe-Pro-Val-OH 

Propose a suitable structure for the starting octapeptide. 



27.47 

27.48 

27.49 

27.50 

27.51 
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Propose a mechanism to account for the reaction of ninhydrin with an a-amino acid: 

0 OH 

ee 

rn Se 
O O O yp sown 

2 + H,NCHCOOH —> + 
OH 

0 RCHO + CO, 

Draw as many resonance forms as you can for the purple anion obtained by reaction 
of ninhydrin with an a-amino acid (Problem 27.47). 

<I 
Look up the structure of human insulin (Figure 27.10) and indicate where in each 
chain the molecule would be cleaved by trypsin and chymotrypsin. 

O 

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 

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, 

Cyse, 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-Ile-Glu-OH H-Glu-Asp-Cys-OH 

H-Cys-Pro-Leu-OH 

Gly can be shown to be the C-terminal group. 

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? © 
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27.52 Aspartame, a nonnutritive sweetener marketed under the trade name Nutra-Sweet, 

27.53 

is the methyl ester of a simple dipeptide, H-Asp-Phe-OCHs. 

(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. 

Refer to Figure 27.7 and propose a mechanism for the final step in the Edman 

degradation—the acid-catalyzed rearrangement of the thiazolinone to the N- 

phenylthiohydantoin. 



CHAPTER 28 

Lipids 

Wee 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 can be further classified into two general types. Complex lipids 
such as fats and waxes contain ester linkages that can be hydrolyzed to 
yield smaller molecules. Simple lipids such as cholesterol and other steroids 
do not have ester linkages and cannot be hydrolyzed. 

O 

CH,—Oo— Ne es 

CH— O—COR’ 

ser —O—C—R’ 

O HO 

Fat, a complex lipid Cholesterol, a simple lipid 
(R, he R’ = C41—Cy9 chains) 

i 
CH;(CH, 20-24 a G <a o— (CH, Jo7CH3 

Beeswax, a complex lipid 

1009 
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28.1 Fats and Oils 

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; that is, 

triesters of glycerol with three long-chain carboxylic acids. Thus, hydrolysis 

of a fat with aqueous sodium hydroxide (saponification) yields glycerol and 

three fatty acids: 

O 

CH,0— ee 

| O ‘CH,OH RCOOH 

cHo—h_p caer HOH + R'COOH 

7 CH,OH R’COOH 

CH,0O— C—R’" Glycerol Fatty acids 

A fat 

The fatty acids obtained by hydrolysis of triacylglycerols are 
unbranched, contain an even number of carbon atoms between 12 and 20, 
and may be either saturated or unsaturated. If double bonds are present, 
they usually have Z (cis) geometry. The three fatty acids of a specific tri- 
acylglycerol molecule are not usually the same, and the fat or oil from a 
given source is likely to be a complex mixture of many different triacylgly- 
cerols. 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. 

Table 28.1 Structures of some common fatty acids 

Melting 
Name Carbons Structure point (°C) 

Saturated 
Lauric 12 CH3(CH2);») COOH 44 

Myristic 14 CH3(CH2),;2>COOH 58 

Stearic 18 CH3(CH2),;,COOH 70 

Arachidic 20 CH3(CH,2),;3; COOH 75 

Unsaturated , 
Palmitoleic 16 CH3(CH2);CH=CH(CH,),COOH (cis) 32 

Oleic 18 CH3(CH,);CH—CH(CH,),COOH (cis) 4 

Ricinoleic 18 CH3(CH2)s;CH(OH)CH,CH=CH(CH,),COOH (cis) 5 

Linoleic 18 CH3(CH2)4CH=CHCH,CH=CH(CH,);COOH (cis, cis) —5 
Arachidonic 20 CH3(CH2)4(CH=CHCH2)4,CH,CH2COOH (all cis) —50 
SS 



28.1 FATS AND OILS 
1011 

Table 28.2 Approximate fatty-acid composition of some fats and oils 

Saturated fatty acids (%) Unsaturated fatty acids (%) 
Cig Cig Cig Cis Cig Cis OF Source Lauric Myristic Palmitic Stearic Oleic Ricinoleic Linoleic rr eoric CUetctcinoleic 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 = il 10 4 35 = 45 
Olive = 1 5 5 80 = 7 
Peanut = a 7 5 60 a 20 
Linseed a — 5 S 20 = 20 
Castor bean a = — 1 8 85 4 

The data listed in Table 28.1 show that unsaturated fatty acids generally 
have lower melting points than their saturated counterparts, 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 
(Table 28.2), they are lower melting. 

This melting-point behavior is due to the fact that saturated fats have 
a uniform shape that allows them to pack together easily in a crystal lattice. 
Carbon-—carbon double bonds in unsaturated vegetable oils, however, intro- 
duce bends and kinks into the hydrocarbon 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 (page 
1012) illustrates this effect with space-filling molecular models. 

The carbon-carbon double bonds present in vegetable oils can be 
reduced by catalytic hydrogenation (Section 7.6) to produce saturated solid 
or semisolid fats. Margarine and solid cooking fats such as Crisco are pro- 
duced by hydrogenating soybean, peanut, or cottonseed oil until exactly the 
proper consistency is obtained. 

PROBLEM .ccccccrsscrr cere sees seca ene ease resets reer cers teers rere er eseeesreresesesesreseseseeees 

28.1 Drawstructures of these molecules. Which would you expect to have a higher melting 

point? 
(a) Glyceryl tripalmitate (b) Glyceryl trioleate 

PROBLEM. ccc ccc ccc cece cers csc c etre cece weer e eee eee esse ere ee en sae eseeereseeeseesesererseeeeeces 

28.2 Stearolic acid, C;gH3.0z, 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? 
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(a) Sw (b) >? 

Figure 28.1 Space-filling molecular models of (a) saturated and (b) unsaturated triacylgly- 

cerols: There is an unsaturated fatty acid in (b) that prevents the molecule from adopting a 

regular shape and crystallizing easily. 

28.2 Soaps 

Soap has been known since at least 600 Bc, when the Phoenicians reportedly 
prepared a curdy material by boiling goat fat with extracts of wood ash. The 
cleansing properties of soap were not 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 saponification of animal fat with alkali. Wood 
ash was used as a source of alkali until the mid-1800s, when the Leblanc 
process for producing NagCO3 was invented, and NaOH thus became com- 
mercially available: 

1 
CH,— O—C—R 

O 

| NaOH 
CH—O—C—R Te 3 RCO” Na* + ee 

° Soap CHOH 
| 

CH,—O—C—R CH,OH 

A fat Glycerol 

where R = Cj;—Cijg aliphatic chains. 
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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 NaC] 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 if a colored soap is desired, antiseptics are added for 
medicated soaps, pumice is added for scouring soaps, and air is blown in for 
a soap that floats. Regardless of these extra treatments, and regardless of 
price, all soaps are basically the same. 

Soaps exert their cleansing action because the two ends of a soap mol- 
ecule are so different. The sodium salt end of the long-chain molecule is 
ionic; it is therefore hydrophilic (water-loving) and tries to dissolve in 
water. The long hydrocarbon chain portion of the molecule, however, is 
nonpolar; it is therefore lipophilic (fat-loving) and 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 washed away. 

H2,0 CO3 Na* 

Na*~0.0 COxNat 
Na* ~ O2C mis / COz Na* 

Na" 020 ge COzNa* 

Grease 

Na* er Seer COzNa* 
ay 

Ae eae COzNa* 
Na*~ OoC COzNa* 

H,0 COzNa* HO 

H,O 

Figure 28.2 A soap micelle solubilizing a grease particle in water 

Soaps make life much more pleasant than it would otherwise be, but 
they have certain drawbacks. In hard water containing metal ions, soluble 
sodium carboxylates are converted into insoluble magnesium and calcium 
salts, leaving the familiar ring of scum around bathtubs and the “tattletale 
gray” on white clothes. Chemists have circumvented these problems by 
synthesizing a class of synthetic detergents based on salts of long-chain 

alkylbenzenesulfonic acids. 
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The principle by which synthetic detergents operate is identical to the 

principle of soaps—the alkylbenzene end of the molecule is lipophilic and 

attracts grease, but the sulfonate salt end is ionic and is attracted to water. 

Unlike soaps, however, sulfonate detergents do not form insoluble metal 

salts in hard water. 

O 

rt \-3-0 Na’ 
"| 

A synthetic detergent 

where R = a mixture of Cj, aliphatic chains. 

PROBLEM cio b Glebe: diercieicteletsleel cpatia ce vaveleta lelie elsrd da. o,otslpuvtere a aletetedaienetia eleteganonels eae sere Orepraen reuenamerene e (4 ecencae ene mre ese /ekele See 

28.3 Draw the structure of magnesium oleate, a component of bathtub scum. 

nn SEE EEEEEESESEEaEES SEES 

28.3 Phospholipids 

Phospholipids are esters of phosphoric acid, HzPO4. Most phospholipids 

are closely related to fats, since they contain a glycerol backbone linked by 

ester bonds to two fatty acids and one phosphoric acid. Although the fatty 

acid residues in these so-called phosphoglycerides may be any of the C12— 

Cy units normally present in fats, the acyl group at C1 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, HOCH.CH2NHg. 

The most important phosphoglycerides are the lecithins and the cepha- 

lins. Note that these compounds are chiral and that they have the L or R 

configuration at C2. 

L configuration 

O | 
6) CH,O—C__R | 

° CH,O—C-—R | 
R’—C—O—C—H 

R’—C—O—C—H 0 
| ate ot 

a ee ne aa O— CH2CH2NH; 

Og O7 

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 
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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 (Figure 28.2). This bilayer serves as an effective barrier to the 
passage of ions and other components into and out of the cell. 

er 

| Be 
0 —P —0—CH,CHaN(CHs)s 

hydrocarbon 

tails 

@ee¢e 

Notre 

Figure 28.3 Aggregation of phosphoglycerides into the lipid bilayer that composes 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 important constituents of plant and animal cell membranes. 
They are particularly abundant in brain and nerve tissue, where sphingo- 
myelins are a major constituent of the coating around nerve fibers. 

CH,OH I 

CHNH, CH,O0— P—OCH,CH,N(CH3)s 

CHOH 3 
CHNHCO(CH2)1¢_24CHs3 

CH=CH(CHg),2CH3 | 

CHOH 
Sphingosine 

CH == CH(CH,);2CH3 

Sphingomyelin, a sphingolipid 
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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 for this char- 
acteristic is that all are derived biosynthetically from the simple two-carbon 
precursor, acetic acid. The pathway by which this is accomplished is shown 
in Figure 28.4. 

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 highly reactive acylating agent is capable of transfer- 
ring 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 
formation 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 CO, 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,— group of malonyl ACP adds 
to the carbonyl group of acetyl synthase, yielding an intermediate 6-keto 
acid, which loses carbon dioxide to give the four-carbon product, acetoacetyl 
ACP. 

O 

Hees synthase 

O 

Oona a Cie en ten 

COOH COOH 

| 
F 

cine eee + CO, 

Acetoacetyl ACP 
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1 
CH3CSCoA 

Acetyl CoA 

ACP transferase, Acetyl CoA carboxylase, 
HS- 

1 O 

Priming CH,CSACP eee 
reactions 

Malonyl CoA 
@| -Keto ACP transferase 

olny transferase, 
HS-ACP 

| 1 
CH;CS synthase HOOCCH,CSACP 

L Malonyl ACP 

| 
Condensation ©] B-Keto ACP synthase 

| | 
CH3;C—CH,CSACP + CO, + HSCoA 

Acetoacetyl ACP 

Ketone reduction @| NADPH, H* 

el 
CH;CHCH,CSACP 

Chain- B-Hydroxybutyryl ACP 

lengthening _ 
cycle Dehydration | Enoyl ACP hydratase 

O 

| 
CH,CH=CHCSACP 

Crotonyl ACP 

Carbon—carbon 

double-bond reduction | NADPH, H”* 

1 
CH3CH2,CH,CSACP aoe Repeat cycle 

Butyryl ACP 

Figure 28.4 Pathway for fatty acid biosynthesis 
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PROBLEM 

28.4 

PROBLEM 

28.5 

PROBLEM 
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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. 

CR emer ener screener sere serene rere rere reser nese eeser eres eeeeeeereeeseesneseesreesesensesesseonaee 

Show a likely reaction mechanism for the transformation of acetyl CoA into acetyl 
ACP. 

i 1 | 
CH;,C—SCoA + HSACP == CH,C—SACP + HSCoA 

0) 00a 0a gl al '\ 0/1670) (0\ 6) GMa) 6) jk, '6) 6) 0116) 6 16) /0:0/ 18 /e,[n\ (0) /@: 6' 16 (a) 1G, @) w)"e) 0) @) 181161 1 38)@] Os \@ Bu” @ 4 6) m (e)'eifa) s)ie) 6) 6) (bib) elimi 'efe/ sa) sifelcal al'atal’aralte: ei weeiiataiial aireeiaital 

Show a likely mechanism for the ready decarboxylation of the acylmalonyl ACP 
intermediate formed in step 5 of Figure 28.4. 

Oma0 

CH3;C CHCSACP | ——» CH;CCH,CSACP + CO, 

COOH 
eee nek ohare es a' ete 7eilelheiieiie te te)/e%s) le) G/aive) (elle! ajahe| 9) 1s)'ei's 0) elee re. 9ra 8; e)e)/e\ 61 (p)e/\ sr allele \eielel stele /aaieile (e/a fel «,(oifei at eres fake) aire) sihaleiairenenaieatiat alt ena 

Evidence for the proposed role of acetate in fatty acid biosynthesis comes from 
isotope-labeling experiments. If acetate labeled with C in the methyl group 
(**CH3COOH) were incorporated into fatty acids, at what positions in the fatty acid 
chain would you expect the !4C label to appear? 

28.5 Prostaglandins Be thee eee eg ee ee 

Few compounds have caused as much excitement among medical researchers 
in the past decade as the prostaglandins. First isolated by Sune Berg- 
strom, Bengt Samuelsson,? and their collaborators at the Karolinska Insti- 
tute in Sweden, these simple lipids are synthesized in nature from the Coo 
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. 

‘Sune 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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The prostaglandins are simple in structure. All have a cyclopentane 
ring with two long side chains, though they differ in the number of oxygen 
atoms and the number of double bonds present. Prostaglandin E, (PGE,) 
and prostaglandin F,, (PGF>,) are representative structures. 

8 S COOH 

Arachidonic acid, 

(5Z,8Z,11Z,14Z)-eicosatetraenoic acid 

0 H eo COOH oleae 

H HO H H HO ‘H 

Prostaglandin Ey Prostaglandin F., 

The several dozen known prostaglandins have an extraordinarily wide 
range of biological activities. Among their known actions are their abilities 
to affect blood pressure, to affect blood-platelet aggregation during clot- 
ting, to affect gastric secretions, to control inflammation, to affect kidney 
function, to affect reproductive systems, and to stimulate uterine contrac- 
tions 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 leukotrienes, whose release 
in the body appears to trigger the asthmatic response. 

H OH 

Thromboxane Ag 

Prostacyclin 

H 
7S wa COOH 

pe SE c 

H pane at CONECH.G00H 

NH» 
Leukotriene D4 

Prostaglandins are just beginning to be exploited in medicine, where 
their remarkable biological properties will surely lead to valuable new 

drugs. 
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28.6 Terpenes 

It has long been known that codistillation of many plant materials with 
steam (steam distillation) produces a fragrant mixture of liquids called 
plant essential oils. For thousands of years, these plant extracts have been 
used as medicines, spices, and perfumes. The investigation 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 
simple lipids called terpenes. Terpenes are relatively small organic mole- 
cules 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. 

CH3 

se Nealek eng hee AC / 
CH3 

Myrcene (oil of bay) a-Pinene (oil of turpentine) 

OH 
O 

H;C a CH; 

H CH 

Carvone (oil of spearmint) Patchouli alcohol (patchouli oil) 

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, terpenes can be considered to arise 
from head-to-tail joining of simple five-carbon isoprene (2-methyl-1,3-buta- 
diene) 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 assembled into a more com- 
plex cyclic structure. . 

Terpenes are classified into groups according to the number of 5-carbon 
‘Isoprene units they contain. Thus, monoterpenes are 10-carbon substances 
biosynthesized from two isoprene units, sesquiterpenes are 15-carbon mol- 
ecules from three isoprene units, and so on (Table 28.3). 
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CHs 

1 |9 3 4 
H,C=C—CH=CH, 

Head Zt < Tail 

Isoprene (2-methy]-1,3-butadiene) 

Head Myrcene 

A ~— Head 
Sa 

oo 
a 

LE 

Two isoprenes a-Pinene 

Table 28.3 Classification of terpenes 

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 lanosterol is 
the precursor from which all steroid hormones are made in nature, and the 
tetraterpene 6-carotene is a major dietary source of vitamin A. 

Lanosterol, a triterpene (C39) 

Se 

B-Carotene, a tetraterpene (C49) 
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PROBLEM 2.0. c ccc ccc cress ccc cece ase eevee sree t essere ese ees sees reesereesresssessesssesssenescoes 

28.7 Show the positions of the isoprene units in these terpenes: 

(a) O (b) HeCey Che (c) CH; 

CH; HC ea | 

H.C 

CH3 
Carvone (spearmint oil) O Caryophyllene (cloves) 

Camphor 

28.7 Biosynthesis of Terpenes 

The isoprene rule is a convenient formalism for helping to determine new 
structures, but isoprene itself is not the biological precursor of terpenes. 
Nature instead uses two isoprene “equivalents,” isopentenyl pyrophosphate 
and dimethylallyl pyrophosphate, for the biosynthesis of terpenes. These 
five-carbon molecules are themselves made from condensation of three acetyl 
CoA units. j 

i lis te 
3 CH.C_—S—CoAnss 36 CH,—-O0—P—0 "P= 6H 

CO | CH, | | 
OH OH 

Isopentenyl pyrophosphate 

i ieoeel 
and Cc CH;220=P=—0 POH ice Soe | | 

| OH OH 
H 

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 (Section 11.5). We can therefore 
imagine a displacement (either Sy1 or Sy2 mechanism) of this leaving group 
by the nucleophilic double bond of isopentenyl 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 is a fragrant terpene that occurs in rose oil. 
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“ye Cope 

soe OPP> H LE 4 os 
Ac ‘OH, 

eS. OIE: 

Geraniol Geranyl pyrophosphate 

Gerany] pyrophosphate is the precursor of all other monoterpenes. The 
rough outlines of how the multitude of monoterpenes might arise can be 
rationalized by fundamental polar organic processes. For example, limo- 
nene, a monoterpene found in many citrus oils, can arise from gerany] 
pyrophosphate by a cis—trans double-bond isomerization followed by inter- 
nal nucleophilic displacement of the pyrophosphate group and subsequent 
loss of a proton (Figure 28.6). 

CH,OPP ae 

: CHL_Ope* > 

Pa 

Geranyl Neryl Limonene 
pyrophosphate pyrophosphate (from citrus oils) 

Figure 28.6 Biosynthesis of limonene from geranyl pyrophosphate 

When geranyl pyrophosphate reacts with isopentenyl pyrophosphate, 
the 15-carbon farnesyl pyrophosphate results. Farnesyl pyrophosphate is the 
precursor of all sesquiterpenes. The corresponding alcohol farnesol is a ter- 
pene found in citronella oil and lemon oil. 
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icy | oy Cire ORR mn AL _-cHu0PP 

Geranyl pyrophosphate | 

CH,OPP +) #0PE 
WS SS oe 

es 
—:0H, 

pe ee oe 

Farnesy! pyrophosphate 

< ey oe CH,OH 

Farnesol (from citronella oil) 

Addition to farnesyl pyrophosphate of further isoprene units gives the 
20-carbon (diterpene) and 25-carbon (sesterterpene) units. Triterpenes, how- 
ever, arise biosynthetically by tail-to-tail coupling of two farnesyl pyro- 
phosphates to give squalene, a 30-carbon hexaene (Figure 28.7). Squalene, 
found in high concentration in shark oil, is the precursor from which all 
other triterpenes and steroids arise. 

———$——— 

ee ee es 

Farnesol OPP Ej 

reo. Ul yee 

Farnesol OPP 
—S 

| Tail-to-tail coupling 

SS Ss WN 

Squalene 

Figure 28.7 Biosynthesis of squalene, a Cp precursor of triterpenes and steroids, by tail-to- tail coupling of two farnesy] pyrophosphate units 
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28.8 Propose a plausible pathway to account for the biosynthetic formation of y-bisabolene 
from farnesyl pyrophosphate. 

y-Bisabolene 

Grr reer ue ate reefer Rooster et eet) 
28.8 Steroids 

a 

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 in Figure 28.8. 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. Common examples 
are cholesterol, an animal steroid (and principal component of gallstones), 
and £-sitosterol, a ubiquitous plant steroid. 

Steroid skeleton 
(R = different side chains) 

Cholesterol (animal sources) B-Sitosterol (plant sources) 

Figure 28.8 Some representative steroids 

Steroids are widespread in both plant and animal kingdoms, and many 
have useful biological activity. For example, digitoxigenin, a plant steroid 

found in Digitalis purpurea (purple foxglove), is widely used medicinally as 

a heart stimulant; androsterone and estradiol are steroid sex hormones; and 

cortisone is a steroid hormone with anti-inflammatory properties. 
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te 
HO HOY oH 

Digitoxigenin (heart stimulant) . Androsterone (male sex hormone) 

CH,OH 

C=O 
H3C 

HO 

Estradiol (female sex hormone) Cortisone (anti-inflammatory drug) 

Many other steroids are produced synthetically by pharmaceutical com- 
panies. Even such nonnaturally occurring steroids as methandrostenolone 
(Dianabol, an anabolic or tissue-building steroid) and norethindrone (Nor- 
lutin, an oral contraceptive agent) have potent physiological effects. 

Methandrostenolone (anabolic) Norethindrone (oral contraceptive) 

28.9 Stereochemistry of Steroids 

The steroid skeleton is composed of four rings fused together with a specific 
stereochemistry. All three of the six-membered rings (rings A, B, and C) 
can adopt strain-free chair conformations, as indicated in Figure 28.9. 
Unlike simple cyclohexane rings, however, which can undergo chair—chair 
“interconversions (Section 4.11), steroids are constrained to a rigid confor- 
mation and cannot undergo ring-flips. 
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Trans 

cg  CHs H 

An A,B cis steroid 

Figure 28.9 Steroid conformations: The three six-membered rings have chair con- 
formations 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, however, 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. 

Le Ge ; 
Cis H.C 

Ntout H 

CH3 

cis-Decalin cis-1,2-Dimethylcyclohexane 

H H 

HC 
H.C 

| 
H H 

trans-Decalin trans-1,2-Dimethylcyclohexane 
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As indicated in Figure 28.9, 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 B) and the hydrogen atom at C5 “down” (denoted a) on opposite 
sides of the molecule. By contrast, A,B cis steroids have both the C19 angular 
methyl group and the C5 hydrogen atom on the same side (8) 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 28.10). 

Equatorial Cholesterol 

Figure 28.10 The stereochemistry of cholesterol 
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28.9 Draw the following molecules in chair conformations, and indicate whether the ring 

‘(a) 

substituents are axial or equatorial. 
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Lithocholic acid is an A,B cis steroid found in human bile. Draw lithocholic acid 
showing chair conformations as in Figure 28.9, and tell whether the hydroxyl group 
at C3 is axial or equatorial. 

COOH 

Lithocholic acid 

28.10 Steroid Biosynthesis 

Steroids, which can be thought of as heavily modified triterpenes, are bio- 
synthesized in living organisms from 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 accomplishments. 

In essence, steroid biosynthesis occurs by enzyme-catalyzed epoxidation 
of squalene to yield squalene oxide, followed by acid-catalyzed cyclization 
and an extraordinary cascade of multiple carbocation rearrangements to 
yield lanosterol (Figure 28.11, page 1030). Lanosterol is then degraded by 
other enzymes to produce 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: 

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. 

Step 5 A fourth and last cyclization takes place, this one giving a 

five-membered ring. 

3Konrad E. Bloch (1912— _); b. Neisse, Germany; Ph.D. Columbia; professor, University of 

Chicago, Harvard University; Nobel prize in medicine (1964). , ,; 

4John Warcup Cornforth (1917—__);b. Australia; Ph.D. Oxford (Robinson); National Institute 

of Medical Research (Great Britain); Nobel prize (1975). 
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Squalene 

Lanosterol Cholesterol 

Figure 28.11 Biosynthesis of cholesterol from squalene 
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Step6 Carbocation rearrangement occurs by a hydride shift. 
Step 7 A second hydride shift gives still another carbocation. 
Step8 Carbocation rearrangement occurs by shift of a methyl] group. 
Step9 A second methyl-group shift gives a final carbocation 

intermediate. 
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 28.11 for convenience, it is 
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. 
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Examine the structures of lanosterol and cholesterol and catalog the changes that 
have occurred in the transformation. 

28.11 Summary and Key Words 

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 alcohol 
such as sphingosine for their backbone. These compounds are important 

constituents of cell membranes. 
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 simple lipids found in all body tissues, have a wide 
range of physiological actions. Terpenes are often isolated from the essential 
oils of plants. They have an immense diversity of structure and are produced 

biosynthetically by head-to-tail coupling of the five-carbon “isoprene equiv- 

alents,” isopentenyl 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. 
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28.13 

28.14 

28.15 

28.16 

28.17 

28.18 

28.19 

28.20 

28.21 
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Fats can be either optically active or optically inactive, depending on their structure. 
Draw the structure of an optically active fat that yields 2 equiv of stearic acid and 
1 equiv of oleic acid on hydrolysis. Draw the structure of an optically inactive fat 
that yields the same products. 

Show the products you would expect to obtain from reaction of glyceryl trioleate 
with the following: 

(a) Excess Br, in CCl, (b) H,/Pd 

(c) NaOH/H,O (d) O3, then Zn/CH;COOH 
(e) LiAlH,, then H,0* (f) CH3;MgBr, then H;0* 
(g) NaOH/H,0, then CH,N, (diazomethane) 

Eleostearic acid, C;gH39Ox, 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(CH2);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 

1 
(g) 18-Pentatriacontanone, CH3(CH2);6C(CH2),¢CH3 

How would you synthesize stearolic acid [Problem 28.16(e)] from 1-decyne and 1- 
chloro-7-iodoheptane? 

Vaccenic acid, CjgH34O9, is a rare fatty acid that gives heptanal and 11-oxounde- 
canoic 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: 

CH; CH, CH; 

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

CH OH Ht 
: CH, H;C CHs 

Guein Sabinene Cedrene 

Indicate by asterisks the chiral centers present in each of the three terpenes shown in Problem 28.19. How many stereoisomers of each are theoretically possible? 
Assume that the three terpenes in Problem 28.19 are derived biosynthetically from isopentenyl pyrophosphate and dimethylally] pyrophosphate, each of which was isotopically labeled at the pyrophosphate-bearing carbon atom (C1). At what posi- tions would the terpenes be isotopically labeled? 
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28.22 Suggest a mechanistic pathway by which a-pinene might arise biosynthetically from 
gerany! pyrophosphate. 

a-Pinene 

28.23 Suggest a mechanism by which y-ionone is transformed into B-ionone on treatment 
with acid. 

O O 

Son ae syne 

y-lonone B-Ionone 

28.24 Which isomer would you expect to be more stable—cis-decalin or trans-decalin? 

Explain. (You might want to review Section 4.13.) 

Decalin 

28.25 Draw the most stable chair conformation of dihydrocarvone. 

Dihydrocarvone 

28.26 Draw the most stable chair conformation of menthol and label each substituent as 

axial or equatorial. 

H3C 

H.C CH; 

Menthol (from peppermint oil) 
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28.27 

28.28 

28.29 

28.30 

28.31 

28.32 

28.33 
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Cholic acid, a major steroidal constituent of human bile, has the structure shown. 

Draw a conformational structure of cholic acid and label the three hydroxy] groups 
as axial or equatorial. 

HO H H 

Cholic acid 

How many chiral centers does cholic acid (Problem 28.27) have? How many stereo- 
isomers are possible? 

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 CH,Cl, 
(c) BH in THF, then H,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 
1 equiv of acetic anhydride? 

(a) H CH; O (b) CH, HO... -H 7 

4 Ott eo 
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. 

CH,CH, 
i. 
C= 

Y 
HO— —O 

‘ 
CH,CH3 

OH 

Diethylstilbestrol 

Propose a synthesis of diethylstilbestrol (Problem 28.31) from phenol and any other organic compound required. 

What products would you expect from reaction of estradiol (Problem 28.31) with these reagents? 
(a) NaH, then CHI (b) CHsCOCI, pyridine 
(ce) Brg, FeBrs (d) Pyridinium chlorochromate in CH,Cl, 
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28.34 Cembrene, CooHyp, 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 1 equiv of hydrogen, has no ultraviolet absorption. On exhaus- 
tive hydrogenation, 4 equiv of hydrogen react, and octahydrocembrene, CooH4o, is 
produced. On ozonolysis of cembrene, followed by treatment of the ozonide with zinc, 
four carbonyl-containing products are obtained: 

O O 

1. O; bape A be + a he Cembrene ar CHO® + OHC. CHO 

+ 

CHO 

Propose a suitable structure for cembrene that is consistent with the isoprene rule. 
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Heterocycles and Nucleic Acids 

Cee 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 
possible. 

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 ee 
CHSC. CH3N HCNHCH,CH,SCH, 

NH H 
oe N7S—-CHs ; CH \L H N i x 

O H COOH H 
Penicillin G Cimetidine 

(an antibiotic) (an antiulcer agent) 

H 

| ie 
O 

ey Y CH,CH; N 5 a “oN H 0” \ O 

O 

Phenobarbital Saccharin 
(a sedative) (an artificial sweetener) 

1036 
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Heterocycles aren’t new to us; we’ve encountered them many times in 
previous chapters, usually without comment. Thus, epoxides (three-mem- 
bered-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 het- 
erocyclic 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. 

29.1 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). ’ : , 

(> lS: ( S: 

H Furan Thiophene 

Pyrrole 

Pyrrole is obtained commercially either by distillation of coal tar or by 
treatment of furan with ammonia over an alumina catalyst at 400°C. 

i \\ no, // \\ 
O Al,03, 400°C i 

Furan H 

Pyrrole 

Furan is synthesized by catalytic loss of carbon monoxide (decarbonyla- 
tion) from furfural, which is itself prepared by acidic dehydration of the 
pentoses found in oat hulls and corncobs. 

ceo, 2 U eccmsy ie ” O°” CHO 

Pentose mixture Furfural Furan 

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. 

ye ea 1s 
CH, CH, pat eae Ss 

1,3-Butadiene Thiophene 
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All three of these heterocycles are liquid at room temperature, as indi- 
cated by the data on physical properties 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 oo 130 

Thiophene 84 —38 

The chemistry of these three heterocyclic ring systems contains some 
surprises. For example, pyrrole is both an amine and a conjugated diene, 
yet its chemical properties are not consistent with either of these structural 
features. 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 tend to 
react with electrophiles to give substitution products. 

How can we explain these observations? 

29.2 Structures of Pyrrole, Furan, and Thiophene ee oS Sade Se ee 
In fact, pyrrole, furan, and thiophene are 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 pl 
electron, and the sp?-hybridized 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). 

Five pyrrole p orbitals Pyrrole molecular orbital 

Figure 29.1 Pi bonding in pyrrole, an aromatic heterocycle with six pi electrons 

. 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 



29.3 ELECTROPHILIC SUBSTITUTION REACTIONS 1039 

carbon and one to hydrogen), and the two lone-pair electrons are involved 
in aromatic pi bonding, as the following resonance structures indicate: 

B-Y-O.-O-6 + +N 

H H H H H 

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 much more 
electron-rich and much more nucleophilic than typical double-bond carbon 
atoms. The pyrrole ring is therefore highly reactive toward electrophiles in 
the same way that activated benzene rings are reactive. 
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29.1 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. 
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29.2 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. 

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, and low-temperature reaction conditions are often nec- 
essary to prevent destruction of the starting material. Halogenation, nitra- 
tion, sulfonation, and Friedel-Crafts acylation can all be accomplished if 
the proper reaction conditions are chosen. A reactivity order of furan > 
pyrrole > thiophene is normally found. 

Bromination aN + Bro —Diexane, in Br + HBr 
0 r 0°c O 

Furan 2-Bromofuran 

(90%) 

: : is \ Acetic =e = HO 
Nitration ( 7" =f HNO; Wh savaa? i NO, 2 

| | 
H H 

Pyrrole 2-Nitropyrrole 
(83%) 
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O 

Friedel—Crafts i \ a aha — (a Takes 
S 

on 4 acylation S ] 

O 
Thiophene 

2-Acetylthiophene 

(83%) 

Electrophilic substitution of these aromatic heterocycles 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 attack at C3, 

which results in a cation with only two resonance forms (Figure 29.2). 
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eee een jen U\ 
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| H H 
H : NO, NO, NO, 
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1 ay } 
H H H 

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 deuter- 
iosulfuric acid, D2.SO,4, leads to formation of 2-deuteriopyrrole. 

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 
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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). 

O° @Q " 

§ J ; |i a — sp” orbital 

N : 3 

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. The pyridine 
nitrogen’s lone-pair electrons are not involved in aromatic pi bonding but 
are instead available for donation to a Lewis acid. Pyridine is a weaker base 
than aliphatic amines, however (pK, = 5.25 versus 11), because of its hy- 
bridization. The lone-pair electrons in the sp?-hybridized nitrogen orbital 
G s character) of an aliphatic amine are held less closely to the positively 
charged nucleus than lone-pair electrons in an sp? hybrid orbital @ s char- 
acter), with the result that sp®-hybridized nitrogen is more basic. 

Relative EM 3 > eo > (/ is 

i N’ | 
basicity 

# H 
Pyrrolidine Pyridine Pyrrole 

(pK, = 11.27) (pK, = 5.25) (pK, = 0) 
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Imidazolium ion has pK, = 6.95. Draw an orbital structure of imidazole and indicate 

which nitrogen is more basic. 

| 
H 

Imidazole 
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29.5 Electrophilic Substitution of Pyridine 

PROBLEM 

The pyridine ring undergoes electrophilic aromatic substitution reactions 
only with great difficulty. Halogenation and sulfonation can be carried out 
under drastic conditions, but nitration occurs in very low yield, and Friedel— 
Crafts reactions are not successful. Reactions usually give the 3-substituted 
product. 

- NN Br 

mae head + HBr 
N 

3-Bromopyridine 

(30%) 

SO3;H 
Ze | SO; HgSO, a | 

N H,SO4, 220°C S 

N 

3-Pyridinesulfonic 

acid (70%) 

XS NO, 

NaNOg, 370°C | Be + H,0 
N 

3-Nitropyridine 

(5%) 

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. 

= 

ee 
N 

uw = 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. 
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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. 
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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. 

Cl OCH.CH; 

| = Nai = : OC2Hs ~~ . aes 

_ C.H;OH | : semi Gh 
N N 

4-Chloropyridine 4-Ethoxypyridine 

(75%) 

| mS NaNH, | iS srg eee 

y NH, sh ‘Bri 
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 
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. 

SS 2 — mS ae ei — || = She 28 oe ‘ Ze he 

NJ ~cl NT G}o See tir 

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. 

eal ati NH» as aah 

N Cl UND Tc N NH, 

2-Chloropyridine Stabilized anion 2-Aminopyridine 

‘Ofee) Cl Om (3Cl 0; 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 
substitution of the 4-halopyridine occurs readily, but the 3-halopyridine does not _ 
react? 

SOTHO HHH eee eee eee eee eee O Hee eee HEHEHE HED EOE EE HHO HEHE OHH HHH ED EHH THEE TEE HHH HHT EE EE EOS 

If 3-bromopyridine is heated with NaNH, under forcing conditions, a mixture of 3- 

and 4-aminopyridine is obtained. Explain. [Hint: See Section 16.10.] 

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. 

5 4 5 4 4 

7 ap , No 6 2 N “ N 8 1 8 1 7 1 | 

H 

Quinoline Isoquinoline Indole 

H,C—CH H 

CH; 
/ 

uecae 

CHO inl CH, 

i 
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 our 
previous observation that pyridine rings are deactivated compared to ben- 
zene. Note that reaction occurs on the benzene ring (not the pyridine ring) and that a mixture of C5 and C8 substitution products is obtained. 
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Br 

cc Bry Ss > 

= H,SO, ae PS + HBr 
N N N 

, Br Quinoline 

5-Bromoquinoline 8-Bromoquinoline 

A 51:49 ratio 

NO, 

ne HNO, PS fe SS 7 
oN H,SO,, 0°C an aN + He 

NO» Isoquinoline 

5-Nitroisoquinoline _8-Nitroisoquinoline 

A 90:10 ratio 

Indole undergoes electrophilic substitution more easily than benzene 
but less easily than pyrrole. Again, this is consistent with our previous 
observation that pyrrole rings are more strongly activated than benzene 
rings. Substitution 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. 
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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. 

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; purine has four nitrogens in a fused-ring structure. 
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Purine 

Both heterocycles are essential components of the last major class of 
biomolecules we will 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, 
controls cell growth and division, and directs biosynthesis of the enzymes 
and other proteins required for all cellular functions. 

Like proteins, nucleic acids are polymers. Mild enzyme-catalyzed 
hydrolysis cleaves a nucleic acid into monomeric building blocks called 
nucleotides. Each nucleotide can be further cleaved by enzyme-catalyzed 
hydrolysis to give a nucleoside plus phosphoric acid, H3PO,, and each 
nucleoside can be hydrolyzed to yield a simple pentose sugar plus a hetero- 
cyclic purine or pyrimidine base. 

H,0 
Nucleic acid 

Enzyme 

Nucleotides 

H,0 

Enzyme 

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.) 
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HO—CH, - O OH HO—CH, - O OH 
H H H H 

H H H H 

HO OH HO H 

“Ribose 2'-Deoxyribose 

Four different heterocyclic amine bases are found in deoxyribonucleo- 
tides. Two are substituted purines (adenine and guanine) and two are 
substituted pyrimidines (cytosine and thymine). Adenine, guanine, and 
cytosine also occur in RNA, but thymine is replaced in RNA by a different 
pyrimidine base called uracil. 

NH, O 

NSN OK 

‘y | a3 S | ome Purines 

H H 

Adenine Guanine 

NH. O O 

Cy ox ne pele 
'yrimidines 

eo wo Pa 

Ieee ee 
Cytosine Uracil (RNA) Thymine (DNA) 

In both DNA and RNA, the heterocyclic amine base is bonded to C1’ 

of the sugar, whereas the phosphoric acid is bound by a phosphate ester 
linkage to the C5’ sugar position. Thus, nucleosides and nucleotides have 
the structure shown in Figure 29.4. . 

Phosphate 

Amine base O Amine base 

Sugar Sugar 

(a) (b) | 
Figure 29.4 (a) A nucleoside and (b) a nucleotide: When Y = H, the sugar is 

deoxyribose. When Y = OH, the sugar is ribose. 
ee ee 
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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. 

° hs Adenine 7 ¢ | isi Guanine 
ee HOPOCH, HOE RB Oaae) amiarhiNEs 
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2'-Deoxycytidine 5'-phosphate 2'-Deoxythymidine 5’-phosphate 
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OH) OH OH OH 
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OH OH OH OH 
Cytidine 5’-phosphate Uridine 5'-phosphate 

Figure 29.5 Structures of the four deoxyribonucleotides and the four ribonucleotides 
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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 

PROBLEM 

29.10 

Though chemically similar, DNA and RNA are different in size and 
have different roles within the cell. Molecules of DNA are enormous. They 
have molecular weights of up to 50 billion 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, beginning with DNA. 
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2'-Deoxythymidine exists largely in the lactam form rather than in the tautomeric 
lactim form. Explain. 

O OH 

Hse H H;C 

| ll =i 4 => 

N~ ‘oO oO 
Av AW 

Lactam form Lactim form 

29.10 Structure of DNA 

Nucleic acids consist of nucleotide units joined by a bond between the 5’- 
phosphate component of one nucleotide and the 3’-hydroxyl on the sugar 
component of another nucleotide (Figure 29.6, page 1050). 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). 

Just as the exact structure of a protein depends on the sequence in 

which individual amino acid residues are arranged, the exact structure of 
a nucleic acid depends on the sequence in which the individual nucleotides 
are arranged. To carry the analogy even further, just as a protein has a 
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Figure 29.6 Generalized structure of DNA 

polyamide backbone with different side chains attached to it, a nucleic acid 
has an alternating sugar—phosphate backbone with different amine bases 
attached to it. 

Different side chains - 
N terminus if C terminus 
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Basel Base2 Base3 A nucleic acid 
© | Ss Phosphate—Sugar— Phosphate—Sugar— Phosphate— Sugar — 

Phosphate ester bonds 
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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, however, it is 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-. 

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. The reason for this pairing of bases has much to do with the 
secondary structure of DNA. 

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 other bases; 

guanine (G) and cytosine (C) form strong hydrogen bonds to each other but 
not to other bases. 

xe Sugar H uga 

(Guanine) G::::::C (Cytosine) 

i 
N Ne.) CH; 

y ras se ver 
n=? N 

50 «(US 
Sugar 

(Adenine) A::::::T (Thymine) 

1James Dewey Watson (1928— ); b. Chicago, IIl.; Ph.D. Indiana; professor, Harvard Uni- 

ity; Nobel prize in medicine (1960). 5 

Mr hele Fe C. Crick (1916— ); b. England; Ph.D. Cambridge; professor, Cambridge Uni- 

versity; Nobel prize in medicine (1960). 
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The two strands of the DNA double helix are not identical; rather, they 

are 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”: 

Taxi 

TC 
hydrogen bond to T and C. 

1052 

Pure Silver 
Pur Ag 

The purine bases, A and G, 

First strand Second strand 

5' end Phosphate 3' end 

et 

| 
Phosphate 

Sugar 
| 

Phosphate 

a | 

Sugar 
| 

Phosphate 

3’ end Phosphate 5' end 

am 

20 A 

Figure 29.7 Complementarity in base pairing in the DNA double helix: The sugar—phosphate 
backbone of DNA is shown in gray; the atoms of the amine bases are shown in color and lie 
inside the helix; the small black atoms are hydrogen. rs ee 
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29.11 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 

29.11 Nucleic Acids and Heredity re eee ee fe ne 

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, a mech- 
anism must exist for the DNA molecule to be copied and passed on to suc- 
ceeding generations. For this information to be used, a mechanism must 
exist for reading the DNA, for decoding the instructions contained therein, 
and for implementing those instructions to carry out the myriad biochemical 
processes necessary to sustain life. 

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, whereas the function of RNA is to read, decode, and use 
the information received from DNA to make proteins. Each of the thousands 
of individual genes on each chromosome contains the instructions necessary 
to make a specific protein that is in turn 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. 

DNA —~> RNA — Proteins 

Three fundamental processes take place in the transfer of genetic 
information: 

1. Replication is the process by which a replica, or identical copy, of 
DNA is 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,” or transcribed, 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. 

29.12 Replication of DNA 

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 
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separate and the 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). 

Figure 29.8 Schematic representation of DNA replication 

Crick probably 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 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 is complex, involving many steps and many different 
enzymes. Addition of new nucleotide units to the growing chain, which is 
catalyzed by the enzyme DNA polymerase, has been shown to occur by 
addition of a 5’-mononucleotide 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 cannot 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 
unraveling (the replication fork) whereas the other strand has its 5’ end 
hear the replication fork. What evidently happens is that the complement 
of the original 3’ > 5’ strand is synthesized smoothly and in a single piece, 
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Figure 29.9 Addition of a new nucleotide to a growing DNA strand 

but the complement of the original 5’ — 3’ strand is synthesized discontin- 

uously in small pieces that are then linked at a later point by DNA ligase 

enzymes (Figure 29.10, page 1056). 
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Figure 29.10 Replication of DNA: Both new DNA strands are synthesized in a 
5'-to-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. 

It’s difficult to conceive of the magnitude of the replication process. The 
total size 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 several centimeters and contain up to 75 million pairs of bases. Regardless 
of the size of these 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 10-100 billion bases. 

29.13 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. 
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H H;C 

| Set | N—H 

ox No 

H H 

Uracil (in RNA) Thymine (in DNA) 

There are three major kinds of ribonucleic acid, each of which serves a 
specific function: messenger RNA (mRNA) carries genetic messages from 
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DNA to ribosomes, small granular particles in the cytoplasm of a cell that 
can be thought of as “protein factories”; 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 are 
joined together to make proteins. All three kinds of RNA are structurally 
similar to DNA, but they are much smaller molecules than DNA and they 
remain single-stranded, rather than double-stranded like DNA. 

Molecules of RNA are synthesized in the nucleus of the cell by tran- 
scription of DNA. A small 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’-to-3’ direction, and the completed RNA 
molecule then unwinds from DNA and migrates from the nucleus (Figure 
2 
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Figure 29.11 Biosynthesis of RNA using a DNA segment as template 
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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 exactly 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 syn- 
thesis, 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 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. 
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What RNA base sequence would be complementary to the following DNA base 
sequence? 

G-A-T-T-A-C-C-G-T-A 

29.14 RNA and Biosynthesis of Proteins: Translation 
eee eee eee 

The primary cellular function of RNA is to direct biosynthesis of the thou- 
sands of diverse peptides and proteins required by an organism. These pro- 
teins in turn regulate all other biological processés. 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 
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. 
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The specific ribonucleotide sequence in mRNA forms a “code” that deter- 
mines the order in which different amino acid residues are to be joined. 
Thus, each of the estimated 100,000 proteins in the human body is synthe- 
sized from a different mRNA that has been transcribed from a specific gene 
segment on DNA. 

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 
incorporation of the amino acid leucine into the growing protein, and gua- 
nine—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 
eee specify chain termination. Table 29.3 shows the meaning of each 
codon. 

Table 29.3 Codon assignments of base triads 

First Third base (3' end) 
base Second — 
(5' end) base U Eg A G 

U iu Phe Phe Leu Leu 

ce Ser Ser Ser Ser 
A Tyr Tyr Stop Stop 
G Cys Cys Stop Trp 

C U Leu Leu Leu Leu 

C Pro Pro Pro Pro 

A His His Gln Gln 

G Arg Arg Arg Arg 

A U Tle lle Tle Met 
C Thr Thr Thr Thr 

A Asn Asn Lys Lys 
G Ser Ser Arg Arg 

G U Val Val Val Val 
C 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 may be transferred to the 

growing protein chain. 
A typical tRNA is roughly the shape of a cloverleaf, as shown in Figure 

29.12 (page 1060). It consists of about 70-100 ribonucleotides and is bound 

to a specific amino acid by an ester linkage through the free 3’-hydroxy! 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 com- 

plementary to the codon sequence. For example, the codon sequence C-U-G 

present on mRNA would be “read” by a leucine-bearing tRNA having the 

complementary anticodon 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 phenylalanine. 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 
an process of protein biosynthesis is illustrated schematically in Figure 
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Figure 29.13 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. 

In summary, protein biosynthesis takes place in five discrete steps: 

Step 1 Messenger RNA, containing the genetic information tran- 
scribed from DNA, is synthesized in the nucleus and moves to 

the ribosomes. 

Step 2 Individual amino acids are activated by binding to specific 

tRNA’s. 

Step 3 Transfer RNA’s containing the correct anticodon sequences line 

up at the proper complementary codon sequences on one end of 

the mRNA chain and move the bound amino acid groups into 

position. 

Step 4 The polypeptide is produced as enzymes catalyze the addition 

of tRNA-bound amino acids to the growing peptide chain. 

Step 5 When the peptide is completed, a “stop” codon on the mRNA 

halts the biosynthesis, and the peptide is released from the 

ribosome. 
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29.14 

PROBLEM 

29.15 

PROBLEM 

29.16 

PROBLEM 

29.17 

PROBLEM 

29.18 
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eee e reer ee ee esos Cee e ee eee meee eee seme reser eeeeeseeeeee eee eEEeSEsEeEeHeeeseseeeeeES HEH EE HE 

List codon sequences for these amino acids: 
(a) Ala (b) Phe (c) Leu (d) Tyr 

CO eee meee eee eee eee se eee reese eevee ssoeHeeHsoeE EHF HEHE H HEE EHH THESE EHH TH HHH HHH HEE HOS 

List anticodon sequences on the tRNA’s carrying the amino acids shown in Problem 

29.14. 

Cee eee eee eee ee eee meee eee HEHEHE HET ERE EEE REE OEE HEHEHE EEE HEED E EER EEE EEE EEE TES EEE EEE E HE EEE 

What amino acid sequence is coded for by the following mRNA base sequence? 

CUU-AUG-GCU-UGG-CCC-UAA 

coe eee ee ae rere eee ese teres seer eree ese eH oee eee oeesHe FEES OTH HEHE EEE OHH E TEE HOE HE OHH HEHEHE E ED 

What anticodon sequences of tRNA’s are coded for by the mRNA in Problem 29.16? 

eee e errr sere seer eee ere resreereseseeeeeseneeeesone Pere eee eee cee eee sere esses sereseseeesesese 

What is the base sequence in the original DNA strand on which the mRNA sequence 
in Problem 29.16 was made? 

29.15 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) 

DNA sequencing is now carried out by a remarkably efficient and pow- 
erful method developed in 1977 by Allan Maxam and Walter Gilbert.3 

Since molecules of DNA are so enormous—some molecules of human 
DNA contain billions of base pairs—the first problem in DNA sequencing 
is to find a method for reproducibly and selectively cleaving the DNA chain 
at specific points to produce smaller, more manageable pieces. This problem 
has been 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 incubation of large DNA molecules 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; 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 incubated with another restriction 
enzyme having a different specificity for cleavage, still other segments are 
produced, whose sequences partially overlap those produced by the first 
a Sera 

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 Hpa II cuts here 
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ee 

A-G-A-A-G — C-T-C-G-C-T-C-C-G-G-T-A-C Hpa II 

T-C-T-T-C G-A-G-C-G-A-G-G-C-C-A-T-G 
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82Pp.A-G-A-A-G + °?P-C-T-C-G-C-T-C-C-G-G-T-A-C 

+ + 

T-C-T-T-C-°?P + G-A-G-C-G-A-G-G-C-C-A-T-G-°?P 

Figure 29.14 Cleavage of a DNA molecule with restriction enzymes: The enzyme Alu I 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. 

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). 

After restriction enzymes have cleaved DNA into smaller, more man- 
ageable pieces (restriction fragments) the various double-stranded frag- 
ments are isolated, and each is radioactively tagged by enzymatically 
incorporating a labeled *2P 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. 

The heart of the sequencing problem is finding reaction conditions for 

obtaining specific DNA chain breakage next to each of the four nucleotide 

bases so that the restriction fragments can be further degraded and ulti- 

mately sequenced. Maxam and Gilbert solved this problem using two 

reagents, dimethyl sulfate, (CH30)25O2, and hydrazine, H2NNHp. 

Treatment of a restriction fragment with dimethyl sulfate results in 

methylation (Sy2 reaction) of the purine bases A and G, but does not affect 

the pyrimidine bases C and T. Deoxyadenosine is methylated at Nz, and 

deoxyguanosine is methylated at N7. 
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Treatment of methylated DNA with an aqueous solution of the second- 
ary amine piperidine then brings about destruction of the methylated 
nucleotides and specific opening of the DNA chain at both the 3’ and the 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) hydrolysis 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; and (4) 
two eliminations of the 2-deoxyribose oxygen substituents at C3 and C5 
take place. These two elimination reactions 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 
methylates five times as rapidly as A but the hydrolytic breakdown of 
methylated A occurs more rapidly than that of methylated G if the product 
is first heated with dilute acid prior to base treatment. 

Breaking the DNA chain next to both pyrimidine nucleotides C and T 
can be accomplished by treatment of DNA with hydrazine, followed by heat- 
ing with aqueous piperidine. Although conditions that are selective for cleav- 
age next to T have not been found, a selective cleavage next to C can be 
accomplished by carrying out the hydrazine reaction in 2M NaCl. The mech- 
anism of deoxythymidine cleavage by hydrazine is shown in Figure 29.16 
(page 1066). 

Once again, the breakdown reaction involves numerous steps: (1) Hy- 
drazine first undergoes a conjugate addition to thymine, followed by (2) an 
intramolecular nucleophilic acyl substitution reaction that opens the hetero- 
cyclic thymine ring; (3) breakage of the aminoglycoside linkage and (4) hy- 
drolysis yields open-chain deoxyribose, which (5) forms an enamine by reac- 
tion with piperidine; (6) two elimination reactions then break open the DNA 
chain. 



29.15 SEQUENCING OF DNA 1065 

ft ¢ | Tl H | 
(DNA)—0—P—O—cH, 0 ale H,0 Been Ee 

N NEG a ee) CON — Fs OCH N. N NH, 

O- be b fe 
= H H H 
i O 

(DNA) (DNA) 

CH. 2 
OHCe 0 : SN H CH; beg OHC oil iny 

| 8 ge O N 
H.N ~N” “NH, [ | | “ke 20 OH B 
9 4 ©. Ula eat ap img oe Rie i N NH, 

(DNA)—0 —P—O—CcH, OH OW ears 
ie CHO 
O ™ : 

hi (DNA) 
| 

(DNA) 

@[(0 
H 

0 0 
I @ I 

NA)—O—F—O— CH OH e as NA)—0—P—6-CH OH 
: v1) , % Ny + H=-0—(ONA O ~ ry 0 H 

O 
| fe) 

(DNA) 
O 
| OH 

@NA TOs Renita? =a ’ 
0 — 

Figure 29.15 Mechanism of DNA cleavage at deoxyguanosine (G) 

In summary, four sets of reaction conditions have been devised for break- 

ing a DNA chain at specific points: 

1. A>G: Methylation, followed first by treatment with dilute acid 

and then by heating with aqueous piperidine, preferentially breaks 

the chain on both sides of A. (Some breakage also occurs next to 

G.) 

2. G>A: Methylation, followed by heating with aqueous piperidine, 

preferentially breaks the chain on both sides of G. (Some breakage 

also occurs next to A.) 

3. C: Treatment with hydrazine in 2M NaCl, followed by heating 

with aqueous piperidine, breaks the chain on both sides of C. 
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Figure 29.16 Mechanism of DNA cleavage at deoxythymidine (T) by reaction with hydrazine a ce ee geere aaa Qe Lane 
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4. C+T: Treatment with hydrazine in the absence of NaCl, followed 
by heating with aqueous piperidine, breaks the chain next to both 
C and T. 

After the restriction fragment has been broken down by selective cleav- 
age reactions into a mixture of smaller pieces, the mixture is 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 250 DNA pieces, 
differing in size by only one nucleotide, can be separated. 

Once separation of the pieces has been accomplished, the position on 
the gel of each radioactive 32P-containing piece is determined by exposing 
the gel to a photographic plate. Only the pieces containing the radioactively 
labeled 5'-end phosphate group are visualized; unlabeled pieces from the 
middle of the chain are present but do not appear on the photographic plate. 

At this point, we’ve discussed methods for selectively degrading a DNA 
restriction fragment, for separating the degradation products, and for visu- 
alizing those products. How can these methods be used for sequencing? Let’s 
follow a DNA fragment through the series of steps just discussed to see how 
they lead ultimately to a sequence for the DNA fragment. 

Step 1 A DNA molecule is incubated with a restriction enzyme, which 
cuts the chain at specific places and yields DNA fragments 
containing 100—200 nucleotide pairs. 

Step2 The double-stranded DNA restriction fragments are radioac- 
tively labeled by incorporation of a ?2P-containing phosphate 
group at the 5’-hydroxyl end of the terminal nucleotide. 

Step 3 The labeled restriction fragments are isolated, and each is sep- 
arated into its two complementary strands. For example, imag- 
ine that we have now isolated a single-stranded DNA segment 
of approximately 100 nucleotides with the following partial 
structure: 

(5' end) . 92P-C-T-C-A-G-T-A-C-C-G---------  (8’ end) 

Step4 The labeled single-stranded DNA segment is subjected to four 
parallel sets of cleavage experiments under conditions that lead 
to (a) preferential splitting next to A, (b) preferential splitting 
next to G, (c) exclusive splitting next to C, and (d) splitting 
next to both T and C. 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 (page 

1068) would be produced. 

Step 5 Product mixtures from the four cleavage reactions are sepa- 
rated by gel electrophoresis, and the spots on the gel are visu- 
alized by exposing the gel to a photographic plate. The location 
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Table 29.4 Splitting a DNA restriction fragment under four sets of conditions* 

Cleavage conditions Pieces produced 

Original DNA segment 32p_C-T-C-A-G-T-A-C-C-G- - - - 

A>G Spee 

32P_C-T-C-A-G-T + Larger pieces 

G>A o2P eT Con 

32P_C-T-C-A-G-T-A-C-C + Larger pieces 

C 32P_C7) 

32p°C-T-C-A-G-T-A 

82P_C-T-C-A-G-T-A-C + Larger pieces 

C+ T 32p.¢C 

32p.C-T 

32p_C-T-C-A-G 

S2P.C-T-C-A-G-T-A 

32P.C-T-C-A-G-T-A-C + Larger pieces 

“Only the pieces containing the radioactive end-label are considered. Other pieces 
are also produced but are not visualized. 

of each radioactive piece appears as a dark band on the pho- 
tographic plate; nonradioactive pieces are not visualized. The 
gel electrophoresis pattern shown in Figure 29.17 would be 
obtained in our hypothetical example. 

Step 6 The DNA sequence is then read directly from the gel. The band 
that appears farthest from the origin is the terminal mononu- 
cleotide (the smallest piece) and cannot be identified. Since the 
terminal mononucleotide appears only in the T + C column, 
however, it must have been produced by splitting next to a T 
or a C. Thus, the second nucleotide in the sequence is a T or a 
C. Since this smallest piece does not appear in the C column, 
however, the second nucleotide is not a C and must be a T. 

The second farthest band from the origin is a dinucleotide 
that appears in both C and T + C columns. This dinucleotide 
is produced by splitting next to the third nucleotide, which must 
therefore be a C. The third farthest band appears mainly in the 
A > G column, which means that the fourth nucleotide is an 
A. (There is also a faint band in the G > A column, since the 
specificity of these splittings is not’ complete.) 

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’- 
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Figure 29.17 Representation of a gel electrophoresis pattern: The products of the 
four parallel 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. 

terminal nucleotide can be determined by sequencing an over- 
lapping segment produced by cleavage with another restriction 
enzyme. 

The Maxam-—Gilbert method of DNA sequencing is so efficient that 
sequencing rates of up to 200 nucleotides per day can be achieved. So pow- 
erful is the method, in fact, that some protein sequencing is now done by 
sequencing the DNA from which the protein’s mRNA was transcribed. 
Impressive achievements are being recorded increasingly, including the 
sequencing of the Epstein—Barr virus having 170,000 base pairs. 

eee e ee er eee eres essere eee eeeeeeeeeseeeeeeseeeeeeeEeE EEO EFT ESTEE HOH HEE EH EH HEHE OHHH EO EEE OS 

Show the labeled cleavage products you would expect to obtain if the following DNA 
segment were subjected to each of the four cleavage reactions: 

8p. A-A-C-A-T-G-G-C-G-C-T-T-A-T-G-A-C-G-A 
wee eee eee ee Oe OO eH OOH EHH E EHO H EEE FOE EET EE DEH EH EEE REE H HEHEHE EEE HEHE EEO HES EEE EEE BE OE 

Sketch what you would expect the gel electrophoresis pattern to look like if the DNA 

segment in Problem 29.19 were sequenced. 

S ae 6 & 06 0 eis e100) 0) Bi6e ss p10 Glee s CW 0s 0 6 66 8 Oe Ore ROMO ORO eH a O80 Ca wie aoe He Yes eeceneneneneseenereneses 

Finish assigning the sequence to the pattern shown in Figure 29.17. 
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29.16 Laboratory Synthesis of DNA 

The development of genetic engineering techniques in the 1970s 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 
achievements have been recorded, including the synthesis by Khorana‘* in 
1979 of the tyrosine suppressor tRNA gene from the bacterium Escherichia 
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 10—20 nucleo- 
tides long. These DNA synthesizers, based on chemistry developed in the 
mid-1960s, 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 by means of a coupling reagent. When the last nucleotide has 
been added, the protecting groups are removed, and the synthetic DNA is 
cleaved from the solid support. 

The first step in DNA synthesis involves attachment of a protected 
nucleoside fragment to the polymer support by an ester linkage to the 3’ 
position of a deoxyribonucleoside. Both the 5’-hydroxyl and free amino 
groups on the heterocyclic bases must be protected to accomplish this attach- 
ment. Adenine and cytosine bases are protected by benzoyl groups, guanine 
is protected by an isobutyryl group, and thymine requires no protection. 
The deoxyribose 5’-hydroxyl group is protected as its DMT ether (para- 
dimethoxytrityl). Other protecting groups may also be used, but the ones 
mentioned here are common choices. 

Step 2 involves deprotection of the 5'-deoxyribose hydroxyl by Lewis 
acid-catalyzed cleavage with ZnBr2 to remove the DMT group. 

Step 3 involves phosphate ester formation between the free 5’ position 
of the polymer-bound nucleoside and the 3'-phosphate group of a protected 
nucleotide. This ester-forming step involves use of a coupling agent such as 
1-mesitylenesulfonyl-3-nitro-1,2,4-triazole (MSNT), a reagent that serves 
the same purpose in nucleotide synthesis that DCC serves in protein syn- 
thesis (Section 27.11). Note that one of the phosphate oxygens is protected 
as the o-chloropheny] ester in this coupling step. 

“Har 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. 

H CH,ODMT H CH,O0DMT 

H 

ne O 

where DMT = 2c _\-oon, 

OCH; 

NHCOC.H; O 

N. N 
7 Ni A N—H 

Base = | | N 3 N e 
AW N Aw N NHCOCH(CHs). 

N-protected adenine N-protected guanine 

NHCOCgH; O 

H3C 

No RO NO 
Av Av 

N-protected cytosine Thymine 

Step 2. 

H CH2O0DMT 

1. ZnBr2, CH3NO2 
es eS SS 

2. H,O 

The cycle of steps 2 and 3 is then repeated until a polydeoxyribonucleo- 
tide 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 polynucleotide to the 
polymer. All these reactions can be effected by treatment with aqueous 

ammonia. 
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CH 

/=N 
where MSNT = H;C SO2—N. a 

NNO; 
CH; 

Final step. O 

| 
P—O 

O 

1. ZnBr, (remove DMT) 

2. NH3, H20 (remove base-protecting groups 

and chlorophenylphosphates, and hydrolyze 
ester linkage to polymer) 

Synthetic DNA 
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29.22 p-Dimethoxytrityl (DMT) ethers are easily cleaved by mild Lewis acid. Suggest a 
reason why this ether cleavage is unusually easy. 

29.17 Summary and Key Words ee ae ere pe ng ll 

A heterocycle is a compound having 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 
usually display the same chemistry as their open-chain analogs, but unsat- 
urated heterocycles often display aromaticity. Pyrrole, furan, and thiophene 
are the simplest five-membered aromatic heterocycles. All three are unusu- 
ally 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 (ribo- 
nucleic 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 

O 

ly a 

HO 

where Y = OH (a ribonucleotide) 

H (a deoxyribonucleotide) 

The nucleotides are joined by phosphate links between the phosphate of one 
nucleotide and the 3’-hydroxy] group 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 
coiled 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 “gene machines” are available for automating the work. Sequencing 
of DNA can be carried out pop and efficiently by the Maxam-Gilbert 
method. 

29.18 Summary of Reactions 

1. Electrophilic aromatic substitution in five-membered heterocycles 
(Section 29.3) 

a. Bromination 

l/ > Seca / \ + HBr 
10xane Br O 

Furan 

b. Nitration 

l \ Te U\. N Acetic anhydride 
| 1 NO, + H,O 

H H 

Pyrrole 

c. Friedel—Crafts acylation 

U\ — D4. + HCl 

Thiophene 
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2. Nucleophilic aromatic substitution of halopyridines (Section 29.6) 

SS 

eo + 36h 
Nagpal, N,. OC,H, 

ADDITIONAL PROBLEMS 

29.23 Although pyrrole is a much weaker base than most other amines, it is a much 
stronger acid (pK, ~ 15 for pyrrole versus 35 for diethylamine). The N—H proton 
is readily abstracted by base to yield the pyrrole anion, C,H,N~. Explain. 

29.24 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. 

en O 
N>/ 

Oxazole 

29.25 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) H,/Pd (e) SO3, pyridine 

29.26 Nitrofuroxime is a pharmaceutical agent used in the treatment of urinary tract 
infections. Propose a synthesis of nitrofuroxime from furfural. 

UO deal ay Vege O CHO O.N O CH+NOH 

Furfural Nitrofuroxime 

29.27 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 

R—CCH,CH,C—R’ ——> ~=R N R’ + H,O 

| 
H 

29.28  3,5-Dimethylisoxazole is prepared by reaction of 2,4-pentanedione with hydroxyl- 
amine. Propose a mechanism for this reaction. 

hate 

3,5-Dimethylisoxazole 
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29.29 Define these terms: 

(a) Heterocycle (b) DNA (c) Base pair 

(d) Transcription (e) Translation (f) Replication (of DNA) 

(g) Codon (h) Anticodon 

29.30 What amino acids do these ribonucleotide triplets code for? 

(a) AAU (b) GAG (c) UCC (d) CAU 

29.31 From what DNA sequences were each of the mRNA codons in Problem 29.30 

transcribed? 

29.32 What anticodon sequences of tRNA’s are coded for by the codons in Problem 29.30? 

29.33 Draw the complete structure of the ribonucleotide codon U-A-C. For what amino 

acid doe’ this sequence code? 

29.34 Draw the complete structure of the deoxyribonucleotide sequence from which the 

mRNA codon in Problem 29.33 was transcribed. 

29.35 Give an mRNA sequence that would code for synthesis of met-enkephalin: 

H-Tyr-Gly-Gly-Phe-Met-OH 

29.36 Look up the structure of angiotensin II (Figure 27.4) and give an mRNA sequence 

that would code for its synthesis. 

29.37. What amino acid sequence is coded for by this mRNA base sequence? 

CUA-GAC-CGU-UCC-AAG-UGA 

29.38 Isoquinolines are often synthesized by the Bischler—Napieralski cyclization of an 
N-acy]-2-phenylethyl amine with strong acid and P,Os, followed by oxidation of the 
initially formed dihydroisoquinoline. Suggest a mechanism by which this cyclization 

occurs. 

_HsPOs . _HNOs, 

NH = Boss 

Coa 

CH3 : ' wee: 
A dihydroisoquinoline 1-Methylisoquinoline 

29.39 Quinolines are often prepared by the Skraup® synthesis, in which an aniline reacts 
with an a,fB-unsaturated aldehyde and the dihydroquinoline product is oxidized. 
Suggest a mechanistic pathway for the Skraup reaction. 

me ee eS 

| +) H.C-=CHCHO ss es = ec 
Ne a 

NH, N N 
H 

1,2-Dihydroquinoline Quinoline 

29.40 Show the steps involved in a laboratory synthesis of the DNA fragment having the 
sequence C-T-A-G. 

29.41 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 

Orbitals and Organic 
Chemistry: Pericyclic Reactions 

M... organic reactions take place by polar mechanisms, in which an electron- 
rich nucleophile donates two electrons to form a bond to an electron-poor 
electrophile. Many other organic reactions take place by radical mecha- 
nisms, in which each of two reactants donates one electron to form a new 
bond. Although much remains to be learned about polar and radical reac- 
tions, 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 concerted 
process through a cyclic transition state. The word concerted means that all 
bonding changes occur at the same time and ina 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. 

The Diels—Alder reaction (Section 14.7) is an intermolecular pericyclic 
reaction between a diene and a dienophile to yield a cyclohexene. Three 

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). 

1077 
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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. 

Diels-Alder eee’ ey CO) 
reaction, + —> : : ==> 

a cycloaddition Ww se oe 

Adiene_ A dienophile Cyclic transition A cyclohexene 

state i 

The Claisen rearrangement (Section 26.9) 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. 

O O 4 

Claisen rearrangement, C eee, 
a sigmatropic rearrangement LZ 2 2 

An allyl aryl Cyclic transition state 
ether 

OH O 
| Enolize a 

ry | 
H 

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 (2H,4Z,6E)-octatriene leads exclusively to formation of 
cis-5,6-dimethyl-1,3-cyclohexadiene. Heating the (2E,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 than the starting material and 
one less pi bond. 

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 so? 

& 
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Electrocyclic reactions 

CH; - CHs 

as ia eh 
IS eet aa 

oe LV 
CH; 

CH; 

(2E,4Z,6E)-Octatriene Cyclic transition cis-5,6-Dimethy]- 
state 1,3-cyclohexadiene 

CHs CHs ‘ CH; 
mS 

--H Panacea “jes ee ~ 3 
= CH; 

CH3 H 

(2E,4Z,6Z)-Octatriene Cyclic transition trans-5,6- Dimethyl- 
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 mathematical description of orbitals. 

30.2 Atomic and Molecular Orbitals 
a nia ee ee et 

Let’s begin by briefly reviewing some of the concepts introduced in Chapter 
1. We have defined an orbital as 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 is not important for our 
purposes, 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 

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 than either of the 

original two atomic orbitals, and one of which is higher in energy. 

As shown in Figure 30.2, the lower-energy molecular orbital, denoted 

ws, (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 #3, 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 lower- 

energy orbitals and thus have fewer favorable bonding interactions. 

Sigma antibonding molecular orbital, v5 

wou 7 — gate 

| 
ode N 

sp°-sp® sigma bond 
23 
wr 

sp® atomic 

orbital 
sp° atomic 

orbital 

ee et Ox 

Sigma bonding molecular orbital, 

Pi antibonding molecular orbital, Wo 

La 
+9 > eg 

ele 
e 
Bo* 

| 

p-p pi bond Node 

Pp sh ae + p atomic 

amg y ¥ orbital 

Pi bonding molecular orbital, y, 

* Figure 30.2 Sigma and pi molecular orbitals: Bonding molecular orbitals result 
from overlap of like lobes, whereas antibonding molecular orbitals result from over- 
lap of unlike lobes. 
a 
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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 when we assigned electrons 
to atomic orbitals in describing the electronic configuration of atoms (the 
aufbau principle, 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 Ww filled and > vacant. Irradiation with 
ultraviolet light, however, excites an electron from YW to w, leaving each 
orbital with one electron (Section 14.12). The electronic configurations of 
both ground and excited states of ethylene are shown in Figure 30.3. 

7s = 44 

hv 

+h Et 
See est) a) 

Ground state Excited state 

Bonding MO 

Figure 30.3 Ground-state and excited-state electronic configurations of the 
ethylene pi bond 

30.3 Molecular Orbitals of Conjugated Pi Systems 

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 wz), and 
two are antibonding (higher energy, #3 and 44), as shown in Figure 30.4 on 
page 1082. The two bonding orbitals in ground-state butadiene are occupied 
by four electrons, whereas the two antibonding orbitals are unoccupied. Note 
that, once again, the higher the energy of a molecular orbital, the more 

nodes it has between nuclei. 
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* 
es 

“een V4 ; ; Antibonding ——— Va A (three nodes) 

ew Gen we» 

V3 Antibondin g —— v s 
(two nodes) 3 

oe + 

+ peg | 

e \ | 

4 } hy 

eo  wwYy Bondi 
Four 2p atomic orbitals 2 : : | i 7 { ee oi ++. —t- Vo 

a, —F te 2 

| 

ANKE) 
V1 J a ¢ * 

¥ © YY Bonding Bd _! 
z 2 2 3 (zero nodes) tia ae "1 es » se \ i) WW, 
py Ground state Excited state 

Figure 30.4 Pi molecular orbitals of 1,3-butadiene: The two bonding orbitals are occupied, 
and the two antibonding orbitals are vacant in the ground state. 

A similar sort of molecular orbital description can be derived for a 
conjugated triene, or for any conjugated pi electron system. The six molec- 
ular orbitals of 1,3,5-hexatriene are shown in Figure 30.5. Only the three 
bonding orbitals, ¥, Y, and wW3, are occupied in the ground state, wi:ereas 
wz and Wy 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.: 

If the orbital symmetries of both reactant and product match up, or 
“correlate,” the reaction is said to be symmetry-allowed. If the orbital 



30.4 MOLECULAR ORBITALS AND PERICYCLIC REACTIONS 1083 
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Figure 30.5 Molecular orbitals of 1,3,5-hexatriene 
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symmetries of reactant and product do not correlate, however, the reaction 
is symmetry-disallowed. Symmetry-allowed reactions often occur under 
relatively mild conditions, but symmetry-disallowed reactions cannot 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— ); b. Nara Prefecture, Japan; Ph.D. Kyoto University; professor, 
Kyoto University; Nobel prize (1981). 
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PROBLEM 

30.1 

CHAPTER 30 ORBITALS AND ORGANIC CHEMISTRY: PERICYCLIC REACTIONS 

Kyoto University in Japan has 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, y, is the HOMO since it has two 

electrons, and ys is the LUMO since it is vacant. In ground-state 1,3-buta- 

diene, % is the HOMO and w3 is the LUMO (Figure 30.6). 

LUMO W5 wT) 

Ethylene 1, 3-Butadiene 

Figure 30.6 The HOMO and LUMO orbitals 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. 

Ae 6! tl Ba Ra Sa Bec sly he a PC ee CREO PON aris ge eT NBC IC, Cag toe eh RSI ERA CRT eas 

"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 cy¢lobutenes. 

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. 

Cre 
A conjugated triene A cyclohexadiene 

ae (al 
A conjugated diene A cyclobutene 

The key feature of electrocyclic reactions is their stereochemistry. For 
example, (2E,4Z,6E)-octatriene yields only cis-5,6-dimethyl-1,3-cyclo- 
hexadiene when heated, and (2F,4Z,6Z)-octatriene yields only trans-5,6- 

dimethyl-1,3-cyclohexadiene. Remarkably, however, the stereochemical 
results change completely when the reactions are carried out under photo- 
chemical, rather than thermal, conditions. Thus, irradiation of (2E,4Z,6E)- 

octatriene with ultraviolet light yields trans-5,6-dimethyl-1,3-cyclohexa- 
diene (Figure 30.7). 

CH; CH; 

| <i oe =-lal 
H cs 

eZ A aac 

CH, CH; 

(2E,4Z,6E)-Octatriene hy cis-5,6-Dimethy]l- 

SS 1,3-cyclohexadiene 

CH; CH3 

SS ¥ 

a 
Ee CH; A --CHg, 

H H 
(2H,4Z,6Z)-Octatriene trans-5,6-Dimethyl- 

1,3-cyclohexadiene 

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 (2H,4E)-hexa- 

diene when heated, and the cis isomer yields only (2H,4Z)-hexadiene. On 

irradiation, however, the results are again different: Cyclization of the 2H,4E 

isomer under photochemical conditions yields cis product (Figure 30.8). 

CH; CH3 

--H ZZ H 

a CH =e 175°C SS 3 

CH; H 

N. Av 
ce44-intndatne (2H,4Z)-Hexadiene 

CH; CHs 

-- ee H vanes H 

--CH; 175°C Sa LA 

H CH, 
trans-3,4-Dimethylcyclobutene (2E,4E)-Hexadiene 

Figure 30.8 Electrocyclic interconversions of 2,4-hexadienes and 3,4-dimethy]- 
cyclobutenes 

All 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. 

or 

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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Disrotatory 

= 

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: 

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 
result (Figure 30.9). 

Disrotatory 

7 t US 
(Exe @-H H6 CH; ) H H 

(2E,4Z,6E)-Octatriene cis-5,6-Dimethyl-1,3-cyclohexadiene 

Conrotatory A \ 

7 Sa H3C H 

KS KDE (ne Oat a Fe ee“. 
(2H,4Z,6E)-Octatriene trans-5,6-Dimethy]-1,3-cyclohexadiene 

Figure 30.9 Stereochemistry of disrotatory and conrotatory cyclization of 
(2E,4Z,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: 

Conjugated triene 

ground-state HOMO 

This disrotatory cyclization is exactly what is observed in the thermal cycli- 
zation of 2,4,6-octatriene. The 2E,4Z,6E isomer yields cis product; the 
2K ,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: 

\ VY) V VY) 
I? r O) () Conrotatory () 6 

: Xf ¥ as 
Conjugated diene 

ground-state HOMO 

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. 
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isrotatory \ s 

7 
H H H H 

cis-5,6-Dimethyl- 

1,3-cyclohexadiene 

isrotatory \ Y = oe 
H H CH; 
© 

H CH; 

(2E,4Z,6Z)-Octatriene trans-5,6-Dimethyl- 

1,3-cyclohexadiene 

Figure 30.10 Thermal disrotatory ring closure of 2,4,6-octatrienes 

cis-3,4-Dimethylcyclobutene yields (2E,4Z)-hexadiene, and trans-3,4-di- 
methylcyclobutene yields (2 ,4E)-hexadiene by conrotatory opening (Figure 
30.11). 

oe 
H,C’@ H H°@ CH; = eo“ H 

G> 

wee CHs, Ol 
(2H,4E)-Hexadiene trans-3,4-Dimethy]- 

cyclobutene 

q () © () Conrotatory H3C Jo BY O a H3C 

— @(@« H,C°@-H HH, @>H Hu H H H 
wi Se, 

(2E,4Z)-Hexadiene cis-3,4-Dimethylcyclobutene 

Figure 30.11 Conrotatory ring opening of the cis- and trans-dimethylcyclobutenes 

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 

is, of course, due to the different symmetries of the diene and triene HOMO’s: 
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CHAPTER 30 ORBITALS AND ORGANIC CHEMISTRY: PERICYCLIC REACTIONS 

Opposite signs * poe Same sign yong 

ili ™ 8 “ Mim, 
SS —_— = ae \f— —e See + 
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te 2&8 Tks el ak : 
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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 
closure (or opening). Polyenes with an even number of electron pairs undergo 
thermal electrocyclic reactions in a, conrotatory sense, whereas polyenes 

with an odd number of electron pairs undergo the same reactions in a dis- 
rotatory sense. 

CeO e eee eee reese ese ese reser eeeeeeeeee ree eee eeeseeeeeeseeeeeEeeseeeeeeseseseeeesessseseses 

Draw the products you would expect to obtain from conrotatory and disrotatory 
cyclizations of (2Z,4Z,6Z)-octatriene. Which of the two paths would you expect the 
thermal reaction to follow? 

Se Tale a! ee See CL a ules e:-' fe). ele:'s 0/0) 6) eyetsave\'e) wie. wlsle ie) ee sicte* Clee 6 a6) v wha eta’ nia BER a (afore aie lerdal oe) alate) 4) lished ® be) s a in wis ene ecard 

In theory, trans-3,4-dimethylcyclobutene can open by two conrotatory paths to give 
either (2H,4F)-hexadiene or (2Z,4Z)-hexadiene. Explain why both products are sym- 
metry-allowed, and then account for the fact that only the 2H,4E isomer is obtained 
in practice. : 

30.7 Photochemical Electrocyclic Reactions 

Different 

( sign 

Ground-state Excited-state 

HOMO 

We noted previously that photochemical electrocyclic reactions take a dif- 
ferent stereochemical course than their thermal counterparts. We can now 
explain this difference. Ultraviolet irradiation of a polyene causes an exci- 
tation of one electron from the ground-state HOMO to the ground-state 
LUMO. Thus, irradiation of a conjugated diene excites an electron from Wo 
to W3, and irradiation of a conjugated triene excites an electron from wz to 
Wi, (Figure 30.12). 

Electronic excitation changes the symmetries of the HOMO and LUMO 
and hence changes the reaction stereochemistry. For example, (2H,4F)-hex- 
adiene undergoes photochemical cyclization by a disrotatory path (recall 
that the thermal reaction is conrotatory): 

Same sign 

ee) ~eE : 
cis-3,4-Dimethylcyclobutene 

HOMO 
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* 

We a 2a 

‘c= — LUMO 

v;— — LUMO] LUMO yj; —— he —t- Homo 
* LUMO ¥3; —— a —+ yomo| Homo ¥3 ++ += 

ale Eh ty HOMO y, —- Vo 

Hh + 1-H te 
Ground state Excited state Ground state Excited state 

Conjugated diene Conjugated triene 

Figure 30.12 Ground-state and excited-state electronic configurations of conju- 
gated dienes and trienes 

Similarly, (2E,4Z,6E)-octatriene undergoes photochemical cyclization by a 
conrotatory path (the thermal reaction is disrotatory): 

) 

Ground-state HOMO Excited-state HOMO 

(2H,4Z ,6E)-Octatriene 

[coms 

CS 
H CH; 

trans-5,6-Dimethyl-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 allows us to predict the ste- 
reochemistry of a large number of organic reactions. 

Table 30.1 Stereochemical rules for 

electrocyclic reactions 

Electron pairs Thermal Photochemical 
(double bonds) reaction reaction 

Even number Conrotatory Disrotatory 
Odd number Disrotatory Conrotatory 
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30.4 What product would you expect to obtain from the photochemical cyclizations of 
(2E,4Z,6E)-octatriene? Of (2H,4Z,6Z)-octatriene? 

PROBLEM. cc ccccvccevevecse secre ners reer rescore see eee reser encrsssesesesseeer seer esses eeeees essere 

30.5 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; CH; 

ola He els, “ee Ch. 
H CD Chay Cail gas 

P CD3 ' CeH; 
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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. 

alli om ; ira sageon 
= 

H H 

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). 

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]-pi-electron cycloadditions often take place readily, however, to yield 
cyclobutane products. How can we use orbital symmetry arguments to 
explain these results? 

For a successful cycloaddition to take place, the terminal pi lobes of the 
two unsaturated reactants must have the correct symmetry for bonding 
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Diethy] fumarate (trans) ~CO2CoHs 
H 

Figure 30.13 Diels—Alder cycloaddition reactions of diethyl maleate (cis) and di- 
ethyl fumarate (trans): The reactions are stereospecific. 
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overlap to occur. This can happen in either of two ways, designated supra- 
facial and antarafacial. Suprafacial cycloadditions occur when the orbital 
symmetries of the reactants are such that reactions occur 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. 
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Antarafacial cycloadditions occur when the orbital symmetries of 
the reactants are such that reactions occur between lobes on the same face 
of one component and lobes on opposite faces of the other component (Figure 

30.15). 

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 antarafa- 
cial 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, cyclo- 
addition reactions take place when the HOMO of one reaction partner over- 
laps 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 is 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 is lowest in energy and most likely to 
accept the electrons. Let’s see how this rule applies to specific cases. 
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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 these 
two orbitals are such that bonding overlap of the terminal lobes can occur 
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. 

Suprafacial 

aw 

Diene: 

ground-state LUMO 

Cyclohexene product 

O Wy 
; 

Alkene: 

ground-state HOMO 

Figure 30.16 Correlation of the diene LUMO and the 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 is apparent that a thermal [2 + 2] cycloaddition must 
take place by an antarafacial pathway (Figure 30.17, page 1096). Geometric 
constraints make the antarafacial transition state impossible, however, and 

concerted thermal [2 + 2] cycloadditions are therefore not observed. 
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Ground-state HOMO 

v4 of one alkene 

Antarafacial 

: : es a ee No reaction 
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) = 

+»  Ground-state LUMO # y 
Vo of another alkene A 

Figure 30.17 Correlation of the HOMO and the LUMO in thermal [2 + 2] cyclo- 
addition: The reaction does not occur because antarafacial geometry is too strained. 

Photochemical [2 + 2] cycloadditions, however, are observed. Irradiation 
of an alkene with ultraviolet light excites an electron from 4, the ground- 
state HOMO, to yo, the excited-state HOMO. Correlation between the excit- 
ed-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). 

Ground-state Excited-state 
HOMO 

Ve 

LUMO 

HOMO ~ ™ Suprafacial 
ee ee _—_———___, : 
ee ace & 

Cyclobutane 

Figure 30.18 Correlation of the HOMO and the LUMO in photochemical [2 + 2] cycloaddition 
reactions: The reaction occurs with suprafacial geometry. 
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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: 

O ‘ 0 H 

CH, 
hy 

+ —< 
H;C CH; CHs 

H CH, 
2-Cyclohexenone 2-Methylpropene 40% 

CH 
HO HO CH, 

CH as 

—— 

ZE 

CH, CHs CH, 

55% 

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 must take 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 

cycloaddition reactions 

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 cyclo- 
addition pathways are symmetry-allowed processes. Only the geometric con- 
straints inherent in twisting a conjugated pi electron system out of planarity 
make antarafacial reaction geometry difficult in many cases. 

poem meee ee eee ee ee eee te eee ete e tweet eee een eee Fete eet tesr eee Eee eeereesZereseeeesereresereeeeos 

What stereochemistry would you expect for the product of the Diels—Alder reaction 
between (2E,4E)-hexadiene and ethylene? What stereochemistry would you expect 

if (2E,4Z)-hexadiene were used instead? 
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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? 
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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.CHs; 0 

a : CO2CHs | 
ct | ar a 7 

ae 1 CO,CH, 0 
CO.CHs 

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: 

. ©: | @: 
A [1,3] rearrangement C—C=C == Ce Spe — C=C—C Les tN 1 2 & 

C 
2 

Cyclic transition 
state 

2 2 
ox S83 ca : leieGn 8 

A [3,3] rearrangement J = : ae = 7 
C oe eae oe eee 

2 
€ Cyclic transition 4 

state 
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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 pentadienyl fragment. Migration occurs to position 1 of the H group 
(the only possibility) and to position 5 of the pentadienyl group. 

A [1,5] sigmatropic rearrangement 

H, 
Hy 

CH,—CH=CH—CH=CH, == CH,=CH—CH=CH—CH, 
it 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 

CH CH 1.7 = 3 te 3 
‘Claisen rearrangement, 0 CH, 2 xf : 
a [3,3] rearran c gemen H.C. CH, H,C_ CH. 

: CHA 1 CH "3 

30.11 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, page 1100). 

The rules for sigmatropic rearrangements are identical to those for 
cycloaddition reactions, as summarized in Table 30.3. Both suprafacial and 
antarafacial sigmatropic rearrangements are symmetry-allowed processes, 
but suprafacial rearrangements are often easier for geometric reasons. 

Table 30.3 Stereochemical rules for sigmatropic 
rearrangements 

Electron pairs Thermal Photochemical 
(double bonds) reaction reaction 

Even number Antarafacial Suprafacial 

Odd number Suprafacial Antarafacial 
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Suprafacial 

eo > 

(same side) 

Antarafacial 

—_—_—_—_—_—_—_——_— 

(opposite side) 

Figure 30.19 Suprafacial and antarafacial sigmatropic rearrangements 

30.12 Some Examples of Sigmatropic Rearrangements 

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. 

H,C_ _H ue 
} (1,5) Shift H 2 5 ; ift {1,5] Shift = = 

25°C 25°C 
Seen H 

H 

5-Methylcyclopentadiene 1-Methylcyclopentadiene 2-Methylcyclopentadiene 

As another example, heating 5,0,5-trideuterio-( 1,3Z)-pentadiene causes 
scrambling of deuterium between positions 1 and 5. 
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CH, CHD 

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 
ether (Section 26.9). 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 i 

(3,3) 
O on (es moe «HO 

A eae ~ 
An allyl aryl ether An o-allylphenol 
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Claissen rearrangement Ou 
[3,3] OF = 

eee 

ee Pee) 

An allyl vinylic ether A y,6-unsaturated 
carbonyl compound 

Cope rearrangement CH CH Pp g' S 3 he ez 3 

——— 

LE. << 

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). 

[3,3] 

a / Suprafacial 

HC—CH, 

HoC—=CH 
ip 

5 [3,3] 
He rm Suprafacial 

HC—O 

(b) Claisen rearrangement 

Figure 30.21 Suprafacial [3,3] Cope and Claisen rearrangements 
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The ease with which these two rearrangements occur provides evidence 
for the correctness of orbital-symmetry predictions. For example, it has been 
estimated, based on spectroscopic measurements, that homotropilidene 
undergoes [3,3] Cope rearrangement several hundred times each second at 
room temperature. 

[3,3] 

Homotropilidene 

POU O SEUNG Erbe tected ths shalaicfoneieveketarsliolassiacare Aira oa svsradia sires crete eels tam eee kee ees ne hea eine boron 

30.10 The °C NMR spectrum of homotropilidene taken at room temperature shows only 
three peaks. Explain. 

EEUU YEE Se heme eet 6 ake Orshs «ona LNc Whciel eile tel erehaae) stoky's sicic cele che SGNeS a kta Sie Gls ATS, SUE RR LIES EUS ov bo oe ce vee 

30.11 Howcan you account for the fact that heating 1-deuterioindene scrambles the isotope 
label to all three positions on the five-membered ring? 

ree Dp Heat Er 
H D H oer er 
H H D 

EER AD ER Me RNAS cot elie bet ane Ges aor st MeO cMOL of sb al.c alter ae ay clin ial at olscusis) 08,066 oie: @ysel cic) s 0i-ole asks @ieusrePebest 168 @S)BIS%*. 8.6 ais coue eieve oL8 le fetes. Se 

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. 

CH2.—H 
| a CH,— H 

ae 
arle Ss eH; 

PROBLEM cicio cos 0 oc eietolelieia (0 ei cl skal aie (aisle 0 (eos isifeleve level ele sivlisle le o:0\¢.2 (016,00 09:0 0 scle 016 000 0.0.0.0 6 a0 0 010 0 0,010.56) 0:89.80, «eho. 

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. 

O ~2~ on, OH 

H,C. -\_-CHs HC CH; 
| ruby 
i A 

~" ~CH, 
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30.13 A Summary of Rules for Pericyclic Reactions 

PROBLEM 

30.14 

Pericyclic, electrocyclic, cycloaddition, sigmatropic, conrotatory, disrotatory, 

suprafacial, antarafacial—how can we 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 us 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 this information can be distilled into one simple 

phrase that, when memorized, 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 easily derived by simply remem- 
bering that they are 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. 

Table 30.4 Generalized selection rules for pericyclic reactions 
eer eo ee a 

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 

SE GIS ate FUL BSS SIS HEI S)'e\ 9\'8,0: 9) (0): 6)) 8.0) 8) €' 6.16) 8.8 6 et euanereieys, @UexelleueNayenrn tenmia, eis/aietaredelepetenele er svectet one hen arenerene eT are neP ttt 

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 
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30.14 Summary and Key Words a creme ee 

A pericyclic reaction is one that takes place in a single step involving 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). The reaction course for any specific case can be 
found by looking at the symmetry of the highest occupied molecular 
orbital (HOMO). 

Conrotatory Disrotatory 

Figure 30.22 Conrotatory and disrotatory motions during electrocyclic reactions 

Cycloaddition reactions are those in which two unsaturated molecules 
add together to yield a cyclic product. For example, Diels—Alder reaction 
between a diene (four pi electrons) and a dienophile (two pi electrons) yields 
a cyclohexene. Cycloadditions can take place either by suprafacial or 
antarafacial pathways. Suprafacial cycloaddition involves reaction be- 
tween 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, page 1106). The reaction course in a specific case 

can be found by looking at the symmetry of the HOMO of one component 

and the lowest unoccupied molecular orbital (LUMO) of the other 

component. 

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 
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Suprafacial Antarafacial 

Figure 30.23 Suprafacial and antarafacial cycloadditions 

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 count- 
ing the total number of electron pairs (bonds) involved in bond reorgani- 
zation and then applying some simple rules. Thermal (ground-state) 
reactions involving an even number of electron pairs occur with either antar- 
afacial or conrotatory stereochemistry (even—antara—con); thermal reac- 
tions 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 

30.15 

30.16 

Se SOSESY SS) 8'010/'0)10 6,9 0:8) #10 (06:0!) #10,6' 010/89: 6 '9(6:0:.6\0 e 16) ejofale, e/ele) kere lsleree ete 9 ee) etal slates eletele ele stevie 's's ataia viorsielaiereiae 

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? 

<P> ets 



30.17 

30.18 

30.19 

30.20 

30.21 

30.22 
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© Oe — GD H H 

(2E,4Z,6Z,8E)-Decatetraene has been cyclized to give 7,8-dimethyl-1,3,5-cycloocta- 
triene. 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 cyclizations 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 the conrotatory or 
disrotatory nature of each reaction. 

Which of the following two reactions is more likely to occur? Explain. 

H H 

teenie 
The following thermal rearrangement involves two pericyclic reactions in sequence. 

Identify them and propose a mechanism to account for the observed result. 

Hcp, H.C 
H D 

H 275°C D 

H CD, H2C D 
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30.23 Predict the product of the following pericyclic reaction. Should this [5,5] shift be a 

suprafacial or an antarafacial process? 

a ee ) 

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? Identify the stereochemistry of each reaction as either con- 

rotatory or disrotatory. 

— —————— 

300°C 100°C 

Hee 

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. 

ro 

- a ak 

= ce (CHe)4 

H H faces i Ps 
H H 

Cis 

7 a Sir 

—— (CH»)4 H (CHo)4 

H H 
H 

Trans 

30.26 Two pericyclic reactions are involved in the furan synthesis shown. Identify them 
and propose a mechanism for the transformation. 

re C,H 6 Seon . C = CH; 

eS = 

NS/ I = ee Sea 
| CHO 

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. 

# GE O CH, a 
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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. 

CH, H.C. 
0 CHs 

CH aa H3C 

CHg 

CH3 

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. 

Det VCH. H;sC. CHg D H;C C.H; 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. 

eae CH, 

20:7 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 
opens at lower reaction temperatures. 
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30.33 In light of your answer to Problem 30.32, explain why a mixture of products occurs 

in the following reaction: 

CH; 

ht “To Sie oom 190°C 

H 

30.34 Estrone, a major female sex hormone, has been synthesized by a route that in- 
volves the following step. Identify the pericyclic reactions involved and propose a 

mechanism. 
O 

O H5C 
HC 

rH --- 

CH30 CH30 

Estrone methyl 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? 

92% 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. 

A 
H3C CH 

Se > N(CHs)2 N 
CH.CH—CH, > 

CH,CH=CH, 

N-Allyl-N,N-dimethylanilinium ion o-Allyl-N,N-dimethylanilinium ion 



CHAPTER 381 

Synthetic Polymers 

N o other group of synthetic organic 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 chemical 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 (1986) 

U.S. production U.S. production 
Polymer (million Ib/yr) Polymer (million 1b/yr) 

Polyethylene Acrylonitrile/butadiene/ 2,195 
Low-density 8,903 styrene 

High-density 7,182 Acrylic fibers 616 

Polypropylene 5,812 Epoxy adhesives 398 
Polystyrene 4,470 Phenolic resins 2,735 
Poly(vinyl chloride) 7,256 Urea—formaldehyde resins 1271 
Nylon 2,514 Styrene/butadiene rubber 792 

Polyesters 2,446 Polybutadiene rubber B20) 

Polymers aren’t new to us. A polymer is simply a large molecule built 
up by repetitive bonding together of many smaller units called monomers. 
In fact, we’ve already studied the major classes of biopolymers: 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. 

1111 
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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 exact nature 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 can be 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. These categories are nec- 
essarily 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 either an anion, a cation, or a radical, and the 

monomer unit can be any of a large number of substituted alkenes. Poly- 
ethylene, produced by radical-initiated polymerization of ethylene, is by far 
the most common example of a chain-growth polymer: 

CH,=CH, 
St In: + CH,=CH, ——> [In—CH,CH,°] [In—CH,CH,CH,CH, °] 

A radical 

initiator 
Repeat 

many times 

H H HH HH HH HH 
NT peel, M hedistirbieli 

ine ee eae SiCaly Cn aie 

/\ \ \ fi ‘\ 

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 have 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 
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main chain. Nylon, a polyamide formed by reaction of a diacid and a diamine, 
is the most common example of a step-growth polymer. 

| | H2N(CH,),NH2 + HOOC(CH,),,cCOOH —45 +-NH(CH,),NH—C(CH,),C3- + H,O 

Nylon, a step-growth polymer 
(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. It has a current annual 
U.S. production volume of nearly 16 billion lb. 

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 

oe Cea a en eae = “In.” 

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—=CH, >. 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,— CH, oat: H,C= CH, — In— CH,CH,CH,CH, : 

Repeat 

In (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: 

2In (CH,CHg,),CH,CH, - —> In (CH2CHy,),,CH,CH,— CH,CH2(CH2CHg),,Jn 

2 In(CH,CH,),,CH,CH,: —— In(CH,CH2),CH—CH, + In(CH,CH2),CH2CH3 
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Many substituted ethylene monomers undergo radical reaction to yield 
polymers with substituent groups (denoted by a circled S) regularly spaced 

along the polymer backbone. 

S) 
| 

CH,—CH a CH,CHCH,CHCH,CH 
polymerization 

Monomer 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 
Monomer common names 
name Formula of polymer Uses 

Ethylene H,C—=CH, Polyethylene Packaging, bottles, 
cable insulation, 
films and sheets 

Propene (propylene) H,C—CHCH; Polypropylene Automotive moldings, 

rope, carpet fibers 

Chloroethylene H,C—=CHC]l Poly(vinyl Insulation, films, 
(vinyl chloride) chloride), pipes 

Tedlar 

Styrene H,.C—CHC,H; Polystyrene, Foam and molded 
Styron articles 

Tetrafluoroethylene F,C—CF, Teflon Valves and gaskets, 
coatings 

Acrylonitrile H,C—=CHCN Orlon, Acrilan Fibers 

CH3 

Methyl! methacrylate H,C—CCO,CH3 Plexiglas, Molded articles, 
Lucite paints 

Vinyl] acetate H,C—CHOCOCH; Poly(vinyl Paints, adhesives 
acetate) 

Vinyl alcohol “H2C = CHOH” Poly(vinyl Fibers, adhesives 
alcohol) 

eeEeeeeeSSSSSSSSSeSSFSFSFSFSFFSSSSSsSsS 

« 

Note that vinyl alcohol, the monomer corresponding to poly(vinyl alco- 
hol), is an enol isomer that, if prepared, would tautomerize rapidly to acetal- 
dehyde. Poly(vinyl alcohol) must therefore be made by polymerization of 
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vinyl acetate (H,C— CHOCOCHS), followed by hydrolysis of poly(vinyl 
acetate): 

ieamracet ee 

CH,— CH— CH, — sey ep Ole eee es) + CH,COO- 

Poly(vinyl acetate) Poly(vinyl alcohol) 
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31.1 How might these polymers be prepared? Show the monomer units you would use. 

sath a oad 

(a) CH,— CH—CH,—CH—CH,— CH 

: al Na ra ri ie 4 

(c) are cree ee eee Leh 
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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, i 1 : 
CY ates CH,CHCH,CH 

Ph Ph 

not CH,—CH—CH—CH, 

31.3 Cationic Polymerization 

Certain alkene monomers can be polymerized by a cationic mechanism, as 
well as by a radical mechanism. Cationic polymerizations occur by a chain- 
reaction pathway and require the use of strong protic or Lewis acids as 
initiators. The key chain-carrying step is the electrophilic addition of a 
carbocation intermediate to the carbon—carbon double bond of another mo- 

nomer unit. 
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8) 
| H—A errs + 

Repeat 

many times | 
ibe 2 

As we might expect, vinyl monomers with electron-donating substit- 
uents polymerize much more readily than do monomers with electron-with- 
drawing substituents. Thus, ethylene, vinyl chloride, and acrylonitrile do 
not polymerize easily under cationic conditions, but 2-methylpropene poly- 
merizes rapidly. This difference in behavior simply reflects the difference in 
stability of the potential chain-carrying intermediate cations. 

Electron-rich alkene; stabilized cation 
H—CH,—CH* intermediate when substituent is 

electron-donating; good reaction 

Y 
CH,==CH 4-4. 

pop Electron-poor alkene; destabilized 
CH,=CH —}— | H—CH,—CH* cation intermediate when substituent 

is electron-withdrawing; poor reaction 

The most common commercial use of cationic polymerization occurs 
during the preparation of polyisobutylene by treatment of isobutylene (2- 
methylpropene) with BF; catalyst at —80°C. The product is used in the 
manufacture of inner tubes for truck and bicycle tires. 

en CH; CH, 
CH,=C(CH;). 2%, | CH;—C(CH,), —CH=oCHs2, Geer 
DyMethylpropene Ie CH, 

(Isobutylene) | 

CH; 

een 

on, |, 
Polyisobutylene 
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ee CCS MHeC Sear essseeeerceeceoncecenvene . . POPS erk ee ccs eS \Cl SSNS Legs (ee) B See e eee 8 Ree eee Bim 
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List the expected reactivity order of the following monomers to cationic polymeri- 
zation. Explain your ordering. 

H,C—CHCHs, H,C—CHCl, H,C—=CH—CgHs, H,C—CHCO,CH; 

31.4 Anionic Polymerization 

Alkene monomers with electron-withdrawing (anion-stabilizing) substit- 
uents 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-type reaction (Section 23.12). Acrylonitrile 
(H,C—=CHCN), methyl] methacrylate [HzC =C(CH3;)COOCHs], and styrene 
(Hz,C—CHC,.H;) can all be polymerized anionically, although radical- 
initiated polymerization is preferred commercially. 

al 
CH,=CH + Nu: Nuts Heat CH:ts emits 

| 

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 is 

claimed to support 2000 lb. Super glue is simply a solution of highly pure 

methyl a-cyanoacrylate. Since the carbon—carbon double bond has two elec- 

tron-withdrawing groups, anionic addition is particularly easy and partic- 

ularly rapid. Trace amounts of water or bases on the surface of an object 

are sufficient to initiate polymerization of the cyanoacrylate and bind arti- 

cles 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. 
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CH,=C a HO- ee “x aia ae 

COOCH3 COOCH3; 

Methyl a-cyanoacrylate 

I 
CH i 

N 

COOCH; /” 

Super glue 
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31.4 Order the following monomers with respect to their expected reactivity toward 
anionic polymerization. Explain your ordering. 

H,C—CHCHs, H,C—CF,, H,C=CHCN, H,C—CHC,H; 
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31.5 Poly(ethylene glycol), or Carbowax, can be made by base-induced polymerization of 
ethylene oxide. Propose a mechanism for this reaction. 

oS “OH 
CH,—CH, > CH,CH,—90—CH,CH,— O—CH,CH,—O 

Ethylene oxide Carbowax 

31.5 Chain Branching during Polymerization 

The polymerization of unsaturated monomers is complicated in practice by 
several factors 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). 
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at 

- CH 2 
ps S “CH, 

Hy BCH. 
2 

aa eet. 2 CH,CHCH,CH,CH,CH, 

H ane ioe 
Branch 

point 
‘CHo 

| Repeat 

Branched polymer 

Figure 31.1 Short-chain branching during 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. 

ge a ot -CH,CH,- 

H 
-CH,CH,CHCH,CH,CH, + H—CH,CH,3- 

| H,C=CH, 

Bee ee aR ates 

CH, Repeat 
Branch | ——-> Branched polymer 
point ‘CH, 

Figure 31.2 Long-chain branching during the polymerization of ethylene 

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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31.6 Stereochemistry of Polymerization: Ziegler—Natta Catalysts 

Yet 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 chiral 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-die-oh-tac-tic); 
and the conformation in which the methyl groups are randomly oriented is 
called atactic. 

HCH, HCH; HCH; HCH; HCH; HCH; H CH; 

Isotactic (same side) 

CH;3H  H CH, CH3H H CH, CH3 H H CH, CH3 
t iE fh / A fi 3 vi 

Syndiotactic (alternating) 

CH;sH HCH; HCH; H CH;CH;H CH3;H HCH; 

Atactic (random) 

Figure 31.3 Isotactic, syndiotactic, and atactic forms of polypropylene 

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!2 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. 

‘Karl 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). j , 
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Triethylaluminum and titanium trichloride form a typical preparation, 
although the precise structure of the active catalyst is still unknown: 

(CH3CH2)3Al + TiCl; ——> 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 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) and is used to produce plastic squeeze bottles and 
molded housewares. 

The exact mechanism by which Ziegler—Natta catalysts operate is not 
clear, 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. 

Yate 

H2C : 

re : 7. 
3CH,CH,—1{ pita 2 SACRE gh —_ eae 

An alkyltitanium Chain-extended 
intermediate alkyltitanium intermediate 

| pom 

PUerctdie tel cholerae s) Ale ohp isle kala e(scnielinipierske/ie(eleileiolene ie 1650) (\(eialei@ ie isle ease .¢, Gis) ev. 6.818: 6 e/sueLep sialic). © a 6/{s'*) e\s:\¢16:(8/e+8)8))a\e \s\'8\ (6 e\ecel'eile 

Account for the fact that vinylidene chloride, H,C—CCl,, does not polymerize in 

isotactic, syndiotactic, and atactic forms. 
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Polymers such as polypropylene contain a large number of chiral carbon atoms. 

Would you therefore expect samples of either isotactic, syndiotactic, or atactic poly- 

propylene to rotate plane-polarized light? Explain. 
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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, however, 
since double bonds remain every four carbon atoms along the chain. These 
double bonds may 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 
NIN gal Gd N23 ae 
C=C C=C 

a NX Le N 
H H H H 

cis-Poly(1,3-butadiene) 

Oe eee 2 CH A CHiete CH 4 CHE 
H H 

1,3-Butadiene _ i as i 

Nowa de 
' CH, ‘o Noh, 

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. 

CH; HCH: H 
C=0) ae cece 

ee mS N 
CH, CH,CH, CH, 

CH; Natural rubber (all cis) | 
CH,=C—CH=CH, 

Isoprene 
(2-Methyl-1,3-butadiene) i ii 

CHG CHea 
NO Ny Nee 
1 CHa, ; CH, 

CH CH; 

Gutta-percha (all trans) 
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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 quite 
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 | | 

| i CH, C H CH.—6-—_ CH=CH Ziegler—Natta 2 y < XZ 2 Where 

2 2 catalyst No OG CH, \oF CH, 

Chloroprene | | 
(2-Chloro-1,3-butadiene) Cl Cl 

Neoprene (trans) 

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. 

The chemistry of vulcanization is complex but involves formation of 
sulfur bridges or cross-links between polymer chains. Cross-linked poly- 
mers tend to be rigid, because the individual chains are locked together into 
immense single molecules that can no longer slip over one another (Figure 
31.4). Note the similarity in structure between a vulcanized rubber and a 
peptide that has cysteine cross-links (Section 27.7). 

) oo Ss 
Polymer 

i ae 
Ss 

Figure 31.4 Sulfur cross-linked chains resulting from vulcanization of rubber 
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Diene polymers contain occasional vinyl branches along the chain. How do you think 

these branches might arise? 

CH,=CH—CH=CH, —> ~+CH,CH=CHCH,CH,CHCH,CH= CHCH,3- 

CH=CH, 

A vinyl branch 

Seem eee eee meee emer reer erecereeeeseeeeeeeeeoreseseeeseseeereesEEseEEeeeesoEeHE ee eH ES HEE E HEH EES 

Radial tires, whose sidewalls are made of natural rubber, tend to crack and weather 
rapidly in areas around major cities where high levels of ozone and other industrial 
pollutants are found. Explain. 

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: 

o ‘| Cl i 
| 

CH,=CH + CH,=CCl, —> SEC Chat a 

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 we imagine, for 
example, that monomer A and monomer B are being copolymerized, the 
resultant product might have a random distribution of the two units 
throughout the chain, or it might have an alternating distribution: 

2 ASA=B=A>B=B ABA A A Be 

Random copolymer 

i ae 18 

= A—B—A—B—A—B—A—B—A—B—A—B2 
Alternating copolymer 
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Table 31.3 Some common copolymers and their uses I a 
Trade or 

Monomer common name 
name Formula of polymer Uses 
Vinyl chloride H,C—CHCl Saran Food wrapping, 
Vinylidene chloride H,.C=CCl, fibers 

Styrene (25%) H,C—CHC,H; SBR (styrene— Tires 
Butadiene (75%) H,C—=CHCH=CH, butadiene 

rubber) 

Hexafluoropropene F,C=CFCF3 Viton Gaskets, rubber 
Vinylidene fluoride H,C—CFy, articles 

Acrylonitrile H,C—CHCN Nitrile rubber Latex, adhesives, 
Butadiene H,C=CHCH=CH, gasoline hoses 

Isobutylene H,C—C(CHs3)o Butyl rubber Inner tubes 
Isoprene H,C—C(CH3)CH=CH, 

Acrylonitrile H,C—=CHCN ABS (initials Pipes, high- 

Butadiene H,C—=CHCH>CH, of three impact 

Styrene H,C—CHC,.H; monomers) applications 

The exact distribution depends on such factors as the proportion of the 
two reactant monomers used 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 homopolymer 
branches of one monomer unit are “grafted” onto a homopolymer chain of 

another monomer unit. 

3A—A—A—A—A—A—A—A—B—B—B—B—B—B—B—B= 

Segment of a block copolymer 

oe aimee, tama} AA Ae 

B B B B 
| | | | 
i I I i b b b b 
Ay y Ay ny 

Segment of a graft copolymer 

Block copolymers are prepared by initiating the radical polymerization 

of one monomer to grow homopolymer chains, followed by addition of an 

excess of the second monomer. Graft copolymers are made by gamma irra- 

diation of a homopolymer chain in the presence of a second monomer. The 
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high-energy irradiation knocks hydrogen atoms off the homopolymer chain 
at random points, thus generating radical sites that can initiate polymer- 

ization of the added monomer. 
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31.10 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. 
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31.11 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. 

31.9 Step-Growth Polymers: Nylon 

Step-growth polymers are produced by reactions between two difunctional 
molecules, as we saw earlier. Each bond is formed in a discrete step, inde- 

pendent of all other bonds in the polymer; chain reactions are not involved. 
The key bond-forming step is usually one of the fundamental polar reactions 
that we studied earlier, as opposed to a radical reaction: 

AwA + BwB —> ®AmA—BoB—AmA—BmBm& 

where A and B are reactive functional groups. 
A large number of different step-growth polymers have been made, with 

some of the more important ones shown in Table 31.4. 
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: 

HOOC(CH,),COOH + H,N(CH2),NH> 

Adipic acid Hexamethylenediamine 

| 
Lo | 

n 
i 

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 

Trade or 
Monomer common name 
poms Formula of polymer Uses 

Adipic acid oe: HOOC(CH2)4COOH Nylon 66 Fibers, clothing, 
Hexamethylene diamine H,N(CH2)gNH, | tire cord, 

bearings 

Ethylene glycol HOCH,CH20H 

COOCH3; 
Dacron, Fibers, clothing, 

Dimethyl] terephthalate aos B52 aig 

COOCH; 

Caprolactam N—H Nylon 6, Perlon Fibers, large 
cast articles 

Diphenyl carbonate CgH;O0COOC,H; 

wee Lexan, Molded articles, 

Bisphenol A BU atin Ob OH Se ee 

CH; 

Poly(2-butene-1,4-diol) HO-+ CH,zCH=CHCH, +OH 

CH3 N=C=O 
Polyurethane, Foams, fibers, 

Tolylene diisocyanate Spandex coatings 

NC C—0 

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. 

UH 

Nu Ho 260°C | i 
—=> HOOC(CH,);NH, —— C(CHz);NH—C(CH,);NH+, + n H,0 

Caprolactam 6-Aminohexanoic acid Nylon 6 
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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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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. 
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Draw structures of the step-growth polymers you would expect to obtain from these 

reactions: 

Base 
— (a) BrCH,CH,CH,Br + HOCH,CH,CH,OH 

H2SO, catalyst 
rs (b) HOCH,CH,OH + HOOCO(CH,),COOH 

(c) HgN(CHy)gNH, + ClOC(CH,)4,COC] —> 

O18) 0) O 06/0858! © we eee)e, (ele \e..5 (¢ @ 16: (s\'a)e) 8)'¢\\6. 0:80 '8!e)'0/ eee (cle ole (0/el a 6 6.00.8 be) 0 e's 0:5 wl a.ele'e 6.0 a io, \6) 6 =) 4) Bis gl oie eee wislsecaraienaielh 

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 
is used to make bulletproof vests. Draw the structure of a segment of Kevlar. 

31.10 Polyesters 

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. 

cu,o.0c- _\—co,cr te HOCH,CH,OH 

Dimethyl] terephthalate Ethylene glycol 

| 200°C 

O 
! 1 OCH,CH,O—C So eo CO 

Polyester, Dacron, Mylar 
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Lexan, a polycarbonate prepared from diphenyl 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. 

7 Fis 
UH e=0--0= 0 +0.Hy + nok \-e-¢\-on 

CH, 
Diphenyl carbonate Bisphenol A 

[ve 

CH, 0 ey 
O C O > C =e 2n C,H;OH 

as : CH, 
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? 

31.11 Polyurethanes 

A urethane is a carbony]-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: 

1 1 1 
RO—C—OR'’ RO—C—NHR’ RNH—C—NHR'’ 

A carbonate A urethane A urea 

Urethanes are prepared by nucleophilic addition of alcohols to isocyanates: 

| i os ee 5 oo 
R—N=C=O + H—O—R’ ——> |R—N—C—O—R’| —> RNH—C—OR’ 

rn) oo . 

An isocyanate A urethane 
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Polyurethanes, polymers containing urethane linkages, are prepared 
by reaction between a diol and a diisocyanate. The diol is itself a low- 
molecular-weight (mol wt ~ 1000) polymer with hydroxyl end groups; the 
diisocyanate is often tolylene diisocyanate. 

N=C=O 

Tolylene diisocyanate 

O ‘0 

C—NH 2 os ‘Polymer? 

CH, 

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 rather 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 COpg, 
thus generating the foam bubbles. 

| R—N=C=0O + H,O —> ener —> RNH, + co, 7 

A carbamic acid 

Polyurethane foams generally have a higher amount of cross-linking 
than do polyurethane fibers, an amount that can be varied by using a polyal- 
cohol (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. 

31.12 Polymer Structure and Chemistry 

« Polymers are not really so different from other organic molecules. They are 
much bigger, to be sure, but their chemistry is the same as that of analogous 
small molecules. The chemistry of polymers is the familiar chemistry of 
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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 
halogenation. 

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 3.7), 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 are 
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 
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 we might expect, polymer crystallinity is strongly affected by the 

steric requirements of substituent groups on the chains. Thus, poly(methyl 

methacrylate) is noncrystalline because the chains cannot pack closely 

together in a regular way, but linear polyethylene is highly crystalline. 
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What product would you expect to obtain from catalytic hydrogenation of natural 
rubber? How else might you obtain a similar polymer? Would the product be syn- 
diotactic, atactic, or isotactic? 

31.13 Polymer Structure and Physical Properties 

Classification of synthetic polymers according to their physical properties 
is a useful exercise because it allows us to make 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. 

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. 

< eee 

COOCH,2CH,CH,CH; 

Dibutyl phthalate (a plasticizer) 

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. 

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 
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 randomly coiled state when the stretching force is released 
(Figure 31.7). 
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Figure 31.6 Oriented crystallite regions in a polymer fiber 
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Figure 31.7 Unstretched and stretched forms of an elastomer 

Natural rubber is one 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, page 1134). 
Thermosetting resins are polymers that become highly cross-linked 

and solidify into a hard, insoluble mass when heated. We haven’t paid par- 

ticular attention to such polymers up to this point, but one example should 

suffice. Bakelite, a thermosetting resin first produced in 1907 by Leo Baeke- 

land,‘ has been in commercial 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. 

41.eo Hendrik Baekeland (1863-1944); b. Ghent, Belgium; founder and president, Bakelite 

Corp., United States (1910-1939). 



1134 

PROBLEM 

31.17 

CHAPTER 31 SYNTHETIC POLYMERS 

CH; H CHs H 
a i Us 

= CH, C=C CH CH 
Ney Saran De Neo Se ee 

vA XS x x 
CH H CH; Hi 

(a) 

i t i T | 
CHANG CH, GC CH, .C CHYEE 
iN StU ee 

Tatas Gis of CH, of CH, CH, 
| 
CHs CHz CH; CH3 

(b) 

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. 

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 HO lees OH OH 

a ae - Cree , 

OH OH 3 

Bakelite 

TN RE OTRAS EIE ETRE SNGY SUAS SR Nari SAS TERS SES NCAP ROS clin iehiey SY Rar Ag Sle) Sh ehalie).e'(s osetayeyeteketehel ahs elev’ shat ia) «eye varetien Tenn reece 

Propose a mechanism to account for the formation of Bakelite from acid-catalyzed 
polymerization of phenol and formaldehyde. 
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31.14 Summary and Key Words ie momemoo be | 

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—type 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 
give a product that has properties different from those of 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 two different difunctional molecules; the indi- 
vidual 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 
eeecoeseeoe 

31.18 

1s 6 aleleluletelé/alele Seis e6).6(6 ee) 9161610) 6 66106) 6lals 6 6)6)u'6 vie a) 6 6166) C10) CNS) C1016 00'S 6 6 0h 61d 016) 6' B10 ee e)elelaieleie Be/e eae eeeeeene 

Identify the monomer units in each of the following polymers. 

lee Yale 
(a) CH,CH— CH,CH 

(b) --CFCI—CF,—CFCI— CF, 7, Kel-F 

(c) +CH,—O—CH,—O—CH,—O-,, Delrin 
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31.19 

31.20 

31.21 

31.22 

31.23 

31.24 

31.25 

31.26 

CHAPTER 31 SYNTHETIC POLYMERS 

‘ foto ott 
(e) -==CH(CH2),CH=N(CH2).N> 

Categorize each polymer in Problem 31.18 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) 

When styrene, CgH;CH—CHhg, 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=CH—CH=CH, —> H,N(CH,),NH, 

Nitroethylene, HXC—CHNOng, 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? 

CH, aoe ee a as ae pn 

ies tome 
rt phi 

ea C3H, it C3H, 

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? 

{phe} 
A polyimide 
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31.27 Qiana, a polyamide fiber with a silk-like feel, has the structure indicated. What are 
the monomer units used in the synthesis of Qiana? 

eal 
C(CH,),C —NH < y-cH{ Ne 

Qiana 

31.28 Starting from aniline and formaldehyde, how would you synthesize the amine nec- 
essary for the preparation of Qiana (Problem 31.27)? 

31.29 What is the structure of the polymer produced by treatment of B-propiolactone with 
a small amount of hydroxide ion? 

O 

Bi 
B-Propiolactone 

31.30 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. 

31.31 Melmac, a thermosetting resin often used to make plastic dishes, is prepared by 

heating melamine with formaldehyde. Propose a structure for Melmac. [Hint: See 
the structure of Bakelite, Section 31.13.] 

HN NH 2 Steer 2 

| + CH,0 —— Melmac 
N. UN 

NHo 

Melamine 

31.32 Epoxy adhesives are cross-linked resins prepared in two steps. The first step involves 

Sn2 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 HJNCH,CH,.NHCH,CH2NHp. 

CH3 O 

| oe 
HO 1 OH CH,—CH—CH,Cl 

CH3 

Bisphenol A Epichlorohydrin 

(a) What is the structure of the prepolymer? 

(b) How does addition of the triamine result in cross-linking? 
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31.33 

31.34 

31.35 

31.36 

CHAPTER 31 SYNTHETIC POLYMERS 

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. 

NHp» 

[coc 

MDI 

Write the structure of a representative segment of polyurethane prepared by reaction 
of ethylene glycol with MDI (Problem 31.33). 

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 exten- 
sively 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. 

| 
H,N—C—NH, + CH,O —> 

Urea Formaldehyde 

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. 

H,—CH 

‘3 ; 

Seb CH,CH CH.—CH 

ee ee HaNNH, 

mes fopcoi ew 

oe CH,NH, /n 

O . O 



APPENDIX A 

Nomenclature of Polyfunctional 
Organic Compounds 

pp gi 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 since the basic rules for naming such 

compounds are logical and easy to understand. Problems, however, are often encoun- 
tered 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: 
ethyl 3-(4-methoxy-2-o0xo-3-cyclohexeny])propanoate. 

CH,CHCH, 0 
COOCH,CH3 

babes aees? re 

CH3 CH;0 

1. 3-Ethyl-2,5-dimethylheptane 2. Ethyl 3-(4-methoxy-2-oxo-3-cyclohexenyl)propanoate 

Naming polyfunctional organic compounds is really not much harder than nam- 

ing monofunctional compounds. All that’s required is a prior knowledge of mono- 
functional compound nomenclature and rigid application of a set of additional rules. 
In the following discussion, it is assumed that you have a good command of the rules 

of monofunctional compound nomenclature 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 Text section Functional group Functional group 

Alkanes 3.4 Aldehydes 19.2 
Cycloalkanes 3.9 Carboxylic acids 20.1 
Alkenes 6.3 Acid halides 211 
Alkynes 8.2 Acid anhydrides ian 

Aromatic compounds 15.2 Amides 21.1 
Alkyl halides 10.1 Esters alee 

Ethers 18.1 Nitriles oe 
Alcohols Wie Amines 25.1 

Ketones 

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 

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, the above four parts must be 
identified and then expressed in the proper order and format. Let’s look at the four 
parts. 

THE SUFFIX—FUNCTIONAL-GROUP PRECEDENCE 

A polyfunctional organic molecule may contain many different kinds of functional 
groups, but, for nomenclature purposes, we must choose just one suffix. It is not 

correct to use two suffixes. Thus, keto ester 3 shown below 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, H,C—CHCH,COOH is 3-butenoic acid, and HC=CCH,CH,CH,CH,OH 
is 5-hexyn-1-ol. 

O OH 
| | 

CH,CCH,CH,COOCH; CH,CHCH,CH,CH,NH, 

3. Named as an ester with a keto (oxo) substituent 4. Named as an alcohol with an amino substituent 
Methyl 4-oxopentanoate 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 

*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 
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Table A.2 Classification of functional groups for purposes of nomenclature® 

Functional group class 

Principal groups 

Carboxylic acids 

Carboxylic anhydrides 

Carboxylic esters 

Acyl halides 

Amides 

Nitriles 

Aldehydes 

Ketones 

Alcohols 

Phenols 

Thiols 

Amines 

Imines 

Alkenes 

Alkynes 

Alkanes 

Subordinate groups 
Ethers 

Sulfides 

Halides 

Nitro 

Azides 

Diazo 

Structure 

— COOH 

=f Cl, — Br, —1 

—NO, 

N=N=N 

=N=N 

Name when used 

as suffix 

-oic acid 
-carboxylic acid 

-oic anhydride 
-carboxylic anhydride 

-oate 

-carboxylate 

-oyl halide 
-carbonyl halide 

-amide 

-carboxamide 

-nitrile 

-carbonitrile 

-al 
-carbaldehyde 

-amine 

-imine 

-ene 

-yne 

-ane 

Name when used 

as prefix 

carboxy 

alkoxycarbonyl 

halocarbonyl 
(haloformy]) 

amido 

cyano 

formyl] 

oxo (either aldehyde 
or ketone) 

Oxo 

hydroxy 

hydroxy 

mercapto, 

sulfhydryl 

amino 

imino 

alkoxy 

alkylthio 

halo 

nitro 

azido 

diazo 

“The principal functional groups are listed in order of decreasing priority, but the subordinate func- 

tional groups have no established priority order. Principal functional groups may be cited either as 

prefixes or as suffixes; subordinate functional groups may be cited only as prefixes. 
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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. Similarly, amino alcohol 4 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. 

0X) COOH 

5. Named as a cyclohexanecarboxylic acid with an oxo substituent 

4-Oxocyclohexanecarboxylic acid 

lee 
‘ibd di lio cheiaiealiaih 

CH 

6. Named as a carboxylic acid with a chlorocarbony! substituent 

5-Chlorocarbonyl-2,2-dimethylpentanoic acid 

ae 

CH3;CHCH,CH,CH,COOCH3 

7. Named as an ester with an oxo substituent 

Methy]! 5-methy1-6-oxohexanoate 

THE PARENT—SELECTING THE MAIN CHAIN OR RING 

The parent or base name of a polyfunctional organic compound is usually quite 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 this compound is 3-oxo-2-pentylpropanoic acid. 

Won iB, 

CH3;CHCH,CH,CH,CH,COOH CH3;CH,CH,CH,CH,CHCOOH 

8. Named as a substituted heptanoic acid 9. Named as a substituted propanoic acid 
6-Methyl-7-oxoheptanoic acid 3-Oxo-2-pentylpropanoic acid 

Similar rules apply for compounds 10-13, which contain rings. Compounds 10 
and 11 are 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 is a sub- 
stituent on the aromatic ring, but substance 11 is named as an acetonitrile since 
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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-oxopropy])cyclohexanecarboxylic 
acid (13). 

all CH,CN 

H3C COCH; H3C7 = ~~ 
10. Named as a substituted benzonitrile 11. Named as a substituted acetonitrile 

2-Acetyl-4-methylbenzonitrile (2-Acetyl-4-methylpheny]l)acetonitrile 

O COOH 

COOH CHO 

12. Named as a carboxylic acid 13. Named as a carboxylic acid 
3-(2-Oxocyclohexyl)propanoic acid 2-(3-Oxopropyl)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). Since the carboxyl group is highest in priority, and since 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 have considered to see other 
examples of how prefixes and locants are assigned. 

H;C O ae 

Meio C—COOH 

H3C 

14, Named as a heptenoic acid 
2,5,5-Trimethyl-4-oxo-2-heptenoic acid 

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 
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alphabetical, rather than numerical, order. Multipliers such as di- and tri- 

are not used for alphabetization purposes, but the prefix iso- is used. 

ie 
See emi 

OH 

15. 5-Amino-3-methyl-2-pentanol (NOT 3-Methy]-5-amino-2-pentanol) 

2. Single- and multiple-word names The 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 is not, 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: 

H;C—Mg—CH3 CH3;CHBrCOOH 

16. Dimethylmagnesium 17. 2-Bromopropanoic acid 

(one word, since magnesium is an element) (two words, since “acid” is not a compound) 

H3C CH Ne 3 
N 

Ge 

a [_ )-cooctt, 
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 
ambiguity would otherwise arise. For example, chloromethylbenzene has 

two substituents 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. 

CH,CHCH,CH; 
Cl CH, CH,Cl | 

HOOC—CHCH,CH,COOH 

20. p-Chloromethylbenzene 21. (Chloromethyl)benzene 22. 2-(1-Methylpropyl)pentanedioic acid 
(two substituents) (one complex substituent) (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. OT. Benfey, “The Names and Structures of Organic Compounds.” Wiley, 
New York, 1966. 
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2. J. H. Fletcher, O. C. Dermer, and R. B. Fox, “Nomenclature of Organic 
Compounds: Principles and Practice” Advances in Chemistry Series No. 
126, American Chemical Society, Washington, DC, 1974. 

3. “Nomenclature of Organic Chemistry, Sections A, B, C, D, E, F, and H” 
International Union of Pure and Applied Chemistry, Pergamon Press, 
Oxford, 1979., 

4. J. G. Traynham, “Organic Nomenclature: A Programmed Introduction,” 
Prentice-Hall, Englewood Cliffs, NJ, 1985. 



APPENDIX B 

Summary of Functional 
Group Reactions 

T. following list summarizes the reactions of important functional groups. The func- 
tional groups are listed alphabetically, and references to the appropriate text sections 

are given. 

Acetals 

1. Hydrolysis to yield a ketone or aldehyde plus alcohol (Section 19.14) 

RO OR 
N 7. H30* | 

Te a, et 

Acid anhydrides 

1. Hydrolysis to yield a carboxylic acid (Section 21.6) 

O O 
: 

R—C—O—C—R +", 2R—C—OH 
2. H30 

2. Alcoholysis to yield an ester (Section 21.6) 

O O O 

I R’OH, pyridine | | l 
R—C—O—C—R R—C—O—R’ + R—C—OH 

3. Aminolysis to yield an amide (Section 21.6) 

1 Saag thie areal 
R—C—O—C—R — > R—C—NH, + R—C—OH 

A8 
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4. Reduction to yield a primary alcohol (Section 21.6) 

1 | a 
R—C—O—C—R a6 2 R—CH,OH 

Acid chlorides 

1. Hydrolysis to yield a carboxylic acid (Section 21.5) 

O O 
| ‘ | 

R—C—Cl aS R—C—OH + HCl 

2. Alcoholysis to yield an ester (Section 21.5) 

O 

| R’OH, pyridine 
> R—C—Cl R—C—OR’ + HCl 

3. Aminolysis to yield an amide (Section 21.5) 

| T 
R—C—cl —= R—C—NH; + HCI 

4. Reduction to yield a primary alcohol (Section 21.5) 

i 
Re O22cl = R—CH,OH + HCl 

- He 

5. Partial reduction to yield an aldehyde (Section 21.5) 

a. Reduction with LiAlH(O-t-Bu)3 

1 | 
ROC. k—-C—H 

b. Rosenmund reduction 

O O 

aan ae, peut pa at 

6. Grignard reaction to yield a tertiary alcohol (Section 21.5) 

1 t 
R—c—cl ——, Bain Oy + HCl 

R’ 

7. Reaction with lithium diorganocopper reagents to yield ketones (Section 

215) 0 

i 
R—C—Cl + R3CuLi ——> R—C—R’ 
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Alcohols 

1. Acidity (Section 17.4) 

NaH 
—— ROH RO Na* + He 

29ROH —> 2RO-K* + H, 

2. Oxidation (Section 17.9) 

a. Primary alcohol 

O 

RC H, OH Pyridinium chlorochromate R—C_H 

1 
RCH,OH S:H0", R_—C—OH 

b. Secondary alcohol 

ie 1 R—C—R’ Pyridinium chlorochromate PCR 

| 
H 

3. Reaction with carbon lic acids to yield esters (Section 21.4) 

O 

ROg = R—C—OR + H,O 

4, Reaction with acid chlorides to yield esters (Section 21.5) 

O 

ROH) =e, n’— Cor + HCl 

5. Dehydration to yield alkenes (Section 17.8) 

H OH R R 
\c Ce a ie ee 
CO er ee 

Ro/ Maa / 
R R R R 

6. Reaction with primary alkyl halides to yield ethers (Section 18.4) 

ROH +““_. ROCH.R’ + NaX 
2. R'CH2X 

7. Conversion into alkyl halides (Section 17.8) 

a. Reaction of tertiary alcohols with HX 

R mk 
| soa | 

paar — aa a + H,O 
? R R 

where X = Cl, Br, I 
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b. Reaction of primary and secondary alcohols with SOC], 

RCH,OH =. RCH,Cl + HCI + SO, 

c. Reaction of primary and secondary alcohols with PBr3 

RCH,OH +2. RCH,Br + P(OH); 

Aldehydes 

1. Oxidation to yield carboxylic acids (Section 19.5) 

O 
: | 

R—6— Hi —— R—C—OH 

2. Nucleophilic addition reactions 

a. Reduction to yield primary alcohols (Sections 17.6, 19.11) 

1 1. NaBHy 
R—C—H EEO Gan RCH,OH 

b. Reaction with Grignard reagents to yield secondary alcohols (Sections 
17.7, 19.10) 

1 iN 
RC =H = ok 6 0 

2. H,O | 

H 

c. Grignard reaction of formaldehyde to yield primary alcohols (Section 

Herd) 

1 
H—C—H +*—™*, R’CH,OH 

2. H,O 

d . Reaction with HCN to yield a cyanohydrin (Section 19.9) 

i re 
PO ees RO 

CN 

e. Wolff—Kishner reaction with hydrazine to yield alkanes (Section 19.13) 

1 
RSG. He RCH, 

E Clemmensen reduction with zinc amalgam to yield alkanes (Section 

19.13) 

1 R—C—H Zntte). Hel RCH, 
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g. Reaction with alcohol to yield an acetal (Section 19.14) 

O 

| HOCH,CH,OH, H* 0 

s ie 
R—C--i 

Ra=-CaoEt 

h. Reaction with a thiol to yield a thioacetal (Section 19.15) 

O 
| : R= CH HSCH.CH,SH, H S. Ss ee R= CH, 

R—C—h 

i. Wittig reaction to yield alkenes (Section 19.16) 

O ‘ R H 

5 eee (Ph)sP—CHR’ ‘ ae es 

i \ 
H R’ 

j. Reaction with an amine to yield an imine (Section 19.12) 

ie 
Re-CUn-He or 

3. Aldol reaction to yield a B-hydroxy aldehyde (Section 23.2) 

OH 
(ete | l 

RCH,CH —— Bete attdeees 

R 

4. Alpha bromination of aldehydes (Section 22.3) 

| 1 
RCH.CH = Ro + HBr 

Br 

Alkanes 

1. Radical chlorination of methane (Section 10.4) 

GHyi+ $Clsb-—>. n CHClint WHC! 

Alkenes 

1. Electrophilic addition of HX to yield an alkyl halide (Sections 6.9-6.13) 

H x 

* ee a Ne ab 
ye <f 
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where X = Cl, Br, I. Markovnikov regiochemistry is observed. H adds to 
the less highly substituted carbon, and X adds to the more highly substi- 
tuted one. 

2. Electrophilic addition of halogen to yield a 1,2-dihalide (Section Tod) 

mai 7 
C=C .-C—C 

\ 4 \ 

where X = Cl, Br. Anti stereochemistry is observed. 

3. Oxymercuration to yield an alcohol (Section 7.3) 

OH 
amt ue 1. Hg(OAc)z, HzO paioded JE NL ey 

Markovnikov regiochemistry is observed, yielding the more highly sub- 
stituted alcohol. 

4. Hydroboration—oxidation to yield an alcohol (Section 7.4) 

‘\ jf - fe 1. BH3 

fo \, 3 top wen” 72S 

5. Hydrogenation of alkenes to yield alkanes (Section 7.6) 

H 
Oe oN 
c=C — > C—C 
2) BN ¥/ > 

er 

6. Hydroxylation of alkenes to yield 1,2-diols (Section 7.7) 

\ Yo He / ae 
KMn0O, 

ye ra \ #0, NaOH 4 a9 os 

7. Radical addition of HBr to yield an alkyl bromide (Section 7.5) 

eo ee a 
Ce Oe ees CoC 

idles ads aubelt\a 

8. Oxidative cleavage of alkenes to yield carbonyl compounds (Section 7.8) 

N ME 
eee eee C= On OC 

i eae / \ 

9. Reaction with peroxyacids to yield epoxides (Section 18.7) 

O 

\ / — RCOsH io 
=e eS C—C 
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10. Simmons—Smith reaction with CHgl, to yield a cyclopropane (Section 7.10) 

CH, 
. i CHal2 yo ~ 

es Ta Se Zn(Cu) a solic oe 

Alkynes 

1. Electrophilic addition of HX to yield a vinylic halide (Section 8.3) 

R=C=ac=R — 5 RCH—CRX 

where X = Cl, Br, I 

2. Electrophilic addition of halogen to yield a dihalide (Section 8.3) 

R—C=C—R.—% RCX=CRX 

where X = Cl, Br, I 

3. Mercuric sulfate-catalyzed hydration to yield a methyl ketone (Section 8.4) 

H30* | 

R—C=C—H R=—C—CH, 
HgSO, 

4. Hydroboration with disiamylborane to yield an aldehyde (Section 8.5) 

| 
R—CH,—C—H 1. R23B—H 

2. H20., NaOH 
R—C=C—H 

5. Alkylation of alkyne anions (Section 8.8) 

i. NaNH2 

2. R’CH2X 
R—C=C—-H R=-C=C>— CHaR' 

6. Reduction of alkynes (Section 8.6) 

a. Hydrogenation to yield a cis alkene 

H H 
Hy X, / 

ee a Lindlar catalyst vy \ 

R R’ 

b. Reduction to yield a trans alkene 

H R’ 

RAO Cen te Ne ee 

/ ‘i 
R H 

Amides 

1. Hydrolysis to yield carboxylic acids (Section 21.8) 

€ O O 

al sie oe oe + NH, 
2. H30* 
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2. Reduction with LiAlH, to yield amines (Section 21.8) 

i 
R—C—NH, =~“ RCH,NH; 

3. Dehydration to yield nitriles (Section 21.9) 

| 
R—C—NH, —2% RC=N 

Amines 

1. Sy2 alkylation of alkyl halides to yield amines (Section 25.7) 

a. Ammonia NH3; + RX — > RNH, (Primary) 

b. Primary RNH, + R’X ——> RNHR’ (Secondary) 

ec. Secondary R,NH + R’X —~> R,NR’ (Tertiary) 

d. Tertiary R3N + RX — R,NR’ Xe (Quaternary) 

- 2. Nucleophilic acyl substitution reactions 

a. Reaction with acid chlorides to yield amides (Section 21.5) 

O O 

eee ~ HSER mae + HCl 

b. Reaction with acid anhydrides to yield amides (Section 21.6) 

O 
| 

O 
| | | 

Rees Re CNR CO 

c. Reaction with esters to yield amides (Section 21.7) 

1 1 | 
R=-G_OR!) — >» R—C—NHR’ + ROH 

3. Hofmann elimination to yield alkenes (Section 25.8) 

at yale \ / 

C6 1. Excess CHsI C=C = N(CHs3)3 a H,O 

Ay we 2. A, Ag2O Vi \ 

4. Formation of arenediazonium salts (Section 26.4) 

( \—wu ae ( \-ien HSO; 
2) 4 
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Arenes 

1. Oxidation of the alkylbenzene side chain (Section 16.11) 

oes ( \-coon 

2. Catalytic reduction to yield a cyclohexane (Section 16.12) 

- = ( ) 

a 

3. Reduction of aryl alkyl ketones (Section 16.12) 

on % | 
| 
Cpe CH,R 

ail 
. 

4. Electrophilic aromatic substitution 

a. Bromination (Section 16.1) 

Bro, FeBr3 
SEP Br + HBr S 

b. Chlorination (Section 16.2) 

Cle, FeClg ( \- 

Cl + HCl od GO 
c. Iodination (Section 16.2) 

UO Ip, CuCl, ¢ Sn + HI 

d. Nitration (Section 16.2) 

e. Sulfonation (Section 16.2) 

mam. (Vso 

f. Friedel—Crafts alkylation (Section 16.3) 

RCI, AlCl; ( \-r + HCl OR 



APPENDIX B SUMMARY OF FUNCTIONAL GROUP REACTIONS Al7 

Aromatic ring must be at least as reactive as a halobenzene; R must be 
methyl, ethyl, secondary, or tertiary. 

g. Friedel-Crafts acylation (Section 16.4) 

O 

me RCOCI, AICly ( \-t-x + HCI 

Arenediazonium salts 

1. Conversion into aryl chlorides (Section 26.4) 

( \-Senniso: = ( \-a coaNG 

2. Conversion into aryl bromides (Section 26.4) 

( \Sewnso, ae ( \-e + No 

8. Conversion into aryl iodides ((Section 26.4) 

a a Nal ( \-Nenuso: exes gS + Np 

4. Conversion into aryl cyanides (Section 26.4) 

( \-Senns0; sen ( \-on ee 

5. Conversion into phenols (Section 26.4) 

(_\-Newns0; ee ¢ \-on SN; 

6. Conversion into arenes (Section 26.4) 

( \-Nennis0; pron ( \-x PNG 

Arenesulfonic acids 

1. Conversion into phenols (Section 16.2) 

Opsn Ope 
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Carboxylic acids 

1. Acidity (Sections 20.3—20.5) 

O O 

n—b—on =“ po: Na* + H,0 

2. Reduction to yield a primary alcohol (Sections 17.6, 20.8) 

a. Reduction with LiAlH, 

| 
R—C—OH =~“ RCH,OH 

- Hs! 

b. Reduction with BH; 

1 
R—C__0H A RCH-OH 

2. H30* 

3. Nucleophilic acyl substitution reactions (Section 21.4) 

a. Conversion into an.acid chloride 

R—C—OH —~> R—¢—o1 + HCl + SO, 

b. Conversion into an acid anhydride 

O 

n—¢_on —— poner 

c. Conversion into an ester 

(1) Fischer esterification 

O O 

R—C—OH aS R—O—oR’ + H,0 

(2) Sy2 reaction with an alkyl halide 

7 O 

| 1. NaOH 
R—C—OH Socata R—C—OCH,R 

(3) Reaction with diazomethane 

3 O O 

| | 
R-C—_ OH, +s RC —0cne 
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Epoxides 

1. Acid-catalyzed ring opening with HX to yield a halohydrin (Section 18.8) 

O HO 

fea x, meee 

a) . 7d 

where X = Br, Cl, I 

2. Ring opening with aqueous acid to yield a 1,2-diol (Section 18.8) 

O HO 

OH 

Esters 

1. Hydrolysis to yield a carboxylic acid (Section 21.7) 

O 

| 1. HO-, H,0 | 
: R=C—OH)= R'OH 

2. H30 
RC] OR; 

2. Aminolysis to yield an amide (Section 21.7) 

O O 

R—O_oR “, n—¢_NH, + R/OH 

3. Reduction to yield a primary alcohol (Section 17.6) 

O 

R—4—or sno? R—CH,OH + R’OH 

4. Partial reduction with DIBAH to yield an aldehyde (Section 21.7) 

O O 

R—U—OR ae a a + ROH 

5. Grignard reaction to yield a tertiary alcohol (Section 17.7) 

7 rH 

R—C—oR’ =~", ae + R/OH 
. He 

R’ 

6. Claisen condensation to yield a B-keto ester (Section 23.9) 

CH30H 

| | | 
PREH-COCH, — > ee COC: + CH,0H 

R 
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Ethers 

1. Acid-induced cleavage (Section 18.6) 

HBr 
— R—O—R’ ROH + BrR’ 

Halides, alkyl 

1. Reaction with magnesium to form Grignard reagents (Section 10.9) 

RX + Mg — > RMgxX 

where X = Br, Cl, I 

2. Reduction to yield alkanes (Section 10.9) 

1. Mg 
RX 

2. H30+ 
RH 

3. Nucleophilic substitution (Sy1 or Sy2) (Sections 11.1—11.9) 

RX + :Nu ——> RNu + :X™ 

where Nu- = H-,CN’,I-, Br’, Cl, HO-, NHz, CH30°, CH3;COO , HS", 
H,O, NH3, and so on 

X = Br, Cl, I, tosylate 

4. Dehydrohalogenation (E1 or E2) (Sections 11.11, 11.14) 

- Base > Z, 
_O—Cr =" (C=C 4"HX 

7 ‘A 

where X = Br, Cl, I 

Halohydrins 

1. Conversion into epoxides (Section 18.7) 

HO O 
x - 7X bead e ee 
4 x / x 

where X = Br, Cl, I 

Ketones 

1. Nucleophilic addition reactions 

a. Reduction to yield a secondary alcohol (Sections 17.6, 19.11) 

1 1 
: R= C— Pe ep Oey 

2, H,0 | 

H 
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b. Reaction with Grignard reagents to yield a tertiary alcohol (Sections 
Dime 19310) 

O R’ 
| | 

RC ee R—C—OH 
» He 

. Wolff—Kishner reaction with hydrazine to yield an alkane (Section 19.13) 

| 
R—C—R’ NoHy, KOH p CH,—R’ 

. Reaction with HCN to yield a cyanohydrin (Section 19.9) 

OH 

Ok =, ergot 

oN 
. Reaction with alcohol to yield an acetal (Section 19.14) 

i R—C—R’ —HOCHsCH.OH, H’ O Pp 

R—C—h 

Reaction with a thiol to yield a thioacetal (Section 19.15) 

O 
_an_p HSCH.CH,SH, H* S S Raney ee pr R—C—R Sse 8 S 4 R-CH—R 

R—C—R: 

. Wittig reaction to yield an alkene (Section 19.16) 

1 =i ye 
R—C==R?” _(Ph)3P—CHR" C=C 

. Reaction with an amine to yield an imine (Section 19.12) 

1 jek 
Rae =e kG 

2. Aldol reaction to yield a B-hydroxy ketone (Section 23.2) 

HO 
| | 

ROH.CR o> et 

RY 
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3. Alpha bromination of ketones (Section 22.3) 

| | 
RCH CR ae + HBr 

Br 

4. Clemmensen reduction with zinc amalgam to yield alkanes (Section 19.13) 

| 
R-C_— Roe RCH =n 

Nitriles 

1. Hydrolysis to yield a carboxylic acid (Section 21.9) 

en.) 
H. or | 

RC=N ——~> R—C—OH + NH; 

2. Reduction to yield a primary amine (Section 21.9) 

1. LiAlH, 
—_—_ 
2. H20 

RC=N R—CH2NHe2 

3. Partial reduction with DIBAH to yield an aldehyde (Section 21.9) 

i 
RC=N => R—-C—H 

4. Reaction with Grignard reagents to yield ketones (Section 21.9) 

1 
R—C—R’ + NH; 

1. RMgX 
2. HO 

RC=N 

Nitroarenes 

1. Reduction by treatment with acid (Section 10.9) 

Oye ae Om 
1. Reduction by treatment with acid (Section 10.9) 

RMgX —2°. RH 

Organometallics 

2. Nucleophilic addition to carbonyl compounds (Section 17.7) 

O [Ora 

% | 1. RMgX ‘J 

aS 2. H30* Y oe 
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3. Conjugate addition of lithium diorganocopper reagents to a,B-unsaturated 
ketones (Section 19.18) 

O O 
\ = | 
parses sae ae as tae 5 

» Hg 

4. Coupling reaction of lithium diorganocopper reagents with alkyl halides 
(Section 10.10) 

RX eee eR eee > a Ro Culd = oR’ 

5. Reaction with carbon dioxide to yield a carboxylic acid (Section 20.6) 

O 

— 2, R—C—OH R—MgxX anos 

Phenols 

1. Acidity (Section 26.7) 

Ona = Open 
2. Reaction with acid chlorides to yield esters (Section 26.9) 

1 1. NaOH 
(‘on 2. RCOCI ( \-0-¢-2 

3. Reaction with alkyl halides to yield ethers (Section 26.9) 

1. NaOH Oo ne. Oo 
4. Oxidation to yield quinones (Section 26.9) 

Quinones 

1. Reduction to yield hydroquinones (Section 26.9) 

o{ =o SUH noon 
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Sulfides 

1. Reaction with alkyl halides to yield sulfonium salts (Section 18.11) 

R= S=R es ee X- 
R’ 

2. Oxidation to yield sulfoxides (Section 18.11) 

* 

R=SL rv R—=S—f 

3. Oxidation to yield sulfones (Section 18.11) 

Re SR = Ry 

Thiols 

1. Reaction with alkyl halides to yield sulfides (Section 17.12) 

Re oe ee oe pee 
RX 

2. Oxidation to yield disulfides (Section 17.12) 

RSH = nS — Sb + OB 



ee i 
APPENDIX C 

Summary of Functional 
Group Preparations 

aT following list summarizes the synthetic methods by which important functional 
groups can be prepared. The functional groups are listed alphabetically, followed by 
references to the appropriate text sections and a brief description of each synthetic 

method. 

Acetals, RgC(OR’)2 
Section 19.14 From ketones and aldehydes by acid-catalyzed reaction with 

alcohols 

Acid anhydrides, RCOOCOR’ 
Section 21.4 From dicarboxylic acids by heating 

Section 21.6 From acid chlorides by reaction with carboxylate salts 

Acid bromides, RCOBr 
Section 21.5 From carboxylic acids by reaction with PBr3 

Acid chlorides, RCOCI 
Section 21.4 From carboxylic acids by reaction with either SOCl,, PCls, 

or oxalyl chloride 

Alcohols, ROH 
Section 7.3 From alkenes by oxymercuration—demercuration 

Section 7.4 From alkenes by hydroboration—oxidation 

Section 7.7 From alkenes by hydroxylation with either OsO, or KMnO, 

Sections 11.4, From alkyl halides and tosylates by Sy2 reaction with 

11.5 hydroxide ion 

Section 18.6 From ethers by acid-induced cleavage 

A25 
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Section 18.8 From epoxides by acid-catalyzed ring opening with either 

H,O or HX 

Section 18.8 From epoxides by base-induced ring opening 

Sections 17.6, From ketones and aldehydes by reduction with NaBH, or 
19.11 LiAlH, 
Sections 17.7, From ketones and aldehydes by addition of Grignard reagents 
19.10 

Section 20.8 From carboxylic acids by reduction with either LiAlH, or BH3 

Section 21.5 From acid chlorides by reduction with LiAlH, 

Section 21.5 From acid chlorides by reaction with Grignard reagents 

Section 21.6 From acid anhydrides by reduction with LiAlH, 

Sections 17.6, From esters by reduction with LiAlH, 
210M 

Sections 17.7, From esters by reaction with Grignard reagents 
ie 

Aldehydes, RCHO 
Section 7.8 From disubstituted alkenes by ozonolysis 

Section 7.9 From 1,2-diols by cleavage with sodium periodate 

Section 8.5 From terminal alkynes by hydroboration with disiamy]l- 
borane followed by oxidation 

Sections 17.9, From primary alcohols by oxidation 
19.3 

Sections 19.3, From acid chlorides by catalytic hydrogenation (Rosenmund 
21.5 reduction) 

Section 21.5 From acid chlorides by partial reduction with LiAl(O-t-Bu)3H 

Sections 19.3, From esters by reduction with DIBAH [HAI(i-Bu),] 
21.7 

Section 21.9 From nitriles by partial reduction with DIBAH 

Alkanes, RH 
Section 7.6 From alkenes by catalytic hydrogenation 

Section 10.9 From alkyl halides by protonolysis of Grignard reagents 

Section 10.10 From alkyl halides by coupling with Gilman reagents 

Section 19.13 From ketones and aldehydes by Wolff—Kishner reaction 

Section 19.13 From ketones and aldehydes by Clemmensen reduction 

Section 19.15 From ketones and aldehydes by reduction of dithioacetals 
with Raney nickel 

Alkenes, Rz,C=CR, 
Sections 7.12, From alkyl halides by treatment with strong base (E2 
11.11 reaction) 

Sections 7.12, From alcohols by dehydration 
17.8 ; 
Section 8.5 From alkynes by hydroboration followed by protonolysis 

. Section 8.6 From alkynes by catalytic hydrogenation using the Lindlar 
catalyst 

Section 8.6 From alkynes by reduction with lithium in liquid ammonia 
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Section 19.16 

Section 22.3 

Section 22.8 

Section 25.8 

Alkynes, RC=CR 
Section 8.8 

Section 8.10 

Amides, RCONH, 

Section 21.4 

Sections 21.5, 

25.8 

Section 21.6 

Section 21.7 

Section 21.9 

Section 27.11 

Amines, RNH, 
Section 25.7 

Section 19.18 

Sections 21.8, 

254 

Sections 21.9, 

Dud 

Section 25.7 

Section 25.7 

Section 25.7 

Section 25.7 

Section 25.7 

From ketones and aldehydes by treatment with alkylidene- 
triphenylphosphoranes (Wittig reaction) 

From a-bromo ketones by heating with pyridine 

From saturated ketones by phenylselenenylation, followed 
by oxidative elimination 

‘ From amines by methylation and Hofmann elimination 

From terminal alkynes by alkylation of acetylide anions 

From dihalides by base-induced double dehydrohalogenation 

From carboxylic acids by heating with ammonia 

From acid chlorides by treatment with an amine or ammonia 

From acid anhydrides by treatment with an amine or 

ammonia 

From esters by treatment with an amine or ammonia 

From nitriles by partial hydrolysis with either acid or base 

From a carboxylicacid and an amine by treatment with dicyclo- 

hexylcarbodiimide (DCC) 

From primary alkyl halides by treatment with ammonia 

From conjugated enones by addition of primary or secondary 

amines 

From amides by reduction with LiAlH, 

From nitriles by reduction with LiAlH, 

From primary alkyl halides by Gabriel synthesis 

From acid chlorides by Curtius rearrangement of acyl azides 

From primary amides by Hofmann rearrangement 

From primary alkyl azides by reduction with LiAIH, 

From ketones and aldehydes by reductive amination with an 

amine and NaBH3CN 

Amino Acids, RCH(NH2)COOH 
Section 27.4 

Section 27.4 

Section 27.4 

Section 27.4 

Arenes, Ar—R 
Section 16.3 

From a-bromo acids by Sy2 reaction with ammonia 

From aldehydes by reaction with KCN and ammonia 

(Strecker synthesis) 

From a-keto acids by reductive amination 

From primary alkyl halides by alkylation with diethyl 

acetamidomalonate 

From arenes by Friedel-Crafts alkylation with a primary 

alkyl] halide 
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Section 16.12 From aryl alkyl ketones by catalytic reduction of the keto 

group 

Section 26.4 From arenediazonium salts by treatment with phosphorous 

acid 

Arenediazonium salts, Ar— Nz X~ 
Section 26.4 From arylamines by reaction with nitrous acid 

Arenesulfonic acids Ar— SO3;H 
Section 16.2 From arenes by electrophilic aromatic substitution with 

SO3/H2SO, 

Arylamines, Ar— NH, 
Sections 16.2, From nitroarenes by reduction with either Fe, Sn, or H,/Pd 
26.3 ' 

Azides, R—N3 
Sections 11.4, From primary alkyl halides by Sy2 reaction with azide ion 
25 al 

Carboxylic acids, RCOOH 
Section 7.8 From mono- and 1,2-disubstituted alkenes by ozonolysis 

Section 16.11 From arenes by side-chain oxidation with Na ,Cr,O, or 
KMn0O, 

Section 19.5 From aldehydes by oxidation 

Section 20.6 From alkyl halides by conversion into Grignard reagents, 

followed by reaction with CO, 

Sections 20.6, From nitriles by vigorous acid or base hydrolysis 
21.9 

Section 21.5 From acid chlorides by reaction with aqueous base 

Section 21.6 From acid anhydrides by reaction with aqueous base 

Section 21.7 From esters by hydrolysis with aqueous base 

Section 21.8 From amides by hydrolysis with aqueous base 

Section 22.7 From methyl ketones by reaction with halogen and base 
(haloform reaction) 

Section 26.9 From phenols by treatment with CO, and base (Kolbe 
carboxylation) 

Cyanohydrins, RCH(OH)CN 
Section 19.9 From aldehydes and ketones by reaction with HCN 

Cycloalkanes 
Section 16.12 From arenes by rhodium-catalyzed hydrogenation 
Section 7.10 From alkenes by addition of dichlorocarbene 

Section 7.10 From alkenes by reaction with CHI, and Zn(Cu) (Simmons— 
Smith reaction) 

Disulfides RSSR’ 
Section 17.12 From thiols by oxidation with bromine 
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Enamines, RCH=CRNR, 

Epoxides, R2C 

Section 19.12 

Section 18.7 

Section 18.7 

Section 21.4 

Section 21.4 

Section 21.4 

Section 21.5 

Section 21.6 

Section 22.9 

Section 22.9 

Section 26.9 

Ethers, R—O— 
Section 18.5 

Section 18.4 

Section 16.9 

Section 16.10 

Section 18.7 

Section 26.9 

Halides, alkyl, 
Section 6.9 

Section 7.1 

Section 7.2 

Section 7.5 

Section 8.3 

Section 8.3 

Section 10.5 

Section 10.8 

Section 10.8 

Section 10.8 

From ketones or aldehydes by reaction with secondary 
amines 

O 

GR, 

From alkenes by treatment with a peroxyacid 

From halohydrins by treatment with base 

Esters, RCOOR’ 
From carboxylic acid salts by Sy2 reaction with primary alkyl 
halides 

From carboxylic acids by acid-catalyzed reaction with an alco- 

hol (Fischer esterification) 

From carboxylic acids by reaction with diazomethane 

From acid chlorides by base-induced reaction with an alcohol 

From acid anhydrides by base-induced reaction with an 
alcohol 

From alkyl halides by alkylation with diethyl malonate 

From esters by treatment of their enolate ions with alkyl 

halides 

From phenols by base-induced reaction with an acid chloride 

R’ 

From alkenes by alkoxymercuration—demercuration 

From primary alkyl halides by Sy2 reaction with alkoxide 

ions (Williamson ether synthesis) 

From activated haloarenes by reaction with alkoxide ions 

From unactivated haloarenes by reaction with alkoxide ions 

via benzyne intermediates 

From alkenes by epoxidation with peroxyacids 

From phenols by reaction of phenoxide ions with primary 

alkyl halides 

R3;C—X 
From alkenes by electrophilic addition of HX 

From alkenes by addition of halogen 

From alkenes by electrophilic addition of hypohalous acid 

(HOX) to yield halohydrins 

From alkenes by radical-catalyzed addition of HBr 

From alkynes by addition of halogen 

From alkynes by addition of HX 

From alkenes by allylic bromination with N-bromosuccini- 

mide (NBS) 

From alcohols by reaction with HX 

From alcohols by reaction with SOCl, 

From alcohols by reaction with PBrs 
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Sections 11.4, From alkyl tosylates by Sy2 reaction with halide ions 

11.5 

Section 16.11 

Section 18.6 

Section 20.9 

Section 22.3 

Section 22.4 

16.2 

Section 26.4 

Section 29.3 

Section 7.2 

Section 18.8 

Imines, Rz,C—NR’ 
Section 19.12 

Ketones, Rz,C—=O 
Section 7.8 

Section 7.9 

Section 8.4 

Section 8.5 

Section 16.4 

Sections 17.9, 
19.4 

Sections 19.4, 
21.5 

Section 19.18 

Section 21.9 

Section 22.9 

Section 22.9 

Nitriles, R—C=N 
Sections 11.5, 
20.6 

Section 19.18 

From arenes by benzylic bromination with N-bromosuccini- 

mide (NBS) 

From ethers by cleavage with HX 

From carboxylic acids by treatment with Ag,O and bromine 

(Hunsdiecker reaction) 

From ketones by alpha halogenation with bromine 

From carboxylic acids by alpha halogenation with phospho- 
rus and bromine (Hell—Volhard—Zelinskii reaction) 

Halides, aryl, Ar—X 
Sections 16.1, From arenes by electrophilic aromatic substitution with 

halogen 5 

From arenediazonium salts by reaction with cuprous halides 
(Sandmeyer reaction) 

From aromatic heterocycles by electrophilic aromatic sub- 

stitution with halogen 

Halohydrins, RgCXC(OH)R, 
From alkenes by electrophilic addition of hypohalous acid 

(HOX) 

From epoxides by acid-induced ring opening with HX 

From ketones or aldehydes by reaction with primary amines 

From alkenes by ozonolysis 

From 1,2-diols by cleavage reaction with sodium periodate 

From alkynes by mercuric ion-catalyzed hydration 

From alkynes by hydroboration—oxidation 

From arenes by Lewis acid-catalyzed reaction with an acid 
chloride (Friedel—Crafts acylation) 

From secondary alcohols by oxidation 

From acid chlorides by reaction with lithium diorganocopper 
(Gilman) reagents 

From conjugated enones by addition of lithium diorganocop- 
per reagents 

From nitriles by reaction with Grignard reagents 

From primary alkyl halides by alkylation with ethyl 
acetoacetate 

From ketones by alkylation of their enolate ions with primary 
alkyl halides 

From primary alkyl halides by Sy2 reaction with cyanide ion 

From conjugated enones by addition of HCN 
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Section 21.9 From primary amides by dehydration with SOCI, 

Section 22.9 From nitriles by alkylation of their alpha anions with pri- 
mary alkyl halides 

Section 26.4 From arenediazonium ions by treatment with CuCN 

Nitroarenes, Ar—NO, 
Section 16.2 From arenes by electrophilic aromatic substitution with 

nitric/sulfuric acids 

Organometallics, R—M 
Section 10.9 Formation of Grignard reagents from organohalides by treat- 

ment with magnesium 

Section 10.10 Formation of organolithium reagents from organohalides by 
treatment with lithium 

Section 10.10 Formation of lithium diorganocopper reagents (Gilman 

reagents) from organolithium reagents by treatment with 
cuprous halides 

Phenols, Ar— OH 
Sections 16.2, From arenesulfonic acids by fusion with KOH 

* 26.8 

Section 26.4 From arenediazonium salts by reaction with aqueous acid 

Section 16.9 From aryl halides by nucleophilic aromatic substitution with 
hydroxide ion 

Quinones, O <_)- O 

Section 26.9 From phenols by oxidation with Fremy’s salt, (KSO3)2.NO 

Section 26.9 From arylamines by oxidation with Fremy’s salt 

Sulfides, R—S— R’ . 

Section 18.11 From thiols by Sy2 reaction of thiolate ions with primary 

alkyl halides 

Sulfones, R—SO,— R’ 
Section 18.11 From sulfides or sulfoxides by oxidation with peroxyacids 

Sulfoxides, R—SO—R’ 
Section 18.11 From sulfides by oxidation with H,O, 

Thioacetals, RgC(SR’)>. 
Section 19.15 From ketones and aldehydes by acid-catalyzed reaction with 

thiols 

Thiols, R—SH 
Section 11.5 From primary alkyl halides by Sy2 reaction with hydrosulfide 

anion 

Section 17.12 From primary alkyl halides by Sy2 reaction with thiourea 

followed by hydrolysis 



APPENDIX D 

Reagents in Organic Chemistry 

T. following list summarizes the uses of some important reagents in organic chem- 
istry. The reagents are listed alphabetically, followed by brief descriptions of the 
uses of each and references to the appropriate text sections. 

Acetic acid, CH;COOH: Reacts with vinylic organoboranes to yield alkenes. The 
net effect of alkyne hydroboration followed by protonolysis with acetic acid is reduc- 
tion of the alkyne to a cis alkene (Section 8.5). 

Acetic anhydride, (CH3;CO),0: Reacts with alcohols to yield acetate esters (Sec- 
tions 21.6, 24.8). 

Aluminum chloride, AICl;: Acts as a Lewis acid catalyst in Friedel—Crafts alkyl- 
ation and acylation reactions of aromatic ring compounds (Sections 16.3, 16.4). 
Ammonia, NH;: A solvent for the reduction of alkynes by lithium metal to yield 
trans alkenes (Section 8.6). 

Reacts with acid chlorides to yield amides (Section 21.5). 

Borane, BH;: Adds to alkenes, giving alkylboranes that can be oxidized with 
alkaline hydrogen peroxide to yield alcohols (Section 7.4). 
Adds to alkynes, giving vinylic organoboranes that either can be treated with 

acetic acid to yield cis alkenes (Section 8.5) or can be oxidized with alkaline hydrogen 
peroxide to yield aldehydes (Section 8.5). 

Reduces carboxylic acids to yield primary alcohols (Section 20.8). 

Bromine, Br2: Adds to alkenes yielding 1,2-dibromides (Sections ieee ans)s 
Adds to alkynes yielding either 1,2-dibromoalkenes or 1,1,2,2-tetrabromoalkanes 

(Section 8.3). 
Reacts with arenes in the presence of ferric bromide catalyst to yield bromoarenes 

(Section 16.1). 
Reacts with ketones in acetic acid solvent to yield a-bromo ketones (Section 22.3). 

« Reacts with carboxylic acids in the presence of phosphorus tribromide to yield a- 
bromo carboxylic acids (Hell—Volhard—Zelinskii reaction; Section 22.4). 

A32 
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Reacts with methyl ketones in the presence of sodium hydroxide to yield carboxylic 
acids and bromoform (haloform reaction; Section 22.7). 

Oxidizes aldoses to yield aldonic acids (Section 24.8). 

N-Bromosuccinimide (NBS), (CH,CO),NBr: Reacts with alkenes in the presence 
of aqueous dimethylsulfoxide to yield bromohydrins (Section 7.2). 

Reacts with alkenes in the presence of light to yield allylic bromides (Wohl—Ziegler 
reaction; Section 10.5). 

Reacts with alkylbenzenes in the presence of light to yield benzylic bromides; 
(Section 16.11). 

di-tert-Butoxy dicarbonate, (tBuOCO),O: Reacts with amino acids to give 
t-BOC-protected amino acids suitable for use in peptide synthesis (Section 27.11). 

Butyllithium, CH;CH,CH,CH2Li: A strong base that reacts with alkynes to yield 
acetylide anions that can be alkylated (Section 8.7). 

Reacts with dialkylamines to yield lithium dialkylamide bases such as LDA, lith- 
ium diisopropylamide (Section 22.5). 

Carbon dioxide, CO,: Reacts with Grignard reagents to yield carboxylic acids 
(Section 20.6). 

Reacts with phenoxide anions to yield o-hydroxybenzoic acids (Kolbe—Schmitt 
carboxylation reaction; Section 26.9). 

Chlorine, Cl,: Adds to alkenes to yield 1,2-dichlorides (Sections 7.1, 14.5). 

Reacts with alkanes in the presence of light to yield chloroalkanes by a radical 
chain reaction pathway (Section 10.4). 

Reacts with arenes in the presence of ferric chloride catalyst to yield chloroarenes 
(Section 16.2). 

m-Chloroperoxybenzoic acid, m-Cl1Cg,H,CO3H: Reacts with alkenes to yield 
epoxides (Section 18.7). 

Chromium trioxide, CrO3: Oxidizes alcohols in aqueous sulfuric acid (Jones 
reagent) to yield carbonyl-containing products. Primary alcohols yield carboxylic 
acids, and secondary alcohols yield ketones (Sections 17.9, 19.5, 20.6). 

Cuprous bromide, CuBr: Reacts with arenediazonium salts to yield bromoarenes 
(Sandmeyer reaction; Section 26.4). 

Cuprous chloride, CuCl: Reacts with arenediazonium salts to yield chloroarenes 
(Sandmeyer reaction; Section 26.4). 

Cuprous cyanide, CuCN: Reacts with arenediazonium salts to yield substituted 
benzonitriles (Sandmeyer reaction; Section 26.4). 

Cuprous iodide, Cul: Reacts with organolithiums to yield lithium diorganocopper 
reagents (Gilman reagents; Section 10.10). 

Diazomethane, CH,N,: Reacts with carboxylic acids to yield methyl esters (Sec- 

tion 21.4). 

Dicyclohexylcarbodiimide (DCC), CgH;,—N—C—=N—C,H,;: Couples an 

amine with a carboxylic acid to yield an amide. DCC is often used in peptide synthesis 

(Section 27.11). 

Diethyl acetamidomalonate, CH;CONHCH(CO;2Et),: Reacts with alkyl halides 

in a common method of a-amino acid synthesis (Section 27.4). 

Diethylaluminum cyanide, (Et),AICN: Reacts with a,6-unsaturated ketones to 

yield B-keto nitriles (Section 19.18). 

Dihydropyran: Reacts with alcohols in the presence of an acid catalyst to yield 

tetrahydropyranyl] ethers that serve as useful hydroxyl-protecting groups (Section 

17.10). 
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Diiodomethane, CH,I,: Reacts with alkenes in the presence of zinc—copper alloy 

to yield cyclopropanes (Simmons—Smith reaction; Section 7.10). 

Diisobutylaluminum hydride (DIBAH), (i-Bu),AlH: Reduces esters to yield 

aldehydes (Sections 19.3, 21.7). 

Reduces nitriles to yield aldehydes (Section 21.9). 

2,4-Dinitrophenylhydrazine, 2,4-(NO,),CgH;NHNH2: Reacts with ketones and 
aldehydes to yield 2,4-DNP’s that serve as useful crystalline derivatives (Section 

19.12). 

Disiamylborane, [(CH3),CHCH(CHs3)]2BH: A hindered dialkylborane that adds 
to terminal alkynes, giving trialkylboranes that can be oxidized with alkaline hydro- 
gen peroxide to yield aldehydes (Section 8.5). 

1,2-Ethanedithiol, HSCH,CH,SH: Reacts with ketones or aldehydes in the pres- 
ence of an acid catalyst to yield dithioacetals that can be reduced with Raney nickel 

to yield alkanes (Section 19.15). 

Ethylene glycol, HOCH,CH,OH: Reacts with ketones or aldehydes in the pres- 
ence of an acid catalyst to yield acetals that serve as useful carbonyl-protecting 
groups (Section 19.14). 

Ferric bromide, FeBrs: Acts as a catalyst for the reaction of arenes with bromine 
to yield bromoarenes (Section 16.1). 

Ferric chloride, FeCl;: Acts as a catalyst for the reaction of arenes with chlorine 
to yield chloroarenes (Section 16.2). 

Grignard reagent, RMgX: Adds to carbonyl-containing compounds (ketones, 
aldehydes, esters) to yield alcohols (Section 19.10). 

Hydrazine, H,NNHp,: Reacts with ketones or aldehydes in the presence of potas- 
sium hydroxide to yield the corresponding alkanes (Wolff—Kishner reaction; Section 
19.13). 

Hydrogen bromide, HBr: Adds to alkenes to yield alkyl bromides. Markovnikov 
regiochemistry is observed (Sections 6.9, 14.5). 

Adds to alkenes in the presence of a peroxide catalyst to yield alkyl bromides. 
Non-Markovnikov regiochemistry is observed (Section 7.5). 
Adds to alkynes to yield either bromoalkenes or 1,1-dibromoalkanes (Section 8.3). 
Reacts with alcohols to yield alkyl bromides (Sections 10.8, 17.8). 
Cleaves ethers to yield alcohols and alkyl bromides (Section 18.6). 

Hydrogen chloride, HCl: Adds to alkenes to yield alkyl chlorides. Markovnikov 
regiochemistry is observed (Sections 6.9, 14.5). 

Adds to alkynes to yield either chloroalkenes or 1,1-dichloroalkanes (Section 8.3). 
Reacts with alcohols to yield alkyl chlorides (Sections 10.8, 17.8). 

Hydrogen cyanide, HCN: Adds to ketones and aldehydes to yield cyanohydrins 
(Section 19.9). 

Hydrogen iodide, HI: Reacts with alcohols to yield alkyl iodides (Section 17.8). 
Cleaves ethers to yield alcohols and alkyl iodides (Section 18.6). 

Hydrogen peroxide, H,O,: Oxidizes organoboranes to yield alcohols. Used in 
conjunction with addition of borane to alkenes, the overall transformation effects 
syn Markovnikov addition of water to an alkene (Section 7.4). 

Oxidizes vinylic boranes to yield aldehydes. Since the vinylic borane starting 
materials are prepared by hydroboration of a terminal alkyne with disiamy] borane, 
the overall transformation is the hydration of a terminal alkyne to yield an aldehyde 
(Section 8.5). 

“ Oxidizes sulfides to yield sulfoxides (Section 18.11). 
Reacts with a-phenylselenenyl] ketones to yield a,B-unsaturated ketones (Section 

22.8). 
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Hydroxylamine, NH,OH: Reacts with ketones and aldehydes to yield oximes 
(Section 19.12). 

Reacts with aldoses to yield oximes as the first step in the Wohl degradation of 
aldoses (Section 24.8). 

Hypophosphorous acid, H;PO,: Reacts with arenediazonium salts to yield 
arenes (Section 26.4). , 

Iodine, I,: Reacts with arenes in the presence of cupric chloride or hydrogen per- 
oxide to yield iodoarenes (Section 16.2). 

Reacts with carboxylic acids in the presence of lead tetraacetate to yield alkyl 
iodides (Hunsdiecker reaction; Section 20.9). 

Reacts with methyl ketones in the presence of aqueous sodium hydroxide to yield 
carboxylic acids and iodoform (Section 22.7). 

Tea CHI: Reacts with alkoxide anions to yield methyl] ethers (Section 
8.4). 

Reacts with carboxylate anions to yield methyl] esters (Section 21.7). 
Reacts with enolate ions to yield a-methylated carbonyl compounds (Section 22.9). 
Reacts with amines to yield methylated amines (Section 25.7). 

Iron, Fe: Reacts with nitroarenes in the presence of mineral acid to yield anilines 

(Section 26.3). 

Lead tetraacetate, Pb(OCOCHS3),: Reacts with carboxylic acids in the presence 
of iodine to yield alkyl iodides and carbon dioxide (Hunsdiecker reaction; Section 
20.9). 

Lindlar catalyst: Acts as a catalyst for the hydrogenation of alkynes to yield cis 
alkenes (Section 8.6). 

Lithium, Li: Reduces alkynes in liquid ammonia solvent to yield trans alkenes 
(Section 8.6). 

Reacts with organohalides to yield organolithium compounds (Section 10.10). 

Lithium aluminum hydride, LiAIH,: Reduces ketones, aldehydes, esters, and 

carboxylic acids to yield alcohols (Section 17.6). 
Reduces amides to yield amines (Section 21.8). 
Reduces alkyl azides to yield amines (Section 25.7). 
Reduces nitriles to yield amines (Sections 21.9, 25.7). 

Lithium diisopropylamide (LDA), LiN(i-Pr),: Reacts with carbonyl compounds 
(aldehydes, ketones, esters) to yield enolate ions (Sections 22.5, 22.9). 

Lithium diorganocopper reagent (Gilman reagent), LiR,Cu: Couples with 

alkyl halides to yield alkanes (Section 10.10). 
Adds to a,f-unsaturated ketones to give 1,4-addition products (Section 19.18). 

Lithium tri-tert-butoxyaluminum hydride, LiAl(O-t-Bu)3H: Reduces acid chlo- 

rides to yield aldehydes (Section 21.5). 

Magnesium, Mg: Reacts with organohalides to yield Grignard reagents (Section 

10.9). 

Mercuric acetate, Hg(OCOCHS3).: Adds to alkenes in the presence of water, giv- 

ing a-hydroxy organomercury compounds that can be reduced with sodium borohy- 

dride to yield alcohols. The overall reaction effects the Markovnikov hydration of 

an alkene (Section 7.3). 

Mercuric oxide, HgO: Reacts with carboxylic acids in the presence of bromine to 

yield alkyl bromides and carbon dioxide (Hunsdiecker reaction; Section 20.9). 

Mercuric sulfate, HgSO,: Acts as a catalyst for the addition of water to alkynes 

in the presence of aqueous sulfuric acid, yielding ketones (Section 8.4). 
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Mercuric trifluoroacetate, Hg(OCOCF3)2: Adds to alkenes in the presence of 

alcohol, giving a-alkoxy organomercury compounds that can be reduced with sodium 

borohydride to yield ethers. The overall reaction effects a net addition of an alcohol 

to an alkene (Section 18.5). 

1-Mesitylenesulfony]-3-nitro-1,2,4-triazole (MSNT): Acts as a coupling reagent 

for use in DNA synthesis (Section 29.16). 

Methyl sulfate, (CH;0),SO,: A reagent used to methylate heterocyclic amine 

bases during Maxam—Gilbert DNA sequencing (Section 29.15). 

Nitric acid, HNO;: Reacts with arenes in the presence of sulfuric acid to yield 

nitroarenes (Section 16.2). 

Oxidizes aldoses to yield aldaric acids (Section 24.8). 

Nitronium tetrafluoroborate, NO,BF,: Reacts with arenes to yield nitroarenes 

(Section 16.2). 

Nitrous acid, HNO,: Reacts with amines to yield diazonium salts (Section 26.4). 

Osmium tetraoxide, OsO,: Adds to alkenes to yield 1,2-diols (Section 7.7). 

Reacts with alkenes in the presence of periodic acid to cleave the carbon—carbon 

double bond, yielding ketone or aldehyde fragments (Section 7.9). 

Oxalyl chloride, CICOCOCI: Reacts with carboxylic acids, yielding acid chlorides 
(Section 21.4). 

Ozone, O;: Adds to alkenes to cleave the carbon—carbon double bond and give 
ozonides. The ozonides can then be reduced with zinc in acetic acid to yield carbonyl 

compounds (Section 7.8). 

Palladium on barium sulfate, Pd/BaSO,: Acts as a hydrogenation catalyst in 
the Rosenmund reduction of acid chlorides to yield aldehydes (Sections 19.3, 21.5). 

Palladium on carbon, Pd/C: Acts as a hydrogenation catalyst in the reduction 
of carbon—carbon multiple bonds. Alkenes and alkynes are reduced to yield alkanes 
(Sections 7.6, 8.6). 

Acts as a hydrogenation catalyst in the reduction of aryl ketones to yield alkyl- 
benzenes (Section 16.12). 

Acts as a hydrogenation catalyst in the reduction of nitroarenes to yield anilines 
(Section 26.3). 

Periodic acid, HIO,: Reacts with 1,2-diols to yield carbonyl-containing cleavage 
products (Section 7.9). 

Peroxyacetic acid, CH;CO3H: Oxidizes sulfoxides to yield sulfones (Section 
18.11) 

Phenyl isothiocyanate, ClH; -N—C=S: A reagent used in the Edman deg- 
radation of peptides to identify N-terminal amino acids (Section 27.9). 

Phenylselenenyl bromide, CgH;SeBr: Reacts with enolate ions to yield a- 
phenylselenenyl ketones. On oxidation of the product with hydrogen peroxide, an 
a,B-unsaturated ketone is produced (Section 22.8). 

Phosphorus oxychloride, POC]: Reacts with secondary and tertiary alcohols to 
yield alkene dehydration products (Section 17.8). 

Phosphorus tribromide, PBr;: Reacts with alcohols to yield alkyl bromides (Sec- 
tion 10.8). 

Reacts with carboxylic acids in the presence of bromine to yield a-bromo carboxylic 
acids (Hell—-Volhard—Zelinskii reaction; Section 22.4). 

Phosphorus trichloride, PCl;: Reacts with carboxylic acids to yield acid chlorides 
“(Section 21.4). 

Platinum oxide (Adam’s catalyst), PtO,: Acts as a hydrogenation catalyst in 
the reduction of alkenes and alkynes to yield alkanes (Section 7.6). 
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Potassium tert-butoxide, KO-t-Bu: Reacts with alkyl halides to yield alkenes 
(Sections 11.10-11.14). 

Reacts with allylic halides to yield conjugated dienes in an elimination reaction 
(Section 14.1). 

Reacts with chloroform in the presence of an alkene to yield a dichlorocyclopropane 
(Section 7.10). 

Potassium hydroxide, KOH: Reacts with alkyl halides to yield alkenes by an 
elimination reaction (Sections 7.12, 11.10—11.14). 

Reacts with 1,1- or 1,2-dihaloalkanes to yield alkynes by a twofold elimination 
reaction (Section 8.10). 

Potassium nitrosodisulfonate (Fremy’s salt), (KSO3),NO: Oxidizes phenols and 
anilines to yield quinones (Section 26.9). 

Potassium permanganate, KMnO,: Oxidizes alkenes under alkaline conditions 
to yield 1,2-diols (Section 7.7). 

Oxidizes alkenes under neutral or acidic conditions to give carboxylic acid double- 
bond cleavage products (Sections 7.8). 

Oxidizes alkynes to give carboxylic acid triple-bond cleavage products (Section 
8.9). 

Oxidizes arenes to yield benzoic acids (Section 16.11). 

Potassium phthalimide, CgH,(CO),NK: Reacts with alkyl halides to yield an N- 
alkylphthalimide that is hydrolyzed by aqueous sodium hydroxide to yield an amine 
(Gabriel amine synthesis; Section 25.7). 

Pyridine, C;H;N: Reacts with a-bromo ketones to yield a,6-unsaturated ketones 
(Section 22.3). 

Acts as a catalyst for the reaction of alcohols with acid chlorides to yield esters 
(Section 21.5). 

Acts as a catalyst for the reaction of alcohols with acetic anhydride to yield acetate 
esters (Section 21.6). 

Pyridinium chlorochromate (PCC), C;HgNCrO;Cl: Oxidizes primary alcohols 
to yield aldehydes and secondary alcohols to yield ketones (Sections 17.9, 19.3, 19.4). 

Pyrrolidine, C,HgN: Reacts with ketones to yield enamines for use in the Stork 
enamine reaction (Sections 19.12, 23.13). 

Raney nickel, Ni: Reduces dithioacetals to yield alkanes by a desulfurization 

reaction (Section 19.15). 

Rhodium on carbon, Rh/C: Acts as a hydrogenation catalyst in the reduction of 

benzene rings to yield cyclohexanes (Section 16.12). 

Silver oxide, Ag.,O: Oxidizes primary alcohols in aqueous ammonia solution to 

yield aldehydes (Tollens oxidation; Sections 19.5, 20.6). 
Acts as a catalyst for the reaction of alcohols with alkyl halides to yield ethers 

(Section 24.8). 

Sodium amide, NaNH,: Reacts with terminal alkynes to yield acetylide anions 

(Section 8.7). 
Reacts with 1,1- or 1,2-dihalides to yield alkynes by a twofold elimination reaction 

(Section 8.10). 
Reacts with aryl halides to yield anilines by a benzyne aromatic substitution 

mechanism (Section 16.10). 

Sodium azide, NaN3;: Reacts with alky] halides to yield alky] azides (Section 25.7). 
Reacts with acid chlorides to yield acyl azides. On heating in the presence of water, 

acyl azides yield amines and carbon dioxide (Section 25.7). 

Sodium bisulfite, NaHSO;: Reduces osmate esters, prepared by treatment of an 

alkene with osmium tetraoxide, to yield 1,2-diols (Section 7.7). 
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Sodium borohydride, NaBH,: Reduces organomercury compounds, prepared by 

oxymercuration of alkenes, to convert the C—Hg bond to C—H (Section 7.3). 

Reduces ketones and aldehydes to yield alcohols (Sections 17.6, 19.11). 

Reduces quinones to yield hydroquinones (Section 26.9). 

Sodium cyanide, NaCN: Reacts with alkyl halides to yield alkanenitriles (Sec- 

tions 20.6, 21.9). 

Sodium cyanoborohydride, NaBH;CN: Reacts with ketones and aldehydes in 

the presence of ammonia to yield an amine by a reductive amination process (Section 

25.7). 

Sodium dichromate, Na,Cr,0,;: Oxidizes primary alcohols to yield carboxylic 

acids and secondary alcohols to yield ketones (Sections 17.9, 19.5). 
Oxidizes alkylbenzenes to yield benzoic acids (Section 16.11). 

Sodium hydride, NaH: Reacts with alcohols to yield alkoxide anions (Section 

17.4). 

Sodium hydroxide, NaOH: Reacts with arenesulfonic acids at high temperature 
to yield phenols (Section 16.2). 

Reacts with aryl halides to yield phenols by a benzyne aromatic substitution 

mechanism (Section 16.10). 

Catalyzes the reaction of acid chlorides with alcohols to yield esters (Schotten— 
Baumann reaction; Section 21.5). 

Catalyzes the reaction of acid chlorides with amines to yields amides (Section 
21.5). 

Reacts with methyl ketones in the presence of iodine to yield carboxylic acids and 
iodoform (Section 22.7). 

Sodium iodide, NaI: Reacts with arenediazonium salts to yield aryl iodides (Sec- 
tion 26.4). 

Stannous chloride, SnCl,: Reduces nitroarenes to yield anilines (Sections 16.2, 
26.3). 

Reduces quinones to yield hydroquinones (Section 26.9). 

Sulfur trioxide, SO;: Reacts with arenes in sulfuric acid solution to yield arene- 
sulfonic acids (Section 16.2). 

Sulfuric acid, H2SO,: Reacts with alcohols to yield alkenes (Sections 7.12, 17.8). 
Reacts with alkynes in the presence of water and mercuric acetate to yield ketones 

(Section 8.4). 
Catalyzes the reaction of nitric acid with aromatic rings to yield nitroarenes 

(Section 16.2). 
Catalyzes the reaction of SO; with aromatic rings to yield arenesulfonic acids 

(Section 16.2). 

Thionyl chloride, SOC],: Reacts with primary and secondary alcohols to yield 
alkyl chlorides (Section 10.8). 

Reacts with carboxylic acids to yield acid chlorides (Section 21.4). 

Thiourea, HJNCSNH,: Reacts with primary alkyl halides to yield thiols (Section 
17.12), 

p-Toluenesulfonyl chloride, p-CH;CgH,SO.,CI: Reacts with alcohols to yield 
tosylates (Sections 11.2, 17.8). 

Trifluoroacetic acid, CF;COOH: Acts as a catalyst for cleaving tert-butyl ethers, 
yielding alcohols and 2-methylpropene (Section 18.6). 

Acts as a catalyst for cleaving the t-BOC-protecting group from amino acids in 
‘peptide synthesis (Section 27.11). 

Triphenylphosphine, (CgH;)3P: Reacts with primary alkyl halides to yield the 
alkyltriphenylphosphonium salts used in Wittig reactions (Section 19.16). 
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Zinc, Zn: Reduces ozonides, produced by addition of ozone to alkenes, to yield 
ketones and aldehydes (Section 7.8). 

Reduces disulfides to yield thiols (Section 17.12). 
Reduces ketones and aldehydes in the presence of aqueous HCl to yield alkanes 

(Clemmensen reduction; Section 19.13). 

Zinc bromide, ZnBr2: Acts as a Lewis acid catalyst to cleave DMT ethers in DNA 
synthesis (Section 29.16). 

Zinc—copper alloy, Zn(Cu): Reacts with diiodomethane in the presence of alkenes 
to yield cyclopropanes (Simmons—Smith reaction; Section 7.10). 



APPENDIX E 

Name Reactions in 
Organic Chemistry 

T. following list summarizes some reactions that are often referred to by name. The 
reactions are listed alphabetically, followed by references to the appropriate text 
sections. : 

Acetoacetic ester synthesis (Section 22.9): A multistep reaction sequence for 
converting a primary alkyl] halide into a methyl ketone having three more carbon 
atoms in the chain: 

O 
eal | 

RCH,X + CH;CCHCOEt 44 RCH,—CH,CCH; + CO, + EtOH 
2. HsO™, A 

Adams catalyst (Section 7.6): PtO., a catalyst used for the hydrogenation of car- 
bon—carbon double bonds. 

Aldol condensation reaction (Section 23.2): The nucleophilic addition of an enol 
or enolate ion to a ketone or aldehyde, yielding a B-hydroxy ketone: 

T a ee 
Aiea at sold ar Bie ra ae eae 

R 
Amidomalonate amino acid synthesis (Section 27.4): A multistep reaction 
sequence, similar to the malonic ester synthesis, for converting a primary alkyl 
halide into an amino acid: 

i | RCH,X + ?CH(NHAc)(COOEt), = Eo es + CO, + 2 EtOH 
307, A 

» NH, 
Cannizzaro reaction (Section 19.17): The disproportionation reaction that occurs 
when a nonenolizable aldehyde is treated with base: 

1 i 
2R,CCH =“"_. R,CCOH + R,CCH,OH 

2, Hs0* 

A40 
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Claisen condensation reaction (Section 23.9): A nucleophilic acyl substitution 
reaction that occurs when an ester enolate ion attacks the carbonyl] group of a second 
ester molecule; the product is a B-keto ester: 

O 0 
| | 

2 RCH,COEt a es OE. + EtOH 

R 
Claisen rearrangement (Sections 26.9, 30.12): The thermal [3,3] sigmatropic 
rearrangement of an allyl vinyl ether or an allyl phenyl ether: 

J+) 
Seredes 

H 

Clemmensen reduction (Section 19.13): A method for reducing a ketone or alde- 
hyde to an alkane by treatment with amalgamated zinc and aqueous HCl: 

Hist Zn(Hg), HCl 
ow : ‘ C 

eX 

Cope rearrangement (Section 30.12): The thermal [3,3] sigmatropic rearrange- 

ment of a 1,5-diene to a new 1,5-diene: 

el SE 
Curtius rearrangement (Section 25.7): The thermal rearrangement of an acyl 
azide to an isocyanate, followed by hydrolysis to yield an amine: 

i 
RCN = NN +4, RNH, + CO, + Np 

. He! 

Diazonium coupling reaction (Section 26.4): The coupling reaction between an 
aromatic diazonium salt and a phenol or aniline: 

( \ten HSO; + ( \-o# — ( \-wen{(_\-on 

Dieckmann reaction (Section 23.11): The intramolecular Claisen condensation 

reaction of a 1,6- or 1,7-diester, yielding a cyclic B-keto ester: 

O 

COO OEE COOEt 
1. NaOEt 

fanf- io ete 
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Diels—Alder cycloaddition reaction (Sections 14.7, 30.8): The thermal reaction 

between a diene and a dienophile to yield a cyclohexene ring: 

ere 
Edman degradation (Section 27.9): A method for cleaving the N-terminal amino 

acid from a peptide by treatment of the peptide with N-phenylisothiocyanate: 

0 S 

! NH 
Ph—N=C=8 + NCA Re — ae + H,N+ 

R go 4H 

Fehling’s test (Section 24.8): A chemical test for aldehydes, involving treatment 

with cupric ion. 

Fischer esterification reaction (Section 21.4): The acid-catalyzed reaction 

between a carboxylic acid and an alcohol, yielding the ester: 

O O 
| 

Re C[O0CHwaaIEG A 

H2S04 

Friedel-Crafts reaction (Section 16.3): The alkylation or acylation of an aromatic 
ring by treatment with an alkyl or acyl chloride in the presence of a Lewis-acid 
catalyst: 

R (—COR) 
RCI (or (RCOC})) 

Gabriel amine synthesis (Section 25.7): A multistep sequence for converting a 
primary alkyl halide into a primary amine by alkylation with potassium phthal- 
imide, followed by hydrolysis: 

O 

COO- 
— La 

RCH,X + :N BIR aae RCH,NH, + Cr 

COO- 
O 

| 
R—C—OH + CH,OH 

Gilman reagent (Section 10.10): A lithium dialkylcopper reagent, R,CuLi, pre- 
pared by treatment of a cuprous salt with an alkyllithium. Gilman reagents undergo 
a coupling reaction with alkyl halides and undergo a 1,4-addition reaction with a,B- 
unsaturated ketones. 

Grignard reaction (Section 19.10): The nucleophilic addition reaction of an alkyl- 
magnesium halide to a ketone, aldehyde, or ester carbonyl group: 

O OH 

| 1. Mix : i 

Grignard reagent (Section 10.9): An organomagnesium halide, RMgxX, prepared 
by reaction between an organohalide and magnesium metal. 
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Haloform reaction (Section 22.7): The conversion of a methyl ketone to a car- 
boxylic acid and haloform by treatment with halogen and base: 

O 
| 

R—C—CH, — R—C—OH + CHX; 
. Hg 

Hell—Volhard—Zelinskii reaction (Section 22.4): The alpha bromination of car- 
boxylic acids by treatment with bromine and phosphorus: 

O 
le ol lial 
es = ea: 

. Ho! 

H Br 

Hinsberg test (Section 25.8): A chemical means of distinguishing among primary, 
secondary, and tertiary amines by observing their reactions with benzenesulfonyl 
chloride. 

Hofmann elimination (Section 25.8): A method for effecting the elimination reac- 
tion of an amine to yield an alkene. The amine is first treated with excess iodo- 
methane, and the resultant quaternary ammonium salt is heated with silver oxide: 

R.N H 

ae ee ae! 
"i \ epee 7 \ 

Hofmann rearrangement (Section 25.7): The rearrangement of an N-bromo- 
amide to a primary amine by treatment with aqueous base: 

O 
| 

R—C—NH, — R—C—NHBr — > RNH, + CO, 

Hunsdiecker reaction (Section 20.9): A reaction for converting a carboxylic acid 
into an alkyl halide by treatment with mercuric oxide and halogen: 

HgO 
— 

| 
R—C—OH RX + CO, + HX 

Jones’ reagent (Section 17.9): A solution of CrOs in acetone/aqueous sulfuric acid. 
This reagent oxidizes primary and secondary alcohols to carbonyl compounds under 
mild conditions. 

Kiliani—Fischer synthesis (Section 24.8): A multistep sequence for chain-length- 

ening an aldose into the next higher homolog: 

1. HCN CHO 

Coe => CHOH 
| 38. Na—Hg | 

R R 
Koenigs—Knorr reaction (Section 24.8): A method for synthesizing glycosides by 

reaction between an alcohol and a bromo-substituted carbohydrate: 

CH,0Ac CH,OAc 

Q OR 
ROH, Ag,0O 

OAc ; OAc 

AcO Br AcO 

AcO AcO 
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Kolbe—Schmitt carboxylation reaction (Section 26.9): A method for introducing 
a carboxyl group in the ortho position of a phenol by treatment of the phenoxide 

anion with CO,: 

O7 OH 
in CO; Crs CL 

COOH 

Malonic ester synthesis (Section 22.9): A multistep sequence for converting an 
alkyl halide into a carboxylic acid with the addition of two carbon atoms to the 

chain: 

RCH,X + ?CH(COOEt), — RCH,—CH,COH + 2 EtOH + 2 CO, 
H30*, A 

Maxam-Gilbert DNA sequencing (Section 29.15): A rapid and efficient method 
for sequencing long chains of DNA by employing selective cleavage reactions. 

McLafferty rearrangement (Section 19.20): A general mass spectral fragmen- 
tation pathway for carbonyl compounds having a hydrogen three carbon atoms away 
from the carbonyl carbon: 

pe 
Meisenheimer complex (Section 16.9): An intermediate formed in the nucleo- 
philic aryl-substitution reaction of a base with a nitro-substituted aromatic ring: 

Merrifield solid-phase peptide synthesis (Section 27.12): A rapid and efficient 
means of peptide synthesis in which the growing peptide chain is attached to an 
insoluble polymer support. 

Michael reaction (Section 23.12): The 1,4-addition reaction of a stabilized enolate 
anion to an a,B-unsaturated carbonyl compound: 

O O O O Tl O 
| | Base R—CW | R—C—CH,—C—R’ + H,C=CH—C—R’ —*. >> CH—CH,CH,CR’ 

Ri C 
I 

Nagata hydrocyanation reaction (Section 19.18): A reaction for effecting the 
conjugate 1,4 addition of HCN to an a,f-unsaturated ketone by treatment with 
dicthyialumi nen eee 

O 

4 keds L EWAICN, Sug Pe 
2. H30* | | 
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Raney nickel (Section 19.15): A specially prepared form of nickel that is used for 
desulfurization of thioacetals: 

ies as a H 

Cc Raney Ni C oO RM 

Tan ho 
Robinson annulation reaction (Section 23.14): A multistep sequence for building 
a new cyclohexenone ring onto a ketone. The sequence involves an initial Michael 
reaction of the ketone, followed by an internal aldol cyclization: 

a eo 
O O O 

Rosenmund reduction (Section 19.3): A method for conversion of an acid chloride 
into an aldehyde by catalytic hydrogenation: 

1 i 
Re O-- Cle RC HCI 

Sandmeyer reaction (Section 26.4): A method for converting aryldiazonium salts 

into aryl halides by treatment with cuprous halide: 

¢ \-Nen HSO7 + Cux® ( \-x + No 

Schotten—Baumann reaction (Section 21.5): A method for preparing esters by 
treatment of an acid chloride with an alcohol in the presence of aqueous base: 

i i 
R—C—Cl + R’OH R—C— OR’ 

Simmons-—Smith reaction (Section 7.10): A method for preparing cyclopropanes 
by treating an alkene with CH,I, and zinc—copper: 

CH 
i 12 OE ie — a ey 

Stork enamine reaction (Section 23.13): A multistep sequence whereby ketones 
are converted into enamines by treatment with a secondary amine, and the enamines 

are then used in Michael reactions: 

Nes I | 1 | | pay Het ieee 
PC eee R—-C=C = Fee alee USCHLC 

. He 

NaOH, H20 
as 

Strecker amino acid synthesis (Section 27.4): A multistep sequence for con- 
verting an aldehyde into an amino acid by initial treatment with ammonium cyanide, 

followed by hydrolysis: 

fe : 
ee oe ee re Cy CN: 2 > (RCH COOH 

Tollens test (Section 19.5): A chemical test for detecting aldehydes by treatment 

with ammoniacal silver nitrate. A positive test is signaled by formation of a silver 

mirror on the walls of the reaction vessel. 
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Walden inversion (Section 11.1): The inversion of stereochemistry at a chiral 

center that occurs during Sy2 reactions: 

aN Ts 
Nu:> hed — a4 + 3X7 

Williamson ether synthesis (Section 18.4): A method for preparing ethers by 

treatment of a primary alkyl halide with an alkoxide ion: 

RO:- + R’CH,X — > R—O—CH,R’ + :?X™ 

Wittig reaction (Section 19.16): A general method of alkene synthesis by treat- 

ment of a ketone or aldehyde with an alkylidenetriphenylphosphorane: 

O R 
\ to 

R—C—R’ + C=P(Ph)3 — C=C + (Ph)3P=O 
7, ye a 

R’ 

Wohl degradation (Section 24.8): A multistep reaction sequence for degrading an 
aldose into the next lower homolog: 

CHO CHO 
| 1. NH,OH | 

Ze Ac2O 

Taupe 3, NaOCH3 

R 

Wohl-Ziegler reaction (Section 10.5): A reaction for effecting allylic bromination 
by treatment of an alkene with N-bromosuccinimide: 

H Br 

eht | | Oe NBSYCCL, Ne peta ae" 

/ | / | 
Wolff—Kishner reaction (Section 19.13): A method for converting a ketone or 
aldehyde into the corresponding hydrocarbon by treatment with hydrazine and 
strong base: 

1 Bee Co NoH,, KOH C 

x 
Woodward—Hoffmann orbital symmetry rules (Section 30.13): A series of rules 
for predicting the stereochemistry of pericyclic reactions. Even-electron species react 
thermally through either antarafacial or conrotatory pathways, whereas odd-elec- 
tron species react thermally through either suprafacial or disrotatory pathways 
(even—antara—con; odd—supra—dis). 

Ziegler-Natta polymerization (Section 31.6): A method for carrying out the ste- 
reoregular polymerization of alkenes by using titanium—aluminum catalysts. 
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Glossary 

Ke 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 ultraviolet regions of the electromagnetic spectrum. By interpreting 
these spectra, useful structural information about the sample can be obtained. (See 

Infrared spectroscopy, 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 9.5): 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 (— NH.) that increases the reactivity of an aromatic ring toward 

electrophilic aromatic substitution. All activating groups are ortho- and para- 

directing. 

Activation energy, AE? (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 mol- 

ecule. 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). 

Acylium ion (Section 16.4): A resonance-stabilized carbocation in which the posi- 

tive 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. 

A47 
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1,4 Addition (Sections 14.5, 19.18): Addition of a reagent to the ends of a conju- 

gated pi system. Conjugated dienes yield 1,4 adducts when treated with electrophiles 
such as HCl. Conjugated enones yield 1,4 adducts when treated with nucleophiles 

such as cyanide ion. 

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 3.8): 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 8.8, 16.3, 18.4, 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 alpha-substituted carbonyl compounds 
[Rz,C—C(R')O- — RR3C—COR’]. 

Allylic (Section 10.5): Used to refer to the position next to a double bond. For 
example, CHp—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). 

Angle strain (Section 4.6): 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 owing to bond deformations 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. 

Anti stereochemistry (Section 7.1): 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 Br, 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 29.14): A sequence of three bases on tRNA that reads the 
codons on mRNA and brings the correct amino acids into position for protein 
synthesis. 
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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 9.5): See Chiral center. 

Atactic polymers (Section 31.6): Chain-growth polymers that have a random 
stereochemical arrangement of substituents on the polymer backbone. These poly- 
mers 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, 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 negative charges. For example, the initial adducts of Wittig reagents with 

carbonyl compounds are betaines: 

O- R 
ells ek 7, 

R—C—C—P—R 
Ue | \ 
R R 

A Wittig betaine 

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. 

Boat cyclohexane (Section 4.14): A three-dimensional conformation of cyclohex- 

ane that bears a slight resemblance to a boat. Boat cyclohexane has no angle strain, 
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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 homo- 
lytically break a bond 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 7.2): The 1,2-disubstituted bromoalcohol that is obtained 
by addition of HOBr to an alkene. 

Brgnsted acid (Section 2.6): A substance that donates a hydrogen ion (proton) to 
a base. 

Carbanion (Section 10.9): A carbon anion, or a 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 7.10): .A neutral substance that contains a divalent carbon atom 
having only six electrons in its outer shell (R2C :). 

Carbinolamine (Section 19.12): A molecule that contains the RgC(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 a substance that contains a tri- 
valent, positively charged carbon atom having six electrons in its outer shell (R3C*). 
Carbocations 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 cannot be hydrolyzed to yield smaller mol- 
ecules, 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: 

Step 1 Initiation: Cl, —> 2Cl: 
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Steps 2and3 Propagation: Cl- + CH, —~> HCl + -CH, 

CH; + Cl, — > CH,Cl + Cl: 

Step 4 Termination: R- + R- —> R—R 

Chair cyclohexane (Section 4.9): A three-dimensional conformation of cyclohex- 
ane that resembles the rough shape of a chair. The chair form of cyclohexane, which 
has neither angle strain nor eclipsing strain, represents the lowest-energy confor- 
mation 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 (TMS) 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 MHz instrument equals 
60 Hz. 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 9.5): 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 (Section 9.5): An atom (usually carbon) that is bonded to four dif- 
ferent groups and is therefore chiral. (See Chiral.) 

Chlorohydrin (Section 7.2): The 1,2-disubstituted chloroalcohol that is obtained 
by addition of HOCI 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 3.10, 6.5): Special 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 29.14): A three-base sequence on the mRNA chain that encodes 

the genetic information necessary to cause specific amino acids to be incorporated 

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 chiral center relative to the stereochemistry of other chiral 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 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 

Br¢gnsted 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.) 

(ad 4 

CCQ CO 
O 6 

Constitutional isomers (Sections 3.3, 9.8): Isomers that have their atoms con- 
nected in a different order. For example, butane and 2-methylpropane are consti- 
tutional 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 3.6): A process used in petroleum refining in which large 
alkanes are thermally cracked into smaller fragments. 

Cycloaddition (Sections 14.7, 30.1): 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 substitu- 
tion. Most deactivating groups, such as nitro, cyano, and carbony] are meta-directors, 
but halogen substituents are ortho- and para-directors. 

Decarboxylation (Sections 20.9, 22.9): A reaction that involves loss of carbon 
dioxide from the starting material. 6-Keto acids decarboxylate particularly readily 
on heating. 

Degenerate orbitals (Section 15.6): Two or more orbitals that have the same 
energy level. 

Dehydration (Sections 7.12, 17.8): A reaction that involves loss of water from the 
starting material. Most alcohols can be dehydrated to yield alkenes, but aldol con- 
densation products (8-hydroxy ketones) dehydrate particularly readily. 

Dehydrohalogenation (Sections 7.12, 11.10): 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 27.15): 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 13.3): An effect observed in NMR that causes a nucleus to 
absorb downfield (to the left) of TMS 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. If they are 
different, a deuterium isotope effect is present, indicating that C—H bond breakage 
is rate-limiting. 

Dextrorotatory (Section 9.1): 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 chiral centers, but differ at other chiral centers. 

Diazotization (Section 26.4): The conversion of a primary amine, RNHg, into a 
diazonium salt, RN , 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. 

Dipolar aprotic solvent (Section 11.5): Dipolar solvent that cannot function as a 

hydrogen ion donor. Dipolar aprotic solvents such as dimethyl] sulfoxide (DMSO), 

hexamethylphosphoramide (HMPA), and dimethylformamide (DMF) are particu- 

larly useful in Sy2 reactions because of their ability to solvate cations. 

Dipole moment, p (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.) 

f—} _ <x 
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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. 

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): Refers to the left-hand portion of the NMR chart. (See 
Deshielding.) 

Eclipsed conformation (Section 4.1): The geometric arrangement around a 
carbon-carbon single bond in which the bonds to substituents on one carbon are 
parallel to the bonds to substituents on the neighboring carbon as viewed in a 
Newman projection. For example, the eclipsed conformation of ethane has the 

C—H bonds on one carbon lined up with the C—H bonds on the neighboring carbon: 

A 
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 (Section 30.1): A unimolecular pericyclic reaction 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 the tendency of an atom 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 elements on the left side. 

Electronegativity (Section 2.4): The ability of an atom to attract electrons and 
thereby polarize a bond. Asa general rule, electronegativity increases in going across 
the periodic table from left to right 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. (See Nucleophile.) 

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 12.2): 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 (Section 9.3): Stereoisomers of a chiral substance that have a mirror- 
image relationship. Enantiomers must have opposite configurations at all chiral 
centers in the molecule. 
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Endothermic (Section 5.7): A term used to describe reactions that absorb energy 
and therefore have positive enthalpy changes. In reaction energy diagrams, the 
products of endothermic reactions have higher energy levels than the starting 
materials. 

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 
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 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.) 

fe aa 
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 [CID] 

ea  [A][B] 

where the letters in brackets refer to the molar concentrations of the reactants and 

products. 

Essential oil (Section 28.6): The volatile oil that is obtained by steam distillation 

of a plant extract. 

Excited-state configuration (Section 1.8): An electronic configuration having a 
higher energy level than the ground state. 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 energy 
and 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 occur in nature in 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. 
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Fischer projection (Section 9.13): A means of depicting the absolute configuration 
of chiral molecules on a flat page. A Fischer projection employs a cross to represent 
the chiral center; the horizontal arms of the cross represent bonds coming out of the 
plane of the page, whereas the vertical arms of the cross represent bonds going back 

into the plane of the page: 

A 

Fischer projection 

Formal charge (Section 2.3): The difference in the number of electrons possessed 
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 

Number of outer-shell ) & ( Number of outer-shell ) 
beeen a ae in a free atom electrons in a bound 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 usually 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 8C 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 is present. 

Gauche conformation (Section 4.3): The conformation of butane in which the 
two methyl groups lie 60° apart as viewed in a Newman projection. This conformation 
has 0.9 kcal/mol steric strain: 

CH, 

Gauche conformation 

Geometric isomers (Sections 3.10, 6.5): See 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 standard 
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 7.7): 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. 
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Ground state (Section 1.3): The most stable, lowest-energy electronic configura- 
tion of a molecule. 

Halohydrin (Section 7.2): A 1,2-disubstituted haloalcohol such as is obtained on 
addition of HOBr to an alkene. 

Halonium ion (Section 7.1): 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. 

Haworth projection (Section 24.5): A means of viewing stereochemistry in cyclic 
hemiacetal forms of sugars. Haworth projections are drawn so that the ring is flat 
and is viewed from an oblique angle with the hemiacetal oxygen at the upper right. 

CH,0OH 

O OH 

OH 
HO 

OH 

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 

. H,O 

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. 

Heterocycle (Section 15.9, 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: 

C,H, + O2 — nCOQO, + 

Ae Ds AB 

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 — A* + Bi 

HOMO (Section 30.5): An acronym for highest occupied molecular orbital. The 

symmetries of the HOMO and LUMO are important in pericyclic reactions. (See 

LUMO.) 

Homogenic bond formation (Section 5.2): What occurs in radical reactions when 

each partner donates one electron to the new bond: 

A> + B> — A?B 
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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 

AiR = ee 

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 (n = 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. 

Hydration (Section 7.3): Addition of water to a molecule, such as occurs when 
alkenes are treated with strong sulfuric acid. 

Hydroboration (Section 7.4): Addition of borane (BH3) 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 7.6): 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 (Section 2.4): The electron-attracting or electron-withdrawing 
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 mul- 
tistep reaction but is not the final product. Intermediates are more stable than 
transition states, but may or may not be stable enough to isolate. 

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 
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(such as the halogens) and strongly electropositive elements (such as the alkali 
metals). (See Covalent bond.) 

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 
lonization 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 amino acid are exactly balanced. 
Isomers (Section 3.3): Compounds that have the same molecular formula but dif- 
ferent structures. 

Isoprene rule (Section 28.7): 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 (Sections 1.6, 2.1): 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 necessarily 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 9.1): 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 co- 

valent bonds as lines between atoms. (See Kekulé structure.) 

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 val- 

ence orbitals. It is the lone-pair electrons that are used by nucleophiles in their 

reactions with electrophiles. 

LUMO (Section 30.6): An acronym for lowest unoccupied molecular orbital. The 

symmetries of the LUMO and HOMO are important in determining the stereo- 

chemistry of pericyclic reactions. (See HOMO.) 
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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 (Section 9.9): A meso compound is one that contains chiral 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; 
Stationary phase.) 

Molecular formula (Section 2.9): An expression of the total number 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. 

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 + 1 rule (Sections 13.6, 13.12): A carbon bonded to n hydrogens shows n + 1 
peaks in its spin-coupled 'C 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 rela- 
tionships between substituent groups on neighboring carbons. The carbon—carbon 
bond is viewed end-on, and the carbons are indicated by a circle. Bonds radiating 
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from the 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: 

we Rear carbon 

Front carbon 

Newman projection 

Nitrogen rule (Section 25.11): A rule stating that compounds having an odd num- 
ber 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, 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-C,Hj 9 (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 molecule 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 13C 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 9.3): See Enantiomers. 

Optically active (Section 9.1): A substance that rotates the plane of polarization 
of plane-polarized light. Note that an optically active sample must contain chiral 
molecules, but 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 delineate 

the behavior of electrons around nuclei. 

Ozonide (Section 7.8): ‘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. 
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Paraffins (Section 3.7): An alternative 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 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 Protein.) 

Pericyclic reaction (Chapter 30): A reaction that occurs by a concerted reorgani- 

zation of bonding electrons in a cyclic transition state. 

Periplanar (Section 11.10): 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: 

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 9.5): 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 9.1): 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. 

Polar reaction (Section 5.2): A reaction in which bonds are made when a nucleo- 
phile donates two electrons to an electrophile and bonds are broken when one frag- 
ment 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, 5.5): The unsymmetrical distribution of electrons in mol- 
ecules that results when one atom attracts electrons more strongly than another. 

Polarizability (Section 5.5): The measure of the change in the electron distribution 
in a molecule 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. 
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Primary, secondary, tertiary, quaternary (Section 3.5): 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 RCH; RCH3 RCH,OH RNH, 
Secondary R,CH, R,CH, ' R,CHOH R,NH 
Tertiary R3;CH R3;CH R3;COH R3N 
Quaternary R,C 

where 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 from reaction elsewhere in the molecule. After serving its protective 
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 tetrahydropyranyl ethers. 

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 Dipolar 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 3.5): 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 chiral centers. The Cahn—Ingold—Prelog sequence rules are used to assign 
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relative priorities to the four substituents on the chiral 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 rela- 
tionship in going from first to second to third priority, then the chiral center is 
denoted R (rectus, right). If the three remaining substituents have a left-handed or 
counterclockwise relationship, the chiral center is denoted S (sinister, left). (See 

(BB) 3 2 oy 3 
ee Sr et 

R configuration S configuration 

Racemic mixture (Section 9.11): 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 Sy1 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 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 
can be readily converted into aldehydes are reducing. Glycosides, however, are not 
reducing sugars. 

Refining (Section 3.6): 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 29.12): 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 
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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- 
substitution reactions. 

Resonance hybrid (Section 10.7): A molecule, such as benzene, that cannot 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 of 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 cannot undergo addition reactions. Alkanes, for example, are saturated, 

but alkenes are unsaturated. 

Sawhorse structure (Section 4.1): A stereochemical manner of representation 

that portrays a molecule using a stick drawing and gives a perspective view of the 

conformation around single bonds. 

Sawhorse structure 

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 3.5): 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, 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 chiral center. Once priorities have been established, E,Z double-bond 
geometry and R,S configurational assignments can be made. (See Entgegen; 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.) 
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Sigma bond (Section 1.7): A covalent bond formed by head-on overlap of atomic 

orbitals. 

Sigmatropic reaction (Section 30.1): 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 cyclopentadiene is such 

a reaction. 

Skew conformation (Section 4.3): Any conformation about a single bond that is 
intermediate between staggered and eclipsed. (See Staggered conformation; Kclipsed 

conformation.) 

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 1.9): 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 9.2): The specific rotation of a chiral compound is 
a physical constant that is defined by the equation 

fan ts Observed rotation za a 

R Path length x Concentration laxeG 

where the path length of the sample solution is expressed in decimeters, and the 
concentration of the sample solution is expressed in grams per milliliter. 

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. 

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.) 

Staggered 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) 

eare often used as stationary phases in column chromatography of organic mixtures. 
(See Mobile phase.) 
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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, 9): The branch of chemistry concerned with the 
three-dimensional arrangement of atoms in molecules. 

Stereoisomers (Section 9.3): Isomers that have their atoms connected in the same 
order but in different three-dimensional arrangements. The term stereoisomer 
includes both enantiomers and diastereomers, but does not include constitutional 
isomers. 

Stereospecific (Section 7.10): A term indicating that only a single stereoisomer 
is produced in a given reaction, rather than a mixture. 

Steric strain (Sections 4.3, 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 7.1): 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. (See Anti stereochemistry.) 

Syndiotactic polymer (Section 31.6): A chain-growth polymer in which the sub- 
stituents on the polymer backbone have a regular alternating stereochemistry. 

Tautomers (Section 8.4): 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 3.5): 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-dimensional 

arrangement. 
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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 

becomes soft and pliable when heated. Thermoplastics are used for the manufacture 

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. Torsional strain is also called eclipsing 
strain. 

Transcription (Section 29.13): 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 cannot be isolated. 

Translation (Section 29.14): 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 8C 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. 

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 3.7): 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 state. 

Vicinal (Section 8.10): A term used to refer to a 1,2-disubstitution pattern. For 
example, 1,2-dibromoethane is a vicinal dibromide. 

WVinylic (Section 8.3): 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. 
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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. For example, 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, 
H;N—CHR—COO-. (Zwitterions are also called betaines.) 



oe ee 
i ani Miva «dF elie Ae 

; “ft fe, nHvaft i wil aah aD ia 
or 2 f re {ees pe a> SE 

sf rvitivin tai nT” = cetera may 
7 ‘ P 7 A rat een ae 

‘ webs TU) eh ites suecnndid 

dramyt ie te lisitis ny ovaw OKT M820 onitosty sedans 
(PS wis ewe deaT dosent 
; Feee Fi aT) 

air ol res | fy a ner Tew = t cLfanal ar neni see 
| hur gosnaciet! et “Linn: + vlewsval al aoltedher stheomsitoreisais: hy 

: hiresh pio ‘] weld Sage er pena 

gon baa a7 0) ; ; we tai i. ff ih ine A” ey ean ene ut 

acooesy Digi , : iy | Ae aly hE ao TN . aoa Dab GAR TITS AN : | ay» abil 
ron asoimenee WETS GA iyais alle A SOLS ‘Sol Be? ABA & 

Tita wed, God Bone ont Fiat He oe iee 
- . a wo w] Chas 4237) 

elo vrais. wll, lie) OLE ss rea, A Veh aon nary 

webrion) hearry e710 COUR Meee my owe ag F- brio al dare oT Ge ce sa 
r Blt . : mite 

mod aia oP oF {i Thin alt Dae dz bolget Siow fi Tne! oN bia 4a 
, yt ob ay! pee i « hill Pe lu ea LE od run OL Ong Viviotiy Mit'w ns ily 

S7Thets Chat ‘A niin dil hed SOND BOR 7 “VPantiosy San ono a 

bere yr ithedt{ Bit iota va wa ee Mitt 4 sugils ‘Lathan bs, ot ib > tH) SOP Re aie wx 
ri - 

a ware an. nS le 4 eC DDA ss tk rm, <7 37 me 
erornwiiwa eh Jess ahlSh Buin nid aes 4b Adee Fou ; . f 

Lewd 4h) Ue RATE Mahl the hag ' one vi: i mae anh BS OD m4 eas tPu ' iltern i oye oe ip PUsEd) iS 
~ 

“ 25 ! iy bey ~ as re ani 1 ital fat 

wile e ip mci « aR iy wig cluiir rain ria. 

Tsipins - A ryninetrae? thee dine epltraug giatianm ; adieces hat ben ivelant soaghlor r protaal oF 

pa Hh) OWE A yorrraeay rote 
Ba vs ‘ pr Sevtion 644hi° Anop tsi lia ee 

} =) le V arueapubetery § nile mrecturs fora \ 

eerie Tee organi Solealem 7 ae os 

Sinteessheincls ATi ob even thank oeitiag 
uae : 1 ne tepdad we} tart ihe intel oe 

. , anv at ao tore slkyt —— s 
be 4e< — 

f 

<— 2 oe 
a Fake ov B29)! Anke pled ninldeage oe Ad a“ » wah tion sealer. + Aen and ai 

ta aa. 15 4 : ‘ 

L 7 Sacto * 1 m™) ore te tthe “a 10 an a 

a) pu 

Von Jer Wapls forate oction OT)» The Aitrnctade f cd ru esd 
i odds dipole feels seared nied, cop der iieta 
hte aii hae neg iniua*an tore vac ini thaw A 

Vik l Tee 4.1 2 4 ores ws ~ rater op x i “a 

iy, 2 Rdibeo idem (eo olla bribe 
ww inl “iG 4i,) , yep Ces volend Gen subad 

* pie, aes walallane 14 a A ion 



Index 

The page references given in color refer either to entries in the text where terms are defined or to mini-biographies. 

ABS polymer, structure and 
synthesis of, 1125 

Absolute configuration, 272 

Absorption spectrum, 394 
how to measure, 394 

Acetal(s), 680 

as protecting groups for 

ketones and aldehydes, 682 
from ethylene glycol, 682 

from ketones and aldehydes, 
680-682 

hydrolysis of, 680 
mechanism of formation of, 

680-682 
Acetaldehyde, aldol reaction of, 

823-824 
bond angles in, 648 

bond lengths in, 648 
13C¢ NMR absorption of, 696, 

774 
dipole moment of, 649 
1H NMR spectrum of, 697 
IR absorption of, 695, 773 

pK, of, 798 
properties of, 658 

structure of, 648-649 

Acetamide, !12C NMR absorption 
of, 774 

dipole moment of, 649 
IR absorption of, 773 

Acetate ion, as leaving group, 

342 
as nucleophile, 339 

Acetate ion (continued) 

base strength of, 45 
nucleophilicity of, 340 
resonance in, 719 

Acetic acid, bond angles in, 716 

bond lengths in, 716 
13C NMR absorption of, 730, 

774 
dielectric constant of, 355 

dipole moment of, 649 

in fatty acid synthesis, 1016— 
1018 

industrial synthesis of, 714 

industrial uses of, 714 

IR absorption of, 773 
physical properties of, 716-717 

pK, of, 45, 721 
structure of, 716 

Acetic anhydride, 1*C NMR 
absorption of, 774 

IR absorption of, 773 

reaction with amides, 767 

reaction with amines, 758 

reaction with carbohydrates, 

868 
synthesis of, 747 

Acetoacetic ester synthesis, 80'7— 

809 
Acetoacetyl ACP, in fatty acid 

biosynthesis, 1016-1018 
Acetone, aldol reaction of, 823— 

824 

13¢ NMR absorption of, 774 

Acetone (continued) 

dielectric constant of, 355 

dipole moment of, 649 

enol tautomer of, 789 

from cumene, 946 

industrial synthesis of, 657, 

946 
industrial uses of, 657 

IR absorption of, 695, 773 
pK, of, 798 
properties of, 658 
structure of, 658 

Acetonitrile, as solvent in Sy2 

reaction, 344 

18¢ NMR absorption of, 774 
IR absorption of, 773 
pK, of, 798 

Acetophenone, 12C NMR 
absorption of, 696 

dipole moment of, 649 
from benzene, 534 

IR absorption of, 695 

Acetyl ACP, in fatty acid 
biosynthesis, 1016-1018 

Acetyl chloride, 8C NMR 
absorption of, 774 

dipole moment of, 649 
Friedel—Crafts reaction of, 

533-534 
IR absorption of, 773 

pK, of, 798 
Acetyl CoA, biochemical function 

of, 772 

Il 



12 INDEX 

Acetyl CoA (continued) 

in fatty acid biosynthesis, 
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see also Acid halides 
Acid chlorides, acidity of, 798 

conversion into aldehydes, 662 
conversion into ketones, 664 

Friedel—Crafts reaction of, 

533-534 

from carboxylic acids, 746-747 
hydrogenation of, 662 

IR spectroscopy of, 773-774 
NMR spectroscopy of, 774 

reaction with arenes, 533-534 

reaction with azide ion, 913 

reaction with Gilman reagents, 
664 

reaction, with H,/Pd, 662 

see also Acid halides 
Acid halides, conversion into acid 

anhydrides, 757-758 

Acid halides (continued) 

conversion into alcohols, 755— 

756 
conversion into aldehydes, 

755-756 
conversion into amides, 754 

conversion into carboxylic 

acids, 752-753 

conversion into esters, 753 

conversion into ketones, 756— 

757 
from carboxylic acids, 746-747 
hydrolysis of, 752-753 
nomenclature of, 739 

reaction(s) of, 751-757 

reaction with alcohols, 753 
reaction with amines, 754 

reaction with carboxylate 

anions, 757—758 

reaction with Gilman reagents, 
756-757 

reaction with Grignard 
reagents, 756 

reaction with LiAlH,, 755 

reaction with lithium tri-tert- 
butoxyaluminum hydride, 
755-756 

reaction with water, 752—753 

reduction of, 755—756 

relative reactivity of, 744-745 

synthesis of, 751 

see also Acid chlorides 

Acid—base reaction, predicting, 
46-47 

Acidity, Brgnsted—Lowry 

definition, 44 
inductive effects on, 585 

Lewis definition, 47 

of alcohols, 584—586 

of alkanes, 242 

of alkenes, 241 

of alkynes, 241-242 

of ammonium salts, 900 

of carbonyl compounds, 795— 
798 

of carboxylic acids, 717—720 
of phenols, 948-951 

of substituted benzoic acids, 

722-723 

substituent effects on, 720-723 
Acidity constant (K,), 45 

of some alcohols, 585 

table of, 45 H 
Acrilan, synthesis and use of, 

1114 

Acrolein, as Diels—Alder 

dienophile, 468 

IR absorption of, 695 
Acrylic acid, see Propenoic acid 

Acrylonitrile, as Diels—Alder 

dienophile, 468 
polymerization of, 1114 

Activating groups, and 

arylamine basicity, 936-937 

and benzoic acid acidity, 722— 

723 ; 
and electrophilic aromatic 

substitution, 535-537 

and phenol acidity, 949-951 

table of, 535 

Activation energy (AG*), 145 
Acyl azides, conversion into 

amines, 913 

Curtius rearrangement of, 
911-913 

from acid chlorides, 913 

Acyl cation(s), 534 
in Friedel—Crafts acylations, 

534 
Acyl derivatives, conversions 

among, 745 

general reactions of, 745 

IR spectroscopy of, 773-774 
NMR spectroscopy of, 774—775 

nomenclature of, 741 

relative reactivity of, 742—745 
Acyl group, 533 
Acyl hypobromites, in 

Hunsdiecker reaction, 729 

Acylation, of aromatic rings, 

533-534 
Acylbenzenes, from Friedel— 

Crafts reaction, 533-534 

hydrogenation of, 556—557 
Adams, Roger, 209 
Adams catalyst, 209 
1,2-Addition, 460 
1,4-Addition, 460 

see also Conjugate addition 
Addition polymers, definition, 

1112 

Addition reactions, 126-127 

review table of, 571-573 

Adenine, structure of, 1047 

Adenosine 5'-phosphate, 

structure of, 1048 

S-Adenosylmethionine, in 

biological methylations, 
370-371 

structure of, 371, 638 

Adipic acid, nylon 66 from, 
1126-1127 

pK, of, 722 
Adrenaline, biological synthesis 

of, 371 

-al, as name ending for 

aldehydes, 658 
Alanine, biosynthesis of, 693, 978 
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Alanine (continued) 

configuration of, 272 
isoelectric point of, 972 

structure of, 970, 972 

Albumin, biological use of, 997 
denaturation of, 1001 

Alcohol(s), 580 

acidity of, 584-586 
boiling points of, 583 
common names of, 581 

conversion into aldehydes, 602 

conversion into alkenes, 596— 
599 

conversion into alkoxide ions, 

586 
conversion into alkyl halides, 

317-318, 599-600 
conversion into carboxylic 

acids, 602 

conversion into esters, 753 

conversion into ethers, 623-— 

624 
conversion into ketones, 602— 

603 
conversion into tosylates, 600— 

601 
dehydration of, 596—599 
deprotonation of, 586 
from acid halides, 755—756 

from aldehydes by Grignard 
reaction, 594 

from aldehydes by reduction, 
590-591 

from alkenes, 198—204 

from carbonyl compounds, 
588—592 

from carboxylic acids, 727—728 

from carboxylic acids by 
reduction, 591—592 

from esters, 763—764 

from esters by Grignard 

reaction, 594 

from esters by reduction, 591— 

592 
from ketones by Grignard 

reaction, 594 

from ketones by reduction, 

590-591 
hydrogen bonds in, 584 
importance in organic 

chemistry, 586 
TR spectroscopy of, 605 

mass spectroscopy of, 608 

mechanism of formation from 

ketones, 650-651 

NMR coupling of O—-H proton 

in, 606-607 
NMR spectroscopy of, 606—607 

nomenclature of, 581-582 

Alcohol(s) (continued) 

oxidation of, 601-603 

protection of, 604—605 

reaction with acid, 596-597 

reaction with acid anhydrides, 
757-758 

reaction with acid halides, 753 

reaction with carboxylic acids, 
748-750 

reaction with HX, 599 

reaction with oxidizing agents, 

602-603 

reaction with PBrs, 318, 599— 

600 
reaction with POCls, 598 

reaction with SOCl»,, 318, 599-— 

600 

reaction with tosyl chloride, 
600-601 

reactivity order toward 

dehydration, 597 
spectroscopy of, 605-608 

Aldaric acids, 873 

from aldoses, 873—874 

Aldehyde(s), acidity of, 798 

aldol condensation of, 823-824 

boiling points of, 658 
bromination of, 792—794 

Cannizzaro reaction of, 687— 

688 

common names of, 659 

conjugate addition to, 688—692 

conversion into acetals, 680— 

682 

conversion into alcohols, 590— 

591 

conversion into alkanes, 678— 

680 
conversion into alkenes, 684— 

868 
conversion into a-amino acids, 

977-978 
conversion into amines, 909— 

911 
conversion into carboxylic 

acids, 664-665 

conversion into cyanohydrins, 

671-672 
conversion into 1,1-diols, 670— 

671 

conversion into 2,4- 

dinitrophenylhydrazones, 

676-677 
conversion into imines, 674— 

676 
conversion into oximes, 676— 

677 
conversion into 

semicarbazones, 676—677 

I3 

Aldehyde(s) (continued) 

conversion into thioacetals, 

683 

from acid chlorides, 662 

from acid halides, 755-756 

from alcohols by oxidation, 602 

from alkenes, 212-213 

from alkynes, 236-237 
from 1,2-diols, 214 

from esters, 662, 763-764 

from nitriles, 770-771 

halogenation of, 792—794 
hydration of, 668-670 

IR spectroscopy of, 694—695 

mass spectroscopy of, 697-698 

mechanism of reduction of, 

650-651, 673-674 
NMR spectroscopy of, 696—697 

nomenclature of, 658—659 

oxidation of, 664—665 

protecting group for, 682 

reaction with acids, 670-671 

reaction with alcohols, 680— 

682 

reaction with amines, 674— 

676, 909-911 
reaction with bromine, 792— 

794 
reaction with Grignard 

reagents, 594 

reaction with HCN, 671-672 

reaction with hydrazine, 678 
reaction with NaBHaz, 590 

reaction with oxidizing agents, 
664—665 

reaction with phosphoranes, 
684-686 

reaction with thiols, 683 

reaction with water, 668-670 

reaction with Zn(Hg), 678—679 

reactivity toward nucleophiles, 
667-668 

reduction of, 590-591 

reductive amination of, 909— 

911 
synthesis of, 661-662 

Tollens’ test for, 665 

Wittig reaction of, 684-686 
Aldehyde group, effect on 

aromatic substitution, 543— 

544 

Alder, Kurt, 466 

Alditol(s), 872 
from monosaccharides, 872 

Aldohexoses, how to name, 862 

Aldol condensation reaction, 

823-824 
conditions for, 825—826 

dehydration during, 826—827 



14 INDEX 

Aldol condensation (continued) 
how to recognize, 828-829 

intramolecular, 831—832 

mechanism of, 824 

mixed, 829-830 

Aldonic acids, 873 

from aldoses, 873 

Aldopentoses, how to name, 862 

Aldose(s), 856 
chain-lengthening of, 874—875 

chain-shortening of, 876—877 
configurations of, 860—862 

conversion into aldaric acids, 

873-874 
conversion into alditols, 872 

conversion into aldonic acids, 

873 
conversion into esters, 868 

conversion into ethers, 868 

conversion into glycosides, 
870-871 

cyclic forms of, 862—864 

determination of ring size in, 

881-882 
Kiliani—Fischer synthesis, 

874-875 
oxidation of, 872—874 

reaction with Benedict’s 
reagent, 872 

reaction with bromine, 873 

reaction with Fehling’s 
reagent, 872 

reaction with NaBH,, 872 
reaction with nitric acid, 873— 

874 

reaction with Tollens’ reagent, 
872 

reduction of, 872 

stereochemical proof of 
structure of, 877-881 

Wohl degradation of, 876—877 
Alicyclic, 80 

Aliphatic, 64 

Alizarin Yellow R, synthesis of, 

945 
Alkali fusion, phenol synthesis 

with, 530 

Alkaloids, 918—920 

Alkanes, branched-chain, 66—69 

combustion of, 79 

conformations of, 98 

from alkenes, 208-210 

from alkyl halides and Gilman 
reagents, 321-322 

from ketones and aldehydes, 
678-680, 683-684 

from thioacetals, 683-684 
general formula of, 64 

IR spectroscopy of, 400 

Alkanes (continued) 

mass spectra of, 389-391 

n- (normal), 64 

nomenclature of, 65, 69—73 

number of isomers of, 68 

occurrence of, 77—78 

properties of, 79-80 
radical chlorination of, 307— 

310 
reaction with Cl., 307-310 

straight-chain, 64—66 
Alkenes, allylic bromination of, 

310-311 
anionic polymerization of, 

1117-1118 
biological addition reactions of, 

217-218 
cationic polymerization of, 

1115-1116 
cis-trans isomerism in, 163— 

164 
common names of, 160 

conversion into alcohols, 198— 

204 

conversion into alkanes, 208— 

210 ‘ ‘ 

conversion into alkyl halides, 

173-176 
conversion into carbonyl 

compounds, 212—213 

conversion into cyclopropanes, 

215-217 
conversion into 1,2-diols, 210— 

211 
conversion into epoxides, 628— 

629 
conversion into ethers by 

alkoxymercuration, 624—625 
conversion into halohydrins, 

196-197 
conversion into vicinal 

dihalides, 192-196 

electronic structure of, 160— 
163 

electrophilic addition reactions 
of, 173-175 

E,Z nomenclature of, 165-168 

from alcohols, 596—599 

from alkyl halides, 357-361 
from alkynes, 238, 239-240 

from amines, 915-916 

from elimination reactions, 
218-219 

from ketones and aldehydes, 
684—686 

from quaternary ammonium 
salts, 915-916 

heats of hydrogenation of, 170— 
171 

Alkenes (continued) 
hydration of, 198—204 

hydroboration of, 200—204 

hydrogenation of, 208—210 

hydroxylation of, 210—211 
hyperconjugation in, 172 
industrial uses of, 155 

IR spectroscopy of, 400—401 

natural occurrence of, 154 

nomenclature of, 158-160 

nucleophilicity of, 136 
oxidation of, 210—214 

oxidative cleavage of, 212—213 

oxymercuration of, 198—200 

polymerization of, 1113-1118 
‘radical addition of HBr to, 

204—208 
radical polymerization of, 

1113-1115 

reaction summary of, 221—223 
reaction with BH3, 200-204 
reaction with Bro, 192-196 

reaction with carbenes, 215-— 

217 
reaction with Clo, 192-196 

reaction with dienes, 466—470 

reaction with Hz, 208-210 

reaction with HBr, 175-176 

reaction with HCl, 175-176 

reaction with HI, 175-176 

reaction with HOBr, 196-197 

reaction with HOCI, 196-197 

reaction with KMnOQ,, 211 

reaction with NBS, 310-311 

reaction with NBS and water, 

196 
reaction with OsO,, 200-211 

reaction with ozone, 212—213 

reaction with peroxyacids, 628 

reduction of, 208—210 

restricted rotation in, 162-163 
stability order of, 169-173 
stereochemistry of additions to, 
285—290 

steric strain in, 169 

Alkoxide ions, from alcohols, 586 

Alkoxymercuration, 624 
Alkyl group(s), 65 

effect on aromatic substitution, 

539-541 

nomenclature of, 74—75 

Alkyl] halide(s), 304 

conversion into alkanes, 321— 
322 

conversion into alkenes, 357— 
361 

conversion into alkyllithium 
reagents, 320-321 

conversion into amines, 906—908 
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Alkyl] halide(s) (continued) 
conversion into azides, 907 

conversion into carboxylic 

acids, 725—726 

conversion into Grignard 

reagents, 318-320 

conversion into nitriles, 767 

conversion into sulfides, 637 

conversion into thiols, 609 

elimination reactions of, 357— 

361 

enthalpies of ionization of, 180 
from alcohols, 317-318, 599— 

600 

from alkenes, 173-176, 204— 

208 

from carboxylic acids, 728—729 

from conjugated dienes, 461— 
462 

from marine organisms, 303 

general reactions of, 328-329 
nomenclature of, 304—305 

reaction with acetylide anions, 

242-244 
reaction with amines, 906—908 

reaction with arenes, 530—533 

reaction with bases, 358-361 

reaction with enolate ions, 

804-811 
reaction with Gilman reagents, 

321-322 
reaction with imides, 907-908 
reaction with Li, 321 

reaction with Mg, 318-320 

reaction with nucleophiles, 

336-344 
reaction with 

triphenylphosphine, 684 

reactivity in Sy2 reaction, 338 

reduction of, 318—320 

rules for reactivity of, 366-368 

some alternative names of, 305 

structure of, 306—307 

Alkyl shift, in carbocation 

rearrangements, 186 

in Friedel-Crafts reaction, 532 

Alkylation, 242 
of acetoacetic esters, 807—809 

of acetylide anions, 242—244 

of amines, 906—908 

of aromatic compounds, 530— 

533 
of diethyl acetamidomalonate, 

979 
of enolate ions, 804—811 

of esters, 810—811 

of imides, 907—908 

of ketones, 810-811 

of malonic esters, 804—807 

Alkylation (continued) 
of nitriles, 810-811 

of phthalimide, 907—908 
of thiolate anions, 609 

Alkylbenzene(s), conversion into 

benzoic acids, 552—553 

from aryl alkyl ketones, 555-— 
556 

from Friedel—Crafts reactions, 

530-533 

oxidation of, 552—553 

reaction with NBS, 553—554 
side-chain bromination of, 

553-554 

Alkylboranes, from alkenes, 
200-204 

Alkyllithium reagents, 

conversion into Gilman 
reagents, 321 

from alkyl halides, 320—321 
Alkylthio, use in naming 

sulfides, 637 

Alkyne(s), 228 

acidity of, 240—242 
cleavage of, 244-245 

conversion into aldehydes, 

236-237 
conversion into alkanes, 238 

conversion into alkenes, 238— 

240 
conversion into ketones, 234— 

235 
conversion into vinylic halides, 

232=233 
electronic structure of, 229— 

230 
electrophilic addition reactions 

of, 231—235 
from 1,2-dihalides, 245—246 

hydration of, 234—237 

hydroboration of, 236—237 

hydrogenation of, 238 
IR spectroscopy of, 401 

mechanism of alkylation of, 

369 
natural occurrence of, 228 

nomenclature of, 230—231 

oxidation of, 244-245 

reaction summary of, 250—252 

reaction with bases, 240—242 

reaction with BH3, 236-237 

reaction with Hg, 238 
reaction with HX, 231—233 

reaction with lithium, 239-240 

reaction with ozone, 244 

reaction with Xz, 231-233 

reduction of, 238—240 

Allenes, chirality in, 301 

p-Allose, configuration of, 861-862 

15 

Allyl group, structure of, 159 

Allyl phenyl ethers, Claisen 
rearrangement of, 956—957 

Allyl vinyl ethers, Claisen 

rearrangement of, 1101-1102 
Allylic, 310 

Allylic carbocation(s), 460 

from conjugated dienes, 461— 
462 

molecular orbitals in, 462 

resonance in, 461—462 

stability of, 461-462 
Allylic radicals, stability of, 311— 

314 
structure of, 311-314 

[alp, specific rotation, 259 
Alpha anomer, 865 

Alpha cleavage, in mass 
spectroscopy of alcohols, 608 

in mass spectroscopy of 
amines, 921 

in mass spectroscopy of 
ketones, 698 

Alpha-substitution reaction(s), 
653, 788 

mechanism of, 653-654, 791— 

792 
versus aldol condensation, 

825-826 
p-Altrose, configuration of, 861— 

862 
Aluminum chloride, Friedel— 

Crafts reaction with, 530— 

534 
Lewis acidity of, 48 

-amide, as name ending for 
amides, 739 

Amide(s), basicity of, 901 

conversion into amines, 766, 

911-913 
conversion into carboxylic 

acids, 765 

conversion into nitriles, 767— 

768 
dehydration of, 767—768 

double bond character in, 901 

from acid anhydrides, 757 

from acid halides, 754 

from amines, 751, 754 

from carboxylic acids, 751 

from esters, 763 

Hofmann rearrangement of, 

911-913 
hydrolysis of, 765 
IR spectroscopy of, 773—774 
NMR spectroscopy of, 774 
nomenclature of, 739-740 

reaction(s) of, 765—767 

reaction with bromine, 911—913 



16 INDEX 

Amide(s) (continued) 
reaction with LiAlH,, 766 

reaction with thionyl chloride, 
767-768 

reduction of, 766, 909 

relative reactivity of, 744—745 

resonance in, 901 

synthesis using DCC, 991-992 

Amide ion, as leaving group, 342 
Amidomalonate synthesis, 979 

-amine, aS name ending for 

Amine(s) (continued) 

reaction with acid halides, 754 

reaction with aldehydes, 909— 
911 

reaction with alkyl halides, 

906-908 
reaction with benzenesulfonyl 

chloride, 914-915 

reaction with carboxylic acids, 

ol 
reaction with ketones, 909— 

Ammonia, bond angles in, 25-26 

bond strengths in, 25—26 
hybridization in, 25—26 

nucleophilicity of, 339 

pK, of, 240, 798 

reaction with acid halides, 754 

reaction with alkyl halides, 

906 
reductive amination with, 

909-910 
structure of, 25-26 

amines, 894 

Amine, primary, 893 
secondary, 893 
tertiary, 893 

Amine(s), see also Arylamines 
acidity of, 798 

alkylation of, 906-908 
basicity of, 899-902 

table, 900 

bonding in, 897—898 
chirality of, 294, 897 

common names of, 895 

conjugate addition to enones, 

690 

conversion into alkenes, 915— 
916 

conversion into amides, 751, 
754 

conversion into sulfonamides, 

914-915 
from acyl azides, 913 

from alkyl halides, 906-908 
from amides, 766, 911-913 

from azides, 907 

from Gabriel synthesis, 907— 
908 

from nitriles, 770-771 

heterocyclic, 896 

Hinsberg test for, 914-915 

Hofmann elimination of, 915— 

916 

hydrogen bonding in, 898 

industrial sources of, 906 

industrial uses of, 906 

IR spectroscopy of, 922-923 
mass spectroscopy of, 920-921 

natural occurrence of, 918—920 

NMR spectroscopy of, 923-925 
nomenclature of, 894—896 

nomenclature of heterocyclic, 
896 

odor of, 899 

physical properties of, 898—899 
purification of, 902 

pyramidal inversion of, 897— 

898 8 
reaction(s) of, 914-916 

reaction with acid anhydrides, 
757 

911 

reductive amination with, 

909-911 
resolution of carboxylic acids 

with, 903-905 
spectroscopy of, 920—924' 

structure of, 897-898 

synthesis of, 906-913 

tetrahedral inversion in, 294 

Amino, as name for —NH» 

group, 895 

Amino acid analysis, of peptides, 
984—985 

Amino acid analyzer, 984. 

Amino acids, 970 

a-Amino acids, 971 
abbreviations for, 972-973 

amino protection of, 990 

biosynthesis of, 978-979 

C-terminal, 981 

carboxyl protection of, 991 

chromatography of, 984—985 

dipolar structure of, 974-975 
electrophoresis of, 976 
from aldehydes, 977-978 
from carboxylic acids, 977 
from diethyl 

acetamidomalonate, 979 

from a-keto acids, 978-979 

isoelectric point of, 975-976 
N-terminal, 981 

protection of, 990-991 

reaction with ninhydrin, 984 
resolution of, 980 

separating mixtures, 976 

stereochemistry of, 973 

Strecker synthesis of, 977-978 
structures of, 971-973 

synthesis of, 977-979 

table of, 972-973 

zwitterionic structure of, 974— 

975 

Amino group, effect on aromatic 

substitution, 539 

Aminolysis, of acid anhydrides, 
757 

of acid halides, 754 

of esters, 763 

p-Aminophenol, pK, of, 948 

Ammonium cyanate, conversion 

into urea, 2 

Ammonium salts, acidity of, 900 

IR spectroscopy of, 923 - 

Amphetamine, synthesis of, 909 

Amphoteric, 974 

Amygdalin, structure of, 892 

Amylopectin, from starch, 886— 
887 

structure of, 887 

Amylose, from starch, 886-887 
structure of, 887 

Anabolic steroids, 1026 

Analysis, of amino acids, 984— 
985 

of DNA, 1062-1069 
of organic compounds, 49-52 

Androsterone, structure of, 1026 

-ane, as name ending for 

alkanes, 69 

Anethole, structure of, 643 

Angiotensin II, structure of, 982 
Angle strain, 99 

in cyclobutane, 104 

in cyclopropane, 100—102 
Angstrom (A), 14 

Anhydrides, see Acid anhydrides 
Aniline, basicity of, 937 

from nitrobenzene, 934—935 

industrial synthesis of, 934 
IR spectrum of, 958 
physical properties of, 899 

resonance in, 935—936 

Anionic polymerization, 1117— 
1118 

Anisole, °C NMR absorptions of, 
636 

Annulation, 844 

[18]Annulene, aromaticity of, 

5138 
'H NMR spectroscopy of, 513 

Anomer(s), 865 

of D-glucose, 865 

Anomeric carbon, 865 
Antarafacial, in cycloaddition 

reactions, 1093 

in sigmatropic 
rearrangements, 1099-1100 

Anthracene, from coal tar, 488 
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Anti conformation, 97 
Anti periplanar, 358 

E2 reactions, 358-359 

Anti stereochemistry, 194 
Antibonding molecular orbital, 

456, 1080 
Antibonding orbital, 14 
Anticodon (in tRNA), 1059 

Antifreeze, 627 

Antigenic determinant, in blood 

groups, 888 
Apheloria corrugata, defensive 

secretions from, 693-694 

Applied field (in NMR), 409—410 

Aprotic solvents, dielectric 

constants of, 355 

in Syl reactions, 354-356 
p-Arabinose, configuration of, 

861-862 
Kiliani—Fischer synthesis, 875 

natural occurrence of, 860 

Arachidic acid, structure of, 1010 

Arachidonic acid, prostaglandins 

from, 1019 

structure of, 1010 

Arene(s), 490 

conversion into benzoic acids, 

552-553 
from aryl alkyl ketones, 555— 

556 
from arylamines, 941-943 

from Friedel—Crafts reaction, 

530-533 
IR spectroscopy of, 511 

natural occurrence of, 488 

NMR spectroscopy of, 512—514 

~ reaction with acid chlorides, 
533-534 

reaction with alkyl halides, 

530-533 
reaction with Bro, 523-526 

reaction with Clo, 526-527 

reaction with Hy, 555-556 

reaction with HNO3, 528-529 

reaction with Iz, 526-527 

reaction with KMnOu,, 552-— 

553 
reaction with NBS, 553-554 

reaction with SO3, 529-530 

side-chain oxidation of, 552— 

554 
UV spectroscopy of, 512 

Arenediazonium salts, 941 
conversion into arenenitriles, 

942 
conversion into arenes, 943 

conversion into aryl halides, 

942 
conversion into phenols, 943 
coupling reactions of, 944 

Arenediazonium salts 

(continued ) 

from arylamines, 941 

reaction with aqueous acid, 943 
reaction with cuprous bromide, 

942 

reaction with cuprous chloride, 
942 

reaction with cuprous cyanide, 

942 

reaction with hypophosphorous 
acid, 943 

reaction with sodium iodide, 

942 
Arenenitriles, from arylamines, 

941-943 
Arenesulfonic acids, conversion 

into phenols, 530 

synthesis of, 529 

Arginine, isoelectric point of, 973 
structure of, 973 

Argon, electronic configuration 
of, 7 

Aromatic, 486 

Aromatic compounds, acylation 

of, 533-534 
alkylation of, 530-533 
bromination of, 523—526 

chlorination of, 526—527 

common names of, 489 

Friedel—Crafts reactions of, 

530-534 
from coal tar, 488 

hydrogenation of, 555-556 
iodination of, 527 

IR spectroscopy of, 511 
nitration of, 528—529 

NMR spectroscopy of, 512—514 

nomenclature of, 489—491 

oxidation of, 552—555 

physical properties of, 489 

reactivity order of, 535 
reduction of, 555-556 

structure determination of, 

511-515 
sulfonation of, 529 

UV spectroscopy of, 512 

Aromatic substitution, 522 

activating groups in, 5385-537 

deactivating groups in, 535— 

537 
inductive effects in, 535-536 

mechanism of, 523-526 

of arylamines, 939-940 

of phenols, 953-954 
orientation in, 538—545 

reaction, review of, 577 

resonance effects in, 536—537 

summary of effects in, 546 

table of, 523 

I7 

Aromaticity, Hiickel rule for, 

500—502 

of cycloheptatrienyl cation, 505 
of cyclopentadieny] anion, 

502-504 

of cyclopropenium ion, 518 

of naphthalene, 509-510 
of pyridine, 506 

of pyrrole, 507 

requirements for, 500—502 

Aroyl group, 660 
Arrows, fishhooks in radical 

reaction, 205 

to show electron-pair 
movement, 134 

to show resonance, 312 

Aryl cyanides, from arylamines, 

941-943 
Aryl halides, lack of Sy2 

reactivity of, 338 
N-Arylamides, aromatic 

substitution of, 939-940 

Friedel—Crafts reactions of, 

939-940 
from arylamines, 939 

Arylamines, 935 

aromatic substitution of, 939— 

940 
basicity of, 935-937 

conversion into 

arenediazonium salts, 941 

conversion into arenenitriles, 

941-943 

conversion into arenes, 941— 

943 

conversion into aryl cyanides, 

941-943 
conversion into arylamides, 

939 

conversion into azo compounds, 

944945 

conversion into bromoarenes, 
941-943 

conversion into chloroarenes, 

941-943 
conversion into iodoarenes, 

941-943 

conversion into phenols, 941— 

943 

conversion into quinones, 954— 

955 
diazotization of, 941 

from nitroarenes, 529 

halogenation of, 941-943 

IR spectroscopy of, 958 
NMR spectroscopy of, 959 

oxidation of, 954—955 

reaction(s) of, 939-944 

reaction with acetic anhydride, 

939 
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Arylamines (continued) 
reaction with Fremy’s salt, 

954-955 
resonance in, 935—936 

Sandmeyer reaction of, 941— 
943 

synthesis of, 938 

see also Amine(s) 
Ascorbic acid, structure of, 299, 

891 
Asparagine, isoelectric point of, 

972 
structure of, 972 

Aspartame, structure of, 1008 

Aspartic acid, isoelectric point of, 
973 

structure of, 973 

Asphalt, from petroleum, 78 
Aspirin, industrial synthesis of, 

954 
structure of, 30 

synthesis of, 757—758 

Asthma, prostaglandins in, 1019 
Atactic (polymers), 1120 

-ate, aS name ending for esters, 
740 

Atomic orbitals, see Orbitals 

Atoms, electronic configuration 
of, 6—7 

Atropa belladonna, atropine 
from, 930 

Atropine, structure, 930 

Aufbau principle, 6 
Axial bonds, how to draw, 110 

in cyclohexane, 108—110 

Axial position, in steroids, 1028 

Azide(s), conversion into amines, 

907 
from alkyl halides, 907 

reduction of, 907 

Azide ion, nucleophilicity of, 339 

Azide synthesis of amines, 907 
Azo compounds, 944-945 

from arylamines, 944-945 

Azo dyes, 944-945 

Azulene, structure of, 518 

Baekeland, Leo Hendrik, 1133 

von Baeyer, Adolf, 99 

Baeyer strain theory, 99-100 

Bakelite, structure and synthesis 
of, 1133-1134 

Banana oil, isopentyl acetate 

from, 759 

Barbituric acid, derivation of 

name, 69 

Barton, Derek H. R., 362 

Base pairing, in DNA, 1051— 
1052 

Base peak, 386 

Basicity, 44-49 

Brgnsted—Lowry definition of, 

44 
Lewis definition of, 47 

of amides, 901 

of amines, 899-902 

table, 900 

Bay oil, myrcene from, 1020 
Beeswax, hydrocarbons in, 77 

lipids in, 1009 

Benedict’s test, 872 

Benzaldehyde, Cannizzaro 

reaction of, 687—688 

13C NMR absorption of, 696 
IR spectrum of, 694 
mixed aldol condensations of, 

830 ‘ 
properties of, 658 

Benzamide, IR absorption of, 773 
-benzene, as base name for 

aromatic compounds, 489 
Benzene, acylation of, 533—534 

alkylation of, 530—533 
bond angles in, 496 
bond lengths in, 496 

bond strengths in, 496 

bromination of, 523-526 

13C NMR absorption of, 514 
Dewar structure for, 494 

dielectric constant of, 355 

from coal tar, 488 

from illuminating gas, 490 
halogenation of, 523-527 

heat of hydrogenation of, 495 

Kekulé proposal for structure 
of, 492-493 

Ladenburg structure for, 494 

molecular orbital description 
of, 498-499 

nitration of, 528-529 

resonance in, 496—498 

stability of, 494-495 

structure of, 496—497 

sulfonation of, 529-530 

toxicity of, 487 

UV absorption of, 477 
Benzeneselenenyl bromide, 

reaction with carbonyl 

compounds, 801-803 

Benzenesulfony] chloride, in 

Hinsberg test, 914 
Benzenoid, 500 

Benzoic acid, 183C NMR 
absorption of, 730 

pK, of, 721 
Benzoic acids, from 

alkylbenzenes, 552-553 

substituent effects on acidity 
of, 722-723 

Benzonitrile, IR absorption of, 773 

Benzoquinone, as Diels—Alder 

dienophile, 468 
from phenol, 954—955 

Benzoyl chloride, IR absorption 
of, 773 

Benzoyl peroxide, as catalyst for 

NBS brominations, 553 

1,2-Benzpyrene, from tobacco 

smoke, 509 

Benzyl esters, cleavage of, 990 
protecting peptides with, 991 

Benzylic radicals, resonance in, 
554 

structure of, 554-555 

Benzyne, 550 - 

Diels—Alder reactions of, 551 

from chlorobenzene, 551 

structure of, 552 

Bergman, Torbern, 1 

Bergstrom, Sune, 1018 

Beta anomer (of carbohydrates), 
865 

Betaine, 684 

BHA, synthesis of, 947 
BHT, synthesis of, 947 

Bijvoet, J. M., 273 

Bile acids, stereochemistry of, 
1027-1028 

Biosynthesis, of alanine, 978 

of cholesterol, 1029-1031 

of DNA, 1053-1056 
of fatty acids, 1016-1018 

of lanosterol, 1029-1031 

of proteins, 1058-1061 

of RNA, 1056-1058 
of squalene, 1024 

of steroids, 1029-1031 

of terpenes, 1022-1024 

Biot, Jean Baptiste, 257 

-bis, as nomenclature prefix, 739 

Bischler—Napieralski 

isoquinoline synthesis, 1076 

Bisphenol A, lexan from, 1129 

Bloch, Konrad E., 1029 

Block copolymers, 1125 
synthesis of, 1125 

Blood groups, human 

compatibilities, 888 

structure of determinants in, 
888-889 

Blood pressure, prostaglandins 
in, 1019 

. Blubber, fatty-acid composition 
of, 1011 

Boat conformation, of 

cyclohexane, 117-118 

BOC, see tert-Butoxycarbony] 
Boiling point, effect of structure 

on, 79-80 

Bond angle, 18 
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Bond dissociation energy, 142— 
143 

table of, 141 

Bond length, 13 

Bond rotation, in ethane, 91-94 
lack of in ethylene, 162-163 

Bond strength, 13 

Bonding molecular orbital, 456, 

1080 
Bonding orbital, 14 

Bonding theory, development of, 
7-8 

Borane, complex with 

tetrahydrofuran, 201 
reaction with alkenes, 200—204 

reaction with alkynes, 236—237 

reaction with carboxylic acids, 
728 

Boron, hybridization of, 27 

Boron trifluoride, for isobutylene 

polymerization, 1116 
Lewis acidity of, 48 
structure of, 27—28 

Brain tissue, sphingomyelins in, 
1015 : 

Branched-chain alkanes, 66—69 

Brande, William Thomas, 2 

Bromide ion, as leaving group, 
342 

Bromination, of alkenes with 

NBS, 310-311 
of alkylbenzene side chains, 

553-554 
of aromatic compounds, 523— 

526 
_ of carboxylic acids, 794—795 

of ketones and aldehydes, 792— 

794 
Bromine, reaction with aldoses, 

873 
reaction with alkenes, 192-196 

reaction with alkynes, 231—233 

reaction with arenes, 523—526 

reaction with carboxylic acids, 

794-7195 
reaction with furan, 1039 

reaction with indole, 1045 

reaction with ketones and 

aldehydes, 792—794 
reaction with pyridine, 1042 
reaction with quinoline, 1045 

reaction with thiols, 609 

Bromo group, effect on aromatic 
substitution, 539 

Bromoacetic acid, pK, of, 721 

p-Bromoacetophenone, 123C NMR 
spectrum of, 418 

p-Bromoaniline, basicity of, 937 

Bromoarenes, from arylamines, 

941-943 

p-Bromobenzoic acid, pK, of, 723 

Bromohydrin(s), 196 

from alkenes, 196 

Bromomethane, bond length of, 
306 

bond strength in, 306 
dipole moment of, 306 

Sn2 reactions of, 339 

toxicity of, 371 
Bromonium ion(s), 194 

p-Bromophenol, pK, of, 948 
2-Bromopropane, 'H NMR 

spectrum of, 436 

N-Bromosuccinimide (NBS), 

allylic bromination with, 
310-311 

bromohydrin formation with, 
196-197 

reaction with alkenes, 196— 

197, 310-311 
reaction with alkylbenzenes, 

553-554 
m-Bromotoluene, 'H NMR 

spectrum of, 514 
Brgnsted—Lowry acids, 44 

Brown, Alexander Crum, 8 

Brown, Herbert Charles, 200 

Bullvalene, sigmatropic 

rearrangement of, 1109 
Butacetin, synthesis of, 783 

1,3-Butadiene, bond lengths in, 

459 
conversion into thiophene, 

1037 
Diels—Alder reactions of, 466— 

469 
electrophilic additions to, 459— 

462 
heat of hydrogenation of, 454 

industrial synthesis of, 453 

molecular orbitals in, 455—458, 

1082 
polymerization of, 1122 

UV spectrum of, 475 
Butanal, properties of, 658 

Butane, barrier to rotation in, 

96-97 
conformations of, 95—98 

properties of, 79 

steric strain in, 96 

Butanoic acid, #2C NMR 
absorption of, 730 

IR spectrum of, 730 

odor of, 713 

pK, of, 722 
1-Butanol, mass spectrum of, 608 

tert-Butanol, pK, of, 585 

2-Butanone, !8C NMR absorption 
of, 696 

13C NMR spectrum of, 418 

19 

2-Butanone (continued ) 
properties of, 658 

3-Buten-2-one, as Michael 

reaction acceptor, 841 

IR absorption of, 695 

reaction with enamines, 842— 

843 
reaction with ethyl 

acetoacetate, 844 

Robinson annulation with, 

844-845 
UV absorption of, 477 

1-Butene, heat of hydrogenation 
of, 454 

cis-2-Butene, heat of 

hydrogenation of, 171 

steric strain in, 169 

trans-2-Butene, heat of 

hydrogenation of, 171 

2-Butene-1-thiol, from skunk 

scent, 610 

Butleroff, Alexander M., 625 

tert-Butoxycarbonyl (BOC), 
cleavage of, 990 

protecting peptides with, 990 
Butter, fatty-acid composition of, 

1011 

tert-Butyl alcohol, dielectric 
constant of, 355 

sec-Butyl group, structure of, 75 

tert-Butyl group, steric bulk of, 

114-115 

structure of, 75 

Butyl rubber, structure and 

synthesis of, 1125 

cis-1-tert-Buty]-4- 

chlorocyclohexane, 
conformational analysis of, 

ele 
tert-Butylamine, physical 

properties of, 899 
Butyric acid, see Butanoic acid 

13C¢ NMR, 416-427 
see also NMR spectroscopy 

Cahn—Ingold—Prelog sequence 
rules, for H,Z alkene 

geometry, 165-168 

for specification of 

configuration, 270—273 
Camphor, specific rotation of, 260 

structure of, 1022 

Cannizzaro, Stanislao, 687 

Cannizzaro reaction, 687-688 

mechanism of, 688 

Caprolactam, nylon 6 from, 1127 

-carbaldehyde, as name ending 

for aldehydes, 658 
Carbamic acids, decarboxylation 

of, 1130 
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Carbanion(s), 319 
in alkene polymerization, 

1117-1118 
Carbene(s), 215 

reaction with alkenes, 215-217 

structure of, 216 
Carbinolamines, 674 
Carbocation(s), 137 

alkyl shifts in, 186 

allylic, 460—461 
hydride shifts in, 185-186 

hyperconjugation in, 180-181 

in alkene polymerizations, 
1115-1116 

in electrophilic addition 

reactions, 179-187 

in Syl reactions, 351-352 

in steroid biosynthesis, 1029— 
1031 

inductive effects in, 181 

rearrangements of, 185-186 

relative stability of, 351-352 
resonance stabilization of, 351— 

352 
stability order of, 179-181 

structure of, 179 

vinylic, 233 

Carbocycle(s), 1036 
Carbohydrate(s), 855 

anomers of, 865—866 

chain-lengthening of, 874—875 

chain-shortening of, 876—877 

chair conformation of, 866—867 
classification of, 856—857 

conversion into aldaric acids, 

873-874 

conversion into alditols, 872 

conversion into aldonic acids, 

873 
conversion into esters, 868 

conversion into ethers, 868 

conversion into glycosides, 
869-871 

D,L nomenclature of, 858—860 

Fischer projections of, 857-858 

from photosynthesis, 856 

Haworth projections of, 863— 
864 

on cell surfaces, 887-889 

oxidation of, 872—874 

reaction with acetic anhydride, 
868 

reaction with bromine water, 
873 

reaction with nitric acid, 873— 
874 

reaction with NaBH,, 872 
reduction of, 872 

Carbon, covalent bonding in, 16— 
24 

Carbon (continued ) 
electron affinity of, 10 

electronic configuration of, 7 

hybridization of, 16-24 
ionization energy of, 9 

tetrahedral bonding in, 8 
Carbon—carbon double bonds, see 

Alkenes 
Carbon—carbon single bonds, see 

Alkanes 
Carbon—carbon triple bonds, see 

Alkyne(s) 

Carbon dioxide, reaction with 

Grignard reagents, 725-726 
Carbonate ion, resonance in, 316 

-carbonitrile, as name ending for 

nitriles, 740 : 

Carbonyl compounds, acidity of, 
795-798 

conversion into alcohols, 588— 

595 
enolate ions from, 797-798 

kinds of, 63 

overview of reactions of, 646— 

656 
reaction with Grignard 

reagents, 593-595 

reduction of, 588—592 

selenenylation of, 801—803 
Carbonyl condensation 

reaction(s), 654 

in biochemistry, 846 

of aldehydes, 821-832 
of esters, 833-839 

of ketones, 821—832 

mechanism of, 654—655, 821— 
823 

Carbonyl group, 63, 646 

18C NMR absorption of, 696 
electrophilicity of, 649 
hybridization of, 648 
kinds of, 646-648 

nucleophilicity of, 649 

overview of chemistry, 646— 
656 

polarity of, 649 

structure of, 648-649 

Carbowax, synthesis of, 1118 

-carboxamide, as name ending 
for amides, 739 

Carboxyl group, effect on 

aromatic substitution, 539 
Carboxylate anions, reaction 

with acid halides, 757-758 
resonance in, 718 

solubility of, 717 

stability of, 718-719 
Carboxylation, 725 

of Grignard reagents, 725-726 
of phenols, 954 

-carboxylic acid, name ending for 
carboxylic acids, 714 

Carboxylic acid(s), acidity of, 
717-723 

bromination of, 794—795 

common names of, 715 

conversion into acid 

anhydrides, 747-748 

conversion into acid bromides, 

fo 
conversion into acid chlorides, 

746-747 
conversion into acid halides, 

746-747 
conversion into alcohols, 591— 

592, 727-728 
conversion into alkyl halides, 

728-729 
conversion into amides, 751 

conversion into a-amino acids, 

977 

conversion into esters, 748—750 

decarboxylation of, 728-729 

from acid halides, 752—753 

from alcohols, 602 

from aldehydes, 664—665 
from alkenes, 212—213 

from alkyl halides, 725-726 

from amides, 765 

from esters, 760—762 

from Grignard reagents, 725— 
726 

from nitriles, 725, 728-729 
Hunsdiecker reactions of, 728— 

129 

hydrogen bonding in, 716-717 
IR spectroscopy of, 729-730 

NMR spectroscopy of, 730-731 
nomenclature of, 714-716 

nucleophilic acyl substitutions 
of, 746-751 

physical constants of (table), 
716-717 

reaction(s) of, 727 

reaction with alcohols, 748— 

750 

reaction with amines, 751 

reaction with borane, 728 

reaction with bromine, 794— 
795 

reaction with Bro and HgO, 
728 

reaction with diazomethane, 
750 

reaction with Grignard 

reagents, 594 

reaction with LiAlH,, 591-592 

reaction with oxalyl chloride, 
746-747 

reaction with PBrs, 751 
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Carboxylic acid(s) (continued) 
reaction with PCl3;, 746-747 

reaction with thionyl] chloride, 
746-747 

reduction of, 591-592, 727-728 
resolution of, via amine salts, 

903-905 
substituent effect on acidity, 

720-723 
synthesis of, 724—726 

Carboxypeptidase, peptide 
sequencing with, 988—989 

resolving amino acids with, 
980 

B-Carotene, as coloring agent in 

margarine, 479 

industrial synthesis of, 686 
structure of, 154 

UV spectrum of, 478 
Carothers, Wallace H., 1126 

Carvacrol, synthesis of, 952 
Carvone, chirality in, 269 

structure of, 1020 

Caryophyllene, structure of, 1022 

Casein, constitution of, 996 

Castor bean oil, fatty-acid 
composition of, 1011 

Catalytic cracking, of petroleum, 
78 

Catalytic hydrogenation, see 
Hydrogenation 

Catalytic reforming, of 
petroleum, 78 

Cation radical, 386 
Cationic polymerization, 1115— 

1116 
Cedrene, structure of, 1032 

Cell membranes, structure of, 

1015 

Cell surfaces, carbohydrates on, 

887-889 
Cellobiose, mutarotation in, 884 

structure of, 883-884 

Cellulose, hydrolysis of, 883 
natural occurrence of, 886 

structure of, 886 

uses of, 886 

Cembrene, structure 

determination of, 1035 

Cephalins, 1014 
stereochemistry of, 1014 

Chain branching (in polymers), 

1118-1119 
Chain-growth polymers, 1112 

table of, 1114 

uses of, 1114 
Chair conformation, 106 

in carbohydrates, 866—867 

in cyclohexane, 106—107 
in steroids, 1027-1028 

Chair cyclohexane, axial and 

equatorial bonds in, 108-110 

how to draw, 107 

ring-flips in, 110-111 

Chemical Abstracts, 58 

Chemical shift, 415 
table of, in 18C NMR, 417 
table of, in 'H NMR, 430-431 

Chevreul, Michel Eugene, 1 

Chiral center(s), 267 

how to recognize, 267—269 
Chirality, 266 

in nature, 294—295 

of amines, 294, 897 
of quaternary ammonium 

salts, 898 

of substituted cyclohexanes, 
291-293 

requirement for, 266—269 

R,S specification of, 270—273 
Chloramphenicol, structure of, 

275 

Chlordane, industrial synthesis 

of, 470 
Chloride ion, as leaving group, 

342 
base strength of, 45 

nucleophilicity of, 340 
Chlorination, of alkanes, 307— 

310 

of aromatic compounds, 526— 

527 

of methane, 130-131 

Chlorine, electron affinity of, 10 

reaction with alkanes, 307-310 

reaction with alkenes, 192-196 

reaction with alkynes, 231—233 

reaction with arenes, 526—527 

Chloro group, effect on aromatic 

substitution, 539 

2-Chloro-1,3-butadiene, 

polymerization of, 1122 

2-Chloro-2-methylpropane, 

ionization enthalpy of, 180 
Chloroacetic acid, pK, of, 721 

p-Chloroaniline, basicity of, 937 
Chloroarenes, from arylamines, 

941-943 
Chlorobenzene, !°C NMR 

absorptions of, 514 
p-Chlorobenzoic acid, pK, of, 723 

2-Chlorobutanoic acid, pK, of, 

722 
3-Chlorobutanoic acid, pK, of, 

722 

4-Chlorobutanoic acid, pK, of, 

722 
Chloroethane, 'H NMR spectrum 

of, 433 

ionization enthalpy of, 180 

T11 

Chloroethane (continued) 
spin-spin splitting in NMR 

spectrum of, 434 
Chloroethylene, polymerization 

of, 1114 
Chloroform, dichlorocarbene 

from, 215-216 

dielectric constant of, 355 

Chloromethane, bond strength 
in, 306 

dipole moment of, 42, 306 

ionization enthalpy of, 180 

Chloronium ion, 194 

Chloroperoxidase, 218 
m-Chloroperoxybenzoic acid, 

epoxide synthesis with, 628 

p-Chlorophenol, pK, of, 948 
2-Chloropropane, ionization 

enthalpy of, 180 

3-Chloropropanoic acid, pK, of, 
(PAL 

2,4-Cholestadiene, UV absorption 

of, 477 

Cholesterol, biosynthesis of, 

1029-1031 
conformation of, 120 

specific rotation of, 260 
stereochemistry of, 1028 

stereoisomers of, 279 

Cholic acid, structure of, 713, 

1034 
Choline, structure of, 1014 

Chromatography, 381-384 
of amino acids, 984—985 

Chromic acid, alcohol oxidations 

with, 602 
Chrysanthemic acid, structure of, 

81 
Chymotrypsin, peptide cleavage 

with, 986 
Cigarettes, cancer-causing agent 

from, 509 

Cimetidine, structure of, 1036 

Cinchona tree, quinone from, 918 

trans-Cinnamaldehyde, 'H NMR 
spectrum of, 439 

Cinnamic acid, from 

Knoevenagel reaction, 832— 

833 
Cis—trans isomer(s), 84—86 

of alkenes, 163-164 

of cycloalkanes, 83-86 
Citric acid, biosynthesis of, 846 

Citronella oil, farnesol from, 

1023-1024 
Claisen, Ludwig, 834 
Claisen condensation reaction, 

834—835 
intramolecular, 837—839 

mechanism of, 834—835 
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Claisen condensation (continued) 
mixed, 836 

Claisen rearrangement, 1101— 

1103 
mechanism of, 957, 1101-1102 

of allyl phenyl ethers, 956-957 

of allyl vinyl ethers, 1101— 
1102 

Cleavage reactions, of alkenes, 
212-214 

of 1,2-diols, 214 

of ethers, 625—627 

Clemmensen, EF. C., 678 

Clemmensen reduction, 678 

Clostridium perfringens, 

proportion of bases in DNA 
of, 1051 

Coal, thermal breakdown of, 488 

Coal tar, aromatic compounds in, 
488 

Cocaine, structure of, 817 

Coconut oil, fatty-acid 
composition of, 1011 

Codeine, structure of, 919 

Codons (in mRNA), 1059 
table of, 1059 

Coenzyme Q, 955 

Collagen, biological use of, 997 
Color, perception of, 478 
Combustion, of alkanes, 79 

Competing reactions, 
thermodynamic versus 

kinetic control in, 463-465 

Complex carbohydrates, 856 
Condensation polymers, 

definition, 1112 

Configuration, 270 

of chiral centers, 270—273 

of Fischer projections, 284-285 

R,S specification of, 270-273 
Conformation, 91 

of butane, 95-98 

of cholesterol, 120 

of cyclobutane, 104 

of cyclohexane, 106-107 

of cyclopentane, 104-105 
of decalin, 119-120 

of 1,2-dimethylcyclohexane, 
115-117 

of disubstituted cyclohexanes, 
115-117 

of ethane, 91-94 

of methylcyclohexane, 113 

of polycyclic molecules, 118— 
121 

of propane, 95 
of substituted cyclohexanes, 

112-117 

s-cis, 468 

s-trans, 468 

Conformational analysis, of cis-1- 

tert-butyl-4- 

chlorocyclohexane, 117 

of substituted cyclohexanes, 

115-117 
Conformer, 91 

Conjugate acid, 44 
Conjugate addition, 688-692, 

839-841 
comparison with direct 

addition, 689 

of amines to enones, 690 

of Gilman reagents to enones, 
691-692 

of HCN to enones, 690-691 

Conjugate base, 44 
Conjugated dienes, bond lengths 

in, 459 

conversion into alkyl halides, 

461-462 
electrophilic additions to, 459— 

462 
in Diels—Alder reaction, 466— 

470 
kinetic control of reaction in, 

463—465 : 
molecular orbitals in, 455-458 

stability of, 454-455 

synthesis of, 453—454 

thermodynamic control of 
reaction in, 463—465 

Conjugated polyenes, 

electrocyclic reactions of, 
1085-1087 

molecular orbitals in, 1081— 

1083 

photochemical cyclizations of, 
1090-1091 

UV spectroscopy of, 476-477 

Conjugated proteins, 996 
Conjugation, 452 

effect of in UV spectroscopy, 
476-477 

examples of, 471-472 

in unsaturated ketones, 827 
Conrotatory, 1087 

Constitutional isomers, 67 

Cope rearrangement, 1101-1103 
mechanism of, 1101-1103 

Copolymers, 1124-1125. 

table of common, 1125 

Corey—Pauling—Koltun 
molecular models, 36 

Corn oil, fatty-acid composition 
of, 1011 

Cornforth, John Warcup, 1029 
Coronafacic acid, synthesis of, 

1110 

Coronene, structure of, 509 

Cortisone, structure of, 81, 1026 

Couper, Archibald Scott, 7 

Coupling (in NMR), 421 
Coupling constant, 434 
Covalent bonds, 11 

polar, 39-43 

Crafts, James M., 530 

Crick, Francis H. C., 1051 
Crisco, production of, 1011 
Cross-linking, in polymers, 1123 

in proteins, 983 
Crown ethers, 633-634 

nomenclature of, 633 

. Crystallites, in polymers, 1131 

Cumene, conversion into phenol, 

946 ; 
Cumulenes, structure of, 255 

Cupric chloride, as promoter for 

aromatic iodination, 527 

Cuprous bromide, in Sandmeyer 
reaction, 942 

Cuprous chloride, in Sandmeyer 

reaction, 942 

Cuprous cyanide, in Sandmeyer 
reaction,, 942 

Curtius, Theodor, 911 

Curtius rearrangement, 911—913 

mechanism of, 911-913 

Curved arrows, formalism for 

electron-pair movement, 134 

Cyanide ion, as nucleophile, 339 

base strength of, 45 
nucleophilicity of, 340 

Cyano group, effect on aromatic 
substitution, 539 

p-Cyanoaniline, basicity of, 937 

p-Cyanobenzoic acid, pK, of, 723 

Cyanohydrins, 671 
from ketones and aldehydes, 

671-672 

mechanism of formation of, 
672 

Cycloaddition, 466 

Cycloaddition reactions, 1078 
mechanism of, 1092-1094 

stereochemistry of, 1094-1097 
summary of rules for, 1097 
see also Diels—Alder reaction 

Cycloalkanes, 80 

cis—trans isomerism in, 83—86 

conformations of, 99-121 

heats of combustion of, 100 

nomenclature of, 82—83 

occurrence of, 80—81 

physical properties of, 81 
restricted bond rotation in, 84 
ring strain in, 100-102 

stability of, 100 
strain energy of, 100-102 

Cycloalkenes, nomenclature of, 
159-160 
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Cyclobutadiene, nonaromaticity 
of, 500 

Cyclobutane, conformation of, 

104 
properties of, 81 

strain energy in, 101 

structure of, 104 

Cyclobutanes, from [2 + 2] 

cycloaddition reactions, 
1096-1097 

Cyclobutanone, dipole moment 
of, 649 

IR absorption of, 695 
Cyclobutenes, electrocyclic 

reactions of, 1085-1086 

Cyclodecane, strain energy in, 
101 

Cyclodecapentaene, 
nonaromaticity of, 502 

Cyclododecane, strain energy in, 
101 

Cycloheptane, properties of, 81 
strain energy in, 101 

Cycloheptatrienyl] cation, 
aromaticity of, 504—505 

structure of, 505 

1,3-Cyclohexadiene, synthesis of, 
453 

UV absorption of, 477 
1,3-Cyclohexadienes, electrocyclic 

reactions of, 1085—1087 

Cyclohexane, axial and 
equatorial bonds in, 108-110 

boat conformation of, 117-118 

chair conformation of, 106-107 

conformational mobility in, 

110-111 

properties of, 81 

ring-flip in, 110-111 

strain energy in, 101 

twist-boat conformation of, 

118-119 
Cyclohexanes, chirality in, 291— 

293 
conformation of substituted, 

112-117 
disubstituted, 115-117 

E2 reaction of, 362—363 

from aromatic compounds, 

555—556 
Cyclohexanol, 2C NMR 

absorptions of, 606 
IR spectrum of, 605 

Cyclohexanone, 3C NMR 
absorption of, 696 

enol tautomer of, 789 

IR spectrum of, 695 

properties of, 658 
Cyclohexenones, from 

intramolecular aldol 

Cyclohexenones (continued) 

condensation, 831—832 

Cyclohexylamine, IR spectrum of, 
922 

Cyclononane, strain energy in, 

101 

Cyclooctane, properties of, 81 
strain energy in, 101 _ 

Cyclooctatetraene, structure of, 
501 

synthesis of, 932 

1,3-Cyclopentadiene, in Diels— 
Alder reaction, 470 

pK, of, 503 
Cyclopentadienyl anion, 

aromaticity of, 502-504 
orbital energies in, 508 

structure of, 504 

Cyclopentamine, structure of, 

930 
Cyclopentane, conformation of, 

104-105 
properties of, 81 
structure of, 104—105 

strain energy in, 101 

Cyclopentanone, IR absorption of, 
695 

Cyclopentenones, from 
intramolecular aldol 

condensation, 831-832 

Cyclopropane, angle strain in, 

101 
conformation of, 102 

orbitals in, 102 

properties of, 81 

strain energy in, 101 

structure of, 103 

Cyclopropanes, from alkenes, 

215-217 
Cyciopropenium ion, aromaticity 

of, 518 

Cyclotridecane, strain energy in, 

101 
Cycloundecane, strain energy in, 

101 
Cysteine, isoelectric point of, 972 

structure of, 972 

Cystine, 983 
Cytidine 5’-phosphate, structure 

of, 1048 
Cytosine, structure of, 1047 

p, for carbohydrate configuration, 

858-860 
2,4-D, see 2,4-Dichlorophenoxy- 

acetic acid 
Dacron, structure and uses of, 

1128 
synthesis of, 1128 

Darzens reaction, 852 

113 

DCC, see Dicyclohexylcarbodi- 
imide 

Deactivating groups, effect on 

aromatic substitution, 535— 

537 
effect on arylamine basicity, 

936-937 
effect on benzoic acid acidity, 

722-723 
effect on phenol acidity, 949— 

951 
table of, 535 

Decalin, conformation of, 119- 

120 
cis-Decalin, stereochemistry of, 

1027 
trans-Decalin, stereochemistry of, 

1027 
Decane, conformation of, 97 

properties of, 79 

Decarboxylation, of acetoacetic 
esters, 808—809 

of carbamic acids, 1130 

of B-keto esters, 808-809 

of malonic esters, 805—807 

Degenerate (molecular orbitals), 

499 
Degree of unsaturation, 

calculation of, 156-157 

Dehydration, 218 
in mass spectroscopy of 

alcohols, 608 

mechanism of, 596—598 

of alcohols, 596-599 

of aldol condensation products, 

826-827 
reactivity order of alcohols 

toward, 597 

Dehydrohalogenation, 218 

and E1 reaction, 364-366 

and E2 reaction, 358-361 

of chlorocyclohexanes, 362—363 

Delocalized, 457 

Delta scale (in NMR), 415 

Demerol, structure of, 920 

Denaturation, 1000-1001 

2'-Deoxyadenosine 5'-phosphate, 

structure of, 1048 

2'-Deoxycytidine 5'-phosphate, 

structure of, 1048 

2'-Deoxyguanosine 5'-phosphate, 

structure of, 1048 

Deoxyribonucleic acid, see DNA 

Deoxyribonucleotides, structure 

of, 1048 
2-Deoxyribose, in DNA, 1046-— 

1049 
2'-Deoxythymidine 5'-phosphate, 

structure of, 1048 

Deshielding, 411 
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Desulfurization, of thioacetals, 

683-684 
Detergents, 1014 

Deuterium isotope effect, 364 

in E2 reaction, 364 

lack of in E1 reaction, 366 

Dextromethorphan, structure of, 

269, 920 
Dextrorotatory, 259 

Di-tert-butyl dicarbonate, 

protecting amino acids with, 

990 
Dianabol, structure of, 1026 

Diastereomer, 274 

1,3-Diaxial interactions, in 

methylcyclohexane, 113-114 

in substituted cyclohexanes, 
113-115 

table of, 115 

Diazepam, structure of, 487 

Diazomethane, dipole moment of, 
42 

reaction with carboxylic acids, 
750 

ring expansion with, 820 
Diazonium coupling reaction, 

944-945 
mechanism of, 944 

Diazonium salts, 941-943 

see also Arenediazonium salts 
Diazotization, 941 

DIBAH (diisobutylaluminum 
hydride), reaction with 

esters, 662, 763—764 

reaction with nitriles, 770-771 

Dibromophosphites, from 
alcohols, 370 

Dibuty! phthalate, as plasticizer, 
1132 

uses of, 759—760 

Dichloroacetic acid, 3C NMR 
spectrum of, 422 

pK, of, 721 

Dichlorocarbene, addition to 

alkenes, 215-216 

from chloroform, 215 

structure of, 216 

2,4-Dichlorophenoxyacetic acid 

(2,4-D), synthesis of, 947 

Dicyclohexylcarbodiimide (DCC), 
amide formation with, 992— 
993 

peptide synthesis with, 991— 
992 

Dieckmann, Walter, 837 

Dieckmann cyclization reaction, 
837-839 * 

mechanism of, 837—838 

Dielectric constants, table of, 355 
Diels, Otto, 466 

Diels—Alder reaction, 466—470 

characteristics of, 467—470 

of benzyne, 551 

mechanism of, 1092-1097 

stereochemistry of, 1094-1097 
stereospecificity of, 468 

transition state of, 467 

Dienes, molecular orbitals of, 

1081-1082 
polymers of, 1122-1123 
structural requirements in 

Diels—Alder reaction, 468— 

469 
Dienophile, 467 

structural requirements for, 

468 
1,3-Diesters, acidity of, 798 

Diethyl acetamidomalonate, 

amino acid synthesis using, 
979 

Diethyl] ether, dielectric constant 

of, 355 
industrial synthesis of, 622 

IR spectrum of, 635 
Diethyl malonate, alkylation of, 

804—807 
in Knoevenagel reaction, 832— 

833 
malonic ester synthesis with, 

804—807 
pK, of, 798 

Diethyl propanedioate, see 
Diethyl malonate 

Diethylaluminum cyanide, 

conjugate additions to 

enones with, 691 

Diethylamine, basicity of, 900 

IR spectrum of, 922 

physical properties of, 899 
Diethylstilbestrol, structure of, 

87, 1034 
Digitalis purpurea, digitoxigenin 

from, 1025-1026 

Digitoxigenin, 'H NMR spectrum 
of, 441 

structure of, 1026 

Digitoxin, structure of, 869 

1,2-Dihalides, conversion into 

alkynes, 245-246 
Dihedral angle, 94 

Dihydropyran, reaction with 
alcohols, 604 

Diisobutylaluminum hydride, see 
DIBAH 

Diisopropylamine, pK, of, 798 
B-Diketones, 798 

acidity of, 798 

in Michael reactions, 841 

Dimethoxytrityl (DMT), in DNA 
synthesis, 1070-1071 

Dimethyl sulfate, reaction with 

DNA, 1063-1064 
Dimethyl] sulfone, dipole moment 

of, 57 

Dimethyl! sulfoxide (DMSO), as 

solvent in Sy2 reaction, 344 

dielectric constant of, 355 

Dimethyl terephthalate, 
polyester from, 1128 

2,3-Dimethyl—2-butene, 1H NMR 
spectrum of, 429 

N,N-Dimethylacetamide, dipole 
moment of, 649 

IR absorption of, 773 
pK, of, 798 : 

Dimethylallyl pyrophosphate, in 

terpene biosynthesis, 1022— 
1024 

Dimethylamine, basicity of, 900 

physical properties of, 899 
1,2-Dimethylcyclohexane, 

conformational analysis of, 
115-117 

stereoisomerism in, 292—293 

1,3-Dimethylcyclohexane, 

stereoisomerism in, 291—292 

1,4-Dimethylcyclohexane, 

stereoisomerism in, 291 

Dimethylformamide (DMF), as 

solvent in Sy2 reaction, 344 

dielectric constant of, 355 

2,2-Dimethylpropane, mass 

spectrum of, 388 
N,N-Dimethyltryptamine, 

structure of, 1044 

2,4-Dinitrophenylhydrazones, 
676 

from ketones and aldehydes, 
676-677 

1,1-Diols, from aldehydes, 668— 

670 
1,2-Diols, conversion into 

carbonyl compounds, 214 
from alkenes, 210-211 

from epoxides, 629-630 

oxidative cleavage of, 214 
Diorganocopper reagents, see 

Gilman reagent(s) 
Dipeptides, 971 

Diphenyl carbonate, 

polycarbonates from, 1129 
Dipolar molecules, 39 

_ Dipole moment, 41 

calculation of, 42 

table of, 42 

Dipropyl ether, 'H NMR 
spectrum of, 635 

Dipropylamine, physical 

properties of, 899 
Dirac, Paul, 3 
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Disaccharide(s), 856 

acetal bonds in, 883 

Disiamylborane, in alkyne 
hydroboration, 237 

Disparlure, structure of, 644 

Disrotatory, 1086 
Distillation, 380-381 

of petroleum, 77 

Disulfides, from thiols, 609 

in peptides, 983 
reduction to thiols, 609-610 

D,L nomenclature, of 

carbohydrates, 858—860 
DMF, see Dimethylformamide 
DMSO, see Dimethyl sulfoxide 
DMT, see Dimethoxytrityl 
DNA (deoxyribonucleic acid) 

1046 
3’ end of, 1049 
5’ end of, 1049 

and heredity, 1053 
base pairing in, 1051-1052 
double helix in, 1052 

exons in, 1058 

hydrogen bonding in, 1051— 

1052 
informational strand of, 1058 

introns in, 1058 

mechanism of Maxam—Gilbert 

sequencing in, 1063-1066 

mechanism of replication, 

1054-1055 
methylation of, 1063-1064 
mnemonic for base pairing in, 

1052 
proportions of bases in, 1051 

rate of replication of, 1056 

reaction with dimethyl sulfate, 
1063-1064 

replication of, 1053-1056 
sequencing of, 1062-1069 

size of, 1049 

structure of, 1049-1052 

structure of 
deoxyribonucleotides in, 

1048 
synthesis of, 1070-1072 

template strand of, 1058 
transcription of, 1056-1058 

Watson—Crick model of, 1051— 

1052 
DNA polymerase, in DNA 

replication, 1054 

2,4-DNP, see 2,4-Dinitrophenyl- 

hydrazones 

L-Dopa, 295 
Double bond, electronic structure 

of, 21—23 
Double helix (in DNA), 1051 

size of, 1052 

Doublet (in NMR), 421 

Dow Chemical Company, 550 
Downfield, 414 

Dreiding stereomodels, 36 
Dumas, Jean, 51 

_ Dyes, discovery of, 934-935 

from aniline, 934—935 

E (entgegen), for alkene 
geometry, 165-168 

El reaction, 364—366 

conditions for, 368 

in alcohol dehydration, 597 

kinetics of, 365 

mechanism of, 364—365 

stereochemistry of, 365 
summary of reactivity in, 366— 

368 
E2 reaction, 358 

conditions for, 368 

deuterium isotope effect in, 364 

geometry of, 358-361 

in alcohol dehydration, 598 
in chlorocyclohexane 

dehydrohalogenation, 362— 

363 
kinetics of, 358 

mechanism of, 358—361 

summary of reactivity in, 366— 

368 
transition state of, 359 

EA, see Electron affinity 

Eclipsed conformation, 93 

Eclipsing strain, in cycloalkanes, 

101-102 
Edman, Pehr, 986 

Edman degradation, 986—988 

mechanism of, 987 

Elastin, biological use of, 997 
Elastomers, 1132 

properties of, 1132-1133 
Electrocyclic reactions, 1078 

examples of, 1085-1088 
of conjugated polyenes, 1085— 

1087 
stereochemistry of, 1088-1091 
summary of rules for, 1091 

Electromagnetic spectrum, 392— 

393 
chart of, 393 

Electron affinity (EA), 10 

table of, 10 
Electron shells, in atoms, 4 

Electron-dot structure, 11 

Electronegative, 10 
Electronegativity, 40 

and polar covalent bonds, 40 

table of, 40, 132 

Electronic configuration, excited 

state, 16 

T15 

Electronic configuration (continued) 
ground state, 6 

of atoms, 6—7 
Electrophile, 134 

Electrophilic addition reaction, 
135 

and Hammond postulate, 181— 
184 

and Markovnikov’s rule, 176— 

178 
mechanism of, 135-137 

of alkenes, 173-178, 192-200 
of alkynes, 231-235 
of conjugated dienes, 459-462 

rearrangements in, 185-186 

regiochemistry of, 176-178 
review of, 576 

stereochemistry of, 285—290 

Electrophilic aromatic 
substitution, see Aromatic 

substitution 

Electrophoresis, of amino acids, 
976 

of DNA, 1067-1069 
Electropositive, 9 
Elémental analysis, 49-52 

Elimination reaction, 127 

comparison with substitutions, 

366-368 
in substituted cyclohexanes, 

362-363 
of alkyl halides, 357-361 
review of, 576 

table of, 573 

see also E1 reaction, K2 

reaction 
Enamines, 674 

as Michael reaction donors, 

842-843 
conjugation in, 472 

mechanism of formation from 

ketones, 677 

nucleophilicity of, 842 
reaction with a,B-unsaturated 

ketones, 842-843 

Enantiomer(s), resolution of, 

903-905 
Enantiomerism, 261 

requirement for, 266—269 
Endothermic, 139 

-ene, as name ending for alkenes, 

158 
Energy, and electromagnetic 

spectrum, 393-394 

Enkephalin, structure of, 985 

Enol(s), 234, 653 

bromination of, 792—793 

in alkyne hydration, 234-235 

mechanism of formation of, 790 

reactivity of, 791-794 
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Enol(s) (continued) 

stability of, 789 
Enol ethers, conjugation in, 472 

Enolate ion(s), 653 

alkylation of, 804—811 

conjugation in, 472 

halogenation of, 800-801 

reaction with alkyl] halides, 
804-811 

reaction with benzeneseleneny] 
bromide, 801—803 

reaction with halogens, 800— 
801 

reactivity of, 799-800 

resonance in, 796—797 

stability of, 796-797 
Enone(s), 452 

from aldol condensation 
reactions, 826—827 

from ketones, 794, 801-803 

Michael reactions of, 839-841 

reaction with amines, 690 

reaction with enamines, 841— 

843 
reaction with Gilman reagents, 

691-692 
reaction with HCN, 690-691 
stability of, 827 

UV spectroscopy of, 477 

Enthalpy change, AH°, 139-140 
Entropy change, AS°, 139-140 
Enzymes, 970 

number of, in humans, 996 

shape of, 996 

Epoxidation, mechanism of, 628 
Epoxides, 627 

acidic ring-opening of, 629-633 

basic ring-opening of, 631 

conversion into 1,2-diols, 629— 
630 

conversion into halohydrins, 
630 

from alkenes, 628-629 

from halohydrins, 628-629 

mechanism of ring-opening of, 
630-633 

NMR spectroscopy of, 635-636 
reaction with acid, 630 

reaction with nucleophiles, 631 
Epoxy adhesives, synthesis of, 

1137 
1,2-Epoxypropane, 1H NMR 

spectrum of, 636 

Equatorial bonds, how to draw, 
110 

in cyclohexane, 108-110 

Equatorial position, in steroids, 
1028 

Equilibrium, and Gibbs free- 
energy change, 138-139 

Equilibrium constant, and AG°, 

139 
Erlenmeyer, Richard, 8 

p-Erythrose, configuration of, 

861-862 
Essential amino acids, 974 

table of, 972-973 

Essential oils, 1020 

Ester(s), acidity of, 798 

alkylation of, 810-811 

aminolysis of, 763 

Claisen condensation of, 833— 

835 
conversion into alcohols, 591— 

592, 763-764 
conversion into aldehydes, 662, 

763-764 ‘ 
conversion into amides, 763 

conversion into carboxylic 

acids, 760 

from acid anhydrides, 758-759 

from acid halides, 753 

from alcohols, 753 

from carboxylic acids, 748—750 
from phenols, 952—953 
hydrolysis of, 760—762 
IR spectroscopy of, 773-774 
mechanism of hydrolysis of, 

761—762 
NMR spectroscopy of, 774 
nomenclature of, 740 

occurrence of, 759 

of monosaccharides, 868 

reaction(s) of, 760—764 

reaction with amines, 763 

reaction with benzeneselenenyl 
bromide, 802-803 

reaction with DIBAH, 662, 
763-764 

reaction with Grignard 
reagents, 594, 764 

reaction with LiAlH,, 591— 
592, 763 

reduction of, 662, 591-592, 
763-764 

relative reactivity of, 744-745 
Ester group, effect on aromatic 

substitution, 539 

Estradiol, structure of, 1026 
Kstrone, commercial synthesis of, 

844-845 
structure of, 487 

Kthanal, see Acetaldehyde 
Ethane, barrier to rotation in, 92 

bond angles in, 20 
bond lengths in, 20 

bond rotation in, 91—94 

bond strengths in, 20 
conformations of, 91-94 
properties of, 79 

Ethane (continued) 

structure of, 20 

Ethanoic acid, see Acetic acid 

Ethanol, conversion into diethyl 
ether, 622 

dielectric constant of, 355 

from ethylene, 583 

from fermentation of glucose, 
582 

industrial synthesis of, 198, 583 

IR spectrum of, 394 
pK, of, 45, 585 

Ethene, see Ethylene 
Ether(s), 18 

acidic cleavage of, 625—627 

boiling points of, 621-622 
Claisen rearrangement of, 

956-957 
cleavage of, 625-627 
from alcohols, 623-624 

from alkenes by 

alkoxymercuration, 624—625 
from phenols, 952—953 

IR spectroscopy of, 634—635 
mechanism of cleavage of, 

626-627 
NMR spectroscopy of, 634-636 
nomenclature of, 620-621 

of monosaccharides, 868 

peroxides from, 622 

reaction with acid, 625-627 

spectroscopy of, 634—636 
structure of, 621 

Williamson ether synthesis of, 
623-624 

Ethoxide ion, as leaving group, 
342 

base strength of, 45 

nucleophilicity of, 340 

Ethyl acetate, 3C NMR 
absorption of, 774 

Claisen condensation of, 833— 
834 

dielectric constant of, 355 

1H NMR spectrum of, 775 
industrial uses of, 759 

IR absorption of, 773 
Ethyl acetoacetate, acidity of, 

798 

acetoacetic ester synthesis 
using, 807-809 

alkylation of, 807-809 

_ from Claisen condensation 
reaction, 834 

in Michael reaction, 840-841 
in mixed aldol condensations, 

830 
pK, of, 798 

Ethyl acrylate, as Diels—Alder 
dienophile, 468 
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Ethyl] alcohol, see Ethanol 

Ethyl benzoate, in mixed Claisen 

condensations, 836 

IR absorption of, 773 
Ethyl formate, in mixed Claisen 

condensations, 836 

2-Ethyl-1-hexanol, industrial 

synthesis of, 829 

Ethylamine, basicity of, 900 
physical properties of, 899 

Ethylcyclopentane, mass 

spectrum of, 391 

Ethylene, bond angles in, 21, 162 
bond lengths in, 22, 162 
bond strengths in, 21, 162 
ethanol from, 583 

ethylene oxide from, 627 
industrial synthesis of, 155 
industrial uses of, 155 

mechanism of reaction with 
HBr, 135-137 

pK, of, 241 
polymerization of, 1113-1114 
restricted rotation in, 162-163 

structure of, 21-23 

UV absorption of, 477 
Ethylene dichloride, industrial 

synthesis of, 192 
Ethylene glycol, acetals from, 

682 
industrial synthesis of, 629 

use as antifreeze, 627 

Ethylene oxide, industrial 
synthesis of, 627 

industrial uses of, 627 

polymerization of, 1118 

N-Ethylpropylamine, mass 

spectrum of, 921 
Ethynylcyclohexane, IR spectrum 

of, 401 

Excited-state electronic 

configuration, 16 
Exon (in DNA), 1058 
Exothermic, 139 

Extinction coefficient, 475 

Faraday, Michael, 490 
a-Farnesene, structure of, 189 

Farnesol, biosynthesis of, 1023— 

1024 
from lemon oil, 1023-1024 

Farnesyl pyrophosphate, 

biosynthesis of, 1024 

Fats, constituents of (table), 1011 

hydrogenation of, 1011 

saponification of, 1010 

soap from, 1012-1013 
structure of, 1010-1011 

Fatty acids, 1010 
biosynthesis of, 1016 

Fatty acids (continued) 

melting points of, 1010-1011 
structures of, 1010 

Favorskii reaction, 820 

Fehling’s test, 872 
Fenoprofen, synthesis of, 725 
Ferric bromide, as catalyst for 

aromatic bromination, 524 

Ferric chloride, as catalyst for 

aromatic chlorination, 527 

Ferritin, constitution of, 996 

Fibers, 1132 

properties of, 1132-1133 
synthesis of, 1132 

Fibroin, B-pleated sheet in, 998— 
999 

secondary structure of, 998— 
999 

Fibrous proteins, 996 
examples of, 997 

Fieser, Louis F., 862 

Fingerprint region, 396 
First-order reaction, 345 

Fischer, Emil, 281, 748, 875 

Fischer esterification, 748—749 

mechanism of, 748—750 

Fischer projection(s), 281 

converting to Haworth 

projections, 864—865 

how to assign R,S 

configurations to, 284—285 

how to draw, 281—283 

how to interconvert, 281—283 

of carbohydrates, 857—858 
of D sugars, 859-860 
of L sugars, 859-860 

Fishhook arrows, in radical 

reaction, 205 

Flash cards, learning reactions 
with, 220 

Fluorene, from coal tar, 488 
Fluoride ion, as leaving group, 

342 
base strength of, 45 

Fluorine, bonding in, 15 

electron affinity of, 10 

ionization energy of, 9 

Fluoro group, effect on aromatic 
substitution, 539 

Fluoroacetic acid, pK, of, 721 

Fluoromethane, bond length in, 

306 
bond strength in, 306 

dipole moment of, 306 
Formal charges, 36-39 

how to calculate, 38 
in acetonitrile oxide, 38 

in diazomethane, 38 
in dimethyl sulfoxide, 38 
in methyl isocyanide, 38 

117 

Formal charges (continued) 

in nitromethane, 38 

Formaldehyde, dipole moment of, 
649 

in mixed aldol condensations, 

830 
industrial synthesis of, 657 
industrial uses of, 657 

properties of, 658 

Formate anion, bond lengths in, 
720 

Formic acid, dielectric constant 

of, 355 
pK, of, 721 

Formy] group, 660 

Fragmentation (in mass 

spectroscopy), 386-391 
Fremy’s salt, arylamine 

oxidation with, 954 

phenol oxidation with, 954 

Frequency, 392 

Friedel, Charles, 530 

Friedel—Crafts acylation 

reaction, 533-534 

mechanism of, 534 

Friedel—Crafts alkylation 
reaction, 530-533 

limitations on, 531-533 

mechanism of, 531 

of arenes, 530—533 

of arylamides, 940 

of thiophene, 1040 
polyalkylation during, 531 

rearrangements during, 532— 

533 
Frontier molecular orbitals, 1084 

p-Fructose, furanose form of, 863 

Haworth projection of, 863 

L-Fucose, in blood group 

determinants, 888—889 

Fukui, Kenichi, 1083 

Fumarase, 217 

Fuming sulfuric acid, in 
aromatic sulfonations, 529 

Functional group(s), 58 
and IR spectroscopy, 397-398 

bond polarity in, 133 

name endings of, 60-61 

table of, 60-61 

with C—C multiple bonds, 62 

with C=O bonds, 63 

with electronegative atoms, 62 

Functional-group isomer, 68 

Furan, bromination of, 1039 

conversion into pyrrole, 1037 

electronic structure of, 1038— 

1039 
electrophilic substitution 

reactions of, 1039-1040 

industrial synthesis of, 1037 
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Furan (continued) 

physical properties of, 1038 

Furanose, 863 

Furfural, conversion into furan, 

1037 

from pentoses, 1037 
Fused-ring heterocycles, 1044 

AG*, activation energy, 145 
AG’, Gibbs free-energy change, 

138-140 
Gabriel, Sigmund, 907 

Gabriel amine synthesis, 907—908 

D-Galactose, configuration of, 
861-862 

mutarotation of, 866 

natural occurrence of, 860 

Wohl degradation of, 877 

Gas chromatography, workings 
of, 383-384 

Gas oil, from petroleum, 78 

Gasoline, constituents of, 78 
manufacture of, 78 

Gastric secretion, prostaglandins 
in, 1019 

Gated-decoupled mode, in !8C 
NMR, 420 

Gatterman—Koch reaction, 570 

Gauche conformation, of butane, 
97 

Geminal, 668 

Genome, 1056 

size of, in humans, 1056 

Gentiobiose, structure of, 892 

Gentisic acid, synthesis of, 965 

Geraniol, biosynthesis of, 1023 
from rose oil, 1023 

Geranyl pyrophosphate, 

biosynthesis of, 1023 

Gibbs free-energy change, AG°, 
138-140 

Gilbert, Walter, 1062 

Gilman, Henry, 321 

Gilman reagent(s), 321 

conjugate additions with, 691— 
692 

coupling reactions with, 321— 
322 

reaction with acid chlorides, 
664 

reaction with acid halides, 
756-757 

reaction with alkyl halides, 
321-322 

reaction with enones, 691-692 

Globular proteins, 996 
examples of,,997 

y-Globulin, constitution of, 996 

D-Glucose, acetylation of, 868 
anomers of, 865 

D-Glucose (continued) 

chair conformation of, 866—867 

configuration of, 861-862 
conversion into glycosides, 

869-871 
determination of ring size in, 

881-882 
esters of, 868 

ethers of, 868 

Fischer projection of, 858 
Fischer proof of 

stereochemistry, 877-881 

Haworth projection of, 863 
mutarotation of, 865-866 

natural occurrence of, 860 

oxidation of, 874 

reaction with acetic anhydride, 
868 

reaction with iodomethane, 

868 
reduction of, 872 

Glutamic acid, isoelectric point 
of, 973 

structure of, 973 

Glutamine, isoelectric point of, 

972 
structure of, 972 

p-Glyceraldehyde, configuration 

of, 272, 861-862 
Glycerol, structure of, 581 

Glycine, isoelectric point of, 972 
structure of, 972 

Glycol, 210 

Glycoproteins, 887, 996 

examples of, 996 
Glycosides, 869 

synthesis of, 870—871 

Glycosyl bromides, 870-871 

Glyptal, structure and synthesis 
of, 1137 

Goodyear, Charles, 1123 

Graft copolymers, 1125 

synthesis of, 1125 

Grignard, Francois Auguste 
Victor, 319 

Grignard reaction(s), mechanism 
of, 673 

of acid halides, 756 

of aldehydes, 594 
of esters, 594 

of ketones, 594 

of nitriles, 771 

Grignard reagent(s), 132, 318 

bond polarity of, 132 

from alkyl halides, 318-320, 
595 

limitations on, 595 

reaction with alcohols, 764 

reaction with aldehydes, 594 

reaction with COs, 725-726 

Grignard reagent(s) (continued) 
reaction with esters, 594 

reaction with ketones, 594 

reaction with nitriles, 771 

structure of, 319 

Griseofulvin, synthesis of, 852 
Ground-state electronic 

configuration, 6 
Guaiol, structure of, 1032 

Guanine, structure of, 1047 

Guanosine 5’-phosphate, 
structure of, 1048 

_ D-Gulose, configuration of, 861—862 

Gutta-percha, structure of, 

1122 
Gypsy moth, sex attractant from, 

644 

AH”, enthalpy change, 139-140 

AH }ydrog, see Heat of 
hydrogenation 

1H NMR, see NMR spectroscopy 
Hagemann’s ester, synthesis of, 

852 
Haloform, from methyl] ketones, 

800-801 
Haloform reaction, 800-801 

Halogenation (of aromatic rings), 
522 

Halohydrin(s), 196 

conversion into epoxides, 628— 
629 

from alkenes, 196-198 

from epoxides, 630 

Halomethanes, bond strengths of, 
306 

dipole moments of, 306 
polarity of, 306 

Halonium ions, 194-196 

Hammond, George Simms, 182 

Hammond postulate, 181-184 
and additions to conjugated 

dienes, 465—466 
and electrophilic addition 

reactions, 181-184 

and Syl reaction, 354 

Hamsters, sex attractant from, 
619 

Haworth, Walter Norman, 863 

Haworth projections, converting 
to Fischer projections, 864— 865 

how to draw, 863—864 

of carbohydrates, 863 
‘Heat of combustion, of 

cycloalkanes, 100 

Heat of hydrogenation, of 

alkenes, 170-171 

of benzene, 495 

table of, 171, 454 
Heat of reaction, 139 
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Heisenberg, Werner, 3 

a-Helix (in proteins), 997-998 

Hell—Volhard—Zelinskii reaction, 
794-795 

amino acid synthesis using, 
977 

Heme, structure of, 1000 
Hemiacetal(s), 680 

Hemoglobin, constitution of, 996 

Heptane, properties of, 79 

Heredity, and DNA, 1053 

Heroin, structure of, 919 

Heterocycle(s), 506, 1036 

fused-ring, 1044 
Heterocyclic amines, 896 
Heterogenic bond formation, 129 
Heterolytic bond breaking, 128 

Hexachlorophene, structure of, 

569 
synthesis of, 947 

1,5-Hexadiene, heat of 

hydrogenation of, 454 

Hexamethylenediamine, nylon 

66 from, 1126-1127 
Hexamethylphosphoramide 

(HMPA), dielectric constant 

of, 355 
in Sy2 reaction, 343-344 

Hexane, dielectric constant of, 

355 
IR spectrum of, 399 

isomers of, 68 

mass spectrum of, 390 

properties of, 79 
1,6-Hexanedioic acid, see Adipic 

acid 
Hexanoic acid, odor of, 713 
1,3,5-Hexatriene, molecular 

orbitals in, 1082-1083 

UV absorption of, 477 
1-Hexene, IR spectrum of, 399 

1-Hexyne, IR spectrum of, 399 

High-field (in NMR), 414 
High-performance liquid 

chromatography (HPLC), 

382 
Highest occupied molecular 

orbital (HOMO), 474, 1084 
Hinsberg test (for amines), 914— 

915 
Histidine, isoelectric point of, 973 

structure of, 973 

HMPA, see Hexamethylphosphor- 

amide 
Hoesch reaction, 967 

Hoffmann, Roald, 1077 

Hoffmann-La Roche company, 

238, 686 
von Hofmann, August Wilhelm, 

911 

Hofmann elimination, 915-916 

mechanism of, 915 

regiochemistry of, 916 
Hofmann rearrangement, 911— 

913 
mechanism of, 911-913 

‘HOMO, see Highest occupied 
molecular orbital 

Homogenic bond formation, 129 
Homolytic bond breaking, 128 
Homopolymers, 1124 

Homotropilidine, Cope 

rearrangement of, 1103 
Honey, constituents of, 885 

Hormonal proteins, 970 

Hormones, steroid, 1026 

HPLC (high-performance liquid 
chromatography), 382 

Hickel, Erich, 500 

Hickel rule of aromaticity, 500— 
502 

explanation of, 507-509 
Hughes, Edward David, 332 

Human fat, fatty-acid 

composition of, 1011 

Hund’s rule, 6 

Hunsdiecker, Clare, 728 

Hunsdiecker, Heinz, 728 

Hunsdiecker reaction, 728—729 

mechanism of, 728—729 

Hybrid orbital(s), 16-28 
sp, 23 
sp, 21 
sp?, 17 

Hydration, of alkenes, 198-204 

of alkynes, 234-237 

of ketones and aldehydes, 668— 

670 
Hydrazine, addition to ketones 

and aldehydes, 678 

Hydride ion, as leaving group in 
Cannizzaro reaction, 688 

as nucleophile, 339 
Hydride shift, in carbocation 

rearrangements, 185-186 
in Friedel—Crafts reaction, 532 

Hydriodic acid, ether cleavage 

with, 625-626 
Hydroboration, 200 
mechanism of, 202—204 

of alkenes, 200—204 

of alkynes, 236—237 

regiochemistry of, 202 

stereochemistry of, 202 

Hydrocarbon, 64 
Hydrochloric acid, pK, of, 45 

Hydrofluoric acid, pK, of, 45 
Hydrogen, bond length in, 13 

bond strength in, 13 

molecular orbitals in, 13 

119 

Hydrogen bonding, in alcohols, 
584 

in amines, 898 

in carboxylic acids, 716-717 
in DNA, 1051-1052 
in phenols, 948 

Hydrogen cyanide, in Kiliani— 

Fischer synthesis, 875 
pK, of, 45 

reaction with ketones and 

aldehydes, 671-672 
Hydrogen peroxide, as promoter 

for aromatic iodination, 527 

reaction with alkylboranes, 
201-202 

reaction with phenylseleno 
ketones, 802-803 

reaction with sulfides, 638 

[1,5] Hydrogen shifts, 1100-1101 
Hydrogenation, 208 
mechanism of, 209 

of acid chlorides, 662 

of alkenes, 208-210 

of alkyl aryl ketones, 556-557 
of alkynes, 238 
of aromatic rings, 555—556 
of nitroarenes, 938 

Hydrogenolysis, of benzyl esters, 
990-991 

Hydrolysis, of acetals, 680-682 
of acid halides, 752—753 

of amides, 765 

of enamines, 842 

of esters, 760—762 

of fats and oils, 1010 

of nitriles, 725, 769-770 
of peptides, 986 

Hydrophilic, 1013 
Hydrophobic, 1013 

Hydroquinones, 955 
conversion into quinones, 955 

from quinones, 955 
oxidation of, 955 

Hydrosulfide ion, nucleophilicity 

of, 340 
Hydroxide ion, as leaving group, 

342 
base strength of, 45 

nucleophilicity of, 340 
Hydroxy group, effect on 

aromatic substitution, 541— 

542 
Hydroxyacetic acid, pK, of, 721 

p-Hydroxybenzoic acid, pK, of, 
723 

Hydroxylation, of alkenes, 210— 
211 

Hyperconjugation, in alkenes, 

172 

in carbocations, 180-181 
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Hypophosphorous acid, in 
Sandmeyer reaction, 943 

Icosane, properties of, 79 

p-Idose, configuration of, 861—862 

IE (ionization energy), 9 

Imidazole, basicity of, 1041 

structure of, 896 

Imidazolium ion, pK, of, 1041 
Imide(s), 907 

alkylation of, 907—908 

reaction with alkyl] halides, 
907-908 

Imine(s), 651, 674 

effect of pH on rate of 
formation, 675—676 

from ketones and aldehydes, 
674-676 

mechanism of formation of, 

674-675 
Immunoglobulins, biological use 

of, 997 
Indole, bromination of, 1045 

electrophilic substitution of, 
1045 

structure of, 896, 1044 

Inductive effect, 41 

on alcohol acidity, 585 
on aromatic substitution, 535— 

536 
on carbocations, 181 

on polar covalent bonds, 41—42 

Informational strand, 1058 

Infrared spectral region, chart of, 
395 

Infrared (IR) spectroscopy, 396 
how to use, 396—400 

of acid anhydrides, 773-774 

of acid chlorides, 773-774 

of acyl derivatives, 773-774 
of alcohols, 605 

of aldehydes, 694—695 

of alkanes, 400 

of alkenes, 400-401 

of alkynes, 401 

of amides, 773-774 

of amines, 922-923 

of ammonium salts, 923 

of aromatic compounds, 511 
of arylamines, 958 

of carboxylic acids, 729-730 
of esters, 773-774 

of ethers, 634-635 

of ketones, 694-695 
of nitriles, 773-774 

of phenols, 958—959 
theory of, 395-396 
time scale of, 413 

Infrared spectrum, 396 

of aniline, 958 

Infrared spectrum (continued) 

of benzaldehyde, 694 

of butanoic acid, 730 

of cyclohexanol, 605 

of cyclohexanone, 695 
of cyclohexylamine, 922 

of diethyl ether, 635 
of diethylamine, 922 

of ethanol, 394 

of ethynylcyclohexane, 401 

of hexane, 399 

of 1-hexene, 399 

of 1-hexyne, 399 

of methamphetamine, 924 

of phenacetin, 967 

of phenol, 959 
of toluene, 511 ’ 

of triethylammonium chloride, 
923 

regions in, 398 

table of absorptions in, 397 
Ingold, Christopher, 174, 322 

Initiation, of radical reaction, 

130 

Insulin, biological use of, 997 

structure of, 993 

Integration, in 13C NMR, 420 
in 1H NMR, 432 

Interferon, constitution of, 996 

Intermediate, 147 

International Union of Pure and 

Applied Chemistry (IUPAC), 
69 

Intron (in DNA), 1058 

Inversion of configuration, in 
amines, 897—898 

in Sy2 reactions, 334—335 

Invert sugar, 885 

Iodide ion, as leaving group, 342 
nucleophilicity of, 340 

Iodination, of aromatic 

compounds, 527 

Iodine, reaction with arenes, 527 

Iodo group, effect on aromatic 
substitution, 539 

Iodoacetic acid, pK, of, 721 

Iodoarenes, from arylamines, 
941-943 

Iodoform, from methyl ketones, 

800-801 
Iodomethane, bond strength in, 

306 

dipole moment of, 306 
p-lodophenol, pK, of, 948 
Ion pair(s), 349 

in Syl reaction, 349-350 

Ionic bonding, 9-10 

Ionization energy (IE), 9 

Iron, reducing nitroarenes with, 
938 

Iso, as prefix for names, 75 
Isoamyl, see Isopentyl 

Isobutane, properties of, 79 
Isobutyl group, structure of, 75 
Isobutylene, polymerization of, 

1116 
Isocyanate(s), in Hofmann 

rearrangements, 912 

polyurethanes from, 1130 

Isoelectric point (of amino acids), 
975-976 

table of, 972-973 

Isoleucine, isoelectric point of, 

972 
structure of, 972 

Isomer(s), 67 

cis—trans in alkenes, 163—164 

cis—trans in cycloalkanes, 86 
classification of types, 67-68 

constitutional, 67 

functional-group, 68 

percentages, relationship with 

stability, 112 

positional, 68 

review of, 276—277 

skeletal, 67 

Isooctane, properties of, 79 

Isopentane, properties of, 79 
Isopentenyl pyrophosphate, in 

terpene biosynthesis, 1022— 
1024 

Isopentyl group, structure of, 75 

Isoprene, industrial synthesis of, 
454 

see also 2-Methyl-1,3-butadiene 
Isoprene rule, 1020 

Isopropyl group, structure of, 75 
Isoquinoline, electrophilic 

substitution of, 1045 

nitration of, 1045 

structure of, 1044 

synthesis by Bischler- 

Napieralski reaction, 1076 
Isotactic, 1120 

IUPAC, (International Union of 

Pure and Applied 
Chemistry), 69 

J (coupling constant), 434 

Jones’ reagent, alcohol oxidations 
with, 602-603 

aldehyde oxidations with, 664 

Karahanaenone, synthesis of, 
1109 

Kekulé, Friedrich August, 7, 492 

Kekulé structure, 11 

Kendrew, John C., 999 

Kenyon, Joseph, 330 
a-Keratin, biological use of, 997 
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a-Keratin (continued) 

helical structure in, 998 
secondary structure of, 997— 

998 

Kerosene, from petroleum, 78 
a-Keto acids, conversion into 

a-amino acids, 978-979 
B-Keto esters, 798 

acidity of, 798 

as Michael reaction donors, 
841 

decarboxylation of, 808—809 
from Claisen condensation, 

833-835 
from Dieckmann cyclization 

837-839 
Keto group, effect on aromatic 

substitution, 539 

B-Keto nitriles, as Michael 

reaction donors, 841 
Keto—enol tautomerism, 234— 

235, 789-791 
mechanism of, 789—791 

Ketones, acidity of, 798 

aldol condensation of, 823—824 
alkylation of, 810-811 
boiling points of, 658 
bromination of, 792—794 

conjugate additions to, 688— 

692 
conversion into acetals, 680— 

682 
conversion into alcohols, 590— 

591 
conversion into alkanes, 678— 

680 
_ conversion into alkenes, 684— 

686 
conversion into amines, 909— 

911 
conversion into cyanohydrins, 

671-672 
conversion into 1,1-diols, 670— 

671 
conversion into 2,4- 

dinitrophenylhydrazones, 

676-677 
conversion into enamines, 677 

conversion into imines, 674— 

676 
conversion into oximes, 676— 

677 
conversion into 

semicarbazones, 676—677 

conversion into thioacetals, 

683 
conversion into a,B- 

unsaturated ketones, 794 

from acid chlorides, 664 

from acid halides, 756—757 

> 

Ketones (continued) 

from alcohols, 602—603 

from alkenes, 212-213 

from alkynes, 234-235 
from 1,2-diols, 214 

from nitriles, 771 

halogenation of, 792-794 
hydration of, 668—670 

IR spectroscopy of, 694—695 

mass spectroscopy of, 697—698 
mechanism of bromination of, 

792-793 
mechanism of reduction of, 

650-651, 673-674 

NMR spectroscopy of, 696-697 
nomenclature of, 660—661 

oxidation of, 665 

protecting group for, 682 
reaction with acids, 670-671 

reaction with alcohols, 680— 
682 

reaction with amines, 674— 

676, 909-911 

reaction with benzeneselenenyl 

bromide, 802—803 

reaction with bromine, 792— 

794 

reaction with Grignard 

reagents, 594 

reaction with HCN, 671-672 

reaction with hydrazine, 678 
reaction with KMnO,, 665 

reaction with LDA, 797 

reaction with NaBHy,, 590-591 

reaction with phosphoranes, 
684—686 

reaction with thiols, 683 

reaction with water, 668—670 

reactivity toward nucleophiles, 

667-668 
reduction of, 590—591 

reduction of aryl alkyl, 556— 

557 
reductive amination of, 909— 

911 
synthesis of, 663—664 
Wittig reaction of, 684—686 

Ketose(s), 856 
Kevlar, structure and uses of, 

1128 
Khorana, Har Gobind, 1070 

Kiliani, Heinrich, 875 

Kiliani—Fischer synthesis, 874 

Kilocalorie (kcal), conversion 

into kilojoules, 9 

Kilojoule (kJ), conversion into 

kilocalories, 9 

Kimball, George, 194 

Kinetic control (of reaction), 464 

Kinetics, 333 

121 

Kinetics (continued) 

of El reaction, 365 

of E2 reaction, 358 

of Syl reaction, 345-348 

of Sy2 reaction, 333 

Kishner, N. M., 678 

Knoevenagel, Emil, 833 

Knoevenagel reaction, 832-833 

Knorr, Ludwig, 870 

Koenigs-Knorr reaction, 870-871 

mechanism of, 871 

neighboring-group effect in, 871 
of glucose, 870-871 

Kolbe, Herman, 954 

Kolbe—Schmitt carboxylation (of 
phenols), 954 

Késsel, Walter, 10 

Kursanov, D. N., 761 

L, for amino acid configuration, 

973 

L, for carbohydrate configuration, 

858-860 
Lactams, 766 

Lactic acid, chirality in, 262, 268 

resolution of, 903-904 

Lactones, 760 

Lactose, mutarotation of, 885 

occurrence of, 884—885 

structure of, 884—885 

Laetrile, structure of, 892 

Lanosterol, biosynthesis of, 

1029-1031 
steroids from, 1029-1031 

Lapworth, Arthur, 671 

Lard, fatty-acid composition of, 
1011 

Laurene, synthesis of, 819 
Lauric acid, structure of, 1010 

Lavoisier, Antoine, 49 

LDA, see Lithium 

diisopropylamide 

Le Bel, Joseph Achille, 8 

Leaving group(s), 341 
in Syl reaction, 353 

in Sy2 reaction, 341-343 
Lecithins, 1014 

stereochemistry of, 1014 

Lemon oil, farnesol from, 1023— 

1024 
Leucine, isoelectric point of, 972 

structure of, 972 

Leukopenia, from exposure to 

benzene, 487 

Leukotriene D,, structure of, 

1019 

Levorotatory, 259 

Lewis, Gilbert Newton, 11 

Lewis acid(s), 47 

vacant orbitals in, 47—48 
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Lewis base(s), 47 

Lewis structures, 11 

Lexan, structure and uses of, 

1129 
von Liebig, Justus, 50 

Limonene, biosynthesis of, 1023 

Lindlar catalyst, alkyne 

hydrogenations with, 238 
Line-bond structure, 11 

Linoleic acid, structure of, 1010 

Linseed oil, fatty-acid 

composition of, 1011 
Lipid(s), 1009 

complex, 1009 
simple, 1009 

Lipid bilayer, 1015 

constitution of, 1015 

thickness of, 1015 

Lipoproteins, 996 

examples of, 996 
Liquid chromatography, 

workings of, 382 

Lithium, alkyne reduction with, 
239-240 

electron affinity of, 10 
ionization energy of, 9 

Lithium aluminum hydride, 

reducing alkyl azides with, 
907 

reducing carboxylic acids with, 
591-592 

reducing esters with, 591-592 
reducing ketones with, 590— 

591 

reducing nitriles with, 770— 
771 

Lithium diisopropylamide (LDA), 
reaction with carbonyl 
compounds, 797—798 

synthesis of, 797 

Lithium diorganocopper 

reagents, see Gilman 
reagent(s) 

Lithium tri-tert-butoxyaluminum 
hydride, reaction with acid 

halides, 755-756 

Lithocholic acid, structure of, 
735, 1029 

Lone-pair electrons, 26 

Long-chain branching (in 
polymers), 1119 

Low-field (in NMR), 414 

Lowest unoccupied molecular 
orbital (LUMO), 474, 1084 

Lubricating oil, from petroleum, 
78 

Lucite, synthesis and use of, 
1114eere 

LUMO, see Lowest unoccupied 

molecular orbital 

Lycopene, structure of, 452 
Lycra, structure and uses of, 

1130 
Lymantria dispar, sex attractant 

from, 644 

Lysine, isoelectric point of, 973 

structure of, 973 

Lysozyme, biological use of, 997 

p-Lyxose, configuration of, 861— 

862 

Maleic anhydride, as Diels— 
Alder dienophile, 468 

Malic acid, Walden cycle, 329 

Malonic ester, see Diethyl 

malonate 

Malonic ester synthesis, 804—807 

Malononitrile, pK, of, 798 

Malonyl CoA, in fatty-acid 

biosynthesis, 1016-1018 
Maltose, mutarotation in, 884 

structure of, 883-884 

Mandelonitrile, from 

benzaldehyde, 672 
in millipede defensive 

secretion, 693—694 

Manicone, synthesis of, 757 

p-Mannose, configuration of, 

861-862 
natural occurrence of, 860 

Margarine, coloring agent in, 

479 
production of, 1011 

Marine organisms, alkyl halides 

from, 303 

Markovnikovy, Vladimir 

Vassilyevich, 177 
Markovnikov’s rule, 177 

Mass spectrometer, operation of, 
385-386 

Mass spectroscopy, fragmentation 

during, 389-391 

nitrogen rule in, 920-921 
of alcohols, 608 

of aldehydes, 697-698 
of amines, 920-921 

of ketones, 697-698 

Mass spectrum, 386 

interpretation of, 387-392 
of 1-butanol, 608 

of 2,2-dimethylpropane, 388 
of ethylcyclopentane, 391 

of N-ethylpropylamine, 921 
of hexane, 390 

of methane, 387 

of 5-methyl-2-hexanone, 698 
of methylcyclohexane, 391 
of propane, 387 

Mauve dye (of Perkin), 935 

Maxam, Allan, 1062 

Maxam-—Gilbert DNA 
sequencing, 1062-1069 

McLafferty, Fred W., 697 
McLafferty rearrangement, 697— 

698 
Mechanisms of organic reactions, 

128-134 
acetal formation, 680—682 

acidic ether cleavage, 626—627 
alcohol dehydration, 596—598 
alcohol oxidation, 603 

aldol condensation, 824 

alkene epoxidation, 628 

alkene hydroboration, 202—204 
alkene hydrogenation, 209— 

210 G 

‘alkene hydroxylation, 211 
alkene oxymercuration, 198— 

200 
alkene ozonolysis, 212—213 
alkylbenzene bromination with 

NBS, 554 
alkyne hydration, 234—235 
alkyne reduction with Li/NHs, 

239-240 
alpha-substitution reaction, 

653-654, 791-792 
amide formation using DCC, 

992 
amide hydrolysis, 765 

amide reduction, 766 

bromine addition to alkenes, 
192-196 

Cannizzaro reaction, 688 

carbonyl] condensation 

reaction, 654—655, 821-823 

chain branching in 

polymerization, 1118-1119 

Claisen condensation reaction, 

834—835 

Claisen rearrangement, 957, 

1101-1102 

Cope rearrangement, 1101— 
1103 

cumene hydroperoxide 

rearrangement, 946 

Curtius rearrangement, 911— 
913 

cyanohydrin formation, 672 

cycloaddition reactions, 1092— 
1094 

diazonium coupling reaction, 
944 

Dieckmann cyclization, 837— 
838 

DNA cleavage, 1064-1066 
DNA replication, 1054-1055 
E1 reaction, 364—365 

E2 reaction, 358-361 
Edman degradation, 987 
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Mechanisms of reactions 
(continued) 

electrocyclic reactions, 1088— 
1091 

electrophilic addition reaction, 
135-137 

electrophilic additions to 
alkynes, 233 

electrophilic aromatic 
substitution, 523-526 

enamine formation, 677 

enol formation, 790 

epoxide ring opening, 630-633 

ester hydrolysis, 761—762 

ether cleavage, 625-627 
ethylene polymerization, 1113-— 

1114 

Fischer esterification, 748—750 

Friedel—Crafts acylation 
reaction, 534 

Friedel—Crafts alkylation 

reaction, 531 

Grignard carboxylation, 726 
Grignard reaction, 673 
Hofmann elimination, 915 

Hofmann rearrangement, 911— 

913 
HOX addition to alkenes, 196— 

197 
Hunsdiecker reaction, 729 

HX addition to alkenes, 173—176 

imine formation, 651-652, 

674—675 
ketone and aldehyde reduction, 

673-674 
ketone bromination, 792—793 

ketone hydration, 668—670 
ketone reduction, 650-651 

Koenigs—Knorr reaction, 871 

methane chlorination, 130-131 

Michael reaction, 839-840 
nitrile hydrolysis, 769-770 
nucleophilic acyl substitution, 

652-653, 742-743 
nucleophilic addition reaction, 

650-652 
nucleophilic aromatic 

substitution, 549-550 

polar reaction, 132—135 
pyrrole nitration, 1040 

radical addition of HBr to 

alkenes, 204-208 
radical reaction, 129-132 

reductive amination, 909-910 

sigmatropic rearrangements, 

1101-1103 
Sw1 reaction, 347-348 

Sn2 reaction, 334-335 
Strecker amino acid synthesis, 

978 

Mechanisms of reactions 

(continued) 
Williamson ether synthesis, 

623-624 
Wittig reaction, 684-685 
Wolff—Kishner reaction, 678— 

‘679 
Ziegler—Natta alkene 

polymerization, 1121 
Meerwein’s reagent, 642 
Meisenheimer, Jacob, 549 

Meisenheimer complex, 549 

Melamine resins, structure and 

synthesis of, 1137 

Melmac, structure and synthesis 
of, 1137 

Menthol, isolation from 

peppermint oil, 580 

structure of, 580 

Menthy] chloride, E1 reaction of, 
366 

E2 reaction of, 363 

Meperidine, structure of, 920 

Mercapto group, 609 
Mercuric trifluoroacetate, 

alkoxymercuration of 
alkenes with, 624 

Merrifield, Robert Bruce, 994 

Merrifield peptide synthesis, 

993-995 
1-Mesitylenesulfony]-3-nitro- 

1,2,4-triazole (MSNT), in 

DNA synthesis, 1070-1071 
Meso compound, 277—278 
Messenger RNA (mRNA), 1056 

in protein synthesis, 1058— 
1061 

meta-, as prefix in naming 

aromatic compounds, 490 

Meta directors, in aromatic 

substitution, 543-544 

Metalloproteins, examples of, 996 

Methadone, structure of, 920 

Methamphetamine, 'H NMR 
spectrum of, 925 

IR spectrum of, 924 
Methanal, see Formaldehyde 

Methandrostenolone, structure 

of, 1026 
Methane, bond angles in, 18 ° 

bond lengths in, 18 
bond strengths in, 18 

mass spectrum of, 387 
molecular orbitals in, 19 

pK, of, 241 
properties of, 79 
pyrolysis of, 228 
radical chlorination of, 130= 131 
reaction with Clo, 130-131 

structure of, 18-19 

123 

Methanoic acid, see Formic acid 

Methanol, as solvent in Sy2 
reaction, 344 

dielectric constant of, 355 

dipole moment of, 42 
industrial synthesis of, 582 
pK, of, 585 

structure of, 583 

Methionine, isoelectric point of, 
972 

structure of, 972 

Methoxide ion, as nucleophile, 

339 
p-Methoxyaniline, basicity of, 937 

p-Methoxybenzoic acid, pK, of, 

723 
p-Methoxyphenol, pK, of, 948 

p-Methoxypropiophenone, 'H 
NMR spectrum of, 436 

Methyl acetate, '*C NMR 
spectrum of, 412 

dipole moment of, 649 
1H NMR spectrum of, 412 
pK, of, 798 

Methyl] bromide, see 

Bromomethane 

Methyl] chloride, see 
Chloromethane 

Methyl chloroacetate, 'H NMR 
spectrum of, 428 

Methyl a-cyanoacrylate, 

polymerization of, 1117-1118 

Methyl 2,2-dimethylpropanoate, 
1H NMR spectrum of, 432 

Methyl group, effect in aromatic 

substitution, 539 

Methy] iodide, see lodomethane 

Methy1 ketones, haloform 
reaction of, 800—801 

Methyl] methacrylate, 
polymerization of, 1114 

Methyl orange, structure of, 945 

Methyl propanoate, °C NMR 
spectrum of, 419 

Methyl propenoate, as Michael 

reaction acceptor, 841 

Methyl propyl ether, '*C NMR 
absorptions of, 636 

Methyl propynoate, as Diels— 
Alder dienophile, 468 

2-Methyl-1,3-butadiene 

(isoprene), heat of 

hydrogenation of, 454 

industrial synthesis of, 454 

polymerization of, 1123 
UV absorption of, 477 

2-Methyl-1-butene, heat of 
hydrogenation of, 454 

5-Methyl-2-hexanone, mass 

spectrum of, 698 
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N-Methylacetamide, IR 

absorption of, 773 

Methylamine, basicity of, 900 

physical properties of, 899 

p-Methylaniline, basicity of, 937 

Methylarbutin, synthesis of, 870 

p-Methylbenzoic acid, pK, of, 723 

Methylcyclohexane, conformation 
of, 113 

mass spectrum of, 391 
strain energy in, 113-114 

1-Methylcyclohexene, 12C NMR 
spectrum of, 426 

N-Methylcyclohexylamine, 1°C 
NMR absorptions of, 924 

1H NMR spectrum of, 924 
p-Methylphenol, pK, of, 948 
2-Methylpropene, polymerization 

of, 1116 

N-Methylpyrrolidine, physical 
properties of, 899 

Micelle, 1013 

Michael, Arthur, 839 

Michael reaction, 839-841 

acceptors in, 841 

donors in, 841 

mechanism of, 839—840 

Mirror image, 257 

MO theory, see Molecular orbital 
theory 

Mobile phase, 381 
Models, molecular, 36 

Mohr, Ernst, 106 

Molar absorptivity, 475 
Molecular ion, 386 

Molecular models, 36 

Molecular orbital(s), 12 

algebraic signs in, 1079-1081 

of allylic carbocations, 462 

of benzene, 498—499 

of 1,3-butadiene, 458 

of conjugated dienes, 455— 
458 

of conjugated polyenes, 1081— 
1083 

of ethylene, 457 

Molecular orbital (MO) theory, 
12-16 

Molozonide, 212 

MON-0585, structure of, 568 
Monomers, 1111 
Monosaccharide(s), 856 

conformations of, 866—867 

conversion into esters, 868 

conversion into ethers, 868 

conversion into glycosides, 
869-871 | 

cyclic forms of, 862-864 

determination of ring size in, 
881-882 

Monosaccharide(s) (continued ) 

determination of 
stereochemistry, 877-881 

Haworth projections of, 863— 

864 
oxidation of, 872-874 

reaction(s) of, 868—877 

reaction with acetic anhydride, 
868 

reaction with iodomethane, 

868 
reduction of, 872 

Monoterpenes, 1020 
Monsanto Company, 714 

Moore, Stanford, 984 

Morphine, derivation of name, 69 

physiological action of, 919 
specific rotation of, 260 

structure of, 487, 918 

Morphine rule, 920 

Morpholine, structure of, 896 

MSNT, see 1-Mesitylenesulfonyl- 
3-nitro-1,2,4-triazole 

Multistep reaction, energy 

diagrams for, 148 

Muscalure, structure of, 255 

synthesis of, 322 

Muscone, chirality in, 269 
Mustard gas, 370-371 

toxicity of, 371-372 
Mutarotation, 866 

of cellobiose, 884 

of galactose, 866 
of glucose, 865—866 
of lactose, 885 

of maltose, 884 

Mycomycin, chirality in, 301 

Mylar, structure and uses of, 
1128 

Myoglobin, biological use of, 997 
structure of, 999-1000 

Myrcene, structure of, 484, 1020 

Myristic acid, structure of, 1010 

n+ 1 rule, in }3C NMR 

spectroscopy, 424 

in 'H NMR spectroscopy, 433 
NAD (nicotinamide adenine 

dinucleotide), in amino acid 

biosynthesis, 979 
in electron transport, 955—956 

Nagata, Wataru, 691 

Nalorphine, structure of, 919 

Nanometer, 473 
Naphthalene, aromaticity of, 

509-510 

13C NMR absorptions of, 514 
from coal tar, 488 

reactivity of, 510 

resonance in, 509 

Naphthalene (continued) 
structure of, 509-510 

UV absorption of, 477 
Natta, Giulio, 1120 

Natural gas, 77 
Natural rubber, elasticity of, 

1133-1134 

NBS, see N-Bromosuccinimide 

Neighboring-group effect, 871 
Neomenthy] chloride, E2 

reaction of, 363 

Neon, electronic configuration of, 
a 

ionization energy of, 9 
Neopentane, properties of, 79 

Neopentyl, 338 i 
Neopentyl] group, structure of, 75 

Neoprene, structure and uses of, 
1123 

Nerve fibers, sphingomyelins in, 

1015 
Neryl pyrophosphate, in terpene 

biosynthesis, 1023 
Newman, Melvin S., 92 
Newman projection, 92 

Nicotinamide adenine 

dinucleotide, see NAD 

Nicotine, structure of, 30 

Ninhydrin, amino acid analysis 
using, 984 

reaction with amino acids, 984 

Nitrate ion, base strength of, 45 
Nitration, 522 

of aromatic compounds, 528— 
529 

Nitric acid, pK, of, 45 

reaction with aldoses, 873-874 

reaction with arenes, 528 

reaction with isoquinoline, 
1045 

reaction with pyridine, 1042 
reaction with pyrrole, 1039 

-nitrile, as name ending for 

nitriles, 740 

Nitrile(s), acidity of, 798 

alkylation of, 810—811 

conversion into aldehydes, 
770-771 

conversion into amines, 770— 
771 

conversion into carboxylic 

acids, 725, 769-770 
conversion into ketones, 771 

from alkyl halides, 767 
from amides, 767-768 

hydrolysis of, 725, 769-770 
IR spectroscopy of, 773-774 
mechanism of hydrolysis, 769— 

770 

NMR spectroscopy of, 774 
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Nitrile(s) (continued) 

nomenclature of, 740 

reaction(s) of, 768-771 

reaction with benzeneselenenyl 

bromide, 802-803 

reaction with DIBAH, 770-771 
reaction with Grignard 

reagents, 771 

reaction with LiAlH,, 770-771 

reduction of, 770-771 

synthesis of, 767—768 
Nitrile rubber, structure and 

synthesis of, 1125 

Nitro compounds, as Michael 

reaction donors, 841 

Nitro group, effect on aromatic 
substitution, 539 

p-Nitroaniline, basicity of, 937 
Nitroarenes, conversion into 

arylamines, 529 
reduction of, 529, 938 

synthesis of, 528—529 

Nitrobenzene, conversion into 

aniline, 934—935 

p-Nitrobenzoic acid, pK, of, 723 
Nitroethylene, as Michael 

reaction acceptor, 841 

Nitrogen, bond strength in, 26 

bonding in, 25—26 
hybridization of, 25-26 

Nitrogen rule (of mass 

spectrometry), 389, 920-921 | 
Nitromethane, dipole moment of, 

42 
formal charges in, 37 

Nitronium tetrafluoroborate, in 

aromatic nitration, 528 

m-Nitrophenol, pK, of, 948 

o-Nitrophenol, pK, of, 948 
p-Nitrophenol, pK, of, 948 

Nitroso compounds, tautomerism 

of, 815 
Nitrous acid, reaction with 

amines, 941 

NMR spectrometer, diagram of, 

413 
NMR spectroscopy, 408 

13C absorption(s), of 
acetaldehyde, 696 

of acetamide, 774 

of acetic acid, 730, 774 

of acetic anhydride, 774 
of acetonitrile, 774 

of acetophenone, 696 

of acetyl chloride, 774 
of anisole, 636 

of benzaldehyde, 696 
of benzene, 514 

of benzoic acid, 730 

of 2-butanone, 696 

NMR spectroscopy (continued) 
of butanoic acid, 730 

of chlorobenzene, 514 

of cyclohexanol, 606 

of cyclohexanone, 696 

of ethyl acetate, 774 

of methyl propyl! ether, 636 

of N-methylcyclohexylamine, 
924 

of naphthalene, 514 

of toluene, 514 

13C spectrum, of p-bromoaceto- 
phenone, 418 

of 2-butanone, 418 

of dichloroacetic acid, 422 

of methyl acetate, 412 
of methyl propanoate, 419 

of 1-methylcyclohexene, 426 
coupling constants in 1H 

spectra, 434 

coupling of O—H proton in 
alcohols, 606—607 

gated-decoupled mode in 1°C, 
420 

1H spectrum, of acetaldehyde, 
697 

of 2-bromopropane, 436 

of m-bromotoluene, 514 

of chloroethane, 43 

of trans-cinnamaldehyde, 
439 

of digitoxigenin, 441 
of 2,3-dimethyl-2-butene, 429 

of dipropyl ether, 635 
of 1,2-epoxypropane, 636 

of ethyl acetate, 775 
of methamphetamine, 925 

of p-methoxypropiophenone, 
436 

of methyl acetate, 412 

of methyl] chloroacetate, 428 
of methyl 2,2-dimethyl- 

propanoate, 432 

of N-methylcyclohexylamine, 

924 
of phenacetin, 967 
of phenylacetic acid, 731 
of 1-propanol, 607 

of toluene, 438 

integration of 18C peaks in, 
420 

integration of 'H peaks in, 432 
kinetics measurements using, 

414 
number of absorptions in 'H 

spectra, 428—429 

of acid anhydrides, 774 

of acid chlorides, 774 

of acyl derivatives, 774—775 

of alcohols, 606—607 

125 

NMR spectroscopy (continued) 

of aldehydes, 696-697 
of amides, 774 

of amines, 923-925 

of aromatic compounds, 512— 
514 

of arylamines, 959 
of carboxylic acids, 730-731 

of epoxides, 635-636 
of esters, 774 

of ethers, 634-636 

of ketones, 696-697 

of nitriles, 774 

of phenols, 959 

off-resonance mode in 13°C, 420 
overlap of 1H signals in, 438 
overview of !H, 427 
proton equivalence in 1H 

spectroscopy, 428-429 

proton noise-decoupled mode in 
18C, 416 

spin-spin splitting in 18C 
spectra, 421—425 

spin-spin splitting in 1H 
spectra, 433—437 

summary of 18C, 425-427 
table of 18C chemical shifts in, 

417 

table of 1H chemical shifts in, 
430-431 

table of magnetic nuclei in, 

410 
theory of, 408—410 
time scale of, 413 

tree diagrams for spin—spin 

splitting in, 439-440 

uses of 'H spectra, 441-442 
Nodal plane, 6 

Node, 456 

Nomenclature, 69 

of acid anhydrides, 739 
of acid halides, 739 

of acyl derivatives, 741 
of alcohols, 581-582 

of alkanes, 69-73 

of alkenes, 158—160 

of alkyl groups, 74—75 
of alkyl halides, 304—305 

of alkynes, 230—231 

of amides, 739-740 

of amines, 894—896 

of aromatic compounds, 489— 

A491 
of carboxylic acids, 714-716 

of crown ethers, 633 

of cycloalkanes, 82—83 

of cycloalkenes, 159-160 
of esters, 740 

of ethers, 620-621 

of E,Z double bonds, 165-168 
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Nomenclature (continued) 

of heterocyclic amines, 896 

of ketones, 660-661 

of nitriles, 740 

of polyfunctional compounds, 

Al—A7 

of sulfides, 637 

of thiols, 609 

Nonane, properties of, 79 

Nootkatone, chirality in, 269 

Norepinephrine, conversion into 

adrenaline, 371 

Norethindrone, structure of, 1026 

Normal (n) alkane, 64 

Novocain, structure of, 31 

Nuclear magnetic resonance 
spectroscopy, see NMR 

spectroscopy 

Nuclear spin, in NMR, 409 

Nucleic acid(s), 1046 

structure of, 1046-1049 

see also DNA, RNA 

Nucleophile(s), 134 
and Syl reaction, 353-354 
and Sy2 reaction, 339-341 

relative reactivity of, 340-341 

Nucleophilic acyl substitution 

reaction(s), 652 

mechanism of, 652—653, 742— 
743 

of acid anhydrides, 758-759 

of acid halides, 751-756 

of amides, 765—766 

of carboxylic acids, 746-751 
of esters, 760—764 

Nucleophilic addition reaction(s), 
650 

in biochemistry, 693-694 

kinds of, 666—667 

mechanism of, 650-652, 666— 
667 

Nucleophilic aromatic 

substitution reaction(s), 548— 
550 

mechanism of, 549-550 

of pyridine, 1043 
review of, 578 

Nucleophilic substitution 
reaction(s), 330 

review of, 577 

see also Sy1 reaction, Sy2 
reaction 

Nucleoproteins, 996 
examples of, 996 

Nucleosides, 1046 

structure of, 1047-1048 

Nucleotides, 1046 

structure of, 1047-1048 

Nylon, 1126-1128 
uses of, 1128 

Nylon 66, synthesis of, 1126— 

1127 

B-Ocimene, structure of, 484 

Octane, properties of, 79 
Octane number, of gasoline, 78 

1,3,5,7,-Octatetraene, UV 

absorption of, 477 
Octet rule, 9 

Off-resonance mode, in !23C NMR, 

420-425 
-oic acid, as name ending for 

carboxylic acids, 714 
-ol, as name ending for alcohols, 

581 
Olah, George, 195 
Olefin, 154 ' 
Oleic acid, structure of, 1010 

Olive oil, fatty-acid composition 

of, 1011 
-one, as name ending for ketones, 

660 
-onitrile, as name ending for 

nitriles, 740 

Optical activity, 258-259 
Optical isomerism, 261 

requirement for, 266—269 

Optical rotation, measuring, 
258-259 

Oral contraceptive, structure of, 
1026 

Orange II, synthesis of, 965 

Orbitals, algebraic signs in, 
1079-1081 

atomic, 4—5 

d, shape of, 6 

in cyclopropane, 102 

p, shape of, 5 

principle of maximum overlap 
in, 15 

relative energy levels of, 4 
s, shape of, 5 
sp, 23-25 

sp”, 21-23 
sp?, 17 

Organic chemistry, definition, 1-2 

Organic reactions, how to learn 
them, 220 

how to write them, 175 

kinds of, 126-128 

mechanisms of, 128-134 

Organic synthesis, how to work 
problems, 246-249 

Organoboranes, from alkene 

hydroboration, 200 

oxidation of, 201 

Organocopper reagent, see 
Gilman reagent(s) 

Organometallic compound(s), 319 
bond polarity of, 132 

Organometallic coupling 
reaction, 321—322 

Orientation, in aromatic 

substitution, 538-545 

Orlon, synthesis and use of, 1114 

ortho-, as prefix in naming 

aromatic compounds, 490 
Ortho-directors, in aromatic 

substitution, 540-541 

Osmium tetraoxide, reaction 

with alkenes, 210—211 

Overlap, of signals in 'H NMR, 
438 

" Oxalic acid, pK, of, 722 

Oxalyl chloride, acid chloride 
_ synthesis with, 746-747 

Oxidation, 588 

mechanism of, 603 

of alcohols, 601—603 

of aldehydes, 664—665 

of alkenes, 210—214 

of alkynes, 244-245 

of aromatic side chains, 552— 

555 

of carbohydrates, 872—874 
of 1,2-diols, 214 
of hydroquinones, 954—955 
of ketones, 665 

of sulfides, 638 

of thiols, 609-610 

Oxidation levels of organic 

compounds, 589 
Oximes, 676 

from ketones and aldehydes, 
676-677 

Oxiranes, 627 

-0X0, aS a carbonyl] substituent, 
660 

Oxonium ion, 680 

Oxygen, hybridization of, 26-27 

Oxymercuration of alkenes, 198— 

200 

Oxytocin, structure of, 1007 

Ozone, reaction with alkenes, 
2127213 

Ozonide, 212 

Ozonolysis, of alkenes, 212-213 
of alkynes, 244 

Palladium, as hydrogenation 

catalyst, 209 

Palmitic acid, structure of, 1010 

Palmitoleic acid, structure of, 
1010 

Papaver somniferum, morphine 
from, 918-919 

para-, as prefix in naming 

aromatic compounds, 490 
Para-directors, in aromatic 

substitution, 540-541 
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Paraffin, 79 

Parent peak, 386 

Parkinson’s disease, 978 

Pasteur, Louis, 260, 903 

and the discovery of optical 

isomerism, 260—261 

Patchouli alcohol, structure of, 

1020 
Patchouli oil, patchouli alcohol 

from, 1020 

Pauli exclusion principle, 6 

Pauling, Linus, 15 

PCC, see Pyridinium 

chlorochromate 
Peanut oil, fatty-acid composition 

of, 1011 
von Pechmann, Hans, 750 

Penicillin G, structure of, 1036 

Penicillin V, specific rotation of, 

260 

Pentachlorophenol, synthesis of, 
947 

1,4-Pentadiene, heat of 

hydrogenation of, 454 
Pentanal, properties of, 658 

Pentane, isomers of, 68 

properties of, 79 

2,4-Pentanedione, pK, of, 798 
2-Pentanone, properties of, 658 

Peptide(s), 970 
amino acid analysis of, 984— 

985 
bonding in, 983 

cleavage with chymotrypsin, 

986 
cleavage with trypsin, 986 
disulfide bonds in, 983 

hydrolysis of, 986 

restricted rotation in, 983 

sequencing of, 985-988 
structure determination of, 

984-989 
synthesis of, 989-995 

Peptide sequenators, 986 
Peptide sequencing, 985-988 
Peptide synthesis, automatic, 

993-995 
manual, 989-993 

Merrifield method, 993-995 

Pericyclic reactions, 1077 
examples of, 1077-1079 
summary of rules for, 1104 

Periodic acid, cleaving 1,2-diols 

with, 214 

Periplanar geometry, 358 

Perkin, William Henry, 934 
Perlon, structure and uses of, 

1127 
Peroxides, from ethers, 622 

Peroxyacids, 628 

Peroxyacids (continued) 

reaction with alkenes, 628 

Perutz, Max Ferdinand, 999 
Petroleum, 77—78 

products from, 78 
refining of, 77-78 

Phase-transfer agents, 917-918 

Phenacetin, ‘'H NMR spectrum 
of, 967 

IR spectrum of, 967 

structure of, 966—967 

synthesis of, 757 

Phenanthrene, from coal tar, 488 

Phenobarbital, structure of, 1036 

Phenol, conversion into BHA, 

947 
conversion into BHT, 947 

conversion into 2,4- 

dichlorophenoxyacetic acid, 
947 

conversion into 

pentachlorophenol, 947 

from cumene, 946 

industrial synthesis of, 946 

IR spectrum of, 959 
pK, of, 948 

synthesis from chlorobenzene, 

550 
UV absorption of, 485 

Phenols, 945 

acidity of, 948-951 
aromatic substitution of, 953— 

954 
carboxylation of, 954 
conversion into esters, 952— 

953 
conversion into ethers, 952— 

953 
conversion into quinones, 954— 

955 
from arenesulfonic acids, 530 

from arylamines, 941-943 
from Claisen rearrangement, 

957 
hydrogen bonding in, 948 
industrial uses of, 945—946 

IR spectroscopy of, 958-959 
Kolbe—Schmitt carboxylation 

of, 954 
natural occurrence of, 945 

NMR spectroscopy of, 959 

oxidation of, 954-955 

pK,’s of, 948 
reaction(s) of, 952—957 

reaction with acid chlorides, 

952-953 
reaction with Fremy’s salt, 

954-955 
substituent effects on acidity 

of, 950-951 

127 

Phenols (continued) 

synthesis of, 951-952 

Williamson ether synthesis, 

952-953 
Phenoxide ion, nucleophilicity of, 

340 
resonance in, 948-949 

Phentermine, synthesis of, 913 

Phenyl group, 490 

Pheny] isothiocyanate, Edman 

degradation with, 986 
1-Phenyl—2-propanol, Walden 

cycle, 331 

Phenylacetic acid, 1H NMR 
spectrum of, 731 

pK, of, 721 

Phenylalanine, isoelectric point 

of, 972 
structure of, 972 

Phenylthiohydantoins, from 
Edman degradation, 986— 
987 

Pheromone, 322 

Phillips, Henry, 330 

Phosphatidylcholine, structure of, 

1014 
Phosphatidylethanolamine, 

structure of, 1014 

Phosphoglycerides, 1014 
Phospholipids, 1014-1015 

Phosphonium salts, acidity of, 

684 
from alkyl halides, 684 

Phosphoproteins, examples of, 
996 

Phosphorane(s), 684 
Phosphorus oxychloride, acid 

bromide synthesis with, 751 
alkyl bromide synthesis with, 

318, 599 
dehydrating alcohols with, 598 

Phosphorus trichloride, acid 
chloride synthesis with, 746— 

747 
Photochemical cycloaddition 

reactions, 1095-1096 

Photochemical electrocyclic 
reactions, 1090-1091 

Photon, 392 

Photosynthesis, and 

carbohydrates, 856 
Phthalimide synthesis of amines, 

907-908 
Pi (7) bond, 15 

strength of, 162-163 

Picometer, 14 

Picric acid, as explosive, 945 

Pinacol rearrangement, 617 

Pineapple oil, methyl butanoate 
from, 759 
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a-Pinene, structure of, 154 

Piperidine, structure of, 896 

Plane of symmetry, 266 
Plane-polarized light, 257—258 

Plasticizers, 1132 

Platelet aggregation, 

prostaglandins in, 1019 

Platinum, as hydrogenation 
catalyst, 209 

B-Pleated sheet, 998-999 

Plexiglas, synthesis and use of, 

1114 
Plocamene B, structure of, 304 

Poison oak, active ingredient in, 

945 
Polar aprotic solvent, 343 

Polar covalent bond, 40 

Polar reaction(s), 132-138 

mechanism of, 132-135 

review of, 575-578 

Polarimeter, operation of, 258— 
259 

Polarity, of functional groups, 133 

Polarizability, 134 

Polarizer, 257-258 

Poly(vinyl acetate), synthesis 
and use of, 1114 

Poly(vinyl alcohol), synthesis and 

use of, 1114-1115 
Poly(vinyl butyral), synthesis of, 

1136 
Poly(vinyl chloride), synthesis 

and use of, 1114 

Polyalkylation, in Friedel—Crafts 
reaction, 531 

Polycyclic aromatic compounds, 
509 

Polycyclic molecules, 

conformation of, 118-121 

Polyene(s), 452 

molecular orbitals in, 1081— 
1083 

Polyesters, 1128-1129 

synthesis of, 1128-1129 

Polyethylene, annual production 
of, 1113 

high-density, 1121 

industrial synthesis of, 1113 
low-density, 1121 

uses of, 1114 

Polyimides, structure and 

synthesis of, 1136 

Polymer(s), 1111 

chain branching in, 1118-1119 
classification of, 1112-1113 

crystallinity of, 1131 

from substituted alkenes, 
1113-1115 

physical properties of, 1132— 
1133 

Polymer(s) (continued ) 
table of annual production 

figures for, 1111 

table of uses of, 1114 

van der Waals forces in, 1130 

Polymerization, anionic, 1117— 

1118 
cationic, 1115-1116 

of acrylonitrile, 1114 
of 2-chloro—1,3-butadiene, 1123 

of chloroethylene, 1114 
of ethylene, 1113-1114 

of ethylene oxide, 1118 

of methyl a-cyanoacrylate, 

1117-1118 
of 2-methyl—1,3-butadiene, 

1122 ' 
of 2-methylpropene, 1116 
of propylene, 1114 
of styrene, 1114 

of tetrafluoroethylene, 1114 
of vinyl acetate, 1114 
radical, 1113-1115 

stereochemistry of, 1120-1121 
Ziegler—Natta catalysts in, 

1120-1121 
Polypeptides, 971 
Polypropylene, stereochemistry 

of, 1120 

synthesis and use of, 1114 

Polysaccharide, 856 
Polystyrene, peptide synthesis, 

994 
synthesis and use of, 1114 

Polyurethanes, 1130 

synthesis of, 1130 

Positional isomer, 68 

Potassium, ionization energy of, 
9 

Potassium permanganate, 

alcohol oxidations with, 602 

alkene hydroxylation with, 211 

oxidizing ketones with, 665 

Pregl, Fritz, 51 
Primary, 76 

Primary structure (of proteins), 

997 
Problems, how to work them, 29 

Procaine, structure of, 487 

Progesterone, isolation of, 56 
structure of, 453 

Proline, isoelectric point of, 972 
structure of, 972 

Prontosil, synthesis of, 965 

Propagation, of radical reaction, 
130 

Propanal, properties of, 658 
Propane, barrier to rotation in, 

95 

conformations of, 95 

Propane (continued) 

mass spectrum of, 387 

properties of, 79 
Propanoic acid, pK, of, 721 

1-Propanol, 1H NMR spectrum of, 
607 

Propenal, as Michael reaction 
acceptor, 841 

see also Acrolein 

Propenamide, as Michael 

reaction acceptor, 841 

Propene, see Propylene 

- Propenenitrile, as Michael 

reaction acceptor, 841 

see also Acrylonitrile - 
Propenoic acid, pK, of, 721 

Propionic acid, see Propanoic acid 
Propylene, industrial synthesis 

of, 155 

industrial uses of, 155 

polymerization of, 1114 

Prostacyclin, structure of, 1019 

Prostaglandin(s), 1018—1019 

from arachidonic acid, 1019 

physiological activity of, 1019 
structures of, 1019 

Prostaglandin E1, structure of, 

81 

Prosthetic group (in proteins), 
999 

Protecting group, for alcohols, 
604—605 

for amino acids, 990-991 

for ketones and aldehydes, 682 
Protein(s), 970 

amino acid analysis of, 984— 
985 

biosynthesis of, 1058-1061 

classification of, 996-997 

conjugated, 996 
denaturation of, 1000-1001 

fibrous, 996 
globular, 996 

renaturation of, 1001 

simple, 996 

structure determination of, 
984-989 

structure of, 997-1000 

synthesis of, 989-995 

see also Peptide(s) 

Protein sequenators, 986 

Proton equivalence, in 1H NMR, 
428429 

Proton NMR spectroscopy, see 

NMR spectroscopy 

Proton noise-decoupled mode, in 

18C NMR, 416 
Psicose, structure of, 891 

Purdie, Thomas, 868 
Purification methods, 380-384 



INDEX 

Purine, structure of, 1045-1046 

Purple benzene, 634 

Putrescine, odor of, 899 

Pyramidal inversion (of amines), 
897-898 

barrier to, 897 
Pyranose, 863 

Pyridine, aromaticity of, 506 
basicity of, 1041, 

bromination of, 1042 

dipole moment of, 1042 

electronic structure of, 1040— 
1041 

electrophilic substitution of, 
1042 

industrial synthesis of, 1040 

nitration of, 1042 

nucleophilic substitution of, 

1043 
reaction with SOs, 1042 
structure of, 506 

sulfonation of, 1042 

Pyridinium chlorochromate 

(PCC), alcohol oxidations 

with, 602—603 
Pyridinium ion, pK, of, 1041 

Pyrimidine, structure of, 896, 

1045-1046 
Pyrrole, aromaticity of, 507 

basicity of, 1039 
electronic structure of, 1038— 

1039 
electrophilic substitution 

reactions of, 1039-1040 

industrial synthesis of, 1037 
mechanism of nitration of, 

1040 
nitration of, 1039 

physical properties of, 1038 
resonance in, 1039 

structure of, 507 

Pyrrolidine, basicity of, 900 

physical properties of, 899 
structure of, 896 

Pyrrolinium ion, pK, of, 1039 

Pyruvic acid, conversion into 

alanine, 693 

Qiana, structure and synthesis 

of, 1137 

Quantum mechanics, 3 

Quartet, in NMR, 424 
Quaternary, 76 
Quaternary ammonium salts, 

893 
as phase-transfer agents, 916— 

918 
chirality of, 898 
conversion into alkenes, 915— 

916 

Quaternary ammonium 

salts (continued) 
Hofmann elimination of, 915— 

916 

Quaternary carbon, 76 

Quaternary structure (of 
proteins), 997 

Quinine, structure of, 918, 1044 

Quinoline, bromination of, 1045 

electrophilic substitution of, 
1045 

structure of, 896, 1044 
synthesis by Skraup reaction, 

1076 
Quinones, 954 

conversion into hydroquinones, 
955 

from arylamines, 954—955 

from phenols, 954—955 
reaction with NaBHy, 955 

reaction with SnCl., 955 

reduction of, 955 

R (rectus), for chiral centers, 270 

R-, as a symbol for alkyl group, 
76 

Racemate, 280 
Racemic mixture, 279-280 

resolution of, 903—905 

Racemization, in Syl reactions, 

348-349 
Radical(s), allylic, 311-314 

in addition of HBr to alkenes, 

204—208 
in alkane chlorination, 307— 

310 
in alkene polymerization, 

1113-1114 
in benzylic oxidations, 552-554 

in Hunsdiecker reaction, 728— 

729 
in NBS brominations, 310-311 

selectivity in reaction of, 309- 

310 
stability order of, 206—207, 311 

Radical reaction(s), 129-132 

alkene polymerizations using, 

1113-1114 
and fishhook arrows, 205 

characteristics of, 129-130 

mechanism of, 129-132 

review of, 578-579 

Radio-frequency (rf) energy, in 

NMR, 409 
Raney, Murray, 683 

Raney nickel, 683 
desulfurization with, 683 

reductive amination with, 

909-910 
Rate coefficient, 333 

[29 

Rate equation, of Sy1 reaction, 

345 
of Sy2 reaction, 333 

Rate of reaction, and AG*, 145 

Rate-limiting step, 346 

Rauwolfia serpentina, reserpine 

from, 918 

Rayon, structure of, 886 

Reaction(s), how to learn them, 
220 

kinds of, 126-128 
Reaction energy diagrams, 144 — 

147 
examples of, 146 

Reaction intermediates, 147 

Reaction rate, and AG*, 145 
Reactivity, of substituted 

aromatic compounds, 535 

Rearrangement(s), in 

electrophilic addition 
reactions, 185-186 

in Friedel-Crafts reaction, 

532-533 
in steroid biosynthesis, 1029— 

1031 
of carbocations, 185-186 

review table of, 575 

Rearrangement reactions, 128 

Reducing sugar, 872 
Reduction, 588 

of acid halides, 755-756 

of aldehydes, 590-591 

of alkenes, 208-210 

of alkynes, 238—240 

of amides, 766—767 

of arenediazonium salts, 942— 

943 
of aromatic compounds, 555— 

556 
of aryl alkyl ketones, 556—557 

of carbohydrates, 872 

of carboxylic acids, 591-592, 

727-728 
of esters, 662, 591-592, 763-— 

764 
of ketones, 590—591 

of monosaccharides, 872 

of nitriles, 770-771 

of nitroarenes, 529 

of quinones, 955 

Reductive amination (of ketones), 

909-911 

amino acid synthesis using, 

978-979 
mechanism of, 909-910 

Regiospecific, 176 
Renaturation, 1001 

Replication fork, 1054 

Replication of DNA 1053-1056 
see also DNA 
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Reserpine, structure of, 918 

Resolution, 280 

of a-amino acids, 980 

of enantiomers, 280, 903-905 

Resonance, 312-316 

in allylic carbocations, 351, 
461—462 

in amides, 901 

in arylamines, 935-936 

in benzene, 497—498 

in benzylic carbocations, 351 

in benzylic radicals, 554 
in carboxylate anions, 718 

in enolate ions, 796—797 

in naphthalene, 509 
in phenoxide anions, 948-949 
in pyrrole, 1039 
review of rules for, 496—497 

Resonance effects, in aromatic 

substitution, 536—537 

Resonance forms, rules for 

drawing them, 314—316 

Resonance hybrid, 312 
Restricted rotation, 92—93 

Restriction endonucleases, in 

DNA sequencing, 1062 

11-cis-Retinal, in vision, 479—480 

Wittig reaction of, 686 
Retinol, see Vitamin A 

Retrosynthetic, 559 

Rhodium, as aromatic 

hydrogenation catalyst, 556 
Rhodopsin, role in vision, 479— 

480 

Ribonuclease, biological use of, 
997 

synthesis of, 995 

Ribonucleic acid, see RNA 

Ribonucleotides, structure of, 

1048 

D-Ribose, configuration of, 861— 
862 

in RNA, 1046-1049 

natural occurrence of, 860 

Ribosomal RNA (rRNA), 1057 

see also RNA 

Ribosomes, and RNA synthesis, 

1058 

Ricinoleic acid, structure of, 1010 

Ring current, 512 

Ring-expansion reaction, 820 

Ring-flip, in cyclohexanes, 110— 
111 

RNA (ribonucleic acid), 1046 
size of, 1049 

structure of, 1056-1057 

structure of ribonucleotides in, 
1048 

synthesis from DNA, 1056— 
1058 

RNA (continued) 
translation of, 1058-1061 

Roberts, Irving, 194 
Robinson, Robert, 844, 919 

Robinson annulation reaction, 

844-845 
Rose oil, geraniol from, 1023 

Rosenmund reduction, 662, 756 

Rotation, around sigma bonds, 84 

Rubber, structure of, 1122 

S (sinister), for chiral centers, 

270 
AS°, entropy change, 139-140 

s-cis conformation, 468 

s-trans conformation, 468 

Sabinene, structure of, 1032 

Saccharide, 856 

see also Carbohydrate(s) 

Saccharin, structure of, 1036 

Sachse, Hermann, 106 

Samuelsson, Bengt, 1018 

Sandmeyer, Traugott, 942 
Sandmeyer reaction, 941—943 

Sanger, Frederick, 993 

Sanger end-group determination, 

1005 
Saponification, 761 

Saran, structure and synthesis 
of, 1124 

Sativene, synthesis of, 819 

Saturated, 64, 156 

Sawhorse representation, 91 

Schmitt, Rudolf, 954 

Schrédinger, Erwin, 3 

Schrlédinger equation, 3 

Sec-, as prefix for names, 75—76 

Second-order reaction, 333 

Secondary carbon, 76 

Secondary structure (of proteins), 

997 
Selenenylation, of carbonyl 

compounds, 801—803 

Semicarbazones, 676 

from ketones and aldehydes, 
676-677 

Sequence rules, for E,Z alkene 
geometry, 165-168 

for R,S configuration, 270-273 

Sequencing, of DNA, 1062-1069 
of peptides, 985-989 

Serine, isoelectric point of, 972 
structure of, 972 

Serturner, Friedrich Wilhelm 

Adam, 69 

Sesquiterpenes, 1020 
Shark oil, squalene from, 1024 
Shielding, 411 
Short-chain branching, 1118 
SI units, 9 

Sigma (c) bond, 14 
symmetry of, 14 

Sigmatropic rearrangements, 

1078 
classification of, 1098-1099 

examples of, 1100-1103 
mechanism of, 1101-1103 

summary of rules for, 1099 
Silk, protein from, 998-999 

Silver oxide, use in ether 

synthesis, 623 

Simmons-Smith reaction, 216— 

2 

' Simple sugar, 856 
see also Carbohydrate(s) 

Singlet (in NMR), 421 
B-Sitosterol, structure of, 1025 

Skeletal isomers, 67 

Skraup, Hans Zdenko, 1076 
Skraup quinoline synthesis, 1076 
Skunk, scent components of, 609 

Snl reaction, 344—345 

characteristics of, 350—356 
conditions that favor, 368 

effect of substrate in, 351-352 

in acidic ether cleavage, 626— 

627 

kinetics of, 345-348 

leaving groups in, 353 
mechanism of, 347—348 

nucleophiles in, 353-354 

of alcohols, 599 

solvent effects in, 354-356 

stereochemistry of, 348-349 
summary of reactivity in, 366— 

368 

Syn2 reaction, 334 

characteristics of, 336-344 

conditions that favor, 368 

crown ethers in, 634 

in acidic ether cleavage, 626— 
627 

kinetics of, 333 

leaving groups in, 341-343 

mechanism of, 334-335 

nucleophiles for, 339—341 

solvent effects in, 343-344 

stereochemistry of, 330—332 

steric effects in, 336-338 

summary of reactivity in, 366— 
368 

transition state of, 335 

uses in synthesis, 368—370 
‘Soap, 1012-1013 

history of, 1012 

mechanism of action, 1013 

precipitation in hard water, 
1013 

production of, 1012 

Sodium, electron affinity of, 10 
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Sodium (continued) 
electronic configuration of, 7 
ionization energy of, 9 

Sodium amide, 

dehydrohalogenation with, 
246 

Sodium borohydride, reducing 
carbohydrates with, 872 

reducing ketones and 

aldehydes with, 590-591 
Sodium cyanoborohydride, 

reductive amination with, 
910-911 

Sodium dichromate, alcohol 

oxidations with, 602 

Solid-phase peptide synthesis, 
993-995 

Solvation, 142, 343 

and Syl reaction, 354 

Solvent effects, in Sy1 reaction, 

354-356 
in Sy2 reaction, 343-344 

D-Sorbitol, from p-glucose, 872 
sp hybrid orbital, 23 
sp” hybrid orbital, 21 
sp® hybrid orbital, 17 
Spandex, structure and uses of, 

1130 
Spearmint oil, carvone from, 

1020 
Specific rotation, 259 

table of, 260 

Spectroscopy, 385 

see also Infrared spectroscopy, 

Mass spectroscopy, NMR 
spectroscopy 

Sphingolipids, 1015 
Sphingomyelins, structure of, 

1015 
Sphingosine, structure of, 1015 
Spin, of electrons, 6 
Spin-coupled mode, in 3C NMR, 

420-425 
Spin—spin splitting, 421 

and the n + 1 rule, 424 

explanation of, 422—423 

in 8C NMR, 421—425 
in 1H NMR, 433-437 
table of multiplicities in, 435 
tree diagrams in, 439—440 

Squalene, biosynthesis of, 1024 
from shark oil, 1024 

in steroid biosynthesis, 1029— 

1031 
Stability, of alkenes, 169-173 

of carbocations, 179-181, 351— 

351 
of radicals, 206—207, 311 

relationship with isomer 

percentages, 112 

Staggered conformation, 92 
Stannous chloride, reducing 

nitroarenes with, 938 

Starch, hydrolysis of, 883 
natural occurrence of, 887 

structure of, 886—887 

Stationary phase, 381 
Steam distillation, 1020 

Stearic acid, structure of, 1010 

Stein, William H., 984 

Step-growth polymers, 1112 
table of, 1127 

Stereochemistry, 91 

of alkene polymerization, 
1120-1121 

of a-amino acids, 973 

of bromine addition to alkenes, 

193-195 
of cephalins, 1014 

of cholesterol, 1028 

of cycloaddition reactions, 
1094-1097 

of cis-decalin, 1027 

of trans-decalin, 1027 

of Diels—Alder reactions, 

1094-1097 
of E1 reactions, 365 

of 2 reactions in 

cyclohexanes, 362—363 

of electrocyclic reactions, 

1088-1091 
of electrophilic addition 

reactions, 285—290 

of lecithins, 1014 

of polymerizations, 1120-1121 
of Syl reactions, 348-349 

of Sy2 reactions, 330-332, 

334-335 
of steroids, 1026-1028 

summary of rules for 

electrocyclic reactions, 1091 

Stereoisomer(s), 85 

calculation of number of, 279 

kinds of, 276—277 

of substituted cyclohexanes, 

291-293 
physical properties of, 280 

Stereospecific, 216 

Stereospecificity, of Diels—Alder 
reaction, 468 

Steric effects in Sy2 reaction, 

336-338 

Steric strain, 97 

in butane, 96 

in cis alkenes, 169 

in cycloalkanes, 102 

in cyclohexanes, 113-115 

Steroids, 1025 

anabolic, 1026 

biosynthesis of, 1029-1031 

131 

Steroids (continued) 

conformation of, 120 

from lanosterol, 1029-1031 

numbering system of, 1025 
sex hormones, 1026 

stereochemistry of, 1026-1028 
structures of, 1025-1026 

Stork, Gilbert, 842 

Stork enamine reaction, 842-843 

Straight-chain alkanes, 64 
Straight-run gasoline, 78 
Strain energy, 93 

in cycloalkanes, 100-102 

in cyclohexanes, 113-115 

Strecker, Adolf Friedrich 

Ludwig, 977 

Strecker synthesis, 977-978 
mechanism of, 978 

Structural proteins, 970 

Structure, of acetylide anions, 

242 
of allylic radicals, 311-314 

of carbenes, 216 

of carbocations, 179-181 

of cumulenes, 255 

of transition states, 182-184 

of vinylic anions, 242 

of vinylic carbocations, 233 
Styrene, polymerization of, 1114 
Substituent effects, on aromatic 

substitution, 546 

on arylamine basicity, 935-937 
on benzoic acid acidity, 722— 

723 
on carboxylic acid acidity, 720— 

722 
on phenol acidity, 950—951 

Substituted benzenes, how to 

synthesize, 557-561 

Substitution reaction(s), 127 
comparison with eliminations, 

366-368 
in biological systems, 370-372 
review table of, 573-574 

synthetic uses of, 368-379 

Succinic acid, pK, of, 722 
Sucrose, occurrence of, 885 

structure of, 885 

Sugars, see Carbohydrate(s) 

Sulfa drugs, 529, 940 

Sulfanilamide, structure of, 529 

synthesis of, 940 

Sulfides, 637-638 

conversion into 

trialkylsulfonium salts, 637— 

638 
from alkyl halides, 637 
from thiols, 637 

nomenclature of, 637 

oxidation of, 638 
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Sulfides (continued) 

synthesis of, 637 
Sulfonamides, from amines, 914— 

915 
Sulfonation (of aromatic ring), 

522, 529 
Sulfones, 638 

from sulfides by oxidation, 638 

Sulfonyl chlorides, 914 

Sulfoxides, 638 

from sulfides by oxidation, 638 

Sulfur trioxide, in aromatic 

sulfonations, 529 

reaction with arenes, 529 

Sulfuric acid, pK, of, 240 

Super glue, structure of, 1117— 
1118 

Superhelix, in a-keratin, 998 
Suprafacial, in cycloaddition 

reactions, 1093 

in sigmatropic 

rearrangements, 1099-1100 

Symmetry plane, 266 

Symmetry-allowed reactions, 
1083 

Symmetry-disallowed reactions, 
1083 

Syn stereochemistry, 194 
Syndiotactic, 1120 

Synthesis problems, how to work 
them, 246—249 

on substituted benzenes, 557— 

561 
Synthetic detergents, 1013-1014 

p-Talose, configuration of, 861— 

862 

natural occurrence of, 860 

Tariric acid, structure 

determination of, 244 

Tartaric acid, chirality in, 262 

properties of, 280 

resolution of, 280 

Tautomer(s), 789 

Tautomerism, 234, 789 

Tedlar, synthesis and use of, 

1114 

Teflon, synthesis and use of, 1114 

Template strand of DNA, 1058 

Terephthalic acid, industrial 

synthesis of, 553 

Termination of radical reaction, 
131 

Terpenes, 1020-1024 

biosynthesis of, 1022-1024 

classification of, 1021 

Tert-, as prefix for names, 75-76 
Tertiary carbon, 76 

Tertiary structure of proteins, 
997 

Testosterone, oxidation of, 603 

Tetracaine, synthesis of, 931 

Tetrafluoroethylene, 
polymerization of, 1114 

Tetrahedral carbon, conventions 

for drawing, 8 
discovery of, 261—266 

Tetrahedral intermediates, in 

nucleophilic addition 
reactions, 666—667 

Tetrahedranes, chirality in, 301 

Tetrahydropyrany]l ether, alcohol 

protection with, 604—605 
Tetramethylsilane (TMS), as 

NMR standard, 415 

Thallation, of arenes, 528 

Thermodynamic control, 464 
Thermodynamic quantities, 

explanation of, 140 
Thermoplastics, 1132 

properties of, 1132 

Thermosetting resins, 1133 

structure and properties of, 
1133-1134 

Thioacetals, 683 

conversion into alkanes, 683— 

684 
desulfurization of, 683-684 

from ketones and aldehydes, 
683-684 

-thiol, as name ending for thiols, 
609 

Thiol(s), 609 

conversion into disulfides, 609 

from alkyl halides, 609 

nomenclature of, 609 

odor of, 609 

oxidation of, 609 

reaction with ketones and 
aldehydes, 683 

synthesis of, 609 
Thiol esters, 772 

in fatty-acid biosynthesis, 
1016-1018 

reactivity of, 772 

Thiolate ions, as nucleophiles, 
339 

Thionyl chloride, reaction with 
alcohols, 318, 599 

reaction with amides, 767 

reaction with carboxylic acids, 
746-747 

Thiophene, electronic structure 
of, 1038-1039 

electrophilic substitution 
reactions of, 1039-1040 

Friedel—Crafts reaction of, 
1040 

industrial synthesis of, 1037 

physical properties of, 1038 

Thiourea, thiol synthesis with, 

609 
THP, see Tetrahydropyranyl 

ether 
Threonine, diastereomers of, 274 

isoelectric point of, 972 

structure of, 972 

p-Threose, configuration of, 861— 

862 
Thromboxane A2, structure of, 

1019 
Thymine, structure of, 1047 

Tin, reducing nitroarenes with, 

938 
Titanium trichloride, in Ziegler— 

_ Natta catalysts, 1121 

TMS (tetramethylsilane), as 
NMR standard, 415 

Tobacco mosaic virus, 

constitution of, 996 

Tollens, Bernhard, 665 

Tollens’ reagent, 665 

oxidizing aldehydes with, 665 
Toluene, 3C NMR absorptions of, 

514 
from coal tar, 488 

1H NMR spectrum of, 438 
IR spectrum of, 511 

p-Toluidine, UV absorption of, 

485 
Tolylene diisocyanate, 

polyurethane from, 1130 

Torsional strain, 93 

explanation of, 94 

in cycloalkanes, 101-102 

Tosylate(s), from alcohols, 600— 

601 

stereochemistry of reactions of, 
600-601 

structure of, 330 

uses in synthesis, 600-601 

Tosylate ion, as leaving group, 
342 

Transcription of DNA, 1056—1058 

Transfer RNA (tRNA), 1057 
in protein synthesis, 1058— 

1061 

structure of, 1059-1060 

see also RNA 
Transition state, 144 

and Hammond postulate, 181— 
184 

of Claisen rearrangement, 
1078 

of Diels—Alder reaction, 1078 

of E2 reaction, 358—360 

of electrophilic addition 

reaction, 182-184 

of sigmatropic rearrangements, 
1078 
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Transition state (continued) 

of Sy2 reaction, 334-335 
structure of, 182—184 

Translation of RNA, 1058-1061 

Tranylcypromine, synthesis of, 
913 

Tree diagrams, for spin—spin 

splitting, 439-440 

Trehalose, structure of, 892 

Triacontane, properties of, 79 

Triacylglycerols, 1010 

Trialkylsulfonium salts, from 
sulfides, 637-638 

Trichloroacetic acid, pK, of, 721 

Triethylaluminum, in Ziegler- 

Natta catalysts, 1121 

Triethylamine, basicity of, 900 
physical properties of, 899 

Triethylammonium chloride, IR 

spectrum of, 923 

Trifluoroacetic acid, cleaving 

BOC groups with, 990 

cleaving tert-butyl ethers with, 
627 

cleaving ethers with, 626-627 
PAG One 21 

2,2,2-Trifluoroethanol, pK, of, 
585 

p-(Trifluoromethyl)benzoic acid, 
pK, of, 723 

Trimethylamine, as nucleophile, 

339 
basicity of, 900 
bond angles in, 897 
bond lengths in, 897 
nucleophilicity of, 340 

_ physical properties of, 899 
Trimethylammonio group, effect 

on aromatic substitution, 

539 
2,4,6-Trinitrophenol, pK, of, 948 
Triphenylphosphine, Wittig 

reaction with, 684 

Triplet (in NMR), 424 
Triptycene, structure of, 570 
Tréger’s base, chirality of, 929 

Tropylium ion, aromaticity of, 
504-505 

Trypsin, peptide cleavage with, 

986 
Tryptophan, isoelectric point of, 

973 
structure of, 973 

Tswett, Mikhail Semenovich, 381 

Turpentine, a-pinene from, 1020 

Twist-boat conformation, of 

cyclohexane, 118 —119 
Tyramine, from cheese, 964 

Tyrosine, isoelectric point of, 973 

structure of, 973 

Ubiquinones, 955-956 
and NAD, 956 

biological function of, 955-956 
Ultraviolet (UV) absorption, of 

benzene, 477 

of 3-butene-2-one, 477 

of 2,4-cholestadiene, 477 

of 1,3-cyclohexadiene, 477 

of cyclohexene, 477 

of ethylene, 477 
of 1,3,5-hexatriene, 477 

of 2-methyl1-1,3-butadiene, 477 
of naphthalene, 477 

of 1,3,5,7-octatetraene, 477 

of phenol, 485 
of p-toluidine, 485 

Ultraviolet (UV) spectral region, 
473 

Ultraviolet (UV) spectroscopy, 

473-477 
and color, 478 

effect of conjugation in, 476— 
A477 

electronic excitations in, 474— 

475 

energies in, 473 

extinction coefficient in, 475 

molar absorptivity in, 475 

of aromatic compounds, 512 
table of, 477 

theory of, 473-475 
Ultraviolet (UV) spectrum, of 

1,3-butadiene, 475 

of B-carotene, 478 

Unsaturated, 156 
a,B-Unsaturated ketones, see 

Enone(s) 

Unsaturation, degree of, 156— 
157 

Upfield (in NMR), 414 
Uracil, structure of, 1047 

Urea, derivation of name, 69 

from ammonium cyanate, 2 
Urea—formaldehyde resins, 

structure and synthesis of, 
1138 

Urethanes, 1129 

synthesis from isocyanates, 
1129 

Uridine 5'-phosphate, structure 
of, 1048 

Urushiol, from poison oak, 945 
UV, see Ultraviolet 

Valine, isoelectric point of, 973 

structure of, 973 

Valium, structure of, 487 

van der Waals forces, 80 

effect on boiling point, 80 

van’t Hoff, Jacobus Henricus, 8 

133 

van’t Hoff (continued) 
and the discovery of 

tetrahedral carbon, 261—266 

Vasopressin, structure of, 983 

Vegetable oils, constituents of 

(table), 1011 
hydrogenation of, 1011 

structure of, 1010-1011 

Vicinal, definition of, 245 

Vinyl acetate, polymerization of, 
1114 

Vinyl chloride, see 
Chloroethylene 

Vinyl group, structure of, 159 

Vinyl monomers, 1114 
Vinylic anions, structure of, 242 

Vinylic boranes, from alkynes, 
236-237 

Vinylic carbocations, structure 
of, 233 

Vinylic halides, conversion into 

alkynes, 245-246 

from alkynes, 232—233 
lack of Sy2 reactivity of, 338 

Vinylic radicals, 240 
Vision, chemistry of, 478—480 
Vitalistic theory, 1 

Vitamin A, from f-carotene, 

1021 
industrial synthesis of, 238 
role in vision, 479—480 

structure of, 35 

Vitamin C, structure of, 30 

Vitamin E, structure of, 487 

Viton, structure and synthesis of, 

1125 
Vulcanization, of rubber, 1123 

Vulpes vulpes, scent marker 
from, 644 

Walden, Paul, 329 

Walden cycles, 329—330 

Walden inversion, 329 

Water, as solvent in Sy2 

reaction, 344 

dielectric constant of, 355 

nucleophilicity of, 340 
pK, of, 45 

structure of, 27 

Watson, James Dewey, 1051 

Watson—Crick model of DNA, 

1051-1052 
Wave equation, 3 

Wave function, 3 

Wave number, 395 

Wavelength, 392 

Whale blubber, fatty-acid 

composition of, 1011 

Whitmore, Frank C., 185 

Wieland—Miescher ketone, 850 
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Williamson, Alexander W., 623 

Williamson ether synthesis, 623 — 

624 
limitations on, 623-624 

mechanism of, 623-624 

on phenols, 952-953 

Willstatter, Richard, 501 

Winstein, Saul, 349 

Wittig, Georg, 684 
Wittig reaction, 684—686 

B-carotene synthesis using, 

686 
mechanism of, 684—685 

Wohl, Alfred, 310, 876 
Wohl degradation, 876—877 

Wohler, Friedrich, 2 

Wolff, Ludwig, 678 

Wolff—Kishner reaction, 678 

Wolff-Kishner reaction (continued) Z (zusammen), for alkene 

mechanism of, 678-679 

Wood alcohol, 582 

see also Methanol 

Woodward, Robert Burns, 1077 

Xylene, from coal tar, 488 

p-Xylene, terephthalic acid from, 

553 
p-Xylose, configuration of, 861— 

862 
natural occurrence of, 860 

Ylide, 684 
-yne, as name ending for 

alkynes, 230 

geometry, 165-168 

Zaitsev, Alexander, 357 

Zaitsev’s rule, 357-358 

in alcohol dehydrations, 598 
in E1 reactions, 365 

in Hofmann eliminations, 916 

Zeisel method of methoxyl 

determination, 641 

Ziegler, Karl, 1120, 310 

Ziegler—Natta polymerization 
catalysts, 1120-1121 

Zinc, reducing disulfides with, 

609-610 
reducing nitroarenes with, 938 

_ Zinc bromide, in DNA synthesis, 
1070-1071 

Zwitterion, 974 





Group Periodic Chart 

Atomic number 

Hydrogen Name 

1 H Symbol 
1.0079 Atomic weight 

3 

Lithium 

Li 
6.941 

4 

Beryllium 

Be 
9.01218 

“Mass number of most stable 
or best-known isotope 

’Mass of the isotope of longest half-life 
1] 

Sodium 

Na 
22.98977 

12 

Magnesium 

Mg 
( Transition elements—— 

IIIB IVB VB VIB VIIB 

21 

Scandium 

Sc 

19 

Potassium 

K 

22 

Titanium 

e 

Ti 
47.90 

23 

Vanadium 

V 
50.9414 

24 

Chromium 

Cr 

25 

Manganese 

Mn 
54.9380 

37 es 39 40 41 42 43 

Rubidium Strontium Yttrium Zirconium Niobium Molybdenum | Technetium 

5 Rb Sr Y Zr Nb Te 
85.4678 88.9059 87.62 98.9062° 

55 56 +S) 73 714 75 

Barium Lanthanum Tantalum nae 4 Rhenium 

6| Cs Ba La Ta Re 
132.9054 137.34 138.9055 180.9479 183.85 

87 88 SF EOo 106 
Francium Radium Actinium | Unnilquadium | Unnilpentium | Unnilhexium 

7 Fr Ra Ac Ung Unp Unh 
(223)¢ 226.0254> (227)¢ (261)4 (262)4 (26 3)4 

x 58 59 60 61” 

Cerium Praseo- Neodymium | Promethium Lanthanide series ee 
Ce Pr Nd Pm 

6 140.9077' 144.24 (145) 

ee 90 91 92 93. 
% 

Thorium Protactinium Uranium Neptunium Plutonium i 

7 | 232.0381° | 231.0359° | 238029 | 237.042 | (242)0 

Actinide series 



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 Nitrogen Oxygen Fluorine 
high-atomic-number elements. 
Names and symbols for N O F 
elements 104, 105, and 106 14,0067 15.9994 18.99840 
are unofficial. 

15 

Phosphorus 

P 
30.97376 

16 

Sulfur 

S 

17 

Chlorine 

Cl 

Silicon 
Si 

Aluminum 

Al 
26.98154 

31 

Gallium 

Ga 

33 

Arsenic 

As 
74.9216 

34 

Selenium 

Se 

35 

Bromine 

Br 
79.904 

47 

Silver 

Ag 
107.868 

49 

Indium 

In 

51 

Antimony 

Sb 

52 

Tellurium 

Te 

53 

lodine 

I 
126.9045 

Cadmium 

Cd 

Palladium 

Pd 

78 no 80 81 83 84 85 

Platinum Mercury Thallium Bismuth Polonium Astatine 

Pt Au Hg Tl Bi Po At 
196.9665 200.59 208.9804 (210)? (210) (222) 

Inner transition elements 

63 64 65 | 66 67 68 69 70 71 

Europium Gadolinium | Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium 

Eu | Gd Tb Ho Er Tm Yb Lu 

151.962 157.25 | 158.9254 164.9304 168.9342 

95 96 a7, 99 100 101 102 103 

Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium 

Am Cm | Bk Cf Es | Fm Md No Lr 

(243) (247)4 (249)¢ (251)* (254)2 (253)? (256)? (254)¢ Qs) 
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