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Preface 

his book was written because I felt the need for a text that corresponds closely to 

the course I teach. Although it is organized along tried-and-true functional-group 

lines, the book contains some unique features that have served me well in both 

my teaching and my learning of organic chemistry. 

I have had four major concerns in both the initial writing and the revisions of this 

text: readability, presentation, organization, and scientific accuracy. 

Readability 

A number of techniques were employed to enhance readability. 

Il. Common everyday analogies bring chemical phenomena within the student’s own 

frame of reference. Two of the many examples can be found on pp. 249 and 705. 

Numerous figures and diagrams illustrate important concepts. This edition features 

an increased use of molecular models drawn to scale in both ball-and-stick and space- 

filling representations. 

Frequent cross-referencing within the text assists students in finding initial discus- 

sions of seminal topics. 

Guidance on problem solving helps students see learning as a process rather than as a 

mere assimilation of facts. This guidance is provided in two major ways. First are the 

solved Study Problems, new to this edition, that can be found in each chapter; an 

example is Study Problem 9.2, p. 425. In addition, some of the Study Guide Links (dis- 

cussed in more detail below) deal in very detailed ways with approaches to solving 

certain important and frequently occurring types of problems; see, for example, the 

callout to Study Guide Link 4.7, p. 172. In addition, hints in many problems help put 

students on the right track without forcing them to consult the solutions; Problem 

9.42, p. 436, illustrates this technique. 

Framing problems in humorous or “real-life” contexts, illustrated by Problem 

14.38, p. 674, helps reduce the formality of the presentation. 

Vii 
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6. Frequent summaries and recapitulations of key ideas help students see the forest 

while amidst the trees. A Key Ideas summary at the end of each chapter brings 

together important concepts from within the chapter, often from a somewhat differ- 

ent perspective than is found in the text itself. In a number of sections, important 

points are collected into numbered lists, as in Sec. 9.4F. A few reactions that seem to 

cause students particular difficulty are summarized in tables (for example, Table 5.1, 

p. 191, and Table 9.4, p. 424) or in retrosynthetic diagrams within the text (for exam- 

ple, Eq. 22.59, p. 1071). Appendices at the end of the text summarize rules of nomen- 

clature, key spectroscopic information, acidity and basicity data, and synthetic 

methods. Because I try to discourage students from memorizing tables of reactions, | 

have placed reaction summaries within the Study Guide and Solutions Manual supple- 

ment rather than within the text. I encourage students to make their own summaries 

and check them against those in the supplement. 

Use of a second color within chemical equations, a device originated in organic 

chemistry texts with the first edition of this book, helps students follow the changes 

involved; Eq. 5.9, p. 179, is one of literally hundreds of examples that employ this 

technique. Yet this is not done in every equation, because eventually students must 

learn to parse equations for themselves. I believe that the decoding of color in equa- 

tions must be completely intuitive and must not require detailed explanation. The use 

of four colors was intentionally avoided for this reason; despite its cosmetic appeal, it 

can actually be a source of confusion in many cases. 

Historical sketches presented in anecdotal style stress that chemistry is a human 

endeavor, and that the road to discovery is paved with serendipity and humor. Exam- 

ples are found in Sec. 6.12 and in the boxed sidebar on pp. 893-894. 

Presentation 

A number of elements of the presentation used in this text are worth special emphasis. 

1. I have chosen a mechanistic approach within the overall functional-group framework 

of the text. This emphasis has as its basis the philosophy that the only way for students 

truly to understand organic chemistry is for them to see the unifying elements that 

connect what might at first appear to be unrelated phenomena. Thus, a student will 

learn a given reaction more easily when its mechanistic connection to an earlier reac- 

tion is apparent. Eqs. 11.25 and 11.26, p. 508, and Eq. 22.52, p. 1067, illustrate this 

approach. I have set the stage for all mechanistic discussions of heterolytic reactions 

with an introductory chapter on acid-base reactions (Chapter 3), and have subdivided 

Lewis acid-base reactions into two types, Lewis acid-base associations and electron- 

pair displacement reactions. Out of this introduction flows logically the “curved- 

arrow” formalism, which is also introduced and thoroughly explained in Chapter 3, 
and then used consistently throughout the text. 

Acid-base chemistry—both Lewis and Bronsted—has always been a focus of this text, 

but with the introduction of a new chapter (Chapter 3) devoted to this subject, this 

edition gives even more emphasis to acid-base chemistry as the foundation for under- 
standing a great portion of organic chemistry. 

One of the key elements in the presentation of organic chemistry by any textbook is 
the mechanistic centerpiece—the reaction used to introduce the notions of mechanism 
such as multistep reactions, reactive intermediates, reaction free-energy diagrams, 
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rate-limiting step, and the like. Traditionally, free-radical halogenation has been used 

for this purpose, but an increasingly large number of texts have followed the practice, 

introduced in the first edition of this text, of using a heterolytic reaction as the mecha- 

nistic centerpiece, because it is this type of reaction that will occupy the student’s 

attention for most of the course. Two types of heterolytic reactions have been most 

popular for use as the mechanistic centerpiece: additions to alkenes and nucleophilic 

substitution reactions. I have chosen the former, because an unsymmetrical alkene 

can in principle undergo two competing addition reactions. The relative merits of the 

two reaction pathways can be evaluated by a direct comparison of transition-state sta- 

bilities (and through Hammond’s postulate, the relative stabilities of the reactive 

intermediates involved); the issue is not complicated by the relative stabilities of start- 

ing materials, because the starting materials are the same for both pathways. 

Free-radical reactions are not ignored, but are merely postponed until students 

have had a chance to master the essentials of heterolytic reactions. At that time (Sec. 

5.6), free-radical reactions (and the corresponding “fishhook” formalism) are intro- 

duced and thoroughly discussed. 

This text contains 1506 problems, many with multiple parts, some within the text and 

others at the ends of the chapters. Problems utilize in many cases a paired-problem 

format that is new to this edition (discussed below). Problems range in difficulty from 

drill-type problems to problems that will challenge the best students. 

A thorough discussion of stereochemistry continues to be a hallmark of this text, 

beginning with alkene stereochemistry in Sec. 4.1B. Unique to this text is correct use 

of the term stereocenter (Secs. 4.1B and 6.1B), a discussion of reaction stereochemistry 

(Secs. 7.7-7.9), and a discussion of chemical equivalence (Sec. 10.8A) that provides 

the basis for understanding both NMR spectra and enzyme-catalyzed reactions. 

The first edition of this text brought to introductory organic chemistry the important 

topic of solvents in organic chemistry, and the relationship of gas-phase chemistry to 

solvent effects. This topic is important in this edition as well, including Sec. 9.4D, 

which discusses the important concept of nucleophilicity in terms of solvent effects. 

A systematic method for identifying oxidations and reductions is continued in this 

edition. 

A rational approach to the construction of organic syntheses is also continued in this 

edition. 

In recognition of the fact that a large number of students who take organic chemistry 

have special interests in the life sciences, biological examples of organic chemistry are 

sprinkled throughout the text. These are not set apart in “special topics” chapters, but 

instead are included in sections adjacent to the relevant laboratory chemistry. In pro- 

viding these examples, I have not forgotten that this is a chemistry text and not a bio- 

chemistry text; the underlying theme of these examples is not the details of the biology 

involved, but rather the close analogy of biological chemistry to laboratory reactions. 

Nomenclature is treated thoroughly because I believe that after a first course in 

organic chemistry, a student should be able to construct a systematic name for any 

simple organic compound. 

Finally, I have provided discussions of industrial processes (including polymer chem- 

istry) as some indication of the important role that organic chemistry plays in today’s 

economy. Because we teach so many students who will not become practicing 

chemists, some of whom may become influential in shaping public policy, I believe 

that these students must leave our classes convinced that organic chemistry is a potent 

economic force, which can and does provide significant social and economic benefits. 
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Organization 

Chapters 1-3 of the text deal respectively with structure and bonding, alkanes and 

nomenclature, and acids and bases. Alkenes, alkyl halides, alcohols, ethers, epoxides, thi- 

ols, and sulfides have been grouped together in the next chapters (Chapters 4-11) for two 

reasons: first, because the chemistry of these functional types is strongly interrelated; and 

second, because a substantial amount of nonhydrocarbon chemistry can thereby be cov- 

ered in the early part of the course. Following an interlude (Chapters 12-13) dealing with 

NMR, IR, and mass spectroscopy (which could be placed anywhere with little adjustment 

in a course that uses this text), are chapters on alkynes, dienes, resonance, and aromatic 

chemistry (Chapters 14-18), including a chapter that deals with allylic and benzylic reac- 

tivity (Chapter 17). Then comes carbonyl chemistry (Chapters 19-22), the last chapter of 

which is devoted to a discussion of enols, enolate ions, and condensation reactions. This is 

followed by amine and heterocyclic chemistry (Chapters 23-24), pericyclic reactions 

(Chapter 25), and finally, introductory treatments of amino acid, peptide and protein 

chemistry (Chapter 26) as well as carbohydrate and nucleic acid chemistry (Chapter 27). 

Scientific Accuracy 

Each topic in this book was researched back to the original or review literature. | am 

indebted to the many students, reviewers, and faculty who have sent me concrete sugges- 

tions for improving both the accuracy and the presentation of the text. We have also 

attempted to ensure typographic accuracy to the greatest extent humanly possible 

through a five-stage revision process, and through the involvement of accuracy checkers 

during both the manuscript and page-proof stages of production. The Study Guide and 

Solutions Manual has been through a similar process. 

Changes within the Third Edition 

The most obvious change within the third edition is Chapter 3 (Acids and Bases; the 

Curved-Arrow Formalism). In addition, Chapters | and 2 of the second edition have been 

consolidated into Chapter 1 of this edition; a section on the Simmons-Smith reaction 

(Sec. 9.8B) has been provided in response to user requests; and a section on ether synthe- 

sis (Sec. 11.1C) has been added for the mechanistic insight it affords. Carbon NMR has 

received increased emphasis in the spectroscopy sections, including a short discussion of 

the DEPT technique. Most importantly, the entire text has been completely rewritten; 

many organizational changes will be found in the way that topics have been presented. 

A major facet of this edition is the introduction of several important new pedagogi- 

cal devices. First, I have included numerous Study Problems that illustrate not only the 

answers to problems, but also the solutions to them; that is, the intellectual processes by 

which these answers were obtained; an example is Study Problem 10.6 on p. 487. 

Second, I have introduced a unique “paired problems” approach. Problems (or 
problem parts) marked with an asterisk are solved in the Study Guide and Solutions Man- 
ual. In many cases, such a problem (or problem part) is followed by an unmarked prob- 
lem (or part) for which the answer is not provided in the supplement. Each unmarked 
problem is designed to be of the same type as the problem that precedes it and of equal or 
lesser difficulty. The purpose of this approach is to decrease students’ dependence on the 
Study Guide and Solutions Manual for answers, especially those students who tend to 
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consult solutions before they have wrestled adequately with the problems. Because 

instructors may differ in their philosophies about this issue, I have also provided the 

answers to the unmarked problems in an Instructor’s Solutions Manual to Accompany 

Organic Chemistry. Instructors of adopting institutions may, without further permission, 

duplicate or post these additional solutions or otherwise make them available to students 

if they desire. Alternatively, instructors may also find the unmarked problems a conve- 

nient source of examination questions. Students may wish to use the marked problems 

and their solutions as additional study problems, and then test themselves on the 

unmarked problems. Not every problem is paired; some problems, particularly the more 

difficult ones, do not have an unmarked partner. The scheme is simple: if a problem (or 

part) has no asterisk, the previous asterisked problem (or part) is its paired partner. 

The third pedagogical change is the introduction of a new and unique feature, the 

Study Guide Links. These are discussions within the Study Guide and Solutions Manual 

that provide additional instruction or details on key topics. They are called out in the left 

margin of the text with a “pointed finger” icon. The callout for Study Guide Link 3.2, 

p. 93, is an example of such a callout. There are two types of Study Guide Links. Those 

marked with a check (W) provide extra assistance with key topics that I have found 

through experience are either especially important or difficult for many students. Those 

not marked with a check provide more in-depth information about a topic. Although a 

case could be made that such elements should be included within the text, their incorpo- 

ration would have made the text unacceptably long. Furthermore, I believe that the 

digressive nature of these elements would have distracted from the flow of the text. 

Users of the second edition will notice that this edition is somewhat longer. The 

major sources of this additional length are the Study Problems and the paired problems. 

Despite the tendency toward shorter textbooks, I believe that the increased length can be 

justified by the potential benefits of these additions. Other aspects of the text that account 

for its greater length are more complete explanations of traditionally difficult topics, a 

more open design, and a somewhat more spacious typeface. Thus, students using this 

edition will not be contending with a significantly different amount of information; 

rather, they will have more assistance in understanding the information that is there. 

Supplements 

Several supplements augment this text. The most important of these is the Study Guide 

and Solutions Manual by G. Marc Loudon and Joseph G. Stowell, which is available for 

student purchase. Composed in an attractive format much like that of the text, this sup- 

plement contains terms, conceptual outlines, reaction summaries, Study Guide Links, 

and the solutions to asterisked problems. The Instructor’s Solutions Manual to Accompany 

Organic Chemistry, by G. Marc Loudon, which contains answers to all nonasterisked 

problems, is available free of charge to instructors at qualified adopting institutions. A set 

of seventy-five two-color Transparency Acetates for use with overhead projectors is also 

available free of charge to each qualified adopting institution. Perhaps most exciting is an 

original software supplement, Computer Animation Modules for Organic Chemistry, by 

David Allen and G. Marc Loudon, which consists of professionally produced, full-color 

animations of organic chemistry concepts that have spatial and/or dynamic components 

which are difficult to illustrate with static media such as a chalkboard or printed page. 

These modules are suitable for use in lecture demonstrations or computer laboratories, 

and require a Macintosh II computer (or later) with 8 megabytes of RAM. They were 
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produced as part of a Purdue University-sponsored initiative on computer-assisted 

instruction, and have been extensively class-tested by the authors. These modules are also 

provided free of charge to qualified adopters. Rounding out the supplement package is a 

ChemDraw/Chem3D Viewer demonstration software package from Cambridge Scientific 

Computing, Inc., free to students who purchase the text; and the Benjamin/Maruzen HGS 

Molecular Structure Models set, which is available for student purchase. 

My colleague Professor Phil Fuchs in the Department of Chemistry at Purdue has 

also developed a complete set of lecture notes based on this text which are available 

through the Stipes Publishing Company, 10-12 Chester Street, Champaign, Illinois. Insti- 

tutions that adopt Professor Fuch’s notes are given a complimentary set of transparencies 

created by Professor Fuchs to accompany his notes. (Please note that these lecture notes 

are not available through Benjamin/Cummings. ) 
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Chemical Bonding 
and Chemical 

Structure 

Introduction 
Eee ee ee eee e eee eee eee eee eee e sere eT EEE E HEHEHE EES EE EEE EE EEO ESE E EEE ESESESES EEE SEES EEE HEEEEESEEEE EEE EEE EEEEEEEEEE EEE EEE EES 

Organic chemistry is the branch of science that deals generally with compounds of 

carbon. Yet the name organic seems to imply a connection with living things. Let’s explore 

this connection, for the emergence of organic chemistry as a science is linked to the early 

evolution of the life sciences. 

bB. Emergence of Organic Chemistry 

As early as the sixteenth century, scholars seem to have had some realization that the 

phenomenon of life has chemical attributes. Theophrastus Bombastus von Hohenheim, 

a Swiss physician and alchemist (ca. 1493-1541) also known as Paracelsus, sought to deal 

with medicine in terms of its “elements” mercury, sulfur, and salt. An ailing person was 

thought to be deficient in one of these elements and therefore in need of supplementation 

with the missing substance. Paracelsus was said to have effected some dramatic “cures” 

based on this idea. 

By the eighteenth century, chemists were beginning to recognize the chemical aspects 

of life processes in a modern sense. Antoine Laurent Lavoisier (1743-1794) recognized 

the similarity of respiration to combustion in the uptake of oxygen and expiration of 

carbon dioxide. 

At about the same time, it was found that certain compounds are associated with 

living systems; it was observed that these compounds generally contain carbon. They 

were thought to have arisen from, or to be a consequence of, a “vital force” responsible 

for the life process. The term organic was applied to substances isolated from living things 

by Jéns Jacob Berzelius (1779-1848). Somehow, the fact that these chemical substances 

were organic in nature was thought to put them beyond the scope of the experimentalist. 

1 
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The logic of the time seems to have been that life is not understandable; organic com- 

pounds spring from life; therefore, organic compounds are not understandable. 

The supposed barrier between organic (living) and inorganic (nonliving) chemistry 

fell in 1828 because of a serendipitous (accidental) discovery of Friedrich Wohler (1800— 

1882), a German analyst originally trained in medicine. When Wohler heated ammonium 

cyanate, an inorganic compound, he isolated urea, a known urinary excretion product 

of mammals. 

ts = heat 

ammonium urea 

cyanate 

Wohler recognized that he had synthesized this biological material “without benefit of a 

kidney, a bladder, or a dog.” Not long thereafter followed the synthesis of acetic acid by 

Kolbe in 1845 and the preparation of acetylene and methane by Berthelot in the period 

1856-1863. Although “vitalism” was not so much a textbook theory as an intuitive idea 

that something might be special and beyond human grasp about the chemistry of living 

things, Wéhler did not identify his urea synthesis with the demise of the vitalistic idea; 

rather, his work signaled the start of a period in which the synthesis of so-called organic 

compounds was no longer regarded as something outside the province of laboratory 

investigation. Organic chemists now investigate not only molecules of biological impor- 

tance, but also intriguing molecules of bizarre structure and purely theoretical interest. 

Thus, organic chemistry deals with compounds of carbon regardless of their origin. 

Wohler seems to have anticipated these developments when, a little more than a century 

ago, he wrote to his mentor Berzelius, “Organic chemistry appears to be like a primeval 

tropical forest, full of the most remarkable things.” 

C. Why Study Organic Chemistry? 

The study of organic chemistry is important for several reasons. First, the field has an 

independent vitality as a branch of science. Organic chemistry is characterized by continu- 

ing development of new knowledge, a fact evidenced by the large number of journals 

devoted exclusively or in large part to the subject. Second, organic chemistry lies at the 

heart of a substantial fraction of modern chemical industry and therefore contributes to 

the economies of many nations. ' 

Many students who take organic chemistry nowadays are planning careers in the 

biological sciences or in the allied health disciplines such as pharmacy or medicine. 

Organic chemistry is immensely important as a foundation to these fields, and its impor- 

tance is sure to increase. One need only open a modern textbook or journal of biochemistry 

or biology to appreciate the sophisticated organic chemistry that is central to these areas. 

Even for those who do not plan a career in any of the sciences, a study of organic 

chemistry is important. We live in a technological age that is made possible in large 

part by applications of organic chemistry to industries as diverse as plastics, textiles, 

communications, transportation, food, and clothing. In addition, problems of energy, 

pollution, and depletion of resources are all around us. If organic chemistry has played 

a part in creating these problems, it will almost surely have a role in their solution. 

As a science, organic chemistry lies at the interface of the physical and biological 

sciences. Research in organic chemistry is a mixture of sophisticated logic and empirical 
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observation. At its best, it can assume artistic proportions. You can use the study of 

organic chemistry to develop and apply basic skills in problem solving and at the same 

time learn a subject of immense practical value. Thus, to develop as a chemist, to remain 

in the mainstream of a health profession, or to be a well informed citizen in a technological 

age, you will find value in the study of organic chemistry. 

In this text we have several objectives. Of course, we'll present the “nuts and bolts” — 

the nomenclature, classification, structure, and properties of organic compounds. We'll 

cover the principal reactions and the syntheses of organic molecules. But more than this, 

we ll develop underlying principles that allow us to understand, and sometimes predict, 

reactions rather than simply memorizing them. We'll consider some of the organic 

chemistry that is industrially important. Finally, we'll examine some of the beautiful 

applications of organic chemistry in biology, for example, how organic chemistry is 

executed in nature and how the biological world has provided the impetus for much of 

the research in organic chemistry. 

Classical Theories of Chemical Bonding 

To understand organic chemistry, it is necessary to have some understanding of the 

chemical bond—the forces that hold atoms together within molecules. First, we'll review 

some of the older or “classical” ideas of chemical bonding—ideas that, despite their age, 

remain useful today. Then, in the last part of this chapter, we'll consider more modern 

ways of describing the chemical bond. 

A. Electrons in Atoms 

Chemistry happens because of the behavior of electrons in molecules. At the basis of this 

behavior is the way electrons are arranged within atoms. The arrangements of electrons 

in atoms, in turn, is suggested by the periodic table. Consequently, let’s first review the 

organization of the periodic table (inside front cover). The shaded elements are of greatest 
importance in organic chemistry; knowing their atomic numbers and relative positions 

will be valuable later on. For the moment, however, the following details of the periodic 

table should be considered, for these were important in the development of concepts of 

bonding. 

A neutral atom of each element contains a number of both protons and electrons 

equal to its atomic number. The organization of the periodic table lends itself to the idea 

that electrons reside in layers, or shells, about the nucleus. The outermost shell of electrons 

in an atom is called its valence shell, and the electrons in this shell are called valence 

electrons. The number of valence electrons for any neutral atom in an A group of the 

periodic table (except helium) equals its group number. Thus lithium, sodium, and potas- 

sium (Group 1A) have one valence electron; carbon (Group 4A) has four valence electrons, 

the halogens (Group 7A) have seven valence electrons, and the noble gases (except helium) 

have eight valence electrons; helium has two valence electrons. 

Walther Kossel noted in 1916 that stable ions are formed when atoms gain or lose 

valence electrons in order to have the same number of electrons as the noble gas of closest 

atomic number. Thus, potassium, with one valence electron (and 19 total electrons), tends 

to lose an electron to become K*, the potassium ion, which has the same number of 

electrons (18) as the nearest noble gas, argon. Chlorine, with seven valence electrons (and 

17 total electrons) tends to accept an electron to become the 18-electron chloride ion, 
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Cl-, which also has the same number of electrons as argon. Because the noble gases have 

an octet of electrons (that is, eight electrons) in their valence shells, the tendency of 

atoms to gain or lose valence electrons to form ions with the noble-gas configuration 

has been known as the octet rule. According to the octet rule, an atomic species tends to 

be especially stable when its valence shell contains eight electrons. (The corresponding rule 

for elements near helium, of course, is a “duet rule.”) 

It is not equally easy for all atoms to achieve the valence-electron configuration of 

a noble gas. The ease with which neutral atoms lose electrons to form positive tons increases 

to the left and toward the bottom of the periodic table. Thus, the alkali metals, on the 

extreme left of the periodic table, have the greatest tendency to exist as positive ions; and 

within the alkali metals, cesium has the greatest tendency to form a positive ion. The 

ease with which neutral atoms gain electrons to form negative ions increases to the right and 

toward the top of the periodic table. The halogens, which are on the extreme right of the 

periodic table, have the greatest tendency to form negative ions; and within the halogens, 

fluorine has the greatest tendency to form a negative ion. (The noble gases are written 

on the right of the periodic table for convenience, but as we know, these atoms do not 

easily form ions, and are not considered in the above trends.) 

B. The Ionic Bond 

A common type of chemical compound is one in which the component atoms exist as 

ions. Such a compound is called an ionic compound. Potassium chloride, KCl, is a 

common ionic compound. Because potassium and chlorine come from the extreme left 

and right, respectively, of the periodic table, it is not surprising that potassium readily 

exists as the positive ion Kt and chlorine as the negative ion Cl”. The electronic configu- 

rations of these two ions obey the octet rule. 

The structure of crystalline KCl is shown in Fig. 1.1. The KCl structure is typical of 

many ionic compounds. In the KC] structure, each positive ion is surrounded by negative 

ions, and each negative ion by positive ions. A force of attraction exists between the 

ions of opposite charge. Such an attractive force between opposite charges is called an 

electrostatic attraction. The electrostatic attraction between positive and negative ions 

in crystalline KCI (and in other ionic compounds) is a stabilizing force; it holds the ions 

together within the crystal. For this reason, this attraction is sometimes called the ionic 

bond. The ionic bond is the same in all directions; that is, a positive ion has the same 

attraction for each of its neighboring negative ions, and a negative ion has the same 

attraction for each of its neighboring positive ions. 

When an ionic compound such as KCl dissolves in water, it dissociates into free 

ions (each surrounded by water). Each potassium ion moves around in solution more 

or less independent of each chloride ion. The conduction of electricity by KCl solutions 

shows that the ions are present. Thus, the ionic bond is broken when KCI dissolves in 

water. : 

To summarize, the ionic bond 

1. is an electrostatic attraction between ions; 

dO . is the same in all directions, that is, it has no preferred orientation in 

space; 

3. is broken when an ionic compound dissolves in water; 
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| + «—— potassium ion 
(K*) 

a 

ee On, chloride ion 

(Clam) 

Figure 1.1 Crystal structure of KCl. The potassium and chlorine are present in this substance as ions. The 
attractive forces between the potassium ions and chloride ions are purely electrostatic. Note that each 
positive ion is surrounded by negative ions, and each negative ion by positive ions. Thus, the attrac- 
tion between ions—the ionic bond—is the same in all directions. 

4. is most likely to form between atoms at opposite ends of the periodic 

table. 

COO e meee me meme ease ems e eases EEE EEE H EHS HEHEHE HEHEHE HEHEHE HEE E RHEE EEE H EEE HESS SESE HEHEHE TEESE EEE HEHEHE EEE EEE EEE EEEEE EEE OEE EEEE EEE EE EES 

1.1 How many valence electrons are found in each of the following species? 

*(a) Na (b)) +Ga “cele MOke= (d)iwGas 

12 When two different species have the same number of valence electrons they are 

said to be isoelectronic. Name the species that satisfies each of the following 

criteria: 

*(a) the singly charged negative ion isoelectronic with neon 

(b) the dipositive ion isoelectronic with argon 

*(c) the neon species that is isoelectronic with neutral fluorine 

(d) the singly charged negative ion isoelectronic with helium 

Ree eee eee eee Re eee EERE EEE OHHH EERE E EEE EEEEEEEEEEE EEE EEEEEEEEEEE HEHEHE EEHESEREEHEHHHHHHEEEEE HEHEHE SEES ESE SEEEEHEEEEEEEEE SESH EEHHEEE EEE EEE HEHE EEE EE EE EES 

Ome eee EEE HHH HEHEHE HOHE Eee EEE EEE H HEHEHE HEHE EERE EHE EEE EHH HE HEHEHE EE EEE HEHEHE HEHE HEHEHE HEE HEHE Eeeee 

Many compounds contain bonds that are not at all like the ionic bond in KCI. Neither 

these compounds nor their solutions conduct electricity. This fact indicates that these 

compounds are not ionic. How are the bonding forces that hold atoms together in such 

compounds different from those in KCl? In 1916, G. N. Lewis, an American physical 

* Asterisks denote problems that have worked-out solutions in the Solutions Guide. The solutions to 
the remaining problems are provided in the instructor’s supplement. 
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chemist, proposed an electronic model for bonding in nonionic compounds. According 

to this model, the chemical bond in a nonionic compound is a covalent bond, which 

consists of an electron pair that is shared between bonded atoms. Let’s examine some of 

the ideas associated with the covalent bond. 

Lewis Structures One of the simplest examples of a covalent bond is the bond 

between the two hydrogen atoms in the hydrogen molecule. 

Hi isl — Je 

covalent bond 

The symbols : and — are both used to denote an electron pair; a shared electron pair is 

the essence of the covalent bond. Molecular structures that use this notation for the 

electron-pair bond are called Lewis structures. In the hydrogen molecule, an electron-pair 

bond holds the two hydrogen atoms together. Conceptually, the bond can be envisioned to 

come from the pairing of the valence electrons of two hydrogen atoms: 

isle ae Jele = alee (12) 

Both electrons in the covalent bond are shared equally between the hydrogen atoms. 

Even though electrons are mutually repulsive, bonding occurs because the electron of 

each hydrogen atom is attracted to both hydrogen nuclei (protons) simultaneously. 

Another example of a covalent bond is provided by the simplest stable organic 

molecule, methane, CHy. Conceptually, methane results by pairing each of the four 

carbon valence electrons with a hydrogen valence electron to make four C—H electron- 

pair bonds. 

H 

. i | 
(Ge an ciel: >i: Tie ome O— gor Chi) (aes) 

H | 
H 

Water, H,O, represents another example of a covalent compound. Oxygen has six 

valence electrons. Two of these combine with hydrogens to make two O—H covalent 

bonds; four of the oxygen valence electrons are left over. These are represented in the 

Lewis structure of water as electron pairs on the oxygen. In general, unshared valence 

electrons in Lewis structures are depicted as paired dots and referred to as unshared 

pairs of electrons. 

ee 

unshared pairs H—-O—f Se ae 

Although we often write water as H—O—H, or even H,0O, it is a good habit to indicate 

all unshared valence electrons with paired dots until we remember intuitively that they 
are there. 

These examples, H,, CHy, and H, O, illustrate an important point: if all shared and 

unshared electrons around a given atom are counted, the octet rule is often obeyed in 
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covalent bonding. For example, consider the structure of methane shown in Eq. 1.3. Four 

shared pairs surround the carbon atom—that is, eight shared electrons, an octet. Two 

shared electrons surround each hydrogen; as we’ve already observed, the “octet” for 

hydrogen is two electrons. Similarly, the unshared electrons and shared electrons around 

the oxygen of water total eight electrons. 

Two atoms in covalent compounds may be connected by more than one covalent 

bond. The following compounds are well-known examples: 

H H H H 
ie sees ee 

Cig or C=C ethylene 
“ ——. 

H H H H 

H H 
LE re: 
la -O or Co) formaldehyde 

H H 

ee: Ce Ormn el a Ot acetylene 

Ethylene and formaldehyde each contain a double bond—a bond consisting of two 

electron pairs. Acetylene contains a triple bond—a bond with three electron pairs. 

Covalent bonds are especially important in organic chemistry because all organic 

molecules contain covalent bonds. 

Formal Charge The Lewis structures considered in the previous discussion are those 

of neutral molecules. However, many familiar ionic species such as SOZ~, NH#, and 
BF; also contain covalent bonds. Consider the tetrafluoroborate anion, which contains 

covalent B—F bonds: 

>F—B—F: tetrafluoroborate ion 

Since the ion bears a negative charge, one or more of the atoms within the ion must be 

charged—but which one(s)? The rigorous answer is that the charge is shared by all of 

the atoms. However, there is a useful procedure for electronic bookkeeping that assigns 

a charge to specific atoms. The charge on each atom assigned by this procedure is called 

its formal charge. The sum of the formal charges on the individual atoms must, of 

course, equal the total charge on the ion. 

To assign a formal charge to an atom, first assign a valence electron count to that 

atom by adding all unshared valence electrons on the atom and one electron from every 

covalent bond to the atom. Subtract this electron count from the group number of the 

atom in the periodic table, which is equal to the number of valence electrons in the 

neutral atom. The resulting difference is the formal charge. This procedure is illustrated 

in the following study problem. 
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cece cee r crc ccercccceccessceeseseneeeseesesesrenese 
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Assign a formal charge to each of the atoms in the tetrafluoroborate ion [BF4]~. 

Solution Let’s first apply the procedure outlined above to fluorine: 

Group number of fluorine: Z 

Valence electron count: 7 

(Unshared pairs contribute 6 electrons; 

covalent bond contributes 1 electron) 

t= Formal charge on fluorine: 

Stupy Gurpe LINK: Group number — valence electron count = 7 — 7 = 0 
V1.1 

Formal Charge ; ; 
Because all fluorine atoms of [BF,]~ are equivalent, they all must have the same formal 

charge—zero. Thus, it follows that the boron must bear the formal negative charge. Let’s 

compute it to be sure. 

Group number of boron: 5 
Valence electron count: 4 

(Four covalent bonds contribute 1 electron each) 

Formal charge om boron: 3 a04 ssl 

Because the formal charge of boron is —1, the structure of [BF4]~ is written with 

the minus charge assigned to boron: 

BRAIOIIOOONNOCIOIODOOOIODDOOOOOOOCOOOIOCOOIOOOOOOOOOOOOOOOOOOSCEEIC MOCO OOOO OOO OOOOIOIC OIC OOOO OOOO OOOO UCC OOOO OOO UOGUCO ECG EC GO UGC kc Rn ita als 

Rules for Writing Lewis Structures The previous two sections can be summa- 

rized in the following guidelines for writing Lewis structures. 

1. Hydrogen can share no more than two electrons. 

2. The sum of all bonding electrons and unshared pairs for atoms in the sec- 

ond period of the periodic table—the row beginning with lithium—will 

under no circumstances be greater than eight (octet rule). These atoms 

may, however, have fewer than eight electrons. 

3. In some cases, atoms below the second period of the periodic table may 

have more than eight electrons. However, these cases occur so infre- 

quently that Rule 2 should also be followed until exceptions are discussed 

later in the text. 

/ Study Guide Links flagged with a checkmark refer to material in the Study Guide/Solutions 
Manual that provides extra suggestions or shortcuts that should help you master the subject more 
easily. 
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4 Nonvalence electrons are not shown in Lewis structures. 

5. The formal charge on each atom is computed by the formalism illustrated 

in Study Problem 1.1 and, if not equal to zero, is indicated with a plus or 

minus sign. 

Notice that we’ve used two types of electron counting. When we want to know 

whether an atom has a complete octet, we count all unshared valence electrons and all 

bonding electrons (Rule 2 above). When we count to determine formal charge, we count 

all unshared valence electrons and half of the bonding electrons. 

POP e meee eee eee reese eee meses ee sees eee EH Eee eEE EEE EEE E HEH EEHEESEEHE EHD EDEEHEEEEEEEEEEEEEE EEE EEE H SHEETS EEEEEEEES ESSE ESE S HEHEHE EEEESE EEE HEHEHE EEE EE EE EEE EES 

Draw a Lewis structure for the covalent compound methanol, CH,O. Assume that the 

octet rule is obeyed, and that none of the atoms have formal charges. 

Solution In order for carbon to be both neutral and consistent with the octet rule at 

the same time, it must have four covalent bonds: 

—C— 

There is also only one way each for oxygen and hydrogen to have zero formal charge 

and simultaneously not violate the octet rule: 

eels pee 

If we connect the carbon and the oxygen, and fill in the remaining bonds with hydrogens, 

we obtain a structure that meets all the criteria in the problem: 

H 

| 
Pie GO correct structure of methanol 

POP e eee eee meee eee eee Ha HHEFFE OHHH OHHH SHEE EEE THOEHHHEEEEESEES OHHH EH EHEEEEEESEEEEEDESEHEEHEESESEEEEE EHH EHHHHHEEEEEEHEHEHHHHHHHHH EEE EEE EOE HHHEE HEE ESSE EEE EEEEES 

1.3 Draw a Lewis structure for each of the following species. Show all unshared pairs 

and the formal charges, if any. Assume that bonding follows the octet rule in 

all cases. 

“(a)) (Clete (DEC! *(c) ammonia, NH; 

(d) ammonium ion, [NH,]* (e) el HsOle (fy (AICI 

*1.4 Write two reasonable structures corresponding to the formula C,H.O. Assume 

that all bonding adheres to the octet rule, and that no atom bears a formal 

charge. 

1.5 Draw a Lewis structure for each of the following compounds, assuming that all 

bonding obeys the octet rule, and that no atom bears a formal charge. 

*(a) allene, C3H,4, which contains only double bonds between carbons 

(b) acetonitrile, C,H;N, which contains a carbon-nitrogen triple bond 
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*1.6 Compute the formal charges on each atom of the following structure. What is 

the charge on the entire structure? 

it 
ne sel 

ee tartare ayerelefelataleletalateleicroceiovaushetetetovotevoveielicfetaiateto{atstetersYaveveteletevotalataye/eYe)elefetarete)sTat
erese1osere,e{arare/a(a ois\s/-latereieTesszstexocoreier6|6/A)= (Seale nelekehe) ©) 012) (ck ci5/8\ (1 =(CASeri Ale eta a ance 

mseicPircleleietere eicielciclciiatelstale|eiaiz einlelehe(ols(sja/sleleieis)eyelnie\slelelelelereisielessretsrece ave arelnis/e(ele(a\alacere.eie-ece/sisyeia)s(elere.e) exelala\s\sleisieiezeseieisie\elelo\cjeleinis Sails ee teace cele caceaeiae 

In many covalent bonds the electrons are not shared equally between two bonded atoms. 

Consider, for example, the covalent compound hydrogen chloride, HCl. (Although HCl 

dissolves in water to form H,0* and Cl ions, in the pure gaseous state HCl is a covalent 

compound.) The electrons in the H— Cl covalent bond are unevenly distributed between 

the two atoms; they are polarized, or “pulled,” toward the chlorine and away from the 

hydrogen. A bond in which electrons are shared unevenly is called a polar bond. The 

H—Cl bond is thus an example of a polar bond. 

How can we determine whether a bond is polar? Think of the two atoms at each 

end of the bond as if they were engaging in a tug-of-war for the bonding electrons. The 

tendency of an atom to attract electrons to itself in a covalent bond is indicated by its 

electronegativity. The electronegativities of several elements are given in Table 1.1. If two 

atoms have equal electronegativities, then the bonding electrons are shared equally. But 

if one atom is more electronegative, then the electrons are unequally shared, and the 

bond is polar. (We might think of a polar covalent bond as a covalent bond that is trying 

Table 1.1 Average Pauling Electronegativities 

of Some Main Group Elements 
0 000.010.0.0 0\6.eie.e6 6.610000 00 0100 0.010.005 0.0105.0.6.0 456 6010.00 00100010 a0 6.615.005.0000 00 0 0c0 6 00 010660100 610 6.0/08)60)86/0 6 ev eisviavesss 

H 

2.20 

Li Be B ¢ N O F 

0.98 37 2.04 Bey) 3.04 3.44 3.98 

Na Mg Al Si P S Cl 

0.93 Bil 1.61 1.90 2.19 2.58 ILS 

Kk @ai Ga Ge AS Se Br 

0.82 1.00 1.81 2.01 2.18 2D) 2.96 

Rb Sr In Sn Sb Te I 

0.82 0.95 1.78 1.80 2205 7, AIK) 2.66 

Cs Ba Th Pb Bi 

emer meee eee eee eee eee eee eee eee ee ee ese EHH Hee ees EEEE HEE HOHEHHEE HOHE EEEHEE EEE EEE E HEHE SEED EEO HEEEH EE EES 
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Dipole Moments 

to become ionic!) It should now be clear how to recognize whether a bond is polar: a 

polar bond is a bond between atoms of significantly different electronegativity. 

Sometimes we'll indicate the polarity of a bond in the following way: 

St 8 
isl 

In this notation, the delta (6) is read “partially,” or “somewhat.” Thus, this notation 

indicates that the hydrogen atom of HCl is “partially positive,” and the chlorine atom is 

“partially negative.” 

How can bond polarity be measured experimentally? The uneven electron distribu- 

tion in a compound containing covalent bonds is measured by a quantity called the 

dipole moment, which is abbreviated with the Greek letter uw. The dipole moment is 

commonly given in derived units called debyes, abbreviated D, and named for the physical 

chemist Peter Debye. For example, the HCl molecule has a dipole moment of 1.08 D. If 

the H—Cl bond in HCl were not polar, the dipole moment of HCl would be zero. 

An important aspect of the dipole moment is that it is a vector quantity. That is, it 

has not only magnitude, but direction. The direction of a dipole moment vector is taken 

by convention to be from the partial positive charge to the partial negative charge. Thus, 

the dipole moment vector for the HCl molecule is oriented along the H—Cl bond from 
the I to the Cl: 

dipole moment vector 
+> <— for HCl 

6+ ‘a 

BG 

Molecules that have permanent dipole moments are called polar molecules. Thus, 

HCl is a polar molecule. Some molecules contain several polar bonds. Each polar bond 

has associated with it a dipole moment contribution, called a bond dipole. The net dipole 

moment of such a polar molecule is the vector sum of its bond dipoles. (Because HCl 

has only one bond, its dipole moment is equal to the H—Cl bond dipole.) Dipole 

moments of typical polar organic molecules are in the 1-3 D range. 

The vectorial aspect of bond dipoles can be illustrated in a relatively simple way 

with the carbon dioxide molecule, CO;. 

C—O bond dipoles 

+ + 

O=C=O 

Because the CO, molecule is linear, the C—O bond dipoles are oriented in opposite 

directions. Because they have equal magnitudes, they exactly cancel. (Two vectors of equal 

magnitude oriented in opposite directions always cancel.) Consequently, CO, is not a 

polar molecule, even though it has polar bonds. In contrast, if a molecule contains several 

bond dipoles that do not cancel, the various bond dipoles add vectorially to give the 

overall resultant dipole moment. 

The polarity of a molecule can significantly affect its chemical and physical properties. 

For example, its polarity may give some indication of how a molecule reacts chemically. 

tStudy Guide Links not flagged with a checkmark (4) contain additional material that covers the 
subject in greater depth. 
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Returning to the HCl molecule, we know that HCl in water dissociates to its ions in a 

manner suggested by its bond polarity. 

6+ om 

On Chee Os Cle (1.4) 

We'll find many similar examples in organic chemistry in which bond polarity provides 

a clue to chemical reactivity. 

BOO COD COCNOOCOOUTON OO ORD UO UNO OC OTC i nt AEIET) 

em ee ea nese fondo sea cacao eee neenoniuncengeinayCrecse se en sase cuenear as creme Nee arire s/t ago Sade ae ages ee ae 

hey Analyze the polarity of each bond in the following organic compound. Which 

bond, other than the C—C bond, is the least polar one in the molecule? Which 

carbon has the most partial positive character? 

+ iisean wehabelbbodaononBeSotpdodd aommooccobecoeedo ook cspadadt aggeadouniae peag6corencQn6t- coup GEmbensocGacbeE ys ansaroc aor DuCHe dS eS SS CERO SEOSS AS 

Te ae Ssnapsoaaneucocsoone ede’ cocccund ponéan anor ocodoouConcrcnvonde J cOCOCGGROCOUOROOAODIOLCHOBrG LW GO0LCCOMLUORGROS IRS aa 

You probably realize from your earlier chemical training that each covalent chemical 

compound has a structure—that is, a definite arrangement of its constituent atoms in 

space. The concept of covalent compounds as three-dimensional objects was developed 

in the latter part of the last century. Chemists who lived before that time regarded covalent 

compounds as shapeless groups of atoms held together in a rather undefined way by poorly 

understood electrical forces. Although the currently accepted structural characteristics of 

organic compounds were first suggested in 1874, these postulates were based on indirect 

chemical and physical evidence. Until the early twentieth century no one knew whether 

they had any physical reality, because scientists had no techniques for viewing molecules 

at the atomic level. Thus, as recently as the second decade of the twentieth century 

investigators could ask two questions: (1) Do organic molecules have specific geometries 

and, if so, what are they? (2) Are there simple principles that can predict molecular 

geometry? 

A. Methods for Determining Molecular Structure 

Among the greatest developments of chemical physics in the early twentieth century were 

the discoveries of ways to peer into molecules and deduce the arrangement in space of 

their constituent atoms. Most information of this type today comes from three sources: 

X-ray crystallography, electron diffraction, and microwave spectroscopy. The arrangement 

of atoms in the crystalline solid state can be determined by X-ray crystallography. This 

technique, invented in 1915 and revolutionized by the availability of high-speed com- 

puters, uses the fact that X-rays are diffracted from the atoms of a crystal in precise 

patterns that can be translated into a molecular structure. In 1930 another technique, 

electron diffraction, was developed from the observation that electrons are scattered by 
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the atoms in molecules of gaseous substances. The diffraction patterns resulting from 

this scattering can also be used to deduce the arrangements of atoms in molecules. 

Following the development of radar in World War II came microwave spectroscopy, in 

which the absorption of microwave radiation by gaseous molecules provides structural 

information, 

Most of the details of molecular structure in this book are derived from gas-phase 

methods—electron diffraction and microwave spectroscopy. For molecules that are not 

readily studied in the gas phase, X-ray crystallography is the most important source of 

structural information. No comparable method allows the study of structures in solution, 

a fact that is unfortunate because most chemical reactions take place in solution. The 

consistency of gas-phase and crystal structures suggests, however, that molecular structures 

in solution probably differ little from those of molecules in the solid or gaseous state. 

B. Prediction of Molecular Geometry 

Molecular structure is important because the way that a molecule reacts chemically is 

closely linked to its structure. Consequently, it will be important for us to predict structures 

of covalently bonded molecules in a general way. 

What do we need to describe the structure of a covalent molecule? The structure of 

a simple diatomic molecule such as HCl is completely defined by the bond length, the 

distance between the centers of the bonded nuclei. Bond length is usually given in 

angstroms; | A = 107'° meter = 107* cm = 100 picometers (pm). Thus, the structure 

of HCl is completely specified by the separation of the H and Cl nuclei, 1.274 A. When 

a molecule has more than two atoms, we need to specify not only each bond length, but 

also each bond angle, the angle between each pair of bonds to the same atom. Consider, 

for example, the molecule methane, CH,. When we know the C—H bond lengths and 

the H—C—H bond angles, the structure of methane is completely determined. 

Eligarrae 

bond | 
angle It 
a 

bond 
length 

Bond Length The following generalizations can be made about bond length, in order 

of importance. 

1. Bond lengths increase significantly toward higher periods (rows) of the peri- 

odic table. This trend is illustrated in Fig. 1.2. For example, the H—S 

bond in hydrogen sulfide is longer than the other bonds to hydrogen in 

Fig. 1.2; sulfur is in the third period of the periodic table, and carbon, 

nitrogen, and oxygen are in the second period. Similarly, a C—H bond is 

shorter than a C—F bond, which is shorter than a C—Cl bond. These 

effects all reflect atomic size. Because bond length is the distance between 

centers of bonded atoms, larger atoms form longer bonds. 

2. Bond lengths decrease with increasing bond order. Bond order describes the 

number of covalent bonds shared by two atoms. For example, a C—C 
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Figure 1.2 

Chemical Bonding and Chemical Structure 
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methane ammonia water hydrogen sulfide 

Effect of atomic size on bond length. (Within each structure, all bonds to hydrogen are equivalent.) 

Notice the trends in bond length. Compare the bond lengths in hydrogen sulfide with those of the 

other molecules to see the effect of changing periods of the periodic table. Compare the bond lengths 

in methane, ammonia, and water to see the effect of increasing atomic number within a period 

(row) of the periodic table. 

single bond has a bond order of 1, a C=C double bond a bond order of 

2, and a C=C triple bond a bond order of 3. The decrease of bond 

length with increasing bond order is illustrated in Fig. 1.3. Notice that the 

bond lengths for carbon-carbon bonds are im the order C—- © 

@== Ce G==C 

3. Bonds of a given order decrease in length toward higher atomic number (to 

the right) along a given row (period) of the periodic table. Compare, for 

example, the H—C, H—N, and H—O bond lengths in Fig. 1.2. Like- 

wise, the C—F bond in CH;—F is shorter than the C—C bond in 

CH;—CH3. Because atoms on the right of the periodic table in a given 

row are smaller, this trend is also an effect of atomic size. However, this 

effect is much less drastic than the trend in atomic size observed between 

periods discussed above in Point 1. 

Bond Angle The bond angles within a molecule determine its shape—whether it is 

bent or linear. Two generalizations allow us to predict the approximate bond angles, and 

therefore the general shapes, of many simple molecules. The first is that the groups bound 

to a central atom are arranged so that they are as far from one another as possible. Por 

H 

\ 1.536 A SH \ 1.330 A / 1.203 A 

joan C=C G—=——€ 
os . 

H H 

ra / 
y \ acetylene 

H H H H 

ethane ethylene 

Figure 1.3 Effect of bond order on bond length. Notice that as the carbon-carbon bond order increases, the 

bond length decreases. 
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a regular tetrahedron methane 

Structure of methane. The hydrogens are equidistant from each other and from the central carbon, 
and all H—C—H bond angles are 109.5°. 

methane, CH,, the central atom is carbon and the groups are the four hydrogens. The 

hydrogens of methane are farthest apart when they occupy the vertices of a tetrahedron 

centered on the carbon atom (Fig. 1.4). Because the four C—H bonds of methane are 

identical, the hydrogen atoms of methane lie at the vertices of a regular tetrahedron (a 

tetrahedron with equal sides). The tetrahedral shape of methane requires an H—C—H 

bond angle of 109.5°. 

In applying this rule for the purpose of predicting bond angles, we regard all groups 

as identical. Thus the groups that surround carbon in H;CCl (methyl chloride) are treated 

as if they were identical, even though in reality the C—Cl bond is considerably longer 

than the C—H bonds. Although the bond angles show minor deviations from the exact 

tetrahedral bond angle of 109.5°, methyl chloride in fact has the general tetrahedral shape. 

The tetrahedral structure, then, is assumed by molecules when four groups are 
arranged about a central atom. Because we’ll see this geometry repeatedly, it is worth the 

effort to become familiar with it. Tetrahedral carbon is often represented, as shown below 

in the structure of methylene chloride, CH,Cl,, with two of its bound groups in the plane 

of the page. One of the remaining groups, indicated with a dashed line, is behind the 

page, and the other, indicated with a wedge-shaped heavy line, is in front of the page. 

H 
behind the page | in the plane of the page 

NS G 
Ci /mmaGl 

H 

in front of the page 

A good way to become familiar with the tetrahedral shape is to use molecular 

models, commercially available scale models from which you can construct simple organic 

molecules. Perhaps your instructor has required that you purchase a set of models or 

can recommend a set to you. Professional organic chemists often use such models to 

study questions related to molecular geometry, and almost all beginning students require 

models, at least initially, to visualize the three-dimensional aspects of organic chemistry. 

Some of the types of models available are shown in Fig. 1.5. In this text, we'll use ball- 

and-stick models (Fig. 1.5a) to visualize the directionality of chemical bonds, and we'll 

use space-filling models to see the consequences of atomic and molecular volumes. You 
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Figure 1.5 

Chemical Bonding and Chemical Structure 

(a) (b) (c) 

Molecular models of methane. (a) Ball-and-stick models show the atoms as balls and the bonds as 

connecting sticks. Most inexpensive sets of student models are of this type. (b) A wire-frame model 

shows a nucleus (in this case, carbon) and its attached bonds. (c) Space-filling models depict atoms 

as spheres with radii proportional to their covalent or atomic radii. Space-filling models are particu- 
larly effective at showing the volume occupied by atoms or molecules. 

should obtain an inexpensive set of molecular models and use them frequently. Begin 

using them by building a model of the methylene chloride molecule discussed above and 

relating it to the line-wedge formula. 

MOLECULAR MODELING BY COMPUTER 

In recent years, scientists have come to use computers to depict molecular 

models. Computerized molecular modeling is particularly useful for very large 

molecules, because building real molecular models in these cases can be 

prohibitively expensive in both time and money. The decreasing cost of 

computing power has made computerized molecular modeling increasingly 

more practical. Most of the models shown in this text were drawn to scale 

from the output of a molecular modeling program on a desktop computer. 

When three groups surround a central atom, the groups are as far apart as possible 

when all bonds lie in the same plane with bond angles of 120°. This is, for example, the 

geometry of boron trifluoride: 

In such a situation the central atom (in this case boron) is said to have trigonal planar 

geometry. 

When a central atom is surrounded by two groups, maximum separation of the 

groups demands a bond angle of 180°. This is the situation with each carbon in acetylene, 

H—C==C—H. Each carbon is surrounded by two groups, a hydrogen and another 

carbon. (It makes no difference that the carbon has a triple bond.) Because of the 180° 

bond angle at each carbon, acetylene is a linear molecule. 
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acetylene 

The second generalization about bond angles applies to molecules with unshared 

electron pairs. In predicting the geometry of a molecule, an unshared electron pair can 

be considered as a bond without a nucleus at one end. This rule predicts, for example, the 

geometry of ammonia. In view of this rule, ammonia, : NH;, has four groups about the 

central nitrogen: three hydrogens and an electron pair. To a first approximation, these 

groups adopt the tetrahedral geometry with the electron pair occupying one corner of 

the tetrahedron. (This geometry is sometimes called trigonal pyramidal, or pyramid-like 

geometry—trigonal because there are three hydrogens, and pyramidal because the N—H 

bonds lie along the edges of a pyramid.) We can refine our prediction of geometry even 
more if we recognize that an electron pair without a nucleus at one end has an especially 

repulsive interaction with electrons in adjacent bonds. As a result, the bond angle between 

the electron pair and the N—H bond is a little larger than tetrahedral, leaving the 

H—N-—H angle a little smaller than tetrahedral; in fact, the H—N—H angle is 107.3°. 

Meee eee eee eee eee eee eee eee ese eee eee eee EEE EE EHH H HEHEHE EE HEED EEHEEEEEEEEE EEE EEE HEEEEEEEEEEEE EEE SEES HEHEHE E EEE SESE E ESHEETS EEE EEE HEHE EHH EE EEE EEE EEES 

Estimate each bond angle in the following molecule, and order the bonds according to 

length, shortest first. 

(a) (b) (c) (d) 

Solution Because carbon-2 is bound to two groups (H and C), its geometry is linear. 

Similarly, carbon-3 also has linear geometry. The remaining carbon (carbon-4) is bound 

to three groups (C, O, and Cl), and therefore has approximately trigonal planar geometry. 

To arrange the bonds in order of length, recall the order of importance of the bond-length 

generalizations. The major effect on length is the row in the periodic table from which 

the bonded atoms are taken. Hence, the H—C bond is shorter than all carbon-carbon 

or carbon-oxygen bonds, which are shorter than the C—Cl bond. The next major effect 

is the bond order. Hence, the C=C bond is shorter than the C—O bond, which is 

shorter than the C—C bond. Putting these conclusions together, the required order of 

bond lengths is 

(a) < (b) < (e) < (c) < (@) 
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1.8 Predict the approximate geometry in each of the following molecules. 

is *(a) water (b) the BF; anion 

co al *(€) CH,=O (formaldehyde) (d) CH;—C=N: (acetonitrile) 

19 Estimate each of the bond angles and order the bond lengths, smallest first, for 

the following molecule. 

:0: 

(e) H 

H E06@ 

Conformation For completely describing the shapes of molecules that are more 

complex than the ones we've just discussed, we need to specify not only the bond lengths 

and bond angles, but also the spatial relationship of the bonds on adjacent atoms. 

To illustrate this problem, consider the molecule ethylene, HXC—= CH). The knowl- 

edge that both carbons have trigonal-planar geometry is not sufficient to describe com- 

pletely the shape of ethylene. To see this point, imagine two planes, each containing one 

of the CH» groups of ethylene (Fig. 1.6). Nothing in what you've learned so far specifies 

the relationship of these two planes. The limiting possibilities, shown in Fig. 1.6, are that 

these planes lie at an angle of either 0° or 90°. The angular relationship of these planes 

is called the dihedral angle. Chemists frequently use another method of viewing the 

dihedral angle, also shown in Fig. 1.6, which will prove to be more generally useful. In 

this method, we sight along a bond of interest (the carbon-carbon double bond in the 

case of ethylene) from one end of the structure and project all atoms into the plane of 

the page. Such a projection is called a Newman projection. When we view the ethylene 

molecule in a Newman projection, the dihedral angle is the angle between the C—H 

bonds on adjacent carbons; again the angle between closer C—H bonds is 0° in the 

conformation at the top of Fig. 1.6, and 90° in the conformation at the bottom of the 

figure. A description of the dihedral angles within a molecule is called the conformation 

of the molecule. The conformation of ethylene is planar (dihedral angle = 0°), for reasons 

that are discussed in Chapter 4. 
Molecules containing many bonds typically contain many dihedral angles to be 

specified. We'll examine molecular conformations further, and begin to learn some of 

the principles that allow us to predict conformations, in Chapter 2. 

In summary, then, the structure of a molecule is completely determined by three 

elements: its bond lengths, its bond angles, and its dihedral angles, or conformation. The 

structures of some molecules are completely determined only by bond lengths and/or 

bond angles. Conformation enters the picture for more complex molecules. 
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Newman projection 

90° 

H 

Newman projection 

Figure 1.6 The possible conformations and dihedral angles in ethylene. The H—C—C—H dihedral angle is 
the angle between the C—H bonds on adjacent carbons when one sights along the C=C bond 
from one end of the molecule and projects all C—H bonds into the plane of the page to give a New- 
man projection (shown at right). In planar ethylene the dihedral angle between nearest hydrogens is 
0°. In the nonplanar structure, the dihedral angle is 90°. 
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*1.10 Using molecular models, examine the conformations of ethane, H;C—CH3. 

What are the dihedral angles between closest C—H bonds (a) when they are 

as far apart as possible? (b) when they are as close as possible? Draw a diagram 

like the one in Fig. 1.6 to illustrate these two conformations. 

ih) Using molecular models to assist you, draw three conformations for the hydrogen 

peroxide (H,O,) molecule, in which the dihedral angles between O—H bonds 

are, respectively, (a) 0°, (b) 90°, and (c) 180°. What type of motion is required 

for these conformations to interconvert? (See also Problem 1.35.) 

Pee eee eee ee eee eee eee ee eee EEE TEESE HEHE HEHEHE HEHE EEE EEEEE EERSTE EEE EEE EEEEE EEE E EEE H HEHEHE EEE EEE HEHEHE E EERE SHEE EE EEEEE EE EEE HEHE EEEEE ESOS EEE EEE ES 

Resonance Structures 
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Some compounds are not accurately described by a single Lewis structure. Consider, for 

example, nitromethane, HxC— NO). 

Oey 
i 

H,;C —N 
\ 
SOs 

This Lewis structure shows an N—O single bond and an NO double bond. On the 

basis of the last section, we expect double bonds to be shorter than single bonds. However, 
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it is found experimentally that the two nitrogen-oxygen bonds of nitromethane have the 

same length, intermediate between the lengths expected for single and double bonds. In 

order to convey this idea, nitromethane can be written as follows: 

oO: Oe 

ye +f 
lalAG ==INI SS hCG —-WN 

\ . 
:O: Om (1.5) 

The double-headed arrow means that nitromethane is a single compound that has charac- 

teristics of both structures; nitromethane is said to be a resonance hybrid of these two 

structures. The double-headed arrow does not mean that the two structures are in rapid 

equilibrium; rather, nitromethane is one compound with one structure. 

It is important to understand that the two structures in Eq. 1.5 are fictitious, but 

nitromethane is a real molecule. Because there is no way to describe nitromethane with 

a single real structure, we are forced to describe it as the hybrid of two fictitious structures. 

An analogy to this situation is a description of Fred Flatfoot, a real detective. Lacking 

words to describe Fred, we picture him as a resonance hybrid of two fictional characters: 

Fred Flatfoot = [Sherlock Holmes ~<—» James Bond] 

This suggests that Fred is a dashing, violin-playing, pipe-smoking, highly intelligent British 

agent with an assistant named Watson, and that Fred likes his martinis shaken, not 

stirred. 
When two resonance structures are identical, as they are for nitromethane, they are 

equally important in describing the molecule. We can think of nitromethane as a 1:1 

average of the structures in Eq. 1.5. For example, each oxygen bears half a negative charge, 

and each nitrogen-oxygen bond is neither a single bond nor a double bond, but a bond 

halfway in between. The hybrid character of nitromethane is sometimes conveyed in a 

single structure with dashed lines to represent partial bonds. In this notation, the minus 

charge is understood to be equally shared by the atoms at the ends of the dashed 

semicircle—the two oxygens. 

When two resonance structures are not identical, then the molecule they represent 

is a weighted average of the two. That is, one of the structures is more important than 

the other in describing the molecule. Such is the case, for example, with the methoxymethyl 

cation: 
ik oe oe 

[H.¢ O-—GHas <> H,C=0—CH,| (1.6) 
oe + 

methoxymethyl cation 

It turns out that the structure on the right is a better description of this cation because 

all atoms have complete octets. Hence, there is significant double-bond character in the 

C—O bond, and most of the positive charge resides on the oxygen. 

Another very important aspect of resonance structures is that they have implications 

for the stability of the molecule they represent. A molecule represented by resonance 

structures is more stable than its fictional resonance contributors. For example, the actual 



1.5 Wave Nature of the Electron 21 

molecule nitromethane is more stable than either one of the fictional molecules described 

by the contributing resonance structures in Eq. 1.5. Nitromethane is thus said to be a 

resonance-stabilized molecule, as is the methoxymethyl cation. 

How do you know when to use resonance structures, how to draw them, or how 

to assess their relative importance? In Chapter 3, you'll learn a technique for deriving 

resonance structures, and in Chapter 15, we'll return to a more detailed study of the 

other aspects of resonance. In the meantime, we'll draw resonance structures for you and 

tell you when they’re important. Just try to remember the following points: 

1. Resonance structures are used for compounds that are not adequately 

described by a single Lewis structure. 

2. Resonance structures are not in equilibrium; that is, the compound they 

describe is not one structure part of the time and another structure part 

of the time, but rather one structure. 

3. The structure of a molecule is the weighted average of its resonance 

structures. When resonance structures are identical, they are equally 

important descriptions of the molecule. 

4. Resonance hybrids are more stable than any of the fictional structures 

used to describe them. Molecules described by resonance structures are 

said to be resonance stabilized. 
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git The compound benzene has only one type of carbon-carbon bond, and this 

bond is found to have a length intermediate between that of a single bond and 

a double bond. Draw a resonance structure of benzene that, taken with the 

structure below, accounts for the carbon-carbon bond length. 

| | benzene 

You've learned that the covalent chemical bond can be viewed as the sharing of one or 

more electron pairs between two atoms. Although this simple model of the chemical 

bond is very useful, in some situations it will not be adequate. A deeper insight into the 

nature of the chemical bond can be obtained from an area of science called quantum 

mechanics. Quantum mechanics deals in detail with, among other things, the behavior 

of electrons in atoms and molecules. Although the theory involves some sophisticated 

mathematics, we need not explore the mathematical detail in order to appreciate some 

general conclusions of the theory. The starting point for quantum mechanics is the idea 

that small particles such as electrons have the character of waves. How did this idea 

evolve? 
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As the twentieth century opened, it became clear that certain things about the 

behavior of electrons could not be explained by conventional theories. There seemed to 

be no doubt that the electron was a particle; after all, both its charge and mass had 

been measured. However, electrons could also be diffracted like light, and diffraction 

phenomena were associated with waves, not particles. The traditional views of the physical 

world treated particles and waves as unrelated phenomena. In the mid-1920s, this mode 

of thinking was changed by the advent of quantum mechanics. This theory holds that in 

the submicroscopic world of the electron and other small particles, there is no real 

distinction between particles and waves. The behavior of small particles such as the 

electron can be described by the physics of waves. In other words, matter can be regarded 

as a wave—particle duality. 

How does this wave—particle duality require us to alter our thinking about the 

electron? In our everyday life we are accustomed to a deterministic world. That is, the 

position of any familiar object can be measured precisely, and its velocity can be deter- 

mined for all practical purposes to any desired degree of accuracy. For example, we can 

point to a ball resting on a table and state with confidence, “That ball is at rest (its 

velocity is zero), and it is located exactly one foot from the edge of the table.” Nothing 

in our experience indicates that we could not make similar measurements for an electron. 

The problem is that humans, chemistry books, and baseballs are of a certain scale. 

Electrons and other tiny objects are of a much smaller scale. A central principle of 

quantum mechanics, the Heisenberg uncertainty principle, tells us that the precision 

with which we can determine the position and velocity of a particle depends on its scale. 

According to this principle, it is impossible to define exactly both the position and velocity 

of an electron. Rather, we are limited to stating the probability with which we might 

expect to find an electron in any given region of space. 

In summary: 

1. Electrons have wavelike properties. 

2. The exact position of an electron cannot be specified; only the probability 

that it occupies a certain region of space can be specified. 

Electronic Structure of the Hydrogen Atom 

In order to understand the implications of quantum theory for covalent bonding, you 

must first understand what the theory has to say about the electronic structure of atoms. 

This section presents the applications of quantum theory to the simplest atom, hydrogen. 

In the next section, we’ll consider the electronic structures of more complex atoms. 

A. Orbitals, Quantum Numbers, and Energy 

In an earlier model of the hydrogen atom, the electron was thought to circle the nucleus 

in a well-defined orbit, much as the earth circles the sun. Quantum theory replaced the 

orbit with the orbital, which, despite the similar name, is something quite different. An 

atomic orbital is a description of the wave properties of the electron in an atom. We 

can think of an atomic orbital of hydrogen as an allowed state—that is, an allowed wave 

motion—of an electron in the hydrogen atom. 
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Table 1.2 Relationship Among All Four Quantum Numbers 
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a ++ means that the spin quantum number s may assume either the value +4 or —4 

Many possible orbitals, or states, are available to the electron in the hydrogen atom. 

In the mathematics of “electron waves,” each orbital is described by a series of three 

quantum numbers. Quantum numbers serve as labels, or designators, for the various 

orbitals, or wave motions, available to the electron. 

The principal quantum number, abbreviated n, can assume any integral value 

greater than zero—that is, n = 1, 2, 3,.... 

The angular momentum quantum number, abbreviated /, depends on the value of 

n. The / quantum number can assume any integral value from zero through n — 1, that 

is, 1 = 0, 1, 2,..., — 1. So that they are not confused with the principal quantum 

number, the values of / are encoded as letters. To | = 0 is assigned the letter s; to 1 = 1 

the letter p; to / = 2 the letter d; and to / = 3 the letter f. The values of | are summarized 

in Table 1.2. It follows that there can be only one orbital with n = 1, an orbital with 

| = 0—a 1s orbital. However, two values of /, 0 and 1, are allowed for n = 2. Consequently, 

it is possible to have both 2s and 2p orbitals. 

The magnetic quantum number, abbreviated m, is the last orbital quantum number. 

Its values depend on the value of /. The m quantum number can be zero as well as both 

positive and negative integers up to +/—that is, 0, +1, #2,..., =I Thus, for / = 0 (an 

s orbital), m can only be 0. For / = 1 (a p orbital), m can have the values —1, 0, and 

+1. In other words, there is one s orbital with a given principal quantum number, but 

(for n > 1) there are three p orbitals with a given principal quantum number, one 

corresponding to each value of m. Because of the multiple possibilities for | and m, there 

are an increasingly large number of orbitals as n increases. This point is illustrated in 

Table 1.2 up to n = 3. 

An electron is characterized by a fourth quantum number, called the spin quantum 

number, abbreviated s. This quantum number can assume either of two values: 

+4 or —4. The significance of the spin quantum number for atomic structure will become 

clear when we deal with atoms other than hydrogen (Sec. 1.7). 

Just as an electron in the hydrogen atom can exist only in certain states, or orbitals, 

it can also have only certain allowed energies. Each orbital is associated with a characteristic 
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electron energy. The energy of an electron in a hydrogen atom is determined by the principal 

quantum number n of its orbital. This is one of the central ideas of quantum theory. The 

energy of the electron is said to be quantized, or limited to certain values. This feature 

of the atomic electron is a direct consequence of its wave properties. An electron in an 

orbital with n = 1 remains in that state unless the atom is subjected to the exact amount 

of energy (say, from light) required to increase the energy of the electron to a state with 

a higher n, say n = 2. If that happens, the electron absorbs energy and instantaneously 

assumes the new, more energetic, wave motion characteristic of the orbital with n = 2. 

(Such energy-absorption experiments gave the first clues to the quantized nature of the 

atom.) An analogy to this may be familiar. If you have ever blown across the opening of 

a soda-pop bottle (or a flute, which is a more sophisticated example of the same thing), 

you know that only a certain pitch can be produced by a bottle of a given size. If you 

blow harder, the pitch does not rise, but only becomes louder. However, if you blow 

hard enough, the sound suddenly jumps to a note of higher pitch. The pitch is quantized; 

only certain sound frequencies (pitches) are allowed. Such phenomena are observed 

because sound is a wave motion of the air in the bottle, and only certain pitches can 

exist in a cavity of a given size without cancelling themselves out. The progressively higher 

pitches you hear as you blow harder (called overtones of the lowest pitch) are analogous 

to the progressively higher energy states (orbitals) of the electron in the atom. 
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One of the most important aspects of atomic structure for organic chemistry is that each 

orbital is characterized by a three-dimensional region of space in which the electron is most 

likely to exist. That is, orbitals have spatial characteristics. The size of an orbital is governed 

by its principal quantum number n: the larger n is, the greater the region of space 

occupied by the corresponding orbital. The shape of an orbital is governed by its angular 

momentum quantum number |. The directionality of an orbital is governed by its magnetic 

quantum number m. These points are best illustrated by example. 

When an electron occupies a Is orbital, it is most likely to be found in a sphere 

surrounding the atomic nucleus (Fig. 1.7). We cannot say exactly where in that sphere the 

electron is by the uncertainty principle; locating the electron is a matter of probability. 

The mathematics of quantum theory indicate that there is about a 90% probability that 

an electron in a Is orbital will be found within a sphere of radius 1 A about the nucleus. 

This “90% probability level” is taken as the approximate size of an orbital. Thus, we can 

ve, 1A 

| 
| 
| 
| 
| 
| 
| 
| 

Figure 1.7 The 1s orbital. Most of the electron density lies in a sphere within 1 A of the nucleus. 
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A 2s orbital in a cutaway view, showing the peak (color) and trough (gray) of the electron wave. 
This orbital can be described as two concentric spheres of electron density. Note that a 2s orbital is 
considerably larger than a Is orbital. 

Figure 1.9 

depict an electron in a Is orbital as a smear of electron density, most of which is within 

1 A of the nucleus. 
When an electron occupies a 2s orbital, it also lies in a sphere, but the sphere is 

considerably larger—about four times the radius of the Is orbital (Fig. 1.8). A 3s orbital 

is even larger still. The size of the orbital reflects the fact that the electron has greater 

energy; a more energetic electron can escape the attraction of the positive nucleus to a 

greater extent. 

The 2s orbital illustrates another spatial aspect of orbitals, a node. You may be 

familiar with a simple wave motion such as the wave in a vibrating string, or waves in 

a pool of water. If so, you know that waves have peaks and troughs, regions where the 

waves are, respectively, at their maximum and minimum heights (Fig. 1.9). Suppose we 

define a wave to be positive at a wave peak and negative at a wave trough. Then, somewhere 

in between the peak and the trough the wave is zero. A node is a point or, in a three- 

dimensional wave, a surface at which the wave is zero. 

As shown in Fig. 1.8, the 2s orbital has a node. This node separates a wave peak 

near the nucleus from a wave trough further out. Because the 2s orbital is a three- 

dimensional wave, its node is a surface. The nodal surface in the 2s orbital is an infinitely 

thin sphere. Thus, the 2s orbital has the characteristics of two concentric balls of electron 

density. 

vn wavelength par 
pea 

Wave 

trough 

A planar wave showing peaks, troughs, and nodes. 
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Physically, the wave peak corresponds to a positive value in the mathematical function 

that describes the 2s wave motion, and a wave trough corresponds to a negative value. 

(This has nothing to do with the charge on the electron.) The node—the spherical shell 

of zero electron density—lies between the peak and the trough. Some students ask, “Tf 

the electron cannot exist at the node, how does it cross the node?” The answer is that 

the electron is a wave, and the node is part of its wave motion, just as the node is part 

of the wave in a vibrating string. The electron is not analogous to the string; it is analogous 

to the wave in the string. 

The 2p orbital (Fig. 1.10a) illustrates how the / quantum number governs the shape 

of an orbital. All s orbitals are spheres. In contrast, all p orbitals have dumbbell shapes 

and are directed in space (that is, they lie along a particular axis). One lobe of the 2p 

orbital corresponds to a wave peak, and the other to a wave trough; the electron density 

is identical in corresponding parts of each lobe. Note that the two lobes are parts of the 

same orbital. The node in the 2p orbital, which passes through the nucleus and separates 

the two lobes, is a plane. The size of the 2p orbital, like that of other orbitals, is governed 

by its principal quantum number; it extends about the same distance from the nucleus 

as a 2s orbital. 

The three 2p orbitals illustrate how the m quantum number governs the directionality 

of orbitals. The three equivalent 2p orbitals, which differ only in their values of m, are 

oriented in different directions: they are mutually perpendicular (Fig. 1.10b). 

A 3p orbital has the typical dumbbell shape characteristic of p orbitals (Fig. TEL: 

However, a 3p orbital contains two nodes. One node is a plane through the nucleus, much 

like the node of a 2p orbital. The other node is a spherical node that separates the inner 

part of each lobe from the larger outer part. An orbital with principal quantum number n 

has n — 1 nodes. Because the 3p orbital has n = 3, it has (3 — 1) = 2 nodes. The greater 

number of nodes in orbitals with higher n is a reflection of their higher energies. Again, 

the analogy to sound waves is very striking: overtones of higher pitch have larger numbers 

planar node 

k-3-4 A 

(a) (b) 

Figure 1.10 (a) A 2p orbital. Notice the planar node that separates the orbital into two lobes. (b) The three 2p 

orbitals shown together. Each orbital has a different value of the quantum number m. 



1.6 Electronic Structure of the Hydrogen Atom 27. 

planar node (yz plane) 

wave 
troughs 

x 

spherical node 

ie 

wave 
peaks 

Figure 1.11 A 3p orbital. There are three such orbitals, each mutually perpendicular. Notice that the 3p orbital 
is much larger than the 2p orbital in Fig 1.10. 

of nodes. The size of a 3p orbital also follows the trend of increased size that accompanies 

a higher principal quantum number: the 90% probability surface encompasses a larger 

region of space; this orbital extends to about 8-10 A from the nucleus. 

C. Summary: Atomic Orbitals of Hydrogen 
Pee eee eee eee eee Hee EEE HEHEHE OAT E HEH SEEEEEEEEHE SOHO EEEEEESEE EEE OHHEEHEEE HEHEHE HEHEHE EEE DEES HEHEHE EEE HEHE EEE EEE EEEEES 

Let’s summarize the important points about orbitals in the hydrogen atom. 

1. An orbital is an allowed state for the electron. It is a description of the 

wave motion of the electron. 

2. Electron density within an orbital is a matter of probability, by the Heisen- 

berg uncertainty principle. We can think of an orbital as a “smear” of elec- 

tron density. 
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3. Orbitals are described by three quantum numbers: 

a. The principal quantum number 1 governs the energy of an orbital; 

orbitals of higher n have higher energy. 

b. The angular momentum quantum number / governs the shape of an 

orbital. Orbitals with | = 0 (s orbitals) are spheres; orbitals with / = 1 

(p orbitals) are dumbbells. 

c. The magnetic quantum number m governs the orientation of an 

orbital. 

4. An electron also has a property called spin which is described by a fourth 

quantum number s, which can have a value of Ve Or = > 

5. Orbitals with n > 1 have nodes, which are surfaces of zero electron den- 

sity. The nodes separate peaks of electron density from troughs. Orbitals 

with principal quantum number n have n — 1 nodes. 

6. Orbital size increases with increasing n. 
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113 Use the trends in orbital shapes you’ve just learned to describe the general 

features of the following orbitals. 

alia) Mec Se O Ta olitell (b) a 4s orbital 
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Electronic Structures of More Complex Atoms 
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The orbitals available to electrons in atoms with atomic number greater than | are, to a 

useful approximation, essentially like those of the hydrogen atom. There is, however, one 

important difference: In atoms other than hydrogen, electrons with the same principal 

quantum number n but with different values of | have different energies. Thus helium, 

carbon, and oxygen, like hydrogen, have 2s and 2p orbitals, but, unlike hydrogen, electrons 

in these orbitals differ in energy. The ordering of energy levels for atoms with more than 

one electron is illustrated schematically in Fig. 1.12. As this figure shows, the gaps between 

energy levels become progressively smaller as the principal quantum number increases. 

Furthermore, the energy gap between orbitals that differ in principal quantum number 

is greater than the gap between two orbitals within the same principal quantum level. 

Thus, the difference in energy between 2s and 3s orbitals is greater than the difference 

in energy between 3s and 3p orbitals. 

Atoms beyond hydrogen, of course, have more than one electron. Let’s now consider 

the electronic configurations of these atoms, that is, the way their electrons are distributed 

among their atomic orbitals. The Aufbau principle (literally, “buildup principle”) tells 

us how to determine electronic configurations. This principle says to place electrons one 

by one into orbitals of the lowest possible energy in a manner consistent with the Pauli 

exclusion principle and Hund’s rules. The Pauli exclusion principle states that no two 

electrons may have all four quantum numbers the same. As a consequence of this principle, 

a maximum of two electrons may be placed in any one orbital, and these electrons must 

have different spins. To illustrate, consider the electronic configuration of the helium 

atom, which contains two electrons. Both electrons can be placed into the 1s orbital as 

long as they have differing spin. Consequently, we can write the electronic configuration 
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A schematic representation of the relative energies of different orbitals in a many-electron atom. The 
exact scale varies from atom to atom, but the energy levels tend to be closer together as the principal 
quantum number increases. 

of helium as follows: 

helium, He: 1s? 

This notation means that there are two electrons of differing spin in the Is orbital. 

To illustrate Hund’s rules, consider the electronic configuration of carbon, obviously 

a very important element in organic chemistry. A carbon atom has six electrons. The 

first two electrons (with opposite spins) go into the Is orbital; the next two (also with 

opposite spins) go into the 2s orbital. Hund’s rules tell us how to distribute the remaining 

two electrons among the three equivalent 2p orbitals. Hund’s rules state, first, that to 

distribute electrons among identical orbitals of equal energy, single electrons are placed 

into separate orbitals before the orbitals are filled; and second, that the spins of these 

unpaired electrons are the same. Representing electrons as colored arrows, and letting 

their relative directions correspond to their relative spins, the electronic configuration of 

carbon can be indicated as follows: 

2 ara ae 

2s Shae 

carbon, C: (1s?2s?2p7) 

Is oa 

Notice, in accordance with Hund’s rules, that the electrons in the carbon 2p orbitals are 

unpaired with identical spin. This configuration ensures that repulsions between electrons 



30 Chapter 1 

eee eee eee e eee neeeeereeene 

Chemical Bonding and Chemical Structure 

are minimized, because electrons in different p orbitals occupy different regions of space. 

(Recall that the three 2p orbitals are mutually perpendicular; Fig. 1.10b.) As shown above, 

we can also write the electronic configuration of carbon more concisely as 15-25-22 

when this notation is used, it is understood that the 2p electrons are distributed in 

accordance with Hund’s rules. 
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Describe the electronic configuration of the oxygen atom. 

Solution Because oxygen has atomic number = 8, it has eight electrons. Following the 

Aufbau principle, the first two electrons occupy the 1s orbital with opposite spins. The 

next two, again with opposite spins, occupy the 2s orbital. Taking Hund’s rules into 

account, the next three electrons are placed, unpaired and with identical spin, into the 

three equivalent 2p orbitals. The one remaining electron is then placed, with opposite 

spin, into a 2p orbital. To summarize: 

Ms —-— 

oxygen, O: (1572s*2p*) 

ls na 

1.14 Give the electronic configurations of each of the following atoms and ions. 
*(a) the nitrogen atom (b) the lithium atom 

*(c) the sodium atom *(d) the magnesium atom 

(e) the fluoride ion, F~ (f) the potassium ion, K* 
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Another Look at the Covalent Bond: Molecular Orbitals 
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DOOCOOOIOOCOOOIOIOOIOIOIOIOIOIOIOOIOOIOOOOOOONIOICIOICIOOOIOOOO OOOO COIOOIOUINON SI ONOINOOCCOSSOSOONONOICGSSOOOmOCnCOnnnOCnnnnincnninninnicinininiririnirir icici 

When atoms combine into a molecule, the electrons contributed to the chemical bonds 

by each atom are no longer localized on individual atoms, but “belong” to the entire 

molecule. Consequently, atomic orbitals are no longer appropriate descriptions for the 

state of electrons in molecules. Instead, molecular orbitals, which are orbitals for the 

entire molecule, are used. The electronic configuration of a molecule is derived just like 

that of an atom: we arrange the molecular orbitals in order of increasing energy, and 

then add the available electrons to them in a manner consistent with the Pauli principle 
and Hund’s rules. The question then becomes: How do we find out about the molecular 
orbitals? 
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The addition and subtraction of two waves such as the 1s orbitals of two hydrogen atoms. The dots 
represent the hydrogen nuclei; the dashed lines are the orbitals of the individual nuclei; and the col- 
ored line is the wave resulting from the combination. The plus and minus signs indicate wave peaks 
and troughs, respectively. 

Quantum mechanics specifies that we can derive molecular orbitals by combining 

atomic orbitals of the constituent atoms in a certain way. Conceptually, this is reasonable: 

molecules come from a combination of atoms, and molecular orbitals come from a 

combination of atomic orbitals. Moreover, quantum mechanics also specifies that if we 

combine n atomic orbitals, we get m molecular orbitals. This means, for example, that 

two molecular orbitals of the hydrogen molecule H—H can be derived by a combination 

of the 1s atomic orbitals of two hydrogen atoms. 

To form the molecular orbitals of the hydrogen molecule from the atomic orbitals 

of its constituent atoms, let’s imagine that we bring together two isolated hydrogen atoms 

until their nuclei are separated by the bond length in the hydrogen molecule. As a result, 

their 1s orbitals overlap. This overlap causes the 1s orbitals to interact. This interaction 

results in the formation of the two molecular orbitals of the hydrogen molecule. One 

molecular orbital is formed by the addition (additive overlap) of the individual atomic 

ls orbitals. The second molecular orbital is generated by the subtraction (subtractive 

overlap) of the individual atomic 1s orbitals. 

Let’s first examine the molecular orbital formed by the addition of the two 1s orbitals. 

In the region in which these two orbitals overlap, they reinforce, because a wave peak is 

being added to a wave peak (Fig. 1.13a). (Remember, the orbitals really are “electron 

waves.”) The result of the addition is the bonding molecular orbital of the hydrogen 

molecule (Fig. 1.14). 



32 Chapter 1 

isolated 
hydrogen atoms 
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Construction of the molecular orbitals for the hydrogen molecule. The dots are nuclei and the verti- 

cal arrows are electrons. 

The second molecular orbital is formed by subtraction of the two atomic orbitals 

in the overlap region. Subtraction of two atomic 1s orbitals is the same as overlap of a 

wave peak with a wave trough (Fig. 1.13b). In the region of subtractive overlap, the 

orbitals (or electron waves) cancel each other out, and the resulting molecular orbital 

contains a node between the two nuclei. This is the second molecular orbital of the 

hydrogen molecule, called the antibonding molecular orbital (Fig. 1.14). 

The energy of an electron in the bonding molecular orbital is lower than that of an 

electron in an isolated hydrogen atom. On the other hand, the energy of an electron in 

the antibonding molecular orbital is higher than its energy in the hydrogen atom. Notice 

that the antibonding molecular orbital, unlike the bonding molecular orbital, has a node; 

like atomic orbitals, molecular orbitals of higher energy have more nodes. 

The Aufbau principle operates for molecular orbitals just as it does for atomic 

orbitals. Hence, two electrons occupy the bonding molecular orbital of the hydrogen 

molecule; the antibonding molecular orbital is unoccupied. Because electrons in the 

bonding orbital of H, have lower energy than electrons in two isolated hydrogen atoms, 

it is evident that chemical bonding is an energetically favorable process. In fact, formation 

of a mole of hydrogen molecules from two moles of hydrogen atoms releases 435 kJ/mol 

(104 kcal/mol) of energy. This is a large amount of energy on a chemical scale—more 

than enough to raise the temperature of one kilogram of water from freezing to boiling. 

According to the picture just developed, the chemical bond in a hydrogen molecule 

results from the occupation of a bonding molecular orbital by two electrons. You may 

wonder why we concern ourselves with the antibonding molecular orbital if it is not 

occupied. The reason is that it can be occupied! Introduction of a third electron into the 

hydrogen molecule requires occupation of the antibonding molecular orbital. The 

resulting three-electron species is the hydrogen molecule anion, Hy (Problem 1.15). 

Could such a species exist? It does, and this is why: Each electron in the bonding molecular 
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bonding molecular orbital 
for the hydrogen molecule 

a barrel a top 

Figure 1.15 Some cylindrically symmetric objects. Objects are cylindrically symmetric when they appear the same 
no matter how they are rotated about their cylindrical axis (black line). 

orbital of the hydrogen molecule contributes half the stability of the molecule. The third 

electron in Hz, the one in the antibonding molecular orbital, has a high energy that 

offsets the stabilization afforded by one of the bonding electrons. However, the stabilization 

due to the second bonding electron remains. Thus, Hz is a stable species, but only about 

half as stable as the hydrogen molecule. 

The importance of the antibonding orbital is also evident from an attempt to con- 

struct the molecule He,, diatomic helium. The molecular orbitals for this molecule are 

conceptually identical to those for H, (Fig. 1.14), that is, one bonding and one antibonding 

molecular orbital, formed by addition and subtraction of the 1s orbitals of the isolated 

helium atoms. However, diatomic helium would have four electrons (two from each 

helium atom) to distribute between the molecular orbitals. The Aufbau principle dictates 

that two electrons occupy the bonding molecular orbital, and the remaining two occupy 

the antibonding molecular orbital. The lower energy of the electrons in the bonding 

molecular orbital is offset by the higher energy of the electrons in the antibonding 

molecular orbital. Because bonding in the He, molecule has no energetic advantage, 

helium is monatomic. 

In the bonding molecular orbital of the hydrogen molecule the electrons occupy an 

ellipsoidal region of space. No matter how we turn the hydrogen molecule about a line 

joining the two nuclei, its electron density looks the same. This is another way of saying 

that the bond in the hydrogen atom has cylindrical symmetry. Other cylindrically sym- 

metric objects are shown in Fig. 1.15. Bonds that are cylindrically symmetric about the 

internuclear axis are called sigma bonds (abbreviated o bonds). The bond in the hydrogen 

molecule is thus a o bond. The Greek letter sigma was chosen to describe the bonding 

molecular orbital of hydrogen because it is the Greek letter equivalent of s, the letter used 

to describe the lowest-energy atomic orbital. 

Dee ee RRR RHEE E OOH EEE EEE E HHO H EOE TEETH HEHEHE EEE H OHH HHEE HEHE EE EEEEEHEE HEH ESEHE EEE EEE HEEEEEEEEEE EEE HHHEEEE EEE O HOHE OSH HEEE EEE HEHEHE HEE EEE HEHE HEE EEHH EEE HESS 

1.15 (a) Draw an orbital diagram corresponding to Figure 1.14 for *(1) the Hey 

ion; (2) the Hy ion; *(3) the H5~ ion; (4) the H? ion. Which of these 

species are likely to exist as diatomic species, and which would dissociate 

into monatomic fragments? Explain. 
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*(b) The bond dissociation of energy of H, is 435 kJ/mol (104 kcal/mol); that 

is, it takes this amount of energy to dissociate H) into its atoms. Estimate 

the bond dissociation energy of H3 and explain your answer. 

Fy EKA RSE SHB CBE UHRA BOER EC SOn nonce ccacesouobocrinnonodoctaaconuacae oc aon cooguannocnacouceonocotaams:700 “auP ncaa ube RppacQnodcnOPPkiGeGe OS aoe 

Be OAS Henn iocornoecocucenocdooocodondocn pbpTncgnonemoc0onno0 oT og gorCO oR ONOSOSOC DODO COUCOTGROS OULU ALOU Ogee 

Let’s now relate the quantum mechanical view of the chemical bond to the concept of 

the Lewis electron-pair bond. In the Lewis picture, each covalent bond is represented by 

at least one electron pair shared between two nuclei. In the quantum-mechanical descrip- 

tion, the o bond exists because of the presence of electrons in a bonding molecular orbital 

and the resulting electron density between the two nuclei. Both electrons are attracted 

to each nucleus and therefore act as the cement that holds the nuclei together. Since a 

bonding molecular orbital can hold two electrons, the Lewis view of the electron-pair bond 

is approximately equivalent to the quantum-mechanical idea of a bonding molecular orbital 

occupied by a pair of electrons. The Lewis picture places the electrons squarely between 

the nuclei. Quantum theory says that although the electrons have a high probability of 

being between the bound nuclei, they can also occupy other regions of space. 

Molecular orbital theory shows, however, that a chemical bond need not be an 

electron pair. For example, Hy (the hydrogen molecule cation, which we might represent 

in the Lewis sense as H*H) is a stable species in the gas phase (Problem 1.15). It is not 

so stable as the hydrogen molecule itself because the ion has only one electron in the 

bonding molecular orbital, rather than the two found in a neutral hydrogen molecule. 

The hydrogen molecule anion, Hy, discussed in the previous section, might be considered 

to have a three-electron bond consisting of two bonding electrons and one antibonding 

electron. The electron in the antibonding orbital is also shared by the two nuclei, but in 

a way that reduces the energetic advantage of bonding. (Hz is not as stable as H; 

Sec. 1.8A.) This example illustrates the point that the sharing of electrons between nuclei 

need not contribute to bonding. It is not surprising, then, that the most common bonding 

situations occur when bonding molecular orbitals contain electron pairs and antibonding 

molecular orbitals are empty. This is why ordinary chemical bonds can be represented as 

electron pairs. 

Hybrid Orbitals 
BRUNO IDO OOD OO COOOOCDOCOCIOOIOOOOCIOOOOOOIOCIOOIO OOOO OOO OORIOCIOIOOOOOUICO OOOO COOK OCIOOOOOKOOO ODOC OOO OOUOUO COGIC OOUC OU OOOUCDO OC DOU COU 

BAIIIOCINOOICDIORIOOIDIOIOOOHIOOICIDOOICIOOIOOIOOOICOIOOOIODIOICIOOOOOOOOO COCO OIIO ODOC IOOOOOCIOC ICO UOOOO UICC OOOO OOO OCOOO OOM ROCCO UMUC GOR Ot inti 

When quantum theory is applied to methane, CHy, the result is that the bonding to four 

hydrogen atoms alters the simple atomic-orbital picture derived for carbon in Sec. 1.7. 

That is, the carbon in methane has an arrangement of orbitals that is different from the 

orbitals in atontic carbon. The orbital arrangement for carbon in methane can, however, 

be derived from that of free carbon. For carbon in methane, we imagine that the 2s 

orbital and the three 2p orbitals are mixed to give four equivalent orbitals, each with a 

character intermediate between pure s and pure p. Since each carbon orbital in methane 

is one part s and three parts p, it is called an sp° orbital (pronounced “s-p-three,” not 

“s-p-cubed”). This means that the six carbon electrons are distributed between one 1s 
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orbital and four equivalent sp’ orbitals. This mental transformation can be summarized 

as follows: 

2) ale seer) Lees and 2p 
orbitals hybrid 
ad 2(sp°) Saat alee alee orbits 

2s Aine 

Is HH Is a 

carbon itself carbon in methane 

The sp° orbitals are examples of hybrid orbitals, because they come from the mixing of 

pure orbitals, just as a hybrid rose is formed by the mixing of pure strains. The shape of 

an sp° orbital is shown in Fig. 1.16a. The orbital consists of two lobes separated by a 

node, much like a p orbital. However, one of the lobes is very small, and the other is 

very large. In other words, the electron density in an sp* hybrid orbital is highly directed 

in space. 

The number of hybrid orbitals (four in this case) is the same as the number of 

orbitals that are mixed to obtain them. (One s orbital + three p orbitals = four sp° 

orbitals.) It turns out that the large lobes of the four carbon sp° orbitals are directed to 

the corners of regular tetrahedron as shown in Figure 1.16b. Four hydrogen atoms, each 

with a single Is electron, overlap with the four carbon sp° orbitals, each aiso with a 

single electron, to give the four bonding C—H molecular orbitals containing two elec- 

trons apiece (Fig. 1.16c). (As a result of this overlap four unoccupied antibonding orbitals 

also arise, which are not important here.) The four C—H bonds thus produced are 
o bonds. 

o bonds 

(a) (b) (c) 

Figure 1.16 (a) A carbon sp* hybrid orbital. (b) The four sp° orbitals of carbon shown together. (c) An orbital 
picture of tetrahedral methane showing the four equivalent a bonds formed from overlap of carbon 
sp’ and hydrogen 1s orbitals. The rear lobes of the orbitals shown in (b) are omitted for clarity. 
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Figure 1.17 

Chemical Bonding and Chemical Structure 

Why are hybrid orbitals formed? First, hybridization gives bonds that are as far apart 

as possible. The pure s and p orbitals available on nonhybridized carbon, in contrast, are 

not directed tetrahedrally. Second, rehybridization provides orbitals that have the bulk 

of their electron density directed toward the hydrogen nuclei. This directional character 

provides more electron “cement” between the nuclei and gives stronger (that is, more 

stable) bonds. 

6b. Bonding in Ammonia 

Ammonia, :NH;, is an example of a compound with an unshared electron pair. The 

electronic configuration of nitrogen in ammonia is, like carbon in methane, hybridized 

to yield four sp* hybrid orbitals; however, unlike the corresponding carbon orbitals, one 

of these orbitals contains an unshared electron pair. 

a mix 2s and 2p 
orbitals hybrid 2p) He | 

2s he 

ls a ils oo 

nitrogen itself nitrogen in ammonia 

Each sp® orbital on nitrogen containing one electron can overlap with the Is orbital of a 

hydrogen atom, also containing one electron, to give the three N—H oa bonds of ammo- 
nia. The sp® orbital containing the pair of electrons is filled. The electrons in this orbital 

become the nitrogen unshared pair. The unshared pair and the three N—H bonds, 

because they are made up of sp’ hybrid orbitals, are directed to the corners of a regular 

tetrahedron (Fig. 1.17). The advantage of orbital hybridization in ammonia is the same 

as in carbon: hybridization accommodates the maximum separation of the unshared pair 

and the three hydrogens and, at the same time, provides strong, directed N—H bonds. 

Notice the connection between hybridization of an atom and the arrangement in 

space of the bonds around that atom. Atoms surrounded by four groups (including 

H cocsnstl “N ie 

H H 

Lewis structure orbital picture 

Bonding molecular orbital picture for ammonia, NH. 
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unshared pairs) in a tetrahedral arrangement are inevitably sp’ hybridized. A trigonal- 

planar bonding arrangement is associated with a different hybridization, and a linear 

bonding arrangement with yet a third type of hybridization. In other words, hybridization 

and molecular geometry are closely correlated. The picture of covalent bonding derived 

from molecular orbital theory also drives home one of the most important differences 

between the ionic and covalent bond: the covalent bond has a definite direction in space, 
whereas the ionic bond is the same in all directions. The directionality of covalent bonding 

is responsible for molecular shape; and, as we shall see, molecular shape can have some 

very important chemical consequences. 

Finally, you are now in a position to appreciate the quantum-mechanical reason for 

the wide adherence to the octet rule in covalent compounds. The atoms in the second 

period of the periodic table have partially filled orbitals in quantum level 2. There are 

four of these valence orbitals in all, one 2s orbital and three 2p orbitals. (Other atoms 
in the A groups of the periodic table have a similar valence orbital arrangement in higher 

principal quantum levels.) When these four orbitals combine with orbitals from other 

atoms, four bonding molecular orbitals are formed. Maximum stability results when these 

bonding molecular orbitals are completely filled with electrons. Filling these bonding 

molecular orbitals takes eight electrons—an octet. 

*1.16 Construct a hybrid orbital picture for the water molecule using oxygen sp* hybrid 

orbitals. PROBLEM 

Key IDEAS IN CHAPTER 1 

\\ Chemical compounds contain two types of bonds: ionic and covalent. 

In ionic compounds, ions are held together by electrostatic attraction 

(the attraction of opposite charges). In covalent compounds, atoms are 

held together by the sharing of electrons. 

[\ Both the formation of ions and bonding in covalent compounds tend 

to follow the octet rule: each atom is surrounded by eight valence 

electrons (two electrons for hydrogen). 

[\ The formal-charge convention assigns charges within a given species to 

its constituent atoms. 

[\ In covalent compounds, electrons may be shared unequally between 

bonded atoms. This unequal sharing results in a bond dipole. The 

vector sum of all bond dipoles in a molecule is its dipole moment. 

(continues) 
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[\ The structure of a molecule is determined by its bond lengths, bond 

angles, and conformation. Bond lengths are governed, in order of 

importance, by the period of the periodic table from which the 
bonded atoms are derived; by the bond order (whether the bond is 

single, double, or triple); and by the column (group) of the periodic 

table from which the atoms in the bond are derived. Approximate 

bond angles can be predicted by assuming that the groups bound to 

a central atom are as far apart as possible. Conformation can be 

described by the dihedral angles between bonds on adjacent atoms. 

{\ Molecules that are not adequately described by a single Lewis structure 
are represented as resonance hybrids, which are weighted averages of 

two or more fictitious Lewis structures. Resonance hybrids are more sta- 

ble than any of their contributing resonance structures. 

{\ As a consequence of their wave properties, electrons in atoms and mole- 

cules can exist only in certain allowed energy states, called orbitals. 

Orbitals are descriptions of the wave properties of electrons in atoms 

and molecules, including their spatial distribution. 

[\ Electrons in orbitals are characterized by quantum numbers which, for 

atoms, are designated n, |, and m. Electron spin is described by a 

fourth quantum number s. The higher the principal quantum number 

n of an electron, the higher is its energy. In atoms other than hydro- 

gen, the energy is also a function of the / quantum number. 

[\ Some orbitals contain nodes, which separate the wave-peak parts of 

the orbitals from the wave-trough parts. The number of nodes in an 

atomic orbital increases with its principal quantum number. 

Vegi he distribution of electron density in a given type of orbital has a 

characteristic arrangement in space: all s orbitals are spheres, all p 

orbitals have two equal-sized lobes, etc. 

{\ Both atomic orbitals and molecular orbitals are populated with elec- 

trons according to the Aufbau principle. 

{\ Covalent bonds are formed when the orbitals of different atoms over- 

lap. Covalent bonding can be understood to arise from the filling of 

bonding molecular orbitals by electron pairs. 

\ The directional properties of bonds can be understood by the use of 

hybrid orbitals. The hybridization of an atom and the geometry of the 
atoms attached to it are closely related. All oa es atoms nae a 

tetrahedral geometry. 
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In each of the following sets, specify the one compound that is most likely to 

exist as free ions in its liquid (molten) state. 

aCe Gl, (2) HCl (3) NaAt (4) K, 
(b) ees. (Gch (3) HF (4) XeF, 

Which of the atoms in the following species have a complete octet? What is the 

formal charge on each? Assume all valence electrons are shown. 

Gy CHs gp()biNH © s(O):CHse 1(d)) Blige (eytl: 

Draw one Lewis structure for each of the following compounds; show all 

unshared electron pairs. None of the compounds bears a net charge, and all 

atoms except hydrogen have octets. 

*(a) C,H;Cl (b) C3;H.O 
*(c) ketene, C,H,O, which has a carbon-carbon double bond 

(d) a compound other than allene (Problem 1.5a), C3Hy 

Give the formal charge on each atom and the net charge on each species in each 

of the following structures. All valence electrons are shown. 

1) ? (5) : 

: O — Cl O : perchlorate : O — ) — O : sulfate 

O :O: 

“(c) H (d) CH; CH; 
ji \ 

HE methylene c— 

\ i 
Hl CH, 

Te) <0: (jee. ee ozone 

N trimethylamine 
H,C~ | ~CH; oxide 

CH; 

(Os Cl—O : hypochlorite *(h) H 

Ge: ethyl radical 
\ 
H 

Give the electronic configuration of *(a) the chlorine atom; (b) the chloride ion; 

*(c) the argon atom; (d) the magnesium atom. 

Which of the following orbitals is/are not permitted by the quantum mechanics 

of the hydrogen atom? Explain. 

(ae 2s (b) 6s (om od (a)ine2d (Ee) mop 
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1.23 

*1.24 

le25 

1.26 

Predict the approximate bond angles in each of the following molecules. 

(ae Ci; 
(b) BeH, 

=e) CH; 

(d) :Cl—Si(CH3),; (Give Cl—Si—C angle.) 

“(e) O6=0—6: ozone 

(f) H,C=C—CH), allene (Give H—C—C and C—C—C angles.) 

1G) oO 
+ 

H,C—N 

+ 

(h) H30 

*() 0 
Ne, Ses 
CaO) carbonate ion 

Rew: 
2 

The acetate ion is a resonance hybrid of two structures. 

:O: :O:7 

/ 
lalg¥C—=C <> H;C—C acetate ion 

\ 
[ce :O: 

In this ion, identify 

(a) the longest bond(s) (c) the bonds that are equivalent by resonance 

(b) the shortest bond(s) (d) the most polar bonds 

Consider the resonance structures for the carbonate ton. 

$0; :O:7 [Os 

| | | 
4 Ae ap Ore of oe “SOF 6 

(a) How much negative charge is on each oxygen of the carbonate ion? 

(b) What is the bond order of each carbon-oxygen bond in the carbonate ion? 

The allyl cation can be represented by the following resonance structures. 

Isl H 

+ ai 

Ga O——Ohkip a ByC==C—Claly allyl cation 

(a) What is the bond order of each carbon-carbon bond in the allyl cation? 

(b) How much positive charge resides on each carbon of the allyl cation? 
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*(c) Although the structures above are reasonable descriptions of the allyl cation, 

the following cation cannot be described by analogous resonance structures. 

Explain why the structure on the right is not a reasonable resonance 

structure. 

H H 

ewes 
H,C=C—NH, S€ H,C—C=NH; 

(a) Two types of nodes occur in atomic orbitals: spherical surfaces and planes. 

Examine the nodes in 2s, 2p, and 3p orbitals and show that they agree with 

the following statements: 

1. an orbital of principal quantum number n has n — 1 nodes; 

2. the value of | gives the number of planar nodes. 

(b) How many spherical nodes are there in a 5s orbital? In a 3d orbital? How 

many nodes of all types are there in a 3d orbital? 

The shape of one of the five equivalent 3d orbitals is shown below. From your 

answer to the previous question, sketch the nodes of this 3d orbital, and associate 

a wave peak or a wave trough with each lobe of the orbital. 

3d orbital 

Orbitals with / = 3 are called f orbitals. (a) How many equivalent f orbitals are 

there? (b) In what principal quantum level do f orbitals first appear? (c) How 

many nodes are there in a 5f orbital? 

Sketch a 4p orbital. Show the nodes and the regions of wave peaks and wave 

troughs. 

Account for the fact that H;C— Cl (dipole moment 1.90 D) and H;C—F (dipole 

moment 1.85 D) have almost identical dipole moments, even though fluorine 

is considerably more electronegative than chlorine. (See Study Guide Link 1.2.) 

In Sec. 1.3B we noted that the principles for predicting bond angles do not 

permit a distinction between the following two conceivable forms of ethylene. 
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The dipole moment of ethylene is zero. Does this experimental fact provide a 

clue to the conformation of ethylene? Why or why not? 

The difference in energy between an electron in the first quantum level of the 

hydrogen atom and one in the second is 1.635 x 10~'8 J. The energy available 

from a photon is 

sey’ 

where hh is Planck’s constant, 6.626 X 10~*4 J-sec, c is the velocity of light 

(3 X 10% m/sec), and A is the wavelength of the light. Calculate the wavelength 

of light required to bring about the jump of an electron in a hydrogen atom 

from the n = 1 to n = 2 level. (The wavelength is defined in Fig. 1.9.) The 

hydrogen atom is found to absorb light at precisely this wavelength, which is in 

the far ultraviolet region of electromagnetic radiation. 

A well-known chemist, Havno Szents, has heard you apply the rules for predicting 

molecular geometry to water; you have proposed (Problem 1.8a) a bent geometry 

for this compound. Dr. Szents is unconvinced by your arguments and continues 

to propose that water is a linear molecule. He demands that you debate the 

issue with him before a learned academy. You must therefore come up with 

experimental data that will prove to an objective body of scientists that water 

indeed has bent geometry. Explain why the dipole moment of water, 1.84 D, 

could be used to support your case. 

Consider again three possible conformations of the hydrogen peroxide molecule, 

H,03;, discussed in Problem 1.11, in which the dihedral angles between O—H 

bonds are, respectively, 0°, 180°, and 90°. Assuming that the H,O, molecule 

exists predominantly in one conformation, which of these conformations can 

be ruled out by the fact that HO, has a large dipole moment (2.13 D)? Explain. 

Consider two 2p orbitals, one on each of two different atoms, oriented side to 

side, as follows: 

nuclei 

Imagine bringing these nuclei together so that overlap occurs between the wave 
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peaks and between the wave troughs. This overlap results in a system of molecular 

orbitals. 

(a) Sketch the shape of the resulting bonding and antibonding molecular 

orbitals. 
(b) Identify the node(s) in each. 

(c) When two electrons occupy the bonding molecular orbital, is the resulting 

bond a o bond? Explain. 

Consider two 2p orbitals, one on each of two atoms, oriented head to head as 

follows: 

nuclei 

OS 
Imagine gradually bringing the nuclei closer together until the two wave peaks 

(the colored lobes) of the orbitals just overlap. A new system of molecular 

orbitals is formed by this overlap. 

(a) Sketch the shape of the resulting bonding and antibonding molecular 
orbitals. 

(b) Identify the nodes in each molecular orbital. 

(c) Iftwo electrons occupy the bonding molecular orbital, is the resulting bond 
a o bond? Explain. 

When a hydrogen molecule absorbs light, an electron jumps from the bonding 
molecular orbital to the antibonding molecular orbital. Explain why this light 

absorption can lead to the dissociation of the hydrogen molecule into two 
hydrogen atoms. (This process, called photodissociation, can sometimes be used 

to initiate chemical reactions.) 

Suppose you take a trip to a distant universe and find that the periodic table 

there is derived from an arrangement of quantum numbers different from the 

one on Earth. The rules there are: 

1. principal quantum number n = 1, 2,... (as on Earth) 

2. angular momentum quantum number / = 0, 1, 2,...,  — 1 (as on Earth) 

3. magnetic quantum number m = 0, 1, 2,...,/ (that is, only positive integers 

up to and including / are allowed) 

4. spin quantum number s = —1, 0, +1 (that is, three allowed values of spin) 

(a) Write the electronic configuration of the element with atomic number 8 in 

the periodic table. 

(b) What is the atomic number of the second noble gas? 

(c) Assuming that the Pauli principle remains valid, what is the maximum 

number of electrons that can populate a given orbital? 

(d) What rule would replace the octet rule? 
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Alkanes 

Hydrocarbons 

Our study of the various classes of organic compounds begins with the hydrocarbons, 

compounds that contain only the elements carbon and hydrogen. Methane, CHg, is the 

simplest hydrocarbon. As you learned in Chapter 1, all the hydrogen atoms of methane 

are equivalent, occupying the corners of a regular tetrahedron. Imagine now, that instead 

of being*bound only to hydrogens, a carbon atom could be bound to a second carbon 

with enough hydrogens to fulfill the octet rule. The resulting compound is ethane. 

lek Gal 
Hel trae | 

Lewis structures of ethane: H: op le Td ee Oe a il iIpgO—W)sb 

HH val 
lel Mal 

ball-and-stick model of ethane space-filling model of ethane 

In ethane, the bond between the two carbon atoms is longer than a C—H bond, but it 

is an electron-pair bond in the Lewis sense much like the C—H bond. In terms of orbitals, 

the carbon-carbon bond in ethane consists of two electrons in a bonding molecular orbital 

formed by the overlap of two sp® hybrid orbitals, one from each carbon. Thus, the carbon- 

carbon bond in ethane is an sp’-sp° sigma bond (Fig. 2.1). The C—H bonds in ethane 
are like those of methane. They consist of electron pairs in bonding molecular orbitals, 

each of which is formed by the overlap of a carbon sp® orbital with a hydrogen 1s orbital. 

Both the H—C—C and H—C—H bond angles in ethane are approximately tetrahedral, 

because each carbon bears four groups. 

45 



Figure 2.1 

sp>-1s a bond 

Bonding molecular orbitals in ethane. 

We can go on to envision other hydrocarbons in which any number of carbons are 

bonded in this way to form chains of carbons bearing their associated hydrogen atoms. 

Indeed, the ability of a carbon to form stable bonds to other carbons is what gives rise 

to the tremendous number of known organic compounds. The idea of carbon chains, a 

revolutionary one in the early days of chemistry, was developed independently by the 

German chemist August Kekulé and the Scotsman Archibald Scott Couper in about 1858. 

Kekulé’s account of his inspiration for this idea is amusing. 

During my stay in London I resided for a considerable time in Clapham Road 

in the neighborhood of Clapham Common. ... One fine summer evening I was 

returning by the last bus, “outside” as usual, through the deserted streets of the 

city that are at other times so full of life. I fell into a reverie, and lo, the atoms 

were gamboling before my eyes. Whenever, hitherto, these diminutive beings had 

appeared to me they had always been in motion. Now, however, I saw how, fre- 

quently, two smaller atoms united to form a pair.... I saw how the larger ones 

formed a chain, dragging the smaller ones after them but only at the ends of the 

chain. ... The cry of the conductor, “Clapham Road,” awakened me from my 

dreaming, but I spent a part of the night putting on paper at least sketches of 

these dream forms. This was the origin of the “Structure Theory.” 

Hydrocarbons are divided into two broad classes: aliphatic hydrocarbons and aro- 

matic hydrocarbons. There are three types of aliphatic hydrocarbons: alkanes, alkenes, 

and alkynes. We'll begin our study of aliphatic hydrocarbons with the alkanes, also known 

as paraffins. These are hydrocarbons that contain only single bonds. (Methane and ethane 

are the simplest alkanes.) Later we'll consider the alkenes, or olefins, hydrocarbons that 

contain carbon-carbon double bonds; and the alkynes, or acetylenes, hydrocarbons that 

contain carbon-carbon triple bonds. The class of aromatic hydrocarbons consists of 

benzene and its substituted derivatives. 

i 

i i H H | | 

He eat eee, Moves ihe ee 

I i i Y an alkyne I 

saallieine an dlr henene 

aliphatic hydrocarbons an aromatic hydrocarbon 
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Unbranched Alkanes 
POO e meer m emer sense essere essere esses eee eee EE eee ee eee EEE EE EEEE EEE EEE EEEEEEEEEEHEEE EEE HEHE EEEEE EEE EEE SESE EEE E EEE EEE SESE EEEEES 

Carbon chains take many forms in the alkanes; they may be branched or unbranched, 

and they can even exist as rings (cyclic alkanes). Alkanes with unbranched carbon chains 

are sometimes called normal alkanes, or n-alkanes. A few of the unbranched alkanes 

are shown in Table 2.1, along with some of their physical properties. You should learn 

the names of the first twelve unbranched alkanes because these names are the basis for 

naming many other organic compounds. The names ethane, propane, and butane have 

their origins in the early history of organic chemistry, but the names of the higher alkanes 

are derived from the corresponding Greek numerical names: pentane (pent = five); 

hexane (hex = six); etc. 

Organic molecules are represented in different ways which we'll illustrate using the 

alkane hexane. The molecular formula of a compound (C.H,, for hexane) gives its 

atomic composition. All noncyclic alkanes (alkanes without rings) have the general 

formula C,,H3,,4., in which n is the number of carbon atoms. The structural formula 

of a molecule is its Lewis structure, which shows the connectivity of its atoms, that is, 

the order in which its atoms are connected. For example, a structural formula for hexane 

is the following: 

jal Jal i H | 

lal= CS (CS C= CC — CIA hexane 

lal Jel dal isl dnt fal 

Table 2.1 The Unbranched Alkanes 

Compound Molecular Condensed structural Melting Boiling Density,* 

name formula formula point, °C point, °C g/mL 

methane CH, Gila = B25 = i@ll,7/ — 

ethane G,H¢ CH3CH; = 1133),3} — 88.6 — 

propane C3H¢ CH3CH,CH;3 =O 57 eal 0.5005 

butane C4 CH;3(CH, )»CH3 = 118si9) (eo 0.5788 

pentane C5H) CH3(CH,)3CH; —129.8 36.1 0.6262 

hexane CH. CHACH CH: —~95.3 68.7 0.6603 
heptane CrHi¢ H3(CH,);CH; —90.6 98.4 0.6837 

octane CH i CH3(CH,)<CH3 —56.8 25,7 0.7026 

nonane CoH H3(CH 7 )7CH3 =—53.0 150.8 O77 

decane Ci9H22 H3(CH 7)gCH; =O) 174.0 OM7299 

undecane Cy, H4 CH3(CH))9CH3 DS 195.8 0.7402 

dodecane C1 2H 6 H3(C H,)9CH3 SHS 216.3 0.7487 

eicosane Cr9H a2 - CH;(CH,)isCH3 + 36.8 343.0 0.7886 
eee ee eee wee eee ee Hee EEE EER REE EEEE TEETH EEEEEE EERE E EEE EEEEEEE EEE HEEEEEEEEE EEE HEEHHEEEEH ESE HEEEEEEHEE EEE EOEEEHEE EEE EEE HEEEHEEE SESE HOES EEE ES 

4 The densities tabulated in this text are at 20° unless otherwise noted. 
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Writing each hydrogen atom in this way is very time-consuming, and a simpler representa- 

tion of this molecule, called a condensed structural formula, conveys the same 

information. 

CH. CH, CH, CH, CH, CH, hexane 

In such a structure the hydrogen atoms are understood to be connected to carbon atoms 

with single bonds, and the bonds shown explicitly are bonds between carbon atoms. 

Sometimes even these bonds are omitted, so that hexane can also be written 

CH;CH,CH,CH>CH,CH;. The structural formula may be further abbreviated as shown 

in the third column of Table 2.1. In this type of formula, for example, (CH), means 

CH,— CH,— CH;— CH; —.,, and hexane can thus be written CH3(CH2)4CHs3. 

The family of unbranched alkanes form a series in which successive members differ 

from each other by one —CH,— group (methylene group) in the carbon chain. 

Generally, physical properties within such a series vary in a regular way. An examination 

of Table 2.1, for example, reveals that the boiling points, melting points, and densities 

of the unbranched alkanes vary regularly with increasing number of carbon atoms. This 

variation can be useful for quickly estimating the properties of a member of the series 

whose properties are not known. 
Even more important, the members of a series usually undergo the same chemical 

reactions. This observation greatly simplifies the learning of organic chemistry. For exam- 

ple, we can study the chemical reactions of propane with the confidence that ethane, 

butane, or dodecane will undergo analogous reactions. 

The French chemist Charles Gerhardt (1816-1856) recognized in 1845 that many 

related compounds differ in their molecular formulas by multiples of (CH2). He 

wrote, “These (related) substances undergo reactions according to the same equa- 

tions, and it is only necessary to know the reactions of one in order to predict the 

reactions of the others.” 

meee eee ene ee eee eee eee eee eee ee DEE OES EE SHEESH EESEE HOHE EERE REESE TEESE EEEEEE SEEDS EEE E EEE EEE H SEES EEE EEEEES EHH E OEE EEEE SHEE EEEEEES HEH EEEHD ESE ES SHEDS EEE OE EEE 

21 *(a) How many hydrogen atoms are in the unbranched alkane with 18 carbon 

atoms? 

(b) How many carbon atoms are in the unbranched alkane with 30 hydrogen 

atoms? 

*(c) Is there an unbranched alkane containing 23 hydrogen atoms? If so, give 

its formula; if not, explain why not. 

Wp Estimate the boiling points of *(a) tridecane, C,;3H2s, and (b) tetradecane, 

C,4H39. Give a condensed structural formula for each compound. 

meee eet e eee e OHO EE OREO E OHHH SESE EEE EERE TEED HEHEHE TEESE SEH EH HEHEHE EEE HEH OE HHEEEEE EEE H ESSE EE EEE H HEHEHE EEE EHEEEE ODEO HEHE EHO ESEE DEO EEE EEE EEE ES 

DOERR Re mmm meee e eee eee eee ease ee eee EHH HEF S DESDE HEHEHE EEEE HHO OEEES EDOM E HEHEHE EOE HEEE EEE EHEEEE EEE HEHE EEE E EHS EERO SEE ER EES 

In Section 1.3B you learned that understanding the structures of many molecules requires 

that we specify not only their bond lengths and bond angles, but also their conformations. 
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In this section, we'll use the simple alkanes ethane and butane to develop some simple 

principles that will allow us to predict the conformations of more complex molecules. 

A. Conformation of Ethane 

In order to specify the conformation of ethane, we must define the relationship of the 

C—H bonds on one carbon to those on the other. To do this, view the molecule in a 

Newman projection (Sec. 1.3B). A Newman projection for ethane is shown in Fig. 2.2. In 

a typical Newman projection, we represent the near carbon of the bond as an open circle. 

The remaining carbon is hidden from view behind the circle. The bonds drawn to the 

center of the circle are attached to the near carbon; the bonds drawn to the periphery of 

the circle are attached to the hidden carbon. The carbon-carbon bond is, of course, also 

ball-and-stick models: 

line-and wedge formulas: 

% i a a 

ie Can Ore ae gee 

(a) viewing a model of ethane from one end (b) end-on view (c) Newman projection 

Figure 2.2 

(6 = dihedral angle) 

Derivation of a Newman projection for ethane using ball-and-stick models (top) and line-and-wedge 
formulas (bottom). First view the ethane molecule from the end of the bond you wish to project, as 
in (a). The resulting end-on view is shown in (b). This ts represented as a Newman projection (c) 
in the plane of the page, in which the carbon closer to the observer is represented by a circle. The 
bonds drawn to the center of the circle are attached to the carbon closer to the observer; the bonds 
drawn to the periphery of the circle (grey) are attached to the other (hidden) carbon. 
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hidden. In the Newman projection of ethane, the dihedral angle 0 between the carbon- 

hydrogen bonds on the different carbons defines the conformation of ethane. 

Two limiting possibilities for the conformation of ethane can be seen from its 

Newman projections. In one, a C—H bond of one carbon bisects the angle between two 

C—H bonds of the other; this conformation of ethane is called the staggered conforma- 

tion (6 = 60°). In the other conformation, the eclipsed conformation, the C—H bonds 

on the respective carbons are superimposed (6 = 0°). 

d= 60° 

m i" ee Ue Lia > 

H H e H 

staggered conformation eclipsed conformation 
of ethane of ethane 

Of course, dihedral angles other than 60° and 0° are possible, but these two will prove 

to be of central importance. Which is the preferred conformation of ethane? 

The energies of the ethane conformations can be described by a plot of relative 

energy vs. dihedral angle, which is shown in Fig. 2.3. In this figure, a dihedral angle of 

0° is arbitrarily taken to be the eclipsed conformation, and the dihedral angle is the 

angle between the bonds to the colored hydrogens on the different carbons. To see the 

relationships in Fig. 2.3, build a model of ethane and use it in the following way. Hold 

either carbon fixed and turn the other about the C—C bond; as the angle of rotation 

changes, the model passes alternately through three identical staggered and three identical 

eclipsed conformations. As shown by Fig. 2.3, identical conformations have identical 

energies, as intuition dictates. The graph also shows that the eclipsed conformation is 

characterized by an energy maximum, and the staggered conformation is characterized 

by an energy minimum. The staggered conformation is thus the more stable conformation 

of ethane. The graph shows that the staggered conformation is more stable than the 

eclipsed conformation by about 12 kJ/mol (about 2.9 kcal/mol). This means that it would 

take about 12 kJ of energy to convert one mole of staggered ethane into one mole of 

eclipsed ethane, if such a conversion were practical. 

Why is the staggered conformation of ethane more stable? According to one argument 

that is based on molecular-orbital theory, the molecular orbitals in the C—H bonds 

have an unfavorable interaction in the eclipsed conformation that is not present in the 

staggered conformation. This interaction is manifested as a greater energy for eclipsed 

ethane. 
One staggered conformation of ethane can convert into another by rotation about 

the carbon-carbon bond. This rotation is called an internal rotation (to differentiate it 

from a rotation-of the entire molecule). When an internal rotation occurs, an ethane 
molecule must briefly pass through the eclipsed conformation; thus, it must acquire the 

additional energy of the eclipsed conformation and then lose it again. What is the source 

of this energy? 

At temperatures above absolute zero, molecules are in constant motion and therefore 

have kinetic energy. Heat is a manifestation of this energy. In a sample of ethane the 

molecules move about in a random manner, much as thousands of people might mill 
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12 kJ/mol 

(2.9 kcal/mol) 

POTENTIAL ENERGY 

i. approx. 

0 60 120 180 240 300 360 

dihedral angle, degrees (=0) 

H H HH H HH H H 

H H H gi H H H H ? H H 

Figure 2.3 Variation of energy with dihedral angle about the carbon-carbon bond of ethane. Note that the 
staggered conformations are at the energy minima, and the eclipsed conformations are at the 
energy maxima. 

about in a crowd. These moving molecules frequently collide, and molecules can gain or 

lose energy in such collisions. (An analogy is the collision of a bat with a ball; some of 

the kinetic energy of the bat is lost to the ball.) When an ethane molecule gains sufficient 

energy from a collision, it can pass through the higher-energy eclipsed conformation into 

another staggered conformation, that is, it can undergo internal rotation. Whether a 

given ethane molecule acquires sufficient energy to undergo an internal rotation is strictly 

a matter of probability (random chance). However, an internal rotation is more likely at 

higher temperature, because molecules have greater kinetic energy at higher temperature. 

The likelihood that ethane undergoes internal rotation is reflected as its rate of 

rotation: how many times per second the molecule converts from one staggered conforma- 

tion into another. This rate is determined by how much energy must be acquired in 

order for the rotation to occur, 12 kJ/mol (2.9 kcal/mol) in the case of ethane. This 

amount of energy is small enough that the internal rotation of ethane is very rapid even 

at very low temperatures. At 25 °C a typical ethane molecule undergoes a rotation from 

one staggered conformation to another at a rate of about 10'' times per second! This 

means that the interconversion between staggered conformations takes place about once 

every 107'' second. Despite this short lifetime for any one staggered conformation, an 

ethane molecule spends most of its time in its staggered conformations, passing only 
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transiently through its eclipsed conformations. Thus, an internal rotation is best character- 

ized not as a continuous spinning, but a constant succession of abrupt jumps from one 

staggered conformation to another. 

B. Conformations of Butane 

Internal rotation about the central carbon-carbon bond of butane represents an important 

and somewhat more complex conformational situation. The Newman projections for this 

rotation are derived by looking down the central carbon-carbon bond as shown in Fig. 

2.4. The graph of energy as a function of angle of internal rotation is given in Fig. 2.5. 

Note once again that the various rotational possibilities are generated with a model by 

holding either carbon fixed (the carbon away from the observer in Fig. 2.5) and rotating 

the other one. 

Figure 2.5 shows that the staggered conformations of butane, like those of ethane, 

are at energy minima, and are thus the stable conformations of butane. However, there are 

important differences between the butane and ethane situations. Not all of the staggered 

conformations (nor the eclipsed conformations) are alike. The different staggered confor- 

mations have been given special names. The conformations with a dihedral angle of +60° 

ball-and-stick models: 

—_—S 

ay as 

line-and wedge formulas: 

H CH, wer 

<i Aes —— : G —— Mee 

Gigwise 3 i Gre 

(a) viewing a model of butane from one end (b) end-on view (c) Newman projection 
of the central carbon-carbon bond 

Figure 2.4 Derivation of a Newman projection of the central carbon-carbon bond in butane using ball-and- 
stick models (top) and line-and-wedge formulas (bottom). The drawing conventions are the same 
as in Fig. 2.2. (Only one of the butane conformations is shown.) 
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2 3.72 kJ/mol 
(0.89 kcal/mol) 

0 60 120 180 240 300 360 

dihedral angle, degrees (=0) 

H3€ H H H3¢ 

H SH Ye H- ~ H E Jagr H,¢ < H anos H ~ H 
Hl H H H ey CE H H i H H H Hi H 

Figure 2.5 = Internal rotation in butane. 

t between the two C—CH; bonds are called gauche conformations; the form in which 
Stupy GUIDE ee the dihedral angle is 180° is called the anti conformation. 

2.1 

Newman Projections 

anti conformation gauche conformations 
0 = 180° GUS 60° 

Figure 2.5 shows that the gauche and anti conformations of butane have different 

energies. The anti conformation is the more stable of the two by 3.72 kJ/mol (0.89 kcal/ 

mol). The gauche conformation is the less stable of the two because the CH; groups are 

very close together—so close that the hydrogens on the two groups occupy each other’s 

space. You can see this with the aid of the space-filling model in Fig. 2.6a. One measure 

of an atom’s size is its van der Waals radius. Energy is required to force two nonbonded 

atoms together more closely than the sum of their van der Waals radii. Since the van 

der Waals radius of a hydrogen atom is about 1.2 A, forcing the centers of two nonbonded 

hydrogens to be closer than twice this distance requires energy. Furthermore, the more 
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Figure 2.6 

Alkanes 

H—H distances are less than the sum 

of van der Waals radii 

BOY eS See 

(a) gauche butane (b) butane with CH, — CH3 bonds eclipsed 

(a) Space-filling models of gauche butane with the methyl hydrogens shown in color. A hydrogen 

atom from one CH, group is so close to a hydrogen atom of the other CH; group that they violate 

each other’s van der Waals radii. This unfavorable interaction causes gauche butane to have a 

higher energy than anti butane, in which this interaction is absent. (b) When the two CH; groups 

of butane are eclipsed, van der Waals repulsions are even greater than they are in gauche butane. 

the two hydrogens are pushed together, the more energy Is required. This extra energy 

required to force two nonbonded atoms within the sum of their van der Waals radii is 

called a van der Waals repulsion. Thus, in order to attain the gauche conformation, 

butane must acquire more energy. In other words, gauche butane is destabilized by van 

der Waals repulsions between nonbonded hydrogens on the two CHy groups. 

The eclipsed conformations of butane are unstable for the same reason that the 

eclipsed conformations of ethane are unstable. Moreover, in the conformation of butane 

in which the two C—CH,; bonds are eclipsed, the hydrogens in the two CH; groups are 

even closer than they are in the gauche conformation (Fig. 2.6b). The van der Waals 

repulsions and the resultant energy cost are correspondingly greater. Notice that of all 

the eclipsed conformations, this one is the most unstable (6 = 0° in Fig. WES) 

Why should we care about the relative energies of the butane conformations? The 

reason is that when conformations are in equilibrium, as the various conformations of 

butane are, the most stable conformation—the conformation of lowest energy—is present 

in greatest amount. Thus, the anti conformation of butane is the predominant conforma- 

tion of butane. At room temperature, there are about twice as many molecules of butane 

in the anti conformation as there are in the gauche conformation. 

The gauche and anti conformations of butane interconvert rapidly at room tempera- 

ture—almost as rapidly as the staggered forms of ethane. Because the eclipsed conforma- 

tions are unstable, they do not exist to any measurable extent. 

Several of the things you’ve learned from studying the conformations of ethane and 

butane can be generalized to other alkanes. 

1. Staggered conformations about single bonds are favored. 

2. Conformations in which larger groups are brought closer together are less 

stable than conformations in which these groups are farther apart. 

3. Van der Waals repulsions (repulsions between nonbonded atoms) are a 

source of instability. 
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2S (a) Draw a Newman projection for each conformation about the C2—C3 bond 

of isopentane, a compound containing a branched carbon chain. 

2 3 
CH;— CH—CH,— CH; isopentane 

CH; 

Show both staggered and eclipsed conformations. 

(b) Sketch a curve of potential energy vs. dihedral angle for isopentane similar 

to that of butane in Fig. 2.5. Your curve should show the relative stabilities 
of the different conformations. (Do not try to give numerical values for 

relative energies.) Label each energy maximum and minimum with one of 

the conformations you drew in (a). 

(c) Which one conformation is likely to be present in greatest amount in a 

sample of isopentane? Explain. 

2.4 Repeat Problem 2.3 for the C1—C2 bond of butane. 

1 2 

Che CE Cp Cre butane 

Constitutional Isomers and Nomenclature 

When a carbon atom in an alkane is bound to more than two other carbon atoms, a 

branch in the carbon chain occurs at that position. The smallest branched alkane has 

four carbon atoms. As a result, there are two four-carbon alkanes; one is butane, and the 

other is isobutane. 

CH; 

Cla—Clsy = Clhb = CIEL GHC 

butane (Cla 
bp —0.5° 

isobutane 
yD Ii 

These are different compounds with different properties. For example, the boiling point 

of butane is —0.5 °C, whereas that of isobutane is —11.7 °C. Yet both have the same 

molecular formula, C,H;9. Different compounds that have the same molecular formula 

are said to be isomers. 

There are different types of isomers. Isomers such as butane and isobutane that 

differ in the connectivity of their atoms are termed constitutional isomers (in earlier 

literature called structural isomers). Recall (Sec. 2.2) that connectivity is the order in 

which the atoms of the molecule are connected. Notice that the atomic connectivities of 

butane and isobutane differ because, in isobutane, a carbon is attached to three other 

carbons, whereas in butane, no carbon is attached to more than two other carbons. 
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Butane and isobutane are the only constitutional isomers with the formula C,H. 

However, more constitutional isomers are possible for alkanes with more carbon atoms. 

There are nine isomers of the heptanes (C7Hj«); 75 isomers of the decanes (Cj H>2); and 

366,319 isomers of the eicosanes (C9H42)! The large number of isomers that are possible 

for organic compounds of even modest size creates a problem of nomenclature. How 

can one unambiguously designate each one of many isomeric compounds with a name 

that can be easily constructed and remembered? 

Deere eee oP ates cie aialajevuieralalaterd tein carbtelslolayetalntoleieln) steele) slatere sraverayotovels\ela(a)ala)e eretaiesejoiv\aisis(e)s/s(e/o\d/aieio\eiesietere;¢isjeie)sis\elels.© Rlsis/sisie/Fi ASI Soe a aaines 

An organized effort to standardize organic nomenclature dates from proposals made at 

Geneva in 1892. From these proposals have evolved several accepted systems of nomencla- 

ture developed and sanctioned by the International Union on Pure and Applied Chemistry 

(IUPAC), a professional association of chemists. The most widely applicable system of 

nomenclature in use today is called substitutive nomenclature. 

The IUPAC rules for nomenclature of alkanes form the basis for the substitutive 

nomenclature of most other compound classes. Hence, it is important to learn these rules 

and be able to apply them. 

C. Substitutive Nomenclature of Alkanes 

Alkanes are named by applying the following rules in order. This means that if one rule 

doesn’t unambiguously determine the name of a compound of interest, we proceed down 

the list in order until we find a rule that does. 

1. The unbranched alkanes are named according to the number of carbons as 

shown in Table 2.1. 

2. For alkanes containing branched carbon chains, determine the principal 

chain. 

The principal chain is the longest continuous carbon chain in the molecule. To 

illustrate: 

CHs—-CH,— CH, — CH — CH — Cig principal chain 

When identifying the principal chain, take into account that the condensed structure of a 

given molecule may be drawn in several different ways. Thus, the following structures 

represent the same molecule, with the principal chain shown in color: 

CH; Clalp-——(ClAl;— Clay 

Although these structures don’t look the same, they are the same! How can you know? 

The key point to understand is that condensed structures like the ones used here are not 
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meant to depict orientations in space. In order for two condensed structures to represent 

the same molecule, they need only have the same connectivities. In both the structures 

above, for example, the connectivity sequence is the same: CH3, CH2, CH2, (CH connected 

to CH;), CH,, CH3. Hence, both structures represent the same molecule. Thus, identifica- 

tion of the principal chain, as well as all other aspects of substitutive nomenclature, are 

based on connectivity—not on the way a molecule happens to be drawn. 

3. If two or more chains within a structure have the same length, choose as the 

principal chain the one with the greater number of branches. 

The following structure is an example of such a situation: 

CH,— CH; 
| 

CH, — CH CH Ch) =r er 

six-carbon chain 

with two branches 

six-carbon chain 

with one branch 

(this is the proper choice 
for principal chain) 

The correct choice of principal chain is the one on the right, because it has two branches; 

the choice on the left has only one. (It makes no difference that the branch on the left 

is larger, or that it has additional branching within itself.) 

4. Number the carbons of the principal chain consecutively from one end to the 

other in the direction that gives the branch the lower number. 

In the following structure, the carbons of the principal chain are numbered to give 

the lower number to the —CH; branch. 

6 5 4 3 2 1 <———_ proper numbering 

(Clk Clb = Clay — Cll Cla = Cla , ; 

1 2) 3) 4 | 5 Sa improper numbering 

CH; 

5. Name each branch and identify the carbon number of the principal chain at 

which it occurs. 

In the previous example, the branching group is a —-CH; group. This group is 

called a methyl group, and it is located at carbon-3 of the principal chain. 

Branching groups are in general termed substituents, and substituents derived from 

alkanes are called alkyl groups. An alkyl group may contain more than one carbon. The 

name of an unbranched alkyl group is derived from the unbranched alkane with the 

same number of carbons by dropping the final ane and adding yl. 

==(Claly methyl ( = methap¢ + yl) 

ea Oly Glee or ==(Cylals ethyl ( = ethdp¢ te yl) 

== (Clk CIBEC sl propyl 
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Table 2.2 Nomenclature of Some Short 

Branched-Chain Alkyl Groups 

Group structure Condensed structure Written name Pronounced name 

CH; 

\ . . 

aioe (CHe) > Ci isopropyl isopropyl 

CH; 

CH; 

\ . . 

rapes (CH; ),CHCH,— isobutyl isobutyl 

CH; 

CH3;CH,CH— _— sec-butyl secondary butyl 

| 
CIEL 

fe 
CA —=C—= (@ie); Ga tert-butyl tertiary butyl 

| (or t-butyl) 
CH; 

be 
ne Ee (Clk) OC —= neopentyl neopentyl 

Gab 

Alkyl substituents themselves may be branched. The most common branched alkyl 

groups have special names, given in Table 2.2. These should be learned, because they will 

be encountered frequently. Notice that the “iso” prefix is used for substituents containing 

two methyl groups at the end of a carbon chain. Also notice carefully the difference 

between an isobutyl group and a sec-butyl group; these two groups are frequently confused 

by beginning students. 

6. Construct the name by writing the carbon number of the principal chain at 

which the substituent occurs, a hyphen, the name of the branch, and the 
name of the alkane corresponding to the principal chain. 

(Cls'g=—= (Clay = Cis Cl al Cl ag Cals name: nye asta 

CH; name of principal chain 

number and name of alkyl substituent 
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Cs Notice that the name of the branch and the name of the principal chain are written 

STUDY GUIDE ar together as one word. Notice also that the name itself does not necessarily convey any 

No Be Pe isomeric relationships; that is, the compound above is a constitutional isomer of heptane 
menclature O . emt he 7 “ : 

Simple Branched because it has seven carbon atoms, but it is named as a derivative of hexane, because its 

Compounds principal chain contains six carbon atoms. 

STOR H Ree eee eee ee HHH e eee eee e ee use HEHEHE HEHEHE H HEH HEHEHEEESEEEESESHEHESEEEEEEEEEEEEEHEEEEOESEE HESS HEHEHE EEE EEE EEE EEEHEEEEEEEEEEE EEE EHEEEEEESEEEED 

Name the following compound, and give the name of the unbranched alkane of which 
it is a constitutional isomer. 

CH= Cre cn — CH Cs CH Hs 

GH==CH: 

CH; 

Solution Because the principal chain has seven carbons, the compound is named as 

a substituted heptane. The branch is at carbon-4, and the substituent group at this 

branch is 

Table 2.2 shows that this group is an isopropyl group. Thus, the name of the compound 

is 4-isopropylheptane: 

Cia4l; = Cla — Cle = Cla — Cle — Cla — CIEL 4-isopropylheptane 

CH cH: 
alkyl group name 
from Table 2.2 

CH, 

Because this compound has the molecular formula C,H), it is a constitutional isomer 

of the unbranched alkane decane. 

eRe e eH EO RO HEHE EOE EEE EEE EEEEEEE ESSE ESSERE EE TEESE EEE EEEEEESEE EEE EEE HEHEHE EEEE EEE EHHEEEEEEEEEEE EEE EEO EHESEEEE EEE EEE EHEEEEEEEE SEES EEE E EEE EED 

7. When there are multiple substituent groups on the principal chain, each sub- 

stituent receives its own number. The prefixes di, tri, tetra, etc., are used to 

indicate the number of identical substituents. 

CH, 

Che €— CGE er: 2,2-dimethylpentane 

CH; two methyl substituents 

shows that both methyl branches are 
at carbon-2 of the principal chain 
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Which two of the following structures represent the same compound? Name the 
STUDY 

PROBLEM compound. 
29) 

Clay ——Osh CH,;— CH — CH,— CH— CH, — CH; CH. — CH —— CH CH -—-Ciaz 

| | 
oa CH, CH; CH; ae CH; 

eae a B Gra 

CH, A C 

Solution The connectivities of both A and C are the same: (CH3, CH2, [CH connected 

to CH;], [CH connected to CH3], CH, CH;). The compound represented by these 

structures has six carbons in its principal chain, and is therefore named as a hexane. 

There are methyl branches at carbons 3 and 4. Hence the name is 3,4-dimethylhexane. 

(You should name compound B after you study the next rule.) 

8. When there are substituent groups at more than one carbon of the principal 

chain, alternative numbering schemes are compared number by number, and 

the one is chosen that gives the lower number at the first point of difference. 

To apply this rule, write the two possible numbering schemes derived by numbering 

from either end of the chain. In the next example, the two schemes are 2,5,5- and 3,3,6-. 

CH; 

possible names: 
CH,— CH>— C—_ CH, CH, — CH —CH, 2,5,5-trimethylheptane (correct) 

| | 3,3,6-trimethylheptane (incorrect) 

CH; CH; 

A decision between the two numbering schemes is made by a pairwise comparison of 

the number sets (2,5,5) and (3,3,6). Because the first point of difference in these sets occurs 

at the first pair—2 vs. 3—the decision is made at this point and the first scheme is 

chosen, because 2 is lower than 3. The second point of difference, 5 vs. 3, does not enter 

the choice. Also, it makes no difference whether the names of the substituents are the 

same or different; only their numerical locations are used. (You should now be able to 
name compound B in Study Problem 2.2.) 

9. Substituent groups are cited in alphabetical order regardless of their location 

in the principal chain. The numerical prefixes di, tri, etc., as well as the pre- 

fixes tert- and sec- are ignored in alphabetizing, but the prefixes iso, neo, 

and cyclo are considered in alphabetizing substituent groups. 

The following compounds illustrate the application of this rule: 

7 6 { 3 2 l 

CH;— CH, - CH—— CH, — CH, - CH — CH, 5-ethyl-2-methylheptane 
| (ethyl is cited before methyl even 
GEE CH; though it has a higher number) 
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CH, 

CH.CH.CH, tas ape a CECH: 3-ethyl-5,5-dimethyloctane 
(note that dimethyl begins 
with the letter m for 

CH, CH,CH; purposes of citation) 

10. When the numbering of different groups is not resolved by the other rules, 

the first-cited group receives the lowest number. 

In the following compound, rules 1-9 do not dictate a choice between the names 

3-ethyl-5-methylheptane and 5-ethyl-3-methylheptane. Because the ethyl group is cited 

first in the name, it receives the lower number, by rule 10. 

CH; — CH, — CH — CH, — CH— CH, — CH 3-ethyl-5-methylheptane 

CH, GH: 

There are situations of greater complexity that are not covered by these ten rules; 

however, these rules will suffice for most cases. 

D. Highly Condensed Structures 

When space is at a premium, parentheses are sometimes used to form highly condensed 

structures that can be written on one line, as in the following example. 

(Giie))) Gaon @ (Oil) mineancum © lea Gal. 

CH; 

When such structures are complex, it is sometimes not immediately obvious, particu- 

larly to the beginner, which atom inside the parentheses is connected to the atom outside 

the parentheses, but a little analysis will generally solve the problem. Usually the structure 

is drawn so that one of the parentheses intervenes between the atoms that are connected 

(except for attached hydrogens). However, if in doubt, look for the atom within the 

parentheses that is missing its usual number of bonds. When the group inside the 

parentheses is CH;, for example, the carbon has only three bonds (to the Hs). Hence, it 

must be bound to the group outside the parentheses. Consider as another example the 

CH,OH groups in the following structure. 

CH; CH,OH 

(CH; )2,CH—CH(CH,0H), means cae 

CH; CH,OH 

Because the oxygen is bound to a carbon and to a hydrogen, it has its full complement 

of two bonds (the two unshared pairs are understood). The carbon, however, is bound 

to only three groups (two Hs and the oxygen); hence, it is the atom that is connected to 

the carbon outside the parentheses. 

If the meaning of a condensed structure is not immediately clear, do not hesitate to 

write it out in less condensed form. If you will take the time to do this in a few cases, it 

should not be long before interpretation of condensed structures becomes more routine. 
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Cn iin 

NOMENCLATURE AND CHEMICAL INDEXING 

From the large number of alkane isomers alone, perhaps you can appreciate 

that vast numbers of organic compounds could (and do) exist. Many have 
never been prepared—not because their preparation would be unreasonably 
difficult, but simply because there has never been a need for them. How can 
one determine whether a given compound has ever been prepared, and, if 
so, what its properties are? The only way is to search exhaustively the existing 
published body of chemical knowledge, called the chemical literature, for 
the information of interest. This would be an impossible task were it not fora 
well-organized index and summary of the chemical literature, called Chemical 
Abstracts. However, the explosion of chemical knowledge has made even the 
searching of Chemical Abstracts indexes a very time-consuming and tedious 
task in some cases. As more organic compounds are added each year to the 
list of known compounds, the importance of an automated information stor- 
age and retrieval system for carrying out chemical literature searches increases. 
Nomenclature is of central importance in such a system. Computer-based 
information technology has been developed that allows chemists to search 
for compounds using name fragments as well as complete names. Moreover, 
it is also possible, although currently somewhat less reliable, to search the 
chemical literature for compounds of interest solely by their structures. 
Through the on-line information-retrieval system of Chemical Abstracts, a 
scientist can now transmit a structure drawing and receive in return an 
indexing number, called the registry number, and the “official” name of 
the compound, if it is a known entity. From this information an efficient 
computer-based search for all known information about the compound can 
be conducted. 

I SEIN Geet is Sasele <epe Pas eleielstale}ete)eselelars:eieiesaisie{afeisie\efofeieiele (ete! \slojn\s aisisisje1s elsloseisjalejaldlereim oza\nielaletolaseie ofolal (slats slayaye'siaisterere sisteisha elie eine ers elamieecie 

Write the Lewis structure of 4-sec-butyl-5-ethyl-3-methyloctane. Then write the structure 
in a condensed form. 

Solution To this point we’ve been giving names to structures. This problem now requires 
that we work “in reverse” and construct a structure from a name. As in most nomenclature 
problems, a systematic approach is required. First, write the principal chain. Because the 
name ends in octane, the principal chain contains eight carbons. You'll find it helpful at 
first to draw the principal chain without its hydrogen atoms: 

C—C—_C— G— €— CC —¢ 

Next, attach the branches indicated in the name at the appropriate positions: a sec-butyl 
group at carbon-4, an ethyl group at carbon-5, and a methyl group at carbon-3. (Use 
Table 2.2 if necessary.) 

CH;— CH— CH, — CH; ~< sec-butyl group 

reer ts neriopens 

CH, CH, CH; 
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Finally, fill in the proper number of hydrogens at each carbon of the principal chain so 

that each carbon has a total of four bonds: 

GHe— GE, CAO, 

CH3——- GE ‘ CH GH Ci —- CH, CH, 

CH; CH, —_—— GEE 

4-sec-butyl-5-ethyl-3-methyloctane 

To write the structure in condensed form, put like groups attached to the same 

carbon within parentheses. Notice that the structure contains within it two sec-butyl 

groups (color in the structure below), even though only one is mentioned in the name; 

the other consists of a methyl branch and part of the principal chain. 

CH Che Ctl = CH. 

| | 
GEE Clalh—Ciak, Gie CH,CH; 

2.5 Name the following compounds. Be sure to designate the principal chain properly 

before constructing the name. 

f(a CHeCh CH CH— CH5CH, CH; 

(b) CH; CH; 

SEO ‘ CH CHrerren= 

GH CH= 

(em(CHECLL CH CGH CHLGlA): 

*2.6 Draw condensed structures for all isomers of heptane and give their systematic 
names. 

2 Draw the structures of 
*(a) 4-isopropyl-2,4,5-trimethylheptane 

(b) 6-tert-butyl-2-methyl-5-propylnonane 

meee eee ee eee eee eee eae ee HOHE EEE H HHH H EEE E EERE HEHEHE HEHE EERE HEHEHE E HEHEHE HEHEHE HEHEHE HHHEEEEEEEE EEE HEHE TE EERE EEE HEHEHE EH EEE EEE EEE H HEHE EES 

ARR e ee eee eee eee ee HEHE EH eeee ese H HEHE Hesse s HEHEHE EH HH EHEE HEHE SHEE HEHEHE EEE EE EHH H HEHEHE EEE HEHE EEE HEHEHE HEHEHE EH EH ED 

It is important to recognize different types of carbon substitution in branched compounds, 

because chemical reactivity often varies with the degree of substitution. A carbon is said 
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to be primary, secondary, tertiary, or quaternary when it is bonded to one, two, three, 

or four other carbons, respectively. 

piittely carbons CH; CH; quaternary carbon 

Chey" CH; = CC © —_ Cr 

CH; secondary carbons | 

tertiary carbon 

Likewise, the hydrogens bonded to each type of carbon are called primary, secondary, or 
tertiary hydrogens, respectively. 

icici Actcncsny ci tetbundiciomes cnate sieheseuesere:cs eimioreiaie) eiRie/e|@ieja(e)ala(e(ale\sie/a.a\s;e\eieiei8\0 0 e]eleiejerejelalelsieie)#\eia\elsie\eleje)s)s\s) (a) ¢(6|a/a,ae:eieip’plolejeielele/eieie.ecololals/e)a(alale:s'e\aieleialolatalelevece\elalbletelaleietatstalslgialare sielnieiaie’e arainistetamicitte 

23 In the structure of 4-isopropyl-2,4,5-trimethylheptane (Problem 2.7a): 
(a) Identify the primary, secondary, tertiary, and quaternary carbon atoms. 
(b) Circle one example of each of the following groups: a methyl group; an 

ethyl group; an isopropyl group; a sec-butyl group; an isobutyl group. 

29 How many ethyl groups and how many methyl groups are there in the structure 
of 4-sec-butyl-5-ethyl-3-methyloctane, the compound discussed in Study Prob- 
lem 2.3 

Sti Gite cele caine crc icioen arcs te cicsesonese exec elesciesslelsh~\le\els)ofa\elejeieiaisce:asetejeisisle|s a!e/s\e(eje{e/eje{e,eie.8)e o1e\nls[o\el¢(aieerslaelsinieie)x/le|<folo{o1b(<\o/e\ajc/a\atofets\eieys/ale|e}elaleheyeisyeisvarsia’e eraetsteimteaieee ERR eR ETS 

Cycloalkanes and Skeletal Structures 

Alkanes that contain carbon chains in closed loops, or rings, are called cycloalkanes. 
These compounds are named by adding the prefix cyclo to the name of the alkane. Thus, 
the six-membered cycloalkane is called cyclohexane. 

pe 
HC CH, 

| | cyclohexane 
HC. CH; 

CH, 

The names and some physical properties of the simple cycloalkanes are given in 
Table 2.3. Notice that the general formula for an alkane containing a single ring has two 
fewer hydrogens than that of the open-chain alkane with the same number of carbon 
atoms. For example, cyclohexane has the formula CsH2, but hexane has the formula 
Cs5H,4. The general formula for the cycloalkanes with one Ting 1S GF 

Because of the tetrahedral configuration of carbon in the cycloalkanes, the carbon 
skeletons of the cycloalkanes (except for cyclopropane) are not planar, but are puckered. 
We'll consider the conformations of cycloalkanes in Chapter 7. For now, remember only 
that planar condensed structures for the cycloalkanes convey no information about their 
conformations. 
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Table 2.3 Physical Properties 

of Some Cycloalkanes 
eee eee ee eee eee eee eee eee eee eee eee ee eee 

Boiling Melting Density, 

Compound point, °C point, °C g/mL 

cyclopropane = 327) SAILS 

cyclobutane 125) =S0,0 

cyclopentane 49.3 =938) 0.7457 

cyclohexane 80.7 6.6 0.7786 

cycloheptane 118.5 a l.0) 0.8098 

cyclooctane 150.0 14.3 0.8340 
Ree eee eee eee teen eee ee meee eee ee eee eee esses sass sseeseeeeeseseseeeees 

Skeletal Structures An important structure-drawing convention that is almost uni- 

versally used for cyclic molecules is to draw them using skeletal structures—structures 

that show only the carbon-carbon bonds. In this notation a cycloalkane is drawn as a 

closed geometrical figure. In a skeletal structure, it is understood that a carbon is at each 

vertex of the figure, and that enough hydrogens are present on each carbon to fulfill its 

tetravalence. Thus, the skeletal structure of cyclohexane is drawn as follows: 

_— carbon and two hydrogens 
at each vertex 

Skeletal structures may also be drawn for open-chain alkanes. For example, hexane 

can be indicated this way: 

CH, CH, CH; 
ca i 

a a for CH; CH, (Clay 

When drawing a skeletal structure for an open-chain compound, don’t forget that carbons 

are not only at each vertex, but also at the ends of the structure. Thus, the six carbons of 

hexane above are indicated by the four vertices and two ends of the skeletal structure. 

Here are a few other examples of skeletal structures: 

2,6-dimethyldecane 

3-ethyl-3-methylpentane 
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Nomenclature of Cycloalkanes The nomenclature of cycloalkanes follows essen- 

tially the same rules used for open-chain alkanes, as the following examples show: 

(lial 
: CH; 

CH; 

Ss 4 CH, C,Hs5 

methylcyclobutane 1,3-dimethylcyclobutane 1-ethyl-2-methylcyclohexane 
(Note alphabetical citation, 

rule 9.) 

Notice that the numerical prefix 1- is not necessary for monosubstituted cycloalkanes. 

Thus, the first compound is methylcyclobutane, not 1-methylcyclobutane. Two or more 

substituents, however, must be numbered to indicate their relative position. The lowest 

number is assigned in accordance with the usual rules. 

Most of the cyclic compounds in this text, like the examples above, involve rings 

with small alkyl branches. In such cases, the ring is treated as the principal chain. However, 

when a noncyclic carbon chain contains more carbons than an attached ring, the ring is 
treated as the substituent. 

CH3;CH,CH,CH,CH, —<] 1-cyclopropylpentane 

DU OCC OO COO COCOOUOCOCOUOOOC OOO COC COO CUCOCOIOCO CIE IC OOK UOCO OO NCIUCISCOIO COCO OOO RICLIOCOOOO OOOO OOOO OO TOUON OOOO UCOOOCODIONANOUOOMATSEODOO ADD 

Name the following compound. 

Solution This compound is a cyclopentane with two methyl substituents and one ethyl] 
substituent. If we number ring carbons consecutively, the following numbering schemes 
(and corresponding names) are possible, depending on which carbon is designated as 
carbon-1: 

1,2,4- 4-ethyl-1,2-dimethylcyclopentane 

1,3,4- 1-ethyl-3,4-dimethylcyclopentane 

2395 3-ethyl-1,5-dimethylcyclopentane 

The correct name is decided by nomenclature rule 8, the “first point of difference” rule, 
using the numbering schemes (not the names themselves). The first point of difference 
in the three schemes is at the second number (2 vs. 3 vs. 3); the scheme 1,2,4- has the 
lowest number at this point. Consequently, the correct name is 4-ethyl-1,2- 
dimethylcyclopentane. 
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Draw a skeletal structure of tert-butylcyclohexane. 

Solution The real question in this problem is how to represent a tert-butyl group with 

a skeletal structure. The branched carbon in this group has four other bonds, three of 

which go to CH; groups. Hence: 

CH, 
| Z <—— one carbon at the end of each branch 

Sesh oee)p 
CH; 

skeletal structure of 
tert-butylcyclohexane 

PEER eee eee EEE eee eae EEE EEE H EHH E HEE HEHEHE OEE E OEE E SHEETS ERE E ESSE SESE EEE EEE EERSTE EEE HEHEHE EH ERE EH HEHE EEE H HEHEHE HEEEHE HEHEHE EEE H EEE EE EEE ES 

2.10 Represent each of the following compounds with a skeletal structure. 
*(a) ethylcyclopentane (b) cyclopropane 

*(¢) CH; (d) CH3(CH2))5CH3 

Sela = SOs Ae (Glsk 

CH; 

211 Name the following compounds. 
*(a) CH; (b) iE 

CH,CH; 

Each time we come to a new family of organic compounds, we'll consider the trends in 

their melting points, boiling points, densities, and solubilities, collectively referred to as 

their physical properties. The physical properties of an organic compound are important 

because they determine the conditions under which the compound is handled and used. 

For example, the form in which a drug is manufactured and dispensed is affected by its 

physical properties. In commercial agriculture, ammonia (a gas at ordinary temperatures) 

and urea (a crystalline solid) are both very important sources of nitrogen, but their 

physical properties dictate that they are handled and dispensed in very different ways. 

Your goal should not be to memorize physical properties of individual compounds, 

but rather to learn to predict trends in how physical properties vary with structure. 

A. Boiling Points 
eee eee eee RHEE EER EEE EEE HEHEHE EEE EEE HEHEHE EEE HEEEEEEEEEESEE EEE E HEHEHE EE EE EEE EEEHEEEEEEEEEESESEEEEEEEE EEE SEER EES 

The boiling point is the temperature above which a substance is transformed spontane- 

ously and completely from the liquid to the gaseous state. Table 2.1 shows that there is 
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a regular change in the boiling points of the unbranched alkanes with increasing number of 

carbons. This trend of boiling point within the series of unbranched alkanes is particularly 

apparent in a plot of boiling point against carbon number (Fig. 2.7). The regular increase 

in boiling point of 20-30° per carbon atom within a series is a general trend observed for 

many types of organic compounds. 
What is the reason for this increase? The boiling point is a crude measure of the 

attractive forces among molecules in the liquid state compared to those in the gaseous 

state. Because, to a useful approximation, the attractive forces among molecules in the 

gaseous state are negligible at atmospheric pressure, the boiling point measures the relative 

strengths of cohesive interactions among the molecules of a liquid. Yet no chemical bond 

is formed between separate molecules. What, then, is the origin of this attraction of one 

molecule for another? 

In the previous chapter you learned that electrons in bonds are not confined between 

the nuclei, but rather reside in bonding molecular orbitals that surround the nuclei; we 

can think of these occupied molecular orbitals as “electron clouds.” Imagine an organic 

molecule such as an alkane as something akin to a cotton ball (the electron clouds) with 

embedded cotton seeds (the nuclei). The shapes of these electron clouds can be altered 

by external forces. One such external force is the electric field of the electrons in nearby 

molecules. When two molecules approach each other closely, as in a liquid, the electron 

clouds of one molecule repel the electron clouds of the other. As a result, both molecules 

temporarily acquire small localized separations of charge (Fig. 2.8) called induced dipoles. 

Figure 2.7 

200 | e 

boiling point, °C 

00 

D(C) Se eS Ue J Es cen 

0 2 a ee) Oe LO 12 14 

number of carbon atoms 

Boiling points of some unbranched alkanes plotted against number of carbon atoms. Notice the 
steady increase with the size of the alkane, which is in the range of 20-30° per carbon atom. 
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t;: molecules approach ty: as molecules approach 
electron clouds distort 

developing weak attraction 

tz: collision; induced dipoles ty: molecules rebound; distortion 
are aligned for attraction of electron clouds diminishes 

ts: molecules separate; electronic 
distortion vanishes 

A stop-frame cartoon showing the appearance and disappearance of induced dipoles as two hypothet- 
ical molecules collide and rebound. Notice that the distortion of the electron clouds is not permanent 
but varies with time. The electronic distortion in one species is induced by the proximity to the 
other. The frames are labeled t, tz, etc., for successive times. 

That is, the molecules take on a temporary dipole moment. The deficiency of electrons 

(positive charge) in part of one molecule is attracted by the excess of electrons (negative 

charge) in part of the other. This attraction, an example of an attractive van der Waals 

force or dispersion force, is the cohesive force that must be overcome in order to vaporize 

a liquid hydrocarbon. Note that alkanes do not have appreciable permanent dipole 

moments. The dipole moment that causes the attraction between alkane molecules is 

induced temporarily in one molecule by the proximity of another. We might say that 

“nearness makes the molecules grow fonder.” 

You are now in a position to understand why larger molecules have higher boiling 

points. A larger molecule has a greater surface of electron clouds available from van der 

Waals interactions with other molecules. Because van der Waals attractions are greater 

between large molecules, large molecules have higher boiling points. 

The shape of a molecule is also important in determining its boiling point. For 

example, a comparison of the boiling point of the highly branched alkane neopentane 

(9.4°) and its unbranched isomer pentane (36.1°) is particularly striking. Neopentane has 

four methyl groups disposed in a tetrahedral fashion about a central carbon. As the 

following space-filling models show, the molecule almost resembles a compact ball, and 

could fit readily within a sphere. On the other hand, pentane is rather extended, is 

ellipsoidal in shape, and would not fit within the same sphere. 
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neopentane: pentane: 
compact, nearly spherical extended, ellipsoidal 

The more a molecule approaches spherical proportions, the less surface area it presents 

to other molecules, because a sphere is the three-dimensional object with the minimum 

surface-to-volume ratio. Since neopentane has less surface area at which van der Waals 

interactions with other neopentane molecules can occur, it has fewer cohesive interactions 

than pentane, and thus, a lower boiling point. 

In summary, two trends in the variation of boiling point with structure are: 

1. Boiling points increase with increasing molecular weight within a homolo- 

gous series—typically 20—30° per carbon atom. This increase is due to the 

greater van der Waals attractions among larger molecules. 

2. Boiling points tend to be lower for highly branched molecules that 

approach spherical proportions because they have less molecular surface 

available for van der Waals attractions. 

6b. Melting Points 

The melting point of a substance is the temperature above which it is transformed 

spontaneously and completely from the solid to the liquid state. The melting point is an 

especially important physical property in organic chemistry because it is used both to 

identify organic compounds and to make a general assessment of their purity. Melting 

points are usually depressed, or lowered, by impurities, and the melting range (the range 

of temperature over which a substance melts), usually quite narrow for a pure substance, 

is substantially broadened by impurities. The melting point is a measure of the forces 

stabilizing the solid state weighed against those stabilizing the liquid state. Figure 2.9, 

which is a plot of melting point against carbon number for the unbranched alkanes, 

shows that melting points tend to increase with number of carbons. This is a general 

trend within many series of organic compounds. 

Figure 2.9 also shows that the melting points of unbranched alkanes with an even 

number of carbon atoms lie on a separate, higher curve from those of the alkanes with 

an odd number of carbons. This reflects a more effective packing of the even-carbon 

alkanes in the crystalline solid state. In other words, the odd-carbon alkane molecules 

do not “fit together” as well in the crystal as the even-carbon alkanes. Similar alternation 
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Figure 2.9 Plot of melting points of the unbranched alkanes against number of carbon atoms. Notice that the 
alkanes with an even number of carbons lie on a different curve from the alkanes with an odd num- 
ber of carbons. 

of melting points is observed in other series of compounds. For example, a similar trend 

is apparent in the melting points of cycloalkanes in Table 2.3. 

Branched-chain hydrocarbons tend to have lower melting points than linear ones 

because the branching interferes with regular packing in the crystal. When a branched 

molecule has a substantial symmetry, however, its melting point is typically relatively 

high because of the ease with which symmetrical molecules fit together within the crystal. 

For example, the melting point of the very symmetrical molecule neopentane, —16.8°, is 

considerably higher than that of the less symmetrical pentane, —129.8°, which is higher 

still than that of isopentane, —159.9°. 

In summary, melting points show the following general trends. 

1. Melting points tend to increase with increasing molecular weight within a 

series. 

2. Many highly symmetrical molecules have unusually high melting points. 

3. A sawtooth pattern of melting point behavior (see Fig. 2.9) is often 

observed within a series. 

CORO mmm eee EEE HHH HEHEHE EEE E EERE EERE EE EE EEE EEE EERE EEE SEED EEE REEDED DEE EEE E EE DEEDES EE EEEEEEEEE HEHE EEE EEEE EEE SEES ESSE HEE O OTE O EEE HEE H EEE EeEeseees 

“212 Match each of the following compounds with the correct boiling points and 

melting points. Explain your choices. 

Compounds: 2,2,3,3-tetramethylbutane and octane 

Boiling points: 106.5°, 125.7° 

Melting points: —56.8°, +100.7° 

eee meee eee eRe ee THEE HEE EEE E HEHEHE HEHE EHS E SORES HEHEHE EEE HEE H HEHEHE EEE E HEHE HEHEHE EEE E OHHH HEE EEE H EHH H HEHE HEHEHE HEHEHE HEE HEE EEE EE ES 
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Alkanes have negligible dipole moments, and thus are nonpolar molecules. The alkanes 

are, for all practical purposes, insoluble in water—thus the saying, “Oil and water don’t 
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mix.” (Alkanes are a major constituent of crude oil.) Alkanes also have considerably lower 

densities than water. For these reasons a mixture of an alkane and water will separate 

into two distinct layers with the less dense alkane layer on top. An oil slick is an example 

of this behavior. 

BNINIQOIDIOIOIOIIIOIOOIOIOOIOOOIOOOOOOOOOOOOOOOOIOICIOCOOOICOOOOOOOOOO COCCI SOC OOOCOOOOCOC OOOO OO OCOOCCIOO COCO MOOR ICOCIOOIOICIOIIIOOON ONO UIUC OCC kt tl aca iad 

e213 Gasoline consists mostly of alkanes. Explain why water is not usually very effective 

in extinguishing a gasoline fire. 

POPE EEE EEE EEE EEE EEE E EOE EEE EE EEE E EEE E EEE EHEEEEEHEEEEEE EEE E ESE EEEEEEEEEEEEES ESET HEE EE HEHEHE EEESES HEHE ESSE HSE SESE HEHE SESE SHEET EEE EE ES 

Combustion and Elemental Analysis 
eee emer eee rere rece eee e seer sees esse HEHEHE EEE HESS SEHD EEE E HEHEHE EEE DEE EEESEH HEH ORES HEHE ESSE EEE ESSE SHEE ESSE SEES SEES 

Alkanes are among the least reactive types of organic compounds. They do not react with 

common acids or bases, nor do they react with common oxidizing or reducing agents. 

Alkanes do, however, share one type of reactivity with many other types of organic 

compounds: they are flammable; that is, they react rapidly with oxygen to give carbon 

dioxide and water, provided that the reaction is initiated by a suitable heat source such 

as a flame or the spark from a spark plug. This reaction is called combustion. For 

example, the combustion of methane, the major alkane in natural gas, is written as 

follows. 

The general combustion reaction for a noncyclic alkane can be written: 

3n + CHa + Or OreniCO: (0.2) 

These reactions are examples of complete combustion: combustion in which carbon dioxide 

and water are the only combustion products. Under conditions of oxygen deficiency, 

incomplete combustion may also occur with the formation of such by-products as carbon 
monoxide, CO. 

The fact that one can carry a container of gasoline in the open air shows that simple 

mixing of alkanes and oxygen does not initiate combustion. However, once a small 

amount of heat is applied (in the form of a flame or a spark from a spark plug), the 

combustion reaction proceeds vigorously and spontaneously with the liberation of large 
amounts of energy. 

Combustion is of tremendous commercial importance, because it liberates energy 

that can be used to keep us warm, generate electricity, or move motor vehicles. 

Bb. Elemental Analysis by Combustion 

Combustion is used in the quantitative determination of elemental compositions, called 
elemental analysis. Combustion has been used for this purpose since the beginning of 
the modern era of chemistry. The results of combustion analyses led early chemists to 
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the realization that most compounds contain their constituent elements in definite whole- 

number ratios. 

Because most organic compounds contain both carbon and hydrogen, the analysis 

for these elements is particularly important in organic chemistry. The proportions of 

both carbon and hydrogen in a compound can be determined simultaneously by a 

technique that has changed little since its inception. A small sample (typically 5-10 mg) 

of the substance to be analyzed is completely burned, and the CO, and H,O produced 

in the combustion are collected and weighed. From the mass of the CO; produced, the 

mass of carbon in the sample can be determined. Similarly, from the mass of the H,O 

produced, the amount of hydrogen in the sample can be determined. Oxygen, if present, 

is usually not determined directly, but by difference. The result of such an elemental 

analysis is expressed as the mass percent of each element in the compound. The following 

study problem illustrates how elemental analysis works. 
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Suppose 7.00 mg of a liquid hydrocarbon are burned and found to yield 21.58 mg of 

CO, and 9.94 mg of H,O. Find the mass percent of carbon and hydrogen in the original 

sample. 

Solution First find the mass of carbon that is present in the CO,; this same mass of 

carbon must have been present in the sample. 

mass of carbon = (fraction of carbon in CO;)(mass of CO;) (2.3) 

The fraction of carbon in COQ, is the atomic mass of carbon over the molecular mass of 

CO ,. Thus, Eq. 2.3 becomes 

mass of carbon = (12.01 mg of C/44.01 mg of CO,)(21.58 mg of CO;) 

Sages) ike (2.4) 

Next, calculate the mass of hydrogen in the water, noting that there are two hydrogens 

in every water molecule: 

mass of hydrogen = (2 hydrogens/H,O)(1.008 mg of H/18.02 mg of H,O)(9.94 mg of H,O) 

= ILI swans: (2.5) 

Because the mass of hydrogen plus the mass of carbon equals the mass of the sample, 

7.00 mg, the sample can contain no other elements. The mass percent of carbon is 

(5.89/7.00) X 100 = 84.14%, and the mass percent of hydrogen is (1.11/7.00) * 100 = 

15.86%. 

Pee eee eee eee eee eee eee eee ees H HEE HEHE ESSE EE EEEEEE SESE ES EEEEEEE SEES EEE EEEEEEEE ESE EE EEEEEE SESE HESS EEE ES EEE EEEEEEEEE EEE EEEEEEEE RHEE EEESEEEE EEE E TEESE EES 

The mass percents of the elements in a compound can be used to determine directly 

the empirical formula. This is the formula that gives the smallest whole-number molar 

proportions of the elements. This process can be summarized in the following steps. 

1. Convert the relative masses of the elements into molar proportions by divid- 

ing the mass percent of each element by its atomic mass. 

2. Divide the molar proportion of each element by that of the element present 

in the smallest proportion. 
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3. Multiply the resulting proportions by successive integers (2, 3, 4, ...) until 

whole-number proportions for all elements are obtained. The result is the 

empirical formula. 

This process is illustrated in the following study problem. 
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Calculate the empirical formula of the compound used in Study Problem 2.6. 

Solution Because the formula of a compound expresses the molar proportions of its 

elements, first convert the mass percent data to mole ratios. The mass percentages of 

carbon and hydrogen calculated in Study Problem 2.6 mean that there are 84.14 g of 

carbon and 15.86 g of hydrogen in 100 g of the sample. Hence there are (84.14/12.01) = 

7.00 moles of carbon and (15.83/1.008) = 15.73 moles of hydrogen in 100 g of the 

sample. A formula that expresses the relative molar proportions of carbon and hydrogen 

is therefore Cz 99Hj;5,73. Because organic compounds have whole numbers of elements, 

this must be converted into a formula in which both elements are present as whole 

numbers. The easiest way to do this is first to divide through the formula above by the 

element present in least molar proportion, in this case, carbon. This yields the formula 

Ci .00H2.25. Then multiply the formula by successive integers (2, 3, 4, ...) until whole 

numbers for both elements are obtained. Multiplication by 4 yields the smallest whole- 

number formula, CyHo. This is the empirical formula. 
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The molecular formula of a compound is the formula that gives the actual number 

of each type of atom in one molecule of the compound. The molecular formula is always 
some integral multiple of the empirical formula. In some cases the molecular formula is 

the same as the empirical formula; in other cases it isn’t. The empirical formula C,Ho of 

the compound in the last study problem, for example, cannot be the molecular formula, 

because all hydrocarbons have even numbers of hydrogens. The smallest molecular formula 
that has a carbon-hydrogen ratio of 4:9 is CsH,g. This is an acceptable candidate for the 
molecular formula. Hence, the compound could be octane or one of its isomers. 
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Ie Multiplication of the formula C,Hy by 4 gives the formula C,6H36. Would this 
be an acceptable candidate for the molecular formula of a hydrocarbon? Explain. 

If more than one molecular formula is possible for a given empirical formula, 
determination of the correct molecular formula requires an additional piece of informa- 
tion: the molecular mass. Suppose, for example, that the empirical formula of a compound 
is determined by combustion to be CH. This empirical formula could correspond to an 
infinite number of molecular formulas: C,H,, C3H,g, C,Hs, and so on. The molecular 
mass determines which of these alternatives is correct. For example, if the molecular mass 
were determined to be 84, then the molecular formula would have to be CoH2. Molecular 
masses are determined most often today by mass spectrometry, a physical technique 
discussed in Chapter 12. 
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_ PROBLEMS 
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y 
Zap Calculate *(a) the mass percent of carbon, hydrogen, and oxygen in a sample 

with the molecular formula C;H,O,; (b) the mass percent carbon and hydrogen 

in a sample with the molecular formula C,H),. 

2.16 Give the empirical formulas for the compounds described in *(a) and (b) of 

Problem 2.15. 

2.17. *(a) Ina laboratory you have found a bottle labeled “alkane X.” In an attempt 

to determine its structure, you carry out an elemental analysis. Combustion 

of 10.00 mg of X in a stream of O) yields 31.95 mg of CO; and 11.44 mg 

of H,O. The molecular mass of X is found to be 110. Determine the 

molecular formula of compound X. Assuming that the label on the bottle 

can be believed, what can be said about the structure of X on the basis of 
its molecular formula? 

(b) How many mg of O, are consumed in the combustion analysis in part (a)? 
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Most alkanes come from petroleum, or crude oil. (The word petroleum comes from the 

Latin words for “rock” and “oil”: thus, “oil from rocks.”) Petroleum is a dark, viscous 

mixture composed mostly of alkanes and aromatic hydrocarbons that are separated by a 

technique called fractional distillation. In fractional distillation, a mixture of compounds 

is slowly boiled; the vapor is then collected, cooled, and recondensed to a liquid. Because 

the compounds with the lowest boiling points vaporize most readily, the condensate from 

a fractional distillation is richest in the more volatile components of the mixture. As 

distillation continues, components of progressively higher boiling point appear in the 

condensate. A student who takes an organic laboratory course will almost certainly become 

acquainted with this technique on a laboratory scale. Industrial fractional distillations are 

carried out on a large scale in fractionating towers that are several stories tall (Fig. 2.10). 

The typical fractions obtained from distillation of petroleum are given in Table 2.4. 

Table 2.4 Components of Petroleum 

Boiling Number of 

Fraction name range, °C carbon atoms 

gas <20 (hat 

petroleum ether 30-60 5-6 

ligroin (light naphtha) 60-90 6-7 

gasoline (naphtha) 85-200 6-12 

kerosene 200-300 12-15 

heating oil : 300-400 15-18 

lubricating oil, asphalt >400 16-24 
PETE T TTT eee Oy 
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3 

mn 4 

Figure 2.10 Industrial fractionating towers used to separate mixtures of compounds on the basis of their boiling 

points. 

Another important alkane source is natural gas, which is mostly methane. Natural 

gas comes from gas wells of various types. There are also significant biological sources 

of methane that could someday be exploited commercially. Methane is produced by the 

action of certain anaerobic bacteria (bacteria that function without oxygen) on decaying 

organic matter (Fig. 2.11). It is this type of process, for example, that produces “marsh 

gas,” as methane was known before it was characterized by organic chemists. Biological 

production of methane could become a source of natural gas in the future. 

Alkanes of low molecular mass are in great demand for a variety of purposes— 

especially motor fuels—and alkanes available directly from wells do not satisfy the 

demand. The petroleum industry has developed methods for cracking high molecular 

mass alkanes into lower molecular mass alkanes and alkenes (Sec. 5.7B), and has also 

developed processes for reforming unbranched alkanes into branched-chain ones, which 

have superior ignition properties as motor fuels. 
At present the greatest use of alkanes is for fuel. Typically, motor fuels, fuel oils, 

and aviation fuels account for about 80% of all hydrocarbon consumption. An Arabian 

oil minister was once heard to remark, “Oil is too precious to burn.” He was undoubtedly 

referring to the fact that there are important uses for petroleum besides fuels. Petroleum 

will remain for the foreseeable future the principal source of carbon, from which organic 

starting materials are made for such diverse products as plastics and pharmaceuticals. 

Petroleum is thus the basis for organic chemical feedstocks—the basic organic compounds 

from which more complex chemical substances are fabricated. 
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Figure 2.11 Methanogens (methane-producing bacteria). (a) A methanobacterium species and (b) a methanosar- 
cina species are found in anaerobic sewage digesters and in anaerobic sediments of natural waters. 

ALKANES AS MoToR FUELS 

Alkanes vary significantly in their quality as motor fuels. Branched-chain 

alkanes are better motor fuels than unbranched ones. The quality of a motor 

fuel relates to its rate of ignition in an internal combustion engine. Premature 

(continues) 
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ignition results in engine knock, a condition that indicates poor engine per- 

formance. Severe engine knock can result in significant engine damage. The 
octane number is a measure of the quality of a motor fuel: the higher the 

octane number, the better the fuel. Octane numbers of 100 and 0 are assigned 

to 2,2,4-trimethylpentane and heptane, respectively. Mixtures of the two com- 

pounds are used to define octane numbers between 0 and 100. For example, 

a fuel that performs as well as a 1:1 mixture of 2,2,4-trimethylpentane and 

heptane has an octane number of 50. Good quality motor fuels used in 

modern automobiles have octane numbers in the 87—95 range. 

Various additives can be used to improve the octane number of motor 

fuels. In the past, tetraethyllead, (C,H;)4Pb, was used extensively for this 

purpose, but concerns over atmospheric lead pollution and the use of catalytic 

converters (which are adversely affected by lead) have made leaded gasoline, 

for all practical purposes, a thing of the past. Today, tert-butyl methyl ether 

(MTBE, (CH;);C-—-O—CH;) is the major additive used for improving 

octane number. Accordingly, production of this compound on an industrial 

scale has enjoyed a meteoric rise in the last fifteen years. 

Recently, periods of relative scarcity of petroleum products have alternated with 

periods of relative abundance. There is no doubt, however, that eventually the world will 

exhaust its natural petroleum reserves. It is thus important that scientists develop new 

sources of energy, which may include new ways of producing petroleum. 

Functional Groups and the “R” Notation 

Alkanes are the conceptual “rootstock” of organic chemistry. Replacing C—H bonds of 

alkanes gives the many functional groups of organic chemistry. A functional group is a 
characteristically bonded group of atoms that has about the same chemical reactivity 
whenever it occurs in a variety of compounds. Some examples of simple organic com- 
pounds, with their functional groups shown in color, are the following: 

CU wees i O ’ | / 
C=( cay CHe—-© 

\ 
CH; H H OH 

____ lsobutylene ethyl alcohol acetic acid 
functional group: alkene functional group: alcohol functional group: carboxylic acid 

For example, the functional group characteristic of alkenes is the carbon-carbon double 
bond. Most alkenes undergo the same types of reactions, and these reactions occur at or 
near the double bond. Similarly, all alcohols contain an —OH group bound to a saturated 
carbon atom (that is, a carbon bearing only single bonds). The characteristic reactions 
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of alcohols occur at the —OH group or the adjacent carbon, and this functional group 

undergoes the same general chemical transformations regardless of the structure of the 

remainder of the molecule. The organization of this text is centered for the most part 

around the common functional groups. Although you will study in detail each major 

functional group in subsequent chapters, you should learn to recognize the common 

functional groups now. These are shown inside the back cover. 

Because the chemical properties of functional groups are general, it is often conve- 

nient to employ a general notation for organic compounds. When organic chemists wish 

to indicate a general structure, they use an R, much as mathematicians use x to indicate 

a general number. The R, unless otherwise indicated, stands for an alkyl group. Thus, 

the general formula of an alkyl chloride, R—Cl, might stand for any of the following 

structures, or a host of others. 

H3 . 

R-— Cl Scouldirepresent» CH, —Cl i as ae 

R = CH; R = (CH;),CH R = cyclohexyl 

Just as alkyl groups such as methyl, ethyl, and isopropyl are substituent groups 

derived from alkanes, aryl groups are substituent groups derived from benzene and its 

derivatives. The simplest aryl group is the phenyl group, abbreviated Ph—, which is 

derived from the hydrocarbon benzene. 

H H 

skeletal structure of 
H H benzene «) pee 

H H 

«= CH=CH, can eee Pi CH — Gr, 

phenyl group 

Other aryl groups are designated by Ar—. Thus Ar—OH could refer to any one of the 

following compounds, or many others. 

Ar—OH could represent H;3C 

© 

<)- OH or ee OH 

Gl 

where Ae = He) Ar= ee 
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Although you will not study benzene and its derivatives until Chapter 15, you will see 

many examples in the meantime in which phenyl and aryl groups are used as substituent 

groups. 
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. 2.18 Draw a structural formula for each of the following compounds. (Several formu- 

) las may be possible.) 
d *(a) an amine with molecular formula C,H,,N 

(b) an alcohol with molecular formula C;H,)O 

*(c) a carboxylic acid with elemental analysis 40.00% carbon, 6.71% hydrogen, 

and 53.29% oxygen 
(d) an alkyne with elemental analysis 88.82% carbon, 11.18% hydrogen, and 

molecular mass 54 

' PROBLEMS 

BN. ee 
aS TOC eal 

*2.19 A certain compound was found to have the molecular formula C;H,,0,. Which 

of the following functional groups could be present in the compound? Give one 

example for each positive answer, and explain any negative responses. 

(a) an amide (b) an ether (c) a carboxylic acid 

(d) a phenol (e) an alcohol (f) anester 
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Key IDEAS IN CHAPTER 2 

A Alkanes are hydrocarbons that contain only carbon-carbon single 

bonds; alkanes may contain branched chains, unbranched chains, or 

rings. 

A Alkanes have sp°-hybridized carbon atoms with tetrahedral geometry. 

They exist in various staggered conformations that are rapidly intercon- 

verted at room temperature, and the conformation that minimizes van 

der Waals repulsions has the lowest energy and is the predominant 

one. In butane, the major conformation is the anti conformation; the 

gauche conformations exist to a lesser extent. 

[\ Isomers are different compounds with the same molecular formula. 

Compounds that have the same molecular formula but differ in their 

atomic connectivities are called constitutional isomers. 

[\  Alkanes are named systematically according to the substitutive nomen- 

clature rules of the [UPAC. The name of a compound is based on its 

principal chain, which, for an alkane, is the longest continuous carbon 

chain in the molecule. 
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The boiling point of an alkane is determined by van der Waals attrac- 

tions between molecules, which in turn depend on molecular size and 

shape. Large molecules have relatively high boiling points; highly 

branched molecules have relatively low boiling points. The boiling 

points of compounds within a series increase 20—30° per carbon atom. 

Melting points of alkanes increase with molecular mass. Highly symmet- 

rical molecules have particularly high melting points. 

Combustion is the most important reaction of alkanes. It finds practi- 

cal application in the generation of much of the world’s energy. Com- 

bustion is also used analytically to determine the empirical formula of 

organic compounds by elemental analysis. 

Alkanes are derived from petroleum and are used mostly as fuels; how- 

ever, they are also important as raw materials for the preparation of 

other organic compounds. 

Organic compounds are classified by their functional groups. Different 

compounds containing the same functional groups undergo the same 

types of reactions. 

The “R” notation is used as a general abbreviation for alkyl groups; Ph 

is the abbreviation for a phenyl group, and Ar is the abbreviation for 

an aryl (substituted phenyl) group. 

ADDITIONAL 
2.20 

Mf 

Given the boiling point of the first compound in each set, estimate the boiling 

point of the second. 

*(a) ] O 
! 

CH;CCH,CH,CH,CH>CH; (bp 152°) | CH,;CH,CCH,CH,CH,CH; 

(b) O O 

CH;CCH,CH,CH)CH,CH; (bp 152°) | CH;CCH,CH,CH,CH; 

() CH;CH,CH,CH,CH,CH>,Br (bp 55°) 

CH3CH,CH,CH,CH,CH,CH>CH,Br 

(d) CH. CH CH Cai—€rED (bp 30°) Gi. Gi GL Cr €Ee— Cri, 

*(a) Draw the structures and give the names of all isomers of octane with five 

carbons in their principal chains. 

(b) Draw the structures and give the names of all isomers of octane with six 

carbons in their principal chains. 
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222 Label each carbon in the following molecules as primary, secondary, tertiary, or 

quaternary. 

*(a) CH; (b) 

2.23 Draw the structure and give the name of an alkane 

2.24 

MMS 

2.26 

*(a) that has more than three carbons and only primary hydrogens, 

) that has five carbons and only secondary hydrogens, 

that has only tertiary hydrogens, ae) 
) that has a molecular mass of 84.2. 

(b 
(c 

(d 

Name each of the following compounds using IUPAC substitutive nomenclature. 

*(a) ine es aa 

CH; 1 CH Clipe Cli; 

CH,—CH,— CH; 

(b) CHE Clie CH. 

CH; < CH — Cy Ok. 

CH) — CH —_ Cig 

“(c) GH ie CH, — CH, _CH. (d) 

ee 
H3C CH; 

*(e) KC Cl (f) 

Els — CH CH>— GH. 

Draw structures that correspond to the following names. 

*(a) 4-isobutyl-2,5-dimethylheptane 

(b) 2,2-dimethylpentane 

*(c) 5-sec-butyl-6-tert-butyl-2,2-dimethylnonane 

(d) 2,3,5-trimethyl-4-propylheptane 

The following labels were found on bottles of liquid hydrocarbons in the labora- 

tory of Dr. Ima Turkey following his disappearance under mysterious circum- 

stances. Although each name defines a structure unambiguously, some are not 
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correct IUPAC substitutive names. Give the correct name for any compounds 

that are not named correctly. 

*(a) 5-neopentyldecane 

(b) 2-ethyl-2,4,6-trimethylheptane 

*(c) 1-cyclopropyl-3,4-dimethylcyclohexane 

(d) 3-butyl-2,2-dimethylhexane 

Within each set, which two structures represent the same compound? 

(a) H3C CH; 

CH; CH CH, 

H CH; H H C,H; H 

H3C C,H; H CER H Cee 

CH, CH; CH,CH, 

A B G 

(b) 

A B é 

Sketch a diagram of potential energy vs. angle of rotation about the carbon- 

carbon bond of chloroethane, CH; -CH,— Cl. The magnitude of the energy 

barrier to internal rotation is 15.5 kJ/mol (3.7 kcal/mol). Label this barrier on 

your diagram. 

Explain how you would expect the diagram of potential energy vs. angle of 

internal rotation about the C2—C3 (central) carbon-carbon bond of 2,2,3,3- 

tetramethylbutane to differ from that for ethane. 

The anti conformation of 1,2-dichloroethane, Cl—CH,—CH,—Cl, is 4.81 

kJ/mol (1.15 kcal/mol) more stable than the gauche conformation. The two 

energy barriers (measured relative to the energy of the gauche conformation) 

for carbon-carbon bond rotation are 21.5 kJ/mol (5.15 kcal/mol) and 38.9 

kJ/mol (9.3 kcal/mol). 

(a) Sketch a graph of potential energy vs. angle of rotation about the carbon- 

carbon bond. Show the energy differences on your graph and label each 

minimum and maximum with the appropriate conformation of 1,2- 

dichloroethane. 

(b) Which conformation of this compound is present in greatest amount? 

Explain. 
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e231 

DE 

2553 

2.34 

P2205 

When the structure of compound A on the left was determined in 1972, it was 

found to have an unusually long C—C bond and unusually large C—C—C 

bond angles, compared to the similar parameters for compound B (isobutane). 

i 16118 ) 15350 

G AG: Pa eo AO SE 
(CH3)3C Vy, S CICH.. H3C Vy, CH; 

C(CH3)3 CH; 

aA. C—C—C = 116° A. C—C—C = 110.8° 

A B 

Explain why the indicated bond length and bond angle are larger for com- 
pound A. 

Predict the most stable conformation of hexane. (Hint: Consider the conforma- 

tion about each carbon-carbon bond separately.) Make a model and draw a line- 
wedge formula for this conformation. 

Predict which of the following compounds should have the larger energy barrier 
to internal rotation about the central bond. Explain. 

(a) (CH3);C—C(CH3);  (b) (CH3);Si—Si(CH3); 

From what you learned in Sec. 1.3B about the relative lengths of C—C and 
C—O bonds, predict which of the following compounds should have the largest 
energy difference between gauche and anti conformations. Explain. 
(a) CH;—O—CH,—CH;,  (b) CH,—CH,—CH,—CH, 

(a) What value is expected for the dipole moment of the anti conformation of 
1,2-dibromoethane, Br —CH,— CH, — Br? Explain. 

(b) The dipole moment yu of any compound that undergoes internal rotation 
can be expressed as a weighted average of the dipole moments of each of 
its conformations by the following equation: 

b= biN, + p2Nz + w3N3 

in which ys; is the dipole moment of conformation i, and N; is the mole 
fraction of conformation i. (The mole fraction of any conformation i is the 
number of moles of i divided by the total moles of all conformations. ) 
There are about 82 mole percent of anti conformation and about 9 mole 
percent of each gauche conformation present at equilibrium in 1,2-dibromo- 
ethane, and the observed dipole moment of 1,2-dibromoethane is 1.0 D. 
Using the above equation, and the answer to part (a), calculate the dipole 
moment of the gauche conformation of 1,2-dibromoethane. 
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*2.36 Write a balanced equation for the combustion of a general cycloalkane C,,H>,. 

DSW) What is the mass percent carbon in each of the following compounds? 

*(a) CH; (b) 

Oo C=O 
i 
CH decalin 

acetone 

2.38 *(a) A hydrocarbon is found to contain 87.17% carbon and 12.83% hydrogen 

by mass. Calculate the minimum molecular formula for this compound. 

(b) Draw the structure of an alkane (which may contain one or more rings) 

consistent with the analysis given in part (a) that has two tertiary carbons 

and all other carbons secondary. (More than one correct answer is possible.) 

*(c) Draw the structure of an alkane (which may contain one or more rings) 

consistent with the analysis given in part (a) that has no primary hydrogens, 

no tertiary carbon atoms, and one quaternary carbon atom. (More than 

one correct answer is possible.) 

*2.39 A 7.00-mg sample of a hydrocarbon with a molecular mass of 140.3 is burned 
in a stream of oxygen to yield 21.96 mg of CO, and 8.99 mg of water. 

(a) How many milliliters of oxygen (assume 25 °C, 1 atm pressure) are con- 

sumed in this experiment? 

(b) What is the molecular formula of the hydrocarbon? 

2.40 *(a) Ina laboratory you have found a bottle marked “amide X, elemental analysis 

55.14% carbon, 10.41% hydrogen, and 16.08% nitrogen, molecular mass 

87.” Evidence gathered by certain physical methods leads you to believe 

that the compound contains an isopropyl group. Suggest two structures for 

X that are consistent with these data. 

(b) In the same laboratory you have found another amide Y that has the same 

molecular mass and elemental analysis. This amide contains neither an 

isopropyl nor a propyl group. Suggest two structures for Y consistent with 
these facts. What is the relationship between X and Y? 

*2.41 Identify the different functional groups (aside from the alkane carbons) present 

in acebutolol, a drug that blocks a certain part of the nervous system. 

sO 

‘0: G=-CH; 

GH Chy = Ga Ni OCH — GH — CH) —N-— CH(CH;), acebutolol 

*OH H 
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2.42 Name the functional group in each compound. 

(a) ClakGla (b) 

CN 
C=O 

CH3CH, 



Acids and Bases; 

the Curved-Arrow 

Kormalism 

his chapter concentrates on acid-base reactions, a topic that you have probably 

studied in earlier chemistry courses. Why are acid-base reactions worth special 

attention in an organic chemistry course? First, many organic reactions are them- 

selves acid-base reactions, or are close analogs of common inorganic acid-base reactions. 

This means that if you understand the principles behind simple acid-base reactions, you 

also understand the principles behind the analogous organic reactions. Second, many 

organic reactions occur as a sequence of several individual steps, each of which is an 

acid-base reaction. This means that if you understand acid-base reactions, you can under- 

stand the details of many organic reactions. Third, acid-base reactions provide simple 

examples that can be used to illustrate some ideas that will prove useful in more compli- 

cated situations. In particular, you'll learn in this chapter about the curved-arrow formal- 

ism, a powerful piece of symbolic logic that will help you to follow, understand, and 

even predict organic reactions. Finally, acid-base reactions provide some examples for 

discussion of some principles of chemical equilibrium. 

Lewis Acid-Base Association Reactions 

meee eee eee eee eee merase sere eee ees sees eee ease eee ese esse Ee EEE EEEEE SEES EEE EEEEEEEE SEES THEE EEEEES SEES SHEE EEE E SEES EEE SHEE HEHE ES 

In Section 1.2C, you learned that covalent bonding in many cases conforms to the octet 

rule. That is, the sum of the bonding and unshared valence electrons surrounding a given 

atom equals eight (two for hydrogen). Although you can safely assume that none of the 

atoms in the compounds you'll encounter in your early studies possesses more than an 

octet of electrons, some compounds may contain atoms with fewer than an octet of 

electrons. In particular, some compounds contain atoms that are short of an octet by one 

87 
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or more electron pairs. Such species are termed electron-deficient compounds. One exam- 

ple of an electron-deficient compound is boron trifluoride: 

Hs 

:F—B—F: 

boron trifluoride 

BE; is electron-deficient because the boron, with six electrons in its valence shell, is two 

electrons, or one electron pair, short of an octet. 

b. Reactions of Electron-Deficient 

Compounds with Lewis Bases 

Electron-deficient compounds have a tendency to undergo chemical reactions that com- 

plete their valence-shell octets. In such reactions, an electron-deficient compound reacts 

with a species that has one or more unshared valence electron pairs. An example of such 

a reaction is the association of boron trifluoride and fluoride ion: 

SB2BiB: = Bt — Pi BiF: 

3B: (1) 

boron fluoride ion 5 
trifluoride tetrafluoroborate ion 

In such reactions, the electron-deficient compound acts as a Lewis acid: an electron-pair 

acceptor. Boron trifluoride is the Lewis acid in Eq. 3.1. The species that provides the 

electron pair acts as a Lewis base: an electron-pair donor. Fluoride ion is the Lewis base 

in Eq. 3.1. When a Lewis acid and a Lewis base combine to give a single product, as in 

this example, the reaction is termed a Lewis acid-base association reaction. Notice that 

as a result of this association reaction, each atom in the product tetrafluoroborate ion 
has a complete octet. 

A term used almost interchangeably with “Lewis acid” in organic chemistry is elec- 

trophile (phile = loving; electrophile = electron-loving). Electron-deficient compounds 

constitute an important class of electrophiles. A term used synonymously with “Lewis base” 

in organic chemistry is nucleophile (“nucleus-loving”). The reactions of Lewis acids with 

Lewis bases are the same as the reactions of electrophiles with nucleophiles. 

A peculiarity in the octet-counting formalism is evident in Eq. 3.1. The fluoride ion 

has an octet. After it shares an electron pair with BF;, the fluorine still has an octet 

in the product BF. You might ask, “How can fluorine have an octet both before 

and after it shares electrons?” The answer is that we count unshared pairs of elec- 

trons in the fluoride ion, but in BFj, we assign to the fluorine the electrons in its 

unshared pairs as well as both electrons in the newly formed chemical bond. There 

is an apt analogy to this situation when a poor person P marries a wealthy person 

W. Before the marriage, one person is poor and the other wealthy; after the mar- 

riage, W is still wealthy, and P, like the boron in BF7, has become wealthy by 

marriage! The justification for this practice of counting electrons twice is that it 

provides an extremely useful framework for predicting chemical reactivity. Note 
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again that the procedure used in counting electrons for the octet differs from the 

one used in calculating formal charge (Sec. 1.2C). 

SOOO P Ce eee reese rere sees eee eee eee EE EEE O EEE EEE ETE H EDO EE EEE EEE ETEEE SEES SEES SEES EE EEE E ESSE SCRE SESE USE E SESE SOOO OEE E EE ESED ODEO ESSE eee esesesesesesEEsseS 

Which of the following compounds can react with the Lewis base Cl” in a Lewis acid- 

base association reaction? 

H aluminum chloride 

methane 

Solution In order for a compound to react as a Lewis acid in an association reaction, 

it must be able to accept an electron pair from the Lewis base Cl”. In aluminum chloride, 

the aluminum is short of an octet by one pair. Hence, aluminum chloride is an electron- 

deficient compound, and can readily accept an electron pair from chloride ion in an 

association reaction, as follows: 

i: a: 

Get ee as Ble G 
Lewis acid Lewis base :Cl: 

(electron-deficient .* 
compound) 

In contrast, every atom in methane has the noble-gas number of electrons (carbon has 

eight, hydrogen has two). Hence, methane is not electron-deficient, and cannot undergo 

a Lewis acid-base association reaction. 

POOR eee e meee eee e Heme eee eee eee ess EEE HEHEHE EEE EEEEEEEEEEEEE EEE EEEEEEEEEEEE SESE HEHEHE ESTEE ES EEHHHH HOHE TEESE EEE HEHE EEE E HEHEHE EEE SESE HEHEHE EEE E EEE EES 

eee ee eee eee eee eee ee eee eee eee esse HH EEE eee eases EHH EEE Eee Hee Es HEHEHE HEE HEHEHE HEHEHE EEEEE SESE EEE E EEE EEEEEE SEES HEHEHE ESEES 

Organic chemists have developed a symbolic device for keeping track of electron pairs 

in chemical reactions; this device is called the curved-arrow formalism. As this formalism 

is applied to the reactions of Lewis bases with electron-deficient Lewis acids, the formation 

of a chemical bond is described by a “flow” of electrons from the electron donor (Lewis 

base) to the electron acceptor (Lewis acid). This “electron flow” is indicated by a curved 

arrow drawn from the electron source to the electron acceptor. This formalism is applied 

to the reaction of Eq. 3.1 in the following way: 

electron source newly formed bond 

electron destination 
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The colored arrow indicates that the electron pair on the fluoride ion becomes the shared 

electron pair in the newly formed bond of BF7. In this formalism, the fluoride ion is 

said to attack the boron atom of the BF;. The word attack when used this way in organic 

chemistry means “donate electrons to.” 
The reverse of a Lewis acid-base reaction can be termed a Lewis acid-base dissocia- 

tion. The ion BFz can dissociate to give BF; and fluoride ion, in the reverse of Eq, 3.2. 

This dissociation is shown with the curved-arrow formalism as follows: 

F iE: 

Ce io 
F—=|3— [F's > :F 1 lel 

| 30 

ee 2B: (333) 

Because the B—F bond is breaking, it is the source of the electron pair that is transferred 

to a fluorine to give fluoride ion. 

3.1 (a) Suggest a structure for the product of each of the following Lewis acid-base 

PROBLEM | association reactions; be sure to assign formal charges. Label the Lewis acid 

and the Lewis base, and identify the attacking atom in each case. 

ce IB: 
" : eee 

*(1) CH,—C?t + HO: > (2) INilak, = Bei: ==> 

CH; i 

(b) Draw the curved-arrow formalism for the forward and reverse of each of 

the reactions in part (a). 

Peete ee EE EEE HEHE EEE EEO EHH HEHEHE EEESESE OHSS HEHEHE HEE SEES ESE EEE EEE ESSE SES EEEEEEEEEEE SESE EEE EEEEE SOOO HH EEE EEE H HOHE EEE EERO O OHHH E EOE E EEE EEE EES 

DUOOCOCICIOUIOC COCO OOC OI OIOOCOCIOICIOICICIOOICCOONOOOOOCOOCIOCICIOOOO OOO OOOCOCOCICIIOOOOOCCCICOINNIONOOOOCSSIOOIOOOOnenOOOOOOOOOOOOrOnCrrnCrci rir 

A. Electron-Pair Displacement Reactions 

as Lewis Acid-Base Reactions 

In some reactions an electron pair is donated to an atom that is not electron deficient. 

When this happens, another electron pair must simultaneously depart from the receiving 

atom so that the octet rule is not violated. The following reaction is an example of such 
a process. 

lisplaced ; 
rear attacking electron pair 5 

electron pair 

Teg ee t | 
H = H + ?0H + 70H === oH ‘i + H—O—H 

H H (3.4) 

ammonium ion hydroxide ion ammonia water 
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In this reaction, a hydrogen of the ammonium ion is attacked by an electron pair of the 

hydroxide ion. As a result, this hydrogen becomes bonded to the oxygen to give water, 

and the electron pair in the N—H bond of the ammonium ion becomes the unshared 

pair in the product ammonia. If the latter electron pair had not departed, hydrogen 

would have more electrons than allowed by the octet rule. 

This type of reaction is termed an electron-pair displacement reaction because one 

electron pair is displaced from an atom (in this case, from a hydrogen) by the attack of 

another electron pair. In many such reactions, an atom is transferred between two other 

atoms. In this example, a proton is transferred from the nitrogen of the ammonium ion 

to the oxygen of the hydroxide ion. 

Electron-pair displacement reactions can also be classified as Lewis acid-base reac- 

tions. In this view, the Lewis acid in Eq. 3.4 is the proton of the ammonium ion, which 

accepts an electron pair from hydroxide ion, and the Lewis base is the hydroxide ion, 

which donates an electron pair to the proton. However, the Lewis acids in electron-pair 

displacement reactions are different from the Lewis acids discussed in the previous section, 

because in electron-pair displacement reactions the Lewis acids are not electron-deficient. 

In order to accept an electron pair, they must at the same time give up an electron pair 

so as not to violate the octet rule. 

5B. The Curved-Arrow Formalism 

The curved-arrow formalism is also useful for electron-pair displacement reactions. This 
can be illustrated with the reaction of Eq. 3.4. In this case, two arrows are required, one 

for the attacking electron pair and one for the displaced electron pair: 

attacking 
electron pair 

H H 

| 4) — oe | oe 

a Nal -OH == H—N: + H—O—H 

lal H (3.5) 

displaced 
electron pair 

Notice that in all uses of the curved-arrow formalism each curved arrow originates 
Srupy GuIDE LINK: at the source of electrons—an unshared pair or a bond—and terminates at the destination 

¥ 31 of the electron pair. 

Ne Seis Attacking electron pairs can originate from bonds as well as unshared pairs: 
ormalisn 

attacking electron pair 

| ' 
ates ies > AE + H—H + :0OH H 

i — i H (:6)) 

displaced electron pair 
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The acceptor atom can of course be an atom other than hydrogen, a point illustrated 

by the following study problem. 

fala leu @ o/v\uieicinieieiv/aleib/e\aie 0:0. 0.0 0.0.0. 0/0. 0/8\s/nin/tin)uia)¢ it a [aie 6:6,0 0/0 0)6/0)0/0)0(0/010,0,0.0. 0.0 0:0 18(0,0,610/0 610\610.0.0:010:0)0\0\010\0/u\6/0,6'6\0 0160/8 (6)6/0)6)0) 0.6.6.6 010 D\0)0(6)n(0\6 10. 0'610\6 16101016 6.6:6)0\6)4\8) (0 618\6)8/8)a\e 9\8)8\9)4\4) 0:9) 0\0/a/d\e\9i0,0\¢)0:0:0:8)0:8 8 

Give the curved-arrow formalism for the following reaction. 

i i 
as a link eee as a 

H H 

Solution In this reaction an unshared electron pair from the oxygen of ~OH displaces 

the electron pair from the C—Cl bond onto the chlorine; the carbon atom is transferred 

from the Cl to the oxygen. Because this is an electron pair displacement reaction, two 

arrows are required. Remember that a curved arrow is drawn from the source of an 

electron pair to its destination. The source of the attacking electron pair is the ~OH ion. 

The destination of the attacking electron pair is the carbon atom. Hence, one curved 

arrow goes from an electron pair of the ~OH (any one of the three pairs) to the carbon 

atom. Because carbon can have only eight electrons, it must lose a pair of electrons to 

the chloride ion, which is formed in the reaction. Hence, the source of the second electron 

pair is the electron pair in the C—Cl bond; its destination is the chlorine. The curved- 

arrow formalism for this reaction is as follows: 

TRO eee e ee HHH HEHE THEE EHH E HEHEHE EH ES HEHE EE EHEHESEHEEE HHH EH OHHEHEHEEEE EEE EHEEEHHE HEHEHE EEE EEE EERE HEHE EEE ESSE EHEEEEEE EEE EE EESEE EEE SEEE ROO HEROES 

The displaced electron pair in the curved-arrow formalism may come from a double 
or triple bond, as in the following study problem. 

SOO OUCUOOOUOOOCOCOCCCIOOIOIOICICIOIOIOIOIOIOCCOICONIOOIOICIOIIIOCIOION OOOO OOOOICOOICCIOOOOOSOOCOOOCOCIOOOOIOOOIOOOOOOOOINOOONOOOIOOOIOOOIOOOOOICOIOIOMOOOOMOOOOOOOICCOOCOICOOONOMTCnrrcrrrinriei irr 

Given the following two reactants and the curved-arrow formalism for their reaction, 
give the structure of the product. 

CH, 

Solution In this problem you are asked to complete a transformation using the given 
curved-arrow formalism as a guide. The bonds or unshared electron pairs at the tails of 
the arrows are the ones that will not be in the same place in the product. The heads of 
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the arrows point to the places at which new bonds or unshared pairs exist in the product. 

Use the following steps to draw the product. 

Step 1 Redraw all atoms just as they were in the reactants: 

H 

HN ae) 

CH; 

Step 2 Put in the bonds and electron pairs that do not change: 

H 
\ 

H3N C—O: 

Step 3. Draw the new bonds or electron pairs indicated by the curved-arrow formalism 

new 
electron pair 

a oe 

H3;N— C—O: 
VA 

CH, 

new bond 

Step 4 Complete the formal charges to give the product. Note that the sum of the 

formal charges in the reactants and products must be the same—zero in this 

case. 

Demme eee eee eee EE HERE EEE EHH EE EEE EEEHEEEEEE EHS E EE EHSHEEEEE ESSE SEE EEEEEE SEES SHEE OEE EEEEEEEEES EE EE EEE EEEEEE EEE E EEE EEEEEEE EEE EEE E SHEE EEE EE EER EO EE EE EE 

Always keep in mind that curved arrows show the flow of electron pairs, not the 

movement of nuclei. Beginning students sometimes forget this point. For example, the 

proton transfer from HCl to ~OH might be incorrectly written as follows: 

INCORRECT CURVED-ARROW FORMALISM! 

ae Hor OG: —> HO—H +7: 
Stupy GUIDE LINK: 

o0 

V3.2 

(Sez) 

Rules for Use of the 
This is not correct because it shows the movement of the proton rather than the flow 

Gurved Arrow of electron pairs. Someone accustomed to using the formalism correctly would take 

Formalism this to imply the transfer of H> to ~OH, an impossible reaction! The correct use of the 

curved-arrow formalism shows the flow of electron pairs, as follows: 
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aur? BCL —»> HO—H +%Cl: CORRECT! (3.8) 

32 For each of the following cases, give the product(s) of the transformation indi- 

cated by the curved-arrow formalism. 

*(a) O: *(b) CH; 
He / ae C-<CH oH ee 

ee |g a cH, 

@ aie? ton Le (d) H,Al Ae eee lit 

CH, 

3.3 Suggest a curved-arrow formalism for each of the following reactions. 

*(a) CH,O0? H—CH,—CH—Br: —» CH,O—H oe Te 

CH; CH; 

we ae 56 

(b) H3N: CH Bi: =e lalalNi == Clala :Br: 

POPP e reer rere ae eres sense eee eee nesses ss EEE SEH HEHE HEHE HOH EHHEEEEEESESEEE EE EHH HEHEEEEHEHHE HEHEHE EEEEEEEE EEE HEHEHE EEEEEEEEE EEE EEEEE EEE HEHEHE EE EEE O HEHE EROS EEE ES 

Review of the Curved-Arrow Formalism 
CCPC eee eee errr rere reese eee EE Eee ee Ese EHO EEE SESE ODODE EOE EEE ESE HEEEEEESEE EEO EESESEE EOE O OEE EEE E ESSE EEE Eee eeeeeerees 

A. Use of the Curved-Arrow Formalism 

to Represent Lewis Acid-Base Reactions 
Soe eee monroe ase s reassess eeeeHee HEHE EEE sss EEE HEHEHE HOSES EHO ODED EEOC EE ESSER OTHE SOD ED EEO EEE ERED OEE EEE EED EEE COE E Eee eEeeee 

In this chapter you’ve learned that two classes of Lewis acid-base reactions are 

1. the association reactions of Lewis bases with electron-deficient compounds 

(and their reverse dissociation reactions); and 

2. electron-pair displacement reactions. 

You'll find that every reaction you study involving electron pairs can be analyzed as one of 
these two reaction types, or as a combination of them. In other words, all reactions involving 
electron pairs ¢an be dissected ultimately into only two fundamental Lewis acid-base 
processes! Since both of these fundamental processes can be described with curved arrows, 
then it follows that any reaction involving electron pairs can be described with the curved- 
arrow formalism. Because of its fundamental importance, the curved-arrow formalism 
can be, if properly used, a tool of great power for following, understanding, simplifying, 
and even predicting the reactions of organic chemistry. 



ae) Review of the Curved-Arrow Formalism 95 

B. Use of the Curved-Arrow Formalism 

to Derive Resonance Structures 

In Sec. 1.4 you learned that resonance structures are used when the structure of a 

compound is not adequately represented by a single Lewis structure. In many cases 

resonance structures differ by the movement of electron pairs. Because the curved-arrow 

formalism can represent all transformations involving electron pairs, this formalism can 

also be used to derive correct resonance structures, that is, to show how one resonance 
structure can be converted into another. The following study problem illustrates this 

point with two resonance-stabilized molecules that were discussed in Sec. 1.4. 

FEET R HH Hee eH HEH RHEE E EEE EHH HEHE EEE EE EEE EEE HEHEHE HEHEHE EE EEEEEEEE HEHEHE EEE EES SESE HEHEHE HEUTE EEH ET EEE HEH HEHEHE HEHE E EEE EEE EEE E EEE H HEE EE EEE EEE E EEE 

In each set below, show how the second resonance structure can be derived from the 

first by the curved-arrow formalism. 

(a) :O:7 O: 
+/ + 

H,C—N <—~> H;C—N 
\ 
O: OS” 

nitromethane 

ee + + 

(b) [H,;CO—CH, =<» H;CO=CH,| 

methoxymethyl cation 

Solution 

(a) To convert the structure on the left into the one on the right, an unshared electron 

pair on the upper oxygen must be used to form a bond to the nitrogen, and a bond 

to the lower oxygen must be used to form an unshared electron pair, as follows: 

Two arrows are required because the formation of the new bond requires the 

displacement of another. Thus, the appropriate curved-arrow formalism is the elec- 

tron-pair displacement formalism. Remember: even though this use of curved arrows 

is identical to that used for describing a reaction, the interconversion of resonance 

structures is not a reaction. The two structures are, taken together, a representation 

of a single molecule. 

(b) In the structure on the left, the positively charged carbon is electron- 

deficient. The structure on the right is derived by the donation of an oxygen unshared 

pair to this carbon. 

[HcO-LGH, <> n,cd=ch,] 
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This transformation resembles a Lewis acid-base association reaction, and the same 

curved-arrow formalism is used: a single curved arrow showing the donation of 

electrons to the electron-deficient carbon. 

eivjeveie sek bis (s\e 610 (e\e(e) a(6)/e)eje\e/elu @ a.wih-o)s\njninjalajaiajeisjolele(alnia ee eiuin\e(ajaiuse\¥\ais'9)0,6:0,¢' vie\o\0\0 a/e\ainie)ale s\@ 01) 6 \¥)Wi6)a\@\e/6.0)e'l018|0\616\619.6'0)610)8/9) 46) a\6;0.0\8)0(e)€) 6\9)0{0\8/8{8/0\e10)61eia\sie:9.0)8 

3.4 *(a) Draw a resonance structure for the allyl anion (below) which shows that 

the two carbon-carbon bonds have an identical bond order of 1.5 and that 

the unshared electron pair (and negative charge) is shared equally by the two 

terminal carbons. Use the curved-arrow formalism to derive your structure. 

[:CH,—CH=CH, <> ? | 

allyl anion 

(b) Using the curved-arrow formalism, derive a resonance structure for the 

allyl cation (below) which shows that each carbon-carbon bond has a bond 

order of 1.5 and that the positive charge is shared equally by both terminal 

carbon atoms. 

* 
[CH,—CH=CH, <> ? | 

allyl cation 

*(c) Using the curved-arrow formalism, derive a resonance structure for benzene 

(below) which shows that all carbon-carbon bonds are identical and have 

a bond order of 1.5. 

benzene 

Ree eee e ee eee ee Hee eee ee EHH EH HH ees EEE EHO O HH HEHEHE HEH HH HEHEHE EHH H HEHEHE MERE EEE EEE EEE E HEHE EEE HEHEHE EERE HEE HOOD 

eee meee eee eee eee eH HEHE HEHEHE EHH EE EHH HEHEHE EE HEH HHHHHHEEE HEHE HEHEHE EE EEE EEE EEE OSES EH EEEEES EE EHO EEE EHH O HEE OEE Eee 

Although less general than the Lewis concept, the Bronsted-Lowry acid-base concept is 
another view of acids and bases that is extremely important and useful in organic chemis- 

try. The Bronsted-Lowry definition of acids and bases was published in 1923, the same 

year that Lewis formulated his ideas of acidity and basicity. A Bronsted acid is defined 

as a species that reacts by donating a proton; a Brensted base is a species that reacts by 
accepting a proton. 

The reaction of ammonium ion with hydroxide ion is an example of a Bronsted 
acid-base reaction. 
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H H 

pest ah mee aan a3 aoe + H—OH 

y (3.9) 

ammonium ion hydroxide ion ammonia water 
(a Bronsted acid) (a Bronsted base) (a Bronsted base) (a Bronsted acid) 

On the left side of this equation, the ammonium ion is acting as a Bronsted acid and 

the hydroxide ion is acting as a Bronsted base; looking at the equation from right to left, 

water is acting as a Bronsted acid, and ammonia as a Bronsted base. 

A Bronsted acid-base reaction is an electron-pair displacement reaction in which a 

proton is transferred from one atom to another. In terms of the Lewis acid-base concept, 

a proton of the ammonium ion is the Lewis acid; it accepts an electron pair when it 

undergoes attack by hydroxide ion, a Lewis base. Notice that the curved-arrow formalism 

is the two-arrow formalism used for all electron-pair displacements. Notice carefully that 

even though the Bronsted acid-base definition focuses on the transfer of protons, the 

curved-arrow formalism, as always, shows the movement of electron pairs. 

When a Bronsted acid loses a proton, its conjugate base is formed; when a base 

gains a proton, its conjugate acid is formed. Hence, in Eq. 3.9, NH? and NH; are a 

conjugate acid-base pair; and HO and OH™ are also a conjugate acid-base pair: 

io conjugate acid-base pair eal 

| | 
H—N—u + (OH => “HON: = H--OH (3.10) ) O ) O 

H H 

conjugate acid-base pair 

Notice that the conjugate acid-base relationship is across the equilibrium arrows. For 

example, NH? and NH; are a conjugate acid-base pair, but NH,* and OH™ are not a 
[ conjugate acid-base pair. 

Stupy GuIDE LINK: Some compounds, called amphoteric compounds, can act as either acids or bases. 

aca 433 Water is the archetypical example of an amphoteric compound. For example, in Eq. 3.10, 

a cae water is the conjugate acid of the acid-base pair H,O/OH; in the following reaction, 

water is the conjugate base of the acid-base pair H;0*/H;0O: 

acid base base acid 

The Bronsted-Lowry acid-base concept is important for organic chemistry because 

many organic reactions are Bronsted acid-base reactions, and many others have close 

analogy to Bronsted acid-base reactions. 
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a5 In the following reactions, label the conjugate acid-base pairs. Then draw the 

curved-arrow formalism for these reactions in the left-to-right direction. 
a ss ae + 

*(a) NH; a NH, see >NH, al NH, 

(iNT OH a= NM 10: 

3.6 Give the curved-arrow formalism for the reactions in Problem 3.5 in the right- 

to-left direction. 

“ee! Write a Bronsted acid-base reaction in which H,0/:OH and CH;OH/CH3O= 

act as conjugate acid-base pairs. 

er rerepimeratein’ cielave aja relatalalaleiatefetersncrove(avare)s lsssiefelels/sts|ate|eFeiefovere' sin vie/a|«io\sie\elein\elsiore,s{etalh nivinyeln\e)eie/e(a)eeie\a:¥\wierelolsiel6,9(67e[eiece\nlnce)a(a)eleja)e:eie.60)aie}e{e)s[eie;¥esieleiela\e)e,0)P)sie)el#laie ¢ie)cieleie.si.cie ln nilci -hcisickiaia 
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Many reactions of organic chemistry can be understood and even predicted by a knowledge 

of the relative strengths of the acids and bases involved. The relative strengths of Bronsted 

acids are determined by how well they transfer a proton to a standard Bronsted base. 

The standard base traditionally used for comparison is water. The transfer of a proton 

from a general acid HA to water is indicated by the following equilibrium: 

HA + 0 === Ais H,07 (3.12) 

The equilibrium constant for this reaction is given by 

[A?”][H;07] K. = 

oS HAHO) (3.13) 

(The quantities in brackets are molar concentrations at equilibrium.) Because water is 

the solvent, and its concentration remains effectively constant regardless of the concentra- 

tions of the other species in the equilibrium, we multiply Eq. 3.13 through by [H,O] and 

thus define another constant K,, called the dissociation constant: 

_ [A?7][H;07] 

[HA][H;07] (3.14) IR aa K.qlH20] 

Each acid has its own unique dissociation constant. The larger the dissociation constant 

of an acid, the more H;O* ions are formed when the acid is dissolved in water at a given 

concentration. Thus, the strength of an acid is measured by the magnitude of its dissociation 

constant. 
Because the dissociation constants of different Bronsted acids cover a range of many 

powers of ten, it is useful to express acid strength in a logarithmic manner. Using p as 

an abbreviation for negative logarithm, we can write the following definitions: 

pe = —lo¢ iG (B15) 

pH = —log [H;07] (3.16) 

The approximate pK, values of several Bronsted acids are given in Table 3.1 in order 

of decreasing pK,. Since stronger acids have larger K, values, it follows from Eq. 3.15 
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Relative Strengths of Some Acids and Bases 
PERE OH e eee eee e eee Eee EEE HEHE eee EEE eee E HEHEHE SESE EET E EEE H OHHH HESS ESSE E HEE EEE E HEHEHE EE EH EEE EEE HEHEHE EE EEE HEHEHE HEHE EEE EES 

° 

Conjugate acid Conjugate base pk, 

NH; (ammonia) ?NH, (amide) a5) 

ROH (alcohol) RO: (alkoxide) 15-194 

HOH (water) HO: (hydroxide) 1557 

RSH (thiol) RS: (thiolate) 10-124 

R3NH?® (trialkylammonium ion) R3N: (trialkylamine) 9-114 

NH? (ammonium ion) H,N: (ammonia) 9.25 

HCN (hydrocyanic acid) ~:CN (cyanide) 9.40 

HS (hydrosulfuric acid) og (hydrosulfide) 7.0 

O O 

R—C—OH (carboxylic acid) eae (carboxylate) 4—54 

HE: (hydrofluoric acid) SFE (fluoride) Se) 

Geolicne: , (p-toluene- 

Hic—{ Sout None) Hic-K 80; SLEDDING. : =) 

or “tosylate”) 

HOS (hydronium ion) HO (water) —1.7 

H,SO, (sulfuric acid) HSO7; (bisulfate) —3b 

HCl: (hydrochloric acid) cClre (chloride) —6 to —7 

HBr: (hydrobromic acid) :Bri7 (bromide) —8 to —9.5) 

HI: (hydroiodic acid) 1:7 (iodide) —9.5 to —108 

HClO, (perchloric acid) ClO; (perchlorate) —10 (2)2 
Ree eee e ee ewe neers eee eee esas esses seee eee eseseseee 

@ Precise value varies with the structure of R. 

b Estimates; exact measurement is not possible. 

Reem meee meee eee eee eee e eee EHH eee eee eee EE EEE Eee eEEETEEEEE EEE HE EEEEEHEEEEEseeEee 

that stronger acids have smaller pK, values. Thus, HCN (pK, = 9.4) is a stronger acid 

than water (pK, = 15.7). In other words, the strengths of acids in the first column of 

Table 3.1 increase from the top to the bottom of the table. 

eee ewe e teeta ee eee eee esse E Eee ses esse eeee EHTS EEEEEEE TEE EEHEHEssee eee Hee 

EWE Te GE 

meee eee emer eee ee eee eee ee Hate EE EEE HEHEHE EEHEHeEEEE HEHEHE HE EEEEHEHEEEEEEEEeee 

3.8 What is the pK, of an acid that has a dissociation constant of 

MO *(e) 950 
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BY) 

3.10 

C. 

The 

acid, 

pK,. 

What is the dissociation constant of an acid that has a pK, of 

(a) Wes (b) 4 “(6) =2 

Which acid is the strongest 

*(a) in Problem 3,.5¢ (b) in Problem 3.9? 

Strengths of Bronsted Bases 

strength of a Bronsted base is conveniently expressed in terms of the pK, of its 

conjugate acid. Thus, the base strength of fluoride ion is measured by the pK, of its 

conjugate acid HF; the base strength of ammonia is measured by the pK, of its conjugate 

the ammonium ion, *NH,. That is, when we say that a base is weak, we are also 

saying that its conjugate acid is strong; or, if a base is strong, its conjugate acid is weak. 

Thus, it is easy to tell which of two bases is stronger by looking at the pK, values of their 

conjugate acids: the stronger base has the conjugate acid with the greater (or less negative) 

For example, ~CN, the conjugate base of HCN, is a weaker base than ~OH, the 

conjugate base of water, because the pK, of HCN is less than that of water. Thus, the 

strengths of the bases in the second column of Table 3.1 increase from the bottom to 

the top of the table. 

BASICITY CONSTANTS 

In the older literature, a quantity called the basicity constant, K,, was used 

as a measure of base strength. The basicity constant is essentially a measure 

of the ability of a base to accept a proton from water rather than from H3;O*. 

For example, the reaction in which ammonia accepts a proton from water is 

as follows: 
+ —— 

NH, == H,O L222 NH, =P Olst GBal7) 

The equilibrium constant for this reaction is 

[NH7][~OH] 
[NH] [H,O] (3.18) 

ay = 

Since [H,O] is effectively a constant, it is convenient to incorporate it into 

the equilibrium constant. Multiplying through Eq. 3.18 by [H,O] gives the 

basicity constant, Ky: 

NH? ][~OH] 
[NH3| (3.19) 

Kk 0) | 

The K, for a base is simply related to the dissociation constant K, of its 

conjugate acid. By multiplying the numerator and denominator of this equa- 

tion by [H;0*], and recognizing that the ion-product constant of water K,, 
equals [H;0*][~OH], we find that 

a (3.20) 
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(The value of K, is 107'* mol*/L?.) You should verify Eq. 3.20. Taking 
negative logarithms, and recognizing that pK, = 14, 

pk, = 14 — pK, (3.21) 

Although most people today use K, (or pK,) values of conjugate acids as 

quantitative measures of base strength, calculation of pK, values is a simple 

matter with Eq. 3.21. 

D. Equilibria among Different Acids and Bases 

When a Bronsted acid and base react, we can tell immediately whether the equilibrium 

lies to the right or left by comparing the pK, values of the two acids involved. The 

equilibrium in the reaction of an acid and a base always favors the side with the weaker 

acid and weaker base. For example, in the following acid-base reaction, the equilibrium 

lies well to the right, because H,O is the weaker acid and ~CN the weaker base. 

(stronger (weaker 
base) base) 

HCN =F Ohm SS (CIN aE HO (3.22) 

pk o4 oe, = 7 
(stronger acid) (weaker acid) 

We'll frequently find it useful to estimate the equilibrium constants of acid-base 

reactions. The equilibrium constant for an acid-base reaction can be calculated in a 

straightforward way from the pK, values of the two acids involved. To do this calculation, 

subtract the pK, of the acid on the left side of the equation from the pK, of the acid on 

the right and take the antilog of the resulting number. This procedure is illustrated for 

the reaction in Eq. 3.22 in the following study problem, and is justified in Problem 3.39 
at the end of the chapter. 

POO e ere m emer eee eee eee eee eee eee eee EEE EEE SESH HEHEHE EE EEE EEE E ESSE EEEEEEEE EEE OEE H OHHH TEESE EEE SESE EEE EEEEE EEE SESE EEE EEESEE EEE ESTHET EEE EE EES 

Calculate the equilibrium constant for the reaction of HCN with hydroxide ion 

(Eq. 3.22). 

Solution Subtracting the pK, of the acid on the left of Eq. 3.22 (HCN) from the one 

on the right (HO) gives the logarithm of the desired equilibrium constant K... 

lOg Tere] Bae) 

The equilibrium constant for this reaction is the antilog of this number, or 

K.q = 10°* = 2 X 10° 

This large number means that the equilibrium of Eq. 3.22 lies far to the right. That is, if 

we dissolve HCN in an equimolar solution of NaOH, a reaction occurs to give a solution 

in which there is much more ~CN than either “OH or HCN. On the other hand, in an 

aqueous solution of NaCN, only a very small amount of ~CN reacts with the H,O to 

give OH and HCN. ; 
eee eee eee ee eee EEE EER HESS EEE EEHEEEEEEEEE HEHE OSESEEE ERE EEEEEEEEE EEE EOEEHEEEEE ESET EEE EEE HEEE HEHE HEHEHE EE THEE EEE EEEEEEESEHEEESH EEE SSOESEEEHE SEES EEE EE EES 
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PROBLEMS 

eee eer) 

eee eee eee n scenes nassnee 

Acids and Bases; the Curved-Arrow Formalism 

eee c ese c cece erase eeneeeseeessesseeeseseeeseesse eee eee eee r acer s sees esses esses esas assssssseressusesesesssssssreeeeee? 

3.11 What is *(a) the strongest base and (b) the weakest base listed in the second 

column of Table 3.1? 

3.12 Using the pK, values in Table 3.1, calculate the equilibrium constant for the 

following reactions. 

*(a) NH; acting as a base toward the acid HCN 

(b) F acting as a base toward the acid HCN 

BROIOOIOOOOIOCIOOIOIOOOIOIDIOOOOOIOIOIOIIOOIOIOOIOOIOOIOOIOOIOIOOIOOIOOIOOCSOCISIOOOOOOO OOOO COC tka aa dda 

Sometimes students confuse acid strength and base strength when they encounter 

an amphoteric compound—a compound that can act as both an acid and a base. Water 

presents this sort of problem. According to the definitions just developed, the base strength 

of water is measured by the pK, of its conjugate acid, H;0*, whereas the acid strength of 

water (or the base strength of its conjugate base hydroxide) is measured by the pK, of 

water itself. These two quantities refer to very different reactions of water: 

Water acting as a base: 

H,O a= rel — HO ar Ai (8223.4) 

Water acting as an acid: 

Be se IshOQ s==2 Bal a Obl (3.23b) 

Pee eee terete eee eee teeta eee HHH Heese eee E HEHEHE OHHH HHH H EHH EEE H EHH EH HHH EH EHE HHH HEHEHE ESOS EEE SHEE EHH H ESE EE HEHE SESE EEO SEES 

$3513 Write an equation for each of the following equilibria, and use Table 3.1 to 

identify the pK, value associated with the acidic species in each equilibrium. 

(a) ammonia acting as a base toward the acid water 

(b) ammonia acting as an acid toward the base water 

Pee emer eres rere esse eres esses eee sess esses eee eee ese esses EEE EEE HOE EE EEE E HEHEHE EEESES HEHE EHEEESE SES ESEEEES ES ESSE EEE SEDO OEE neeees 

Free Energy and Chemical Equilibrium 

As you learned in the previous section, the equilibrium constant for a reaction tells us 

which species in a chemical equilibrium are present in highest concentration. The equilib- 

rium constant also tells us something more fundamental about the compounds in a 
chemical equilibrium: their relative standard free energies. 

Let’s consider a specific example—the dissociation equilibrium of hydrofluoric acid, 
a relatively weak acid: 

Pee OF == re HO (3.24) 

From Table 3.1, the pK, of HF is 3.2. Hence, the dissociation constant K, of HF is 107>?, 
or 6.3 X 10~*. The small magnitude of this equilibrium constant means that HF is 
dissociated to only a small extent in aqueous solution. For example, in an aqueous 
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solution containing 0.1 M HF, we can calculate using methods learned in general chemistry 

that only about 8% of the acid is dissociated to fluoride ions and hydrated protons. 

The dissociation constant is related to the standard free energy difference between 

products and reactants in the following way. If K, is the dissociation constant as defined 

in Eq. 3.14, then the standard free energy of dissociation is given by the following equation: 

AG, = —RI Ini ke (3.25) 

The standard free energy of dissociation AG3 is equal to the standard free energies of 

the ionization products (H3;O* and F) minus the standard free energy of the un-ionized 

acid (H—-F). The standard free energy of the solvent water, because it is the same for 
all acids, is arbitrarily set to zero (that is, ignored). R is the molar gas constant (8.314 X 

107° kJ/deg-mol or 1.987 X 107° kcal/deg-mol) and T is the absolute temperature in 

kelvins (degrees K). In common logarithms, 

AG’ = —2.3RT log K, (3.26) 

Because —log K, is by definition the pK, (Eq. 3.15), then 

AG, — 2.3Rf (pK) (3.27) 

Introducing the pK, of HF (3.2) into this equation, we find, at 25 °C (298 K) 

AG§ = 18.2 kJ/mol (4.36 kcal/mol) (3.28) 

What is the meaning of this standard free energy change? It means that the products 

of the dissociation equilibrium, H;0* and F~, have 18.2 kJ/mol (4.36 kcal/mol) more 

free energy than the undissociated acid HF—that is, the products are less stable than the 

reactants by 18.2 kJ/mol (4.36 kcal/mol) under standard conditions, usually taken as 

1 atm pressure (for gases) or 1 mole per liter for liquid solutions. Physically, this means 

that if we could somehow connect a free-energy source such as a battery to an aqueous 

solution containing one mole per liter of HF, it would take 18.2 kJ (4.36 kcal) of energy 

to drive the reaction completely to one mole per liter of hydrated protons and one mole 

per liter of fluoride ions. Or, we can turn the idea around: if we could somehow generate 

a solution containing one mole per liter of hydrated protons and one mole per liter of 

fluoride ions, this solution would release 18.2 kJ/mol (4.36 kcal/mol) of free energy if 

the two reacted completely to give water and one mole per liter of HF. 

Let’s now generalize this result for a reaction in which the reactant is R and the 

product is P. The equilibrium constant K,, for the interconversion of R and P is related 

to the standard free-energy difference (Gp — Gp) between P and R as follows: 

AG (Gor aGy n= 2 3 hialog Ka (3.29) 

Suppose AG” is positive (Fig. 3.1a). This means that P has a greater free energy than R, 

or P is less stable than R. If R and P are brought to equilibrium, R will be present in 

greater amount. This is shown by rearranging Eq. 3.29: 

—AG° 
log K., = ——— 
Pet oR (3.30) 

When AG?° is positive, log Keg is a negative number and consequently K., = [P]/[R] is 

less than unity—in other words, the concentration of R is higher than that of P at 

equilibrium. On the other hand, suppose that the standard free-energy difference is 

negative, as shown in Fig. 3.1b; that is, products have lower free energy than reactants. 
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Table 3.2 Relationship between Equilibrium Constant and 

Standard Free-Energy Changes for Reactions at 25 °C 

AG = —23RT lop Kor kK =e \ eq eq 

AG° 1S Keq AG° 

kJ/mol kcal/mol kJ/mol kcal/mol 

+40 9.56 98 << 1g 10° —34.2 —§8.18 

+20 4.78 Rl 10 104 —22.8 —5.46 

+10 2.39 0.018 10° —11.4 —2.73 

+5 1.20 0.13 50 —9.7] —2.32 

0 0 1.0 30 —8.41 —2.01 

—5 —1.20 75 10 —5.69 —1.36 

—10 —2.39 56.6 5 —3.98 —0.95 
=20 —4.78 3D X 10° 3 —2.72 (165 

—40 —9.56 ON <0 1 0 0 

= 

In this case log K,, is positive and K,, is greater than unity; in other words, the concentra- 

tion of P is higher than that of R at equilibrium. These examples show that chemical 

equilibrium favors the species of lower free energy. 

The more two compounds differ in free energy, the greater is the difference in their 

concentrations at equilibrium. Because of the logarithmic relationship of free energy and 

equilibrium constant, relatively small changes in AG® bring about relatively large changes 

in equilibrium constant or equilibrium concentration (Table 3.2). 

The preceding discussion shows the close relationship between the relative stabilities 

of compounds and their concentrations at equilibrium. This relationship means that if 

Ge products 
SS Ea a 

eo) iS} : aa : e AG°>0| Keg<1 S 
ea ea 
ea ea G° reactants 

>) re) Qunmamaraaneray 

Fay Boy 
g G° reactants : 

: a AG? <0 ia 

2 7 
G° products 

(a) (b) 

Figure 3.1 Relationship of free energies and equilibrium constants. The more stable compound (the compound 
of lower free energy) is favored in a chemical equilibrium. In (a) the reactants are more stable and 
are favored at equilibrium; in (b) the products are more stable and are favored at equilibrium. 
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we can predict relative stabilities, we can then predict chemical effects such as equilibrium 

constants. This will be our task in the next section. 

TOPO O eee EEE HEHE EEE EE HEED ELECT EEE ODDS DETECT EE ESSE SEES EEE TE ESET ESSE EEE EE EHTS EEE SEES ESESCESESE SESE O OOOO EHH OESESES ESE H EEE EESESETHEU SEES ED ES EEES 

*3.14 A reaction has a standard free-energy change of —14.6 kJ/mol (—3.5 kcal/mol). 
PROBLEMS Calculate the equilibrium constant for the reaction at 25 °C. 

3:15 Calculate the standard free-energy change of a reaction that has an equilibrium 

constant of 305. 

3.16 *(a) A reaction A + B 2 Chas a standard free-energy change of —2.93 kJ/mol 

(—0.7 kcal/mol) at 25 °C. What are the concentrations of A, B, and C at 

equilibrium if, at the beginning of the reaction, their concentrations are 

0.1 M, 0.2 M, and 0 M, respectively? 

(b) Ina qualitative sense, how would you expect your answer for part (a) to 

change if the reaction has a standard free-energy change of +2.93 kJ/mol 

(+0.7 kcal/mol)? Verify your prediction with a calculation. 

SEPA Re emer reese mana seer eee e esse esse E Sess Es EEE EEEHEHEHEEEE ESET EEE HEE EOHEH EEE EE ESET SEES THEE EEE EEEEE EE EEE EE EEE EEEEEEEEEE EEE EEE SESE SESE EE EEEES 

Relationship of Structure to Acidity 
Race e eee meee w eee eee esses eee ee eee esse EEE EEE EHEEE HOHE HOE HEHEHE EEEEEEEEE SESE EEE EEE HEHE SEEDER EE EEE ESSE HEHEHE EEEEEEEEE EE EEE EEE ES 

The goal of this section is to help you learn to do something very powerful indeed—to 

use the structures of compounds to predict trends in their chemical properties. The 

chemical property we are going to deal with here is Bronsted acidity, but what you learn 

can be brought to bear on other chemical properties. This section will deal with the 

following question: How can we predict the relative strengths of Bronsted acids within 

a series? Your ability to deal with questions like this will require that you use all that you 

have learned in the previous sections. 

A. The Element Effect 
eee ee eet eee EEE HOHE EEE EEE EEE EEE EE Oe Hee HEHE HEHEHE ESE EEE EEE H HEHEHE EEE HEHEHE E HEHEHE EEE HERES EE EE HEHEHE HEHEHE 

One of the most important things that determines the acidity of a Bronsted acid is the 

identity of the atom to which the acidic hydrogen is attached. For example, consider the 

acidities of the following two compounds: 

¢CH,CH,—O— HL CEEGH or aal 

ethanol (an alcohol) ethanethiol (a thiol, or mercaptan) 
jk, = 159) pO, = 105) 

These two compounds are structurally similar, the sole difference between them being 

the element (color) to which the acidic proton is attached. The elements come from the 

same group in the periodic table; yet the thiol is almost a million times as acidic as the 

alcohol (which is about as acidic as water). Another important example of the same trend 

is the relative acidities of the hydrogen halides. HI is the strongest of these acids; HF is 

the weakest. (The relevant pK, data are found in Table 3.1.) These data illustrate a 

noteworthy trend: Bronsted acidity increases as the atom to which the acidic hydrogen is 

attached has a greater atomic number within a column (group) of the periodic table. 
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Now let’s see how acidities vary across the periodic table within the same row, or 

period: 

BeSOb SRS sb isk @isl teil (3.31) 

pK, ~55 ~35 17 3.2 

(The pK, values of methane and ammonia are so high that they are not known with 

certainty.) These data demonstrate another important trend: Bronsted acidity increases as 

the atom to which the acidic hydrogen is attached is farther to the right within a row (period) 

of the periodic table. 
How can these trends be explained? Let’s divide the ionization process of a typical 

acid H—A into three steps, shown in Eqs. 3.32a—c. Of course, ionization occurs in one 

step, but we can think of the actual process as the sum of fictitious processes to help us 

understand the observed trends in acidity. 

Bond breaking Welt ae | pi ae aN (3.32a) 

Electron transfer to A: Ci re (3.32b) 

Loss of an electron from H:- H: — Ht+e (3.32c) 

Sum H—A > Ht + A: (3.32d) 

Notice that if we cancel identical items from opposite sides, the sum of these steps 

(Eq. 3.32d) is the overall dissociation reaction. Anything that makes any of these steps 

more favorable tends to increase acidity. Let us consider the energetics of each of these 
steps in turn. 

The first step (Eq. 3.32a) is the breaking of the H—A bond “in half,” with one 

bonding electron going to one atom and the other bonding electron going to the other 

atom. The energy required for this step is called the bond dissociation energy. Trends 

in bond dissociation energy are indicated by the following data: 

Within Group 7A of the periodic table: 

Bond: | Je final HBr H—!] 

Bond dissociation energy: 

(kJ/mol) 569 43] 368 297, 

(kcal/mol) 136 103 88 7A (3.33a) 

Within the second period of the periodic table: 

Bond: isle NEG HOH hi F 

Bond dissociation energy: 

(kJ/mol) 439 448 498 569 

(kcal/mol) 105 107 Lie 136 (3.33b) 

Because the bend dissociation energy is the energy required for dissociation to occur, 
smaller numbers represent more favorable reactions. 

The second step of acid dissociation (Eq. 3.32b) shows an atom or group A: accepting 
an electron to form the corresponding anion. The energy released in this step is the 
electron affinity of A. Trends in electron affinity are indicated by the following data: 
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Within Group 7A of the periodic table: 

Electron affinity: 

(kJ/mol) 295 324 349 328 

(kcal/mol) 70 78 83 78 (3.34a) 

Within the second period of the periodic table: 

Group: HOB 5 AN She Gish aE 

Electron affinity: 

(kJ/mol) Well 74 177. 328 

(kcal/mol) 1.8 18 42 78 (3.34b) 

Because the electron affinity is the energy released when a group combines with an 

electron, larger numbers represent more favorable reactions. 

The remaining step of acid dissociation (Eq. 3.32c) is loss of an electron from a 

hydrogen atom. The energy required for this step is the ionization potential of the 

hydrogen atom. Because this is the same for all Bronsted acids, it does not enter into a 

comparison of different acids. 

The data in Eqs. 3.33a and 3.34a show that within a column (group) of the periodic 

table, electron affinities do not change as much as bond dissociation energies. For example, 

the electron affinities of Cl and I differ by only 54 kJ/mol (13 kcal/mol), whereas the 

bond dissociation energies of _H—Cl and H—I differ by 134 kJ/mol (32 kcal/mol). 

Hence, the greater strength of Bronsted acids H—A toward high atomic number within a 

column (group) of the periodic table is due to weaker H—A bonds. 

Across a row (period) of the periodic table, electron affinities change much more 

than bond dissociation energies (Eqs. 3.33b and 3.34b). The increase in electron affinities 

from -CH; to -F is 320 kJ/mol (76 kcal/mol), but the increase in bond energies from 

H—CH; to H—F is 130 kJ/mol (31 kcal/mol). Hence, the trend toward higher acidities 

of Bronsted acids H—A along a row (period) of the periodic table can be attributed to the 

ability of the atoms or groups A to attract electrons. You may have noticed that this trend 

is similar to the trend in electronegativities (Table 1.1), and this should not be surprising: 

an atom’s electronegativity measures its ability to attract electrons—not isolated electrons, 

but rather electrons within a chemical bond. 

Because fluorine is much more electronegative than iodine, some students are sur- 

prised to learn that H—F is a much weaker acid than H—I. However, as you have just 

seen, it is the weaker H—I bond, not the electron-attracting ability of iodine or fluorine, 

that accounts for the greater acidity of H—I. Likewise, H—SH is a stronger acid than 

H—OH, and thiols (H—SR) are stronger acids than alcohols (H—OR), for the same 

reason. 
The effect of the attached atom A on the acidity of a Bronsted acid H—A is termed 

the element effect. To summarize: 

1. The element effect on the Bronsted acidities of a series of acids H—A 

within a column (group) of the periodic table is dominated by the bond 

dissociation energies of H—A; stronger acids have weaker H—A bonds. 
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2. The element effect on the Bronsted acidities of a series of acids H—A 

within a row (period) of the periodic table is dominated by electron- 

attracting abilities of the elements A; stronger acids have more electron- 

attracting A groups. 

B. The Polar Effect 
Pm emcee eee e rere rere eee eee EEE HHH H OHHH EHH H OEE EEEEHEEEEE OOOO DOES EEEHEH HEHE SEES EEOET ESTE HEH H SHEL ELE SES SH DED ESES ESD SEES EN EES 

Another important effect on acidities can be illustrated using as examples the acidities 

of certain carboxylic acids. Carboxylic acids are in most cases weak acids that ionize 

somewhat in water to give their conjugate bases, called carboxylate tons. 

@): acidic hydrogen :O: 

Il, 8 ge mie Z ae f 
R=-C—O—HA = HO <= Rea Ge Og ene (3.35) 

general structure of a general structure of a 
carboxylic acid carboxylate ion 

Carboxylic acids are among the most common and important of the acidic organic 

compounds. 

Consider the trend in acidity indicated by the following data for the acidity of acetic 

acid and some of its substituted derivatives: 

O O O O 

! 
CH3—-¢€-_O— i FCH —C——O—— Hi PoC G— Ot FC—C—O—H (3.36) 

acetic acid fluoroacetic acid difluoroacetic acid trifluoroacetic acid 
pK, = 4.76 pK, = 2.66 pK = 14 pk 0.23 

Within this series, the only structural difference from compound to compound is that 

hydrogens have been substituted by fluorines several atoms away from the acidic hydrogen. 

The more fluorines there are, the stronger is the acid. A similar effect is observed when 

other electronegative atoms or groups are substituted into a carboxylic acid molecule. 
The following data illustrate the same type of effect: 

O O 

! ! 
CH3CH,CH,— C—O—H CH,CH,CH,— C—O—H 

butanoic acid 
pK, = 4.82 el 

4-chlorobutanoic acid 
pk = 45) 

O O 

een CH3;CH,CH— C—O—H 

Cll Cl (3.37) 

3-chlorobutanoic acid 2-chlorobutanoic acid 
pK, = 4.06 pK, = 2.84 
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Notice from these data that the closer the electronegative group is to the acidic hydrogen, 

the greater is its effect on acidity. 

What is the reason for these effects? To begin with, consider the standard free energy 

of the ionization process. Recall (Sec. 3.5, Eq. 3.27) that the standard free energy of 

ionization AG? is related to the dissociation constant K, of an acid by the equation 

AG? = 2.3RT (pK,) (3.38) 

That is, for the dissociation of a carboxylic acid, the pK, is directly proportional to AG3, 

the standard free-energy difference between the reactant acid and the products of the 

dissociation reaction. This idea is shown diagrammatically in Fig. 3.2. Notice in this 

diagram that when the free energy of the conjugate-base carboxylate ion is lower (that is, 

when the ion is more stable), the pK, of the acid is smaller (that is, the acid is more acidic). 

Electronegative substituent groups such as halogens increase the acidities of carboxylic 

acids by stabilizing their conjugate-base carboxylate ions. This stabilization originates in 

the polarity of the carbon-halogen bond. To visualize this idea, consider the electrostatic 
interaction (interaction between charges) of the negatively charged carboxylate oxygen 

with the nearby carbon-halogen bond dipole: 

C—F bond dipole 

(3.39) 

attractive interaction 
between opposite charges 

1 
5 RiGs Onth.O ameter 
=) stabilization of O 
= carboxylate ion | 

Ss Peo ees R?C—O , H;0t 
aa 

ee AG°=2.3RT (pKa) 
a) > : 
= ING 2 IRV (DIG) 

A 
é i i n a R'C—OH me 2H 

weaker acid stronger acid 
(larger pKa) (smaller pKa) 

Figure 3.2 Carboxylic acids of greater acidity have more stable conjugate bases. (The different acids are arbi- 
trarily placed at the same free energy for comparison purposes.) 
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This interaction is governed by the following equation, called the electrostatic law: 

pee (3.40) 
er 

In this equation q, and q) are charges, € is a constant, k is a proportionality constant, 

and r is the distance between the charges. According to this law, charges of the opposite 
sign interact to give a negative (stabilizing) contribution to total energy. This means that 

the negative charge on the carboxylate oxygen and the positive end of the C—F bond 

dipole interact favorably. Although the electrostatic law also indicates that the negative 

charge on the oxygen and the negative end of the bond dipole interact unfavorably, this 

interaction occurs across a larger distance (r in the electrostatic law is larger), and therefore 

the resulting contribution to total energy E is smaller (less important). Hence, the net 

interaction of the carboxylate oxygen and the nearby C—F bond dipole is an attractive, 

stabilizing one. As you can see from the right side of Fig. 3.2, this stabilization lowers 

the pK, of an acid, or strengthens the acid. Because the carboxylic acid itself is uncharged, 

the polar effect on its stability is much less important and can be ignored. 

The effect on chemical properties caused by the interactions between charges 

and/or dipoles is called a polar effect. (It is also known as an inductive effect.) Thus, 

in the present examples halogens (or other electronegative substituents) have an acid- 

strengthening polar effect on the acidity of carboxylic acids. As the series in Eq. 3.36 shows, 

the more halogens there are, the greater is the effect on acidity. In fact, trifluoroacetic 

acid borders on being a strong acid. 

Another way to describe the polar effect of halogens and other electronegative groups 

is to say that they exert an electron-withdrawing polar effect, because they pull electrons 

toward themselves and away from the carbon to which they are attached. As we might 

imagine, there are other groups that exert an opposite polar effect, called an electron- 

donating polar effect (see Problem 3.36), and such groups raise the pK,, or reduce the 

acidity, of nearby carboxylic acids. 

The inverse relationship between the interaction energy E and distance r in Eq. 3.40 

tells us that polar effects should diminish as the distance between the interacting groups 

increases. Indeed, within the series of Eq. 3.37, the influence of a chlorine on the pK, 

decreases significantly as the chlorine is more remote from the carboxylate oxygen. 

From this section, you’ve learned about two effects of structure on chemical properties, 

in this case, the chemical properties of acidity and basicity. The element effect, the larger 

of the two effects, is how the atom attached to the acidic proton affects acidity. The element 

effect has its origins in bond energies and electron affinities (or electronegativities). Trends 

in acidity based on the element effect can be predicted by noting the relationship of the 

elements in the periodic table. The polar effect is how remote groups affect acidity through 

interactions between charges and/or dipoles. Trends in acidity based on the polar effect 
can be predicted by analyzing the effect of charge-charge or charge-dipole interactions 
on the stability of the charged species in acid-base equilibria. 

eisiels)eialeieis\e\s{eie\e\*\e,s\n\e/e\e)e/e]e\s)=\e(u}a(e\a(e)4(¢;0/6:;6/6)6:6,e[0|0[0\e{#\¢\e]9\a\@\s¢)e[e\e/e.e\e10\o\9)e/njalalaleie(aie\e.0\9\e)e\e)eis/ulels\4(e\e/6(0[6)0\6 (1 e}e\¢\6leie\oie vie) pieia\elele'e.e/s/e\eleie(aleiainju(h)sinis(eloleie/els(elnialetsisialsisiele/ajeleisis\eielolsielsiaaielealcic 

Rank the following compounds in order of increasing basicity. 

i i i i" ! 
Cle ge Oa Oe CHE GN LN Chis 

acetate ion acetamide anion glycine (an amino acid) 

A B G 
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Solution First recognize that a problem in relative basicity is equivalent to a problem 

in relative acidity. If you can rank the acidities of the conjugate acids, you’ve solved the 

problem. The relevant conjugate acids are 

O O ‘ 

Gre C2 OH? CHO Ni LN CH OF 

acetic acid acetamide glycine conjugate acid 

AH BH CH 

Both AH and CH are carboxylic acids; in both cases the acidic hydrogen is bound to an 

oxygen. The acidic hydrogen in compound BH is bound to a nitrogen. The difference in 

acidities of BH and the other two compounds is therefore due primarily to the element 

effect along the first row of the periodic table. This effect predicts that the O—H group 

should be more acidic than a comparably substituted N—H group because oxygen is 

more electron-attracting than nitrogen. Thus, the acidities of both AH and CH are greater 

than the acidity of BH. The difference in the acidities of AH and CH is due to the polar 

effect of the H,N— group in compound CH on the acidity of its carboxylic acid group. 

The full positive charge on the nitrogen has a favorable interaction with the negatively 

charged carboxylate oxygen that should, by Fig. 3.2, enhance the acidity of CH. Hence, 

the final order of acidity is CH > AH > BH. Since stronger acids have weaker conjugate 

bases, the basicity order of the conjugate bases is C< A < B. 

Reem em meeeee eee ee eee eee Eee EE eee HEHE EEE EEE ESTEE EOE HEHEHE EEE E SESE HEHE EEEEEEES EE EEE TEESE EEE EEEEEEEE SEES ESSE SES EE SEES EEE EE EEE HEHEHE HEE EEE ERE EEEEES 

Element effects and polar effects are but two of many known effects on acidity. And 

acid-base reactions represent but one type of chemical reaction (albeit a very important 

one). However, the process of analyzing these effects that has been used here—going from 

structures to energies to chemical behavior—is used throughout organic chemistry. Hence, 

it is very important that this process be thoroughly understood. 

Seem eee eee eee eee EEE REESE OEE EE EEE EEE EEE EEEE SEES ESSE HEHEHE EEE EEE SESE EEE EEEEEEEE EEE EE EEE EEE HEHE EEEEEE EEE ESTEE EEE EEEEEEE EEE EE EEE EE EE EEE EEE EEE EEE EEEES 

3.17 In each of the following sets, arrange the compounds in order of decreasing pK,, 

and explain your reasoning. 

*(a) CICH,CH,SH, CICH,CH;0H, CH;CH,OH 

- PROBLEMS | 

(b) ] J ] 

CHO GG OH, Cel G—— Olel ic oe aon 

OCH; OCH; 

3.18 Calculate the standard free energy for dissociation of 

*(a) fluoroacetic acid (pK, = 2.66) 

(b) acetic acid (pK, = 4.76) 

a519 Rationalize your answer to the previous problem by explaining why more energy 

is required to ionize acetic acid than fluoroacetic acid. 

eee ee wee ee ee eee eee eee ee eee EEE HEHEHE E HEHE ESHEETS EEE ESTHET EEE EEE HEHEHE EEE HEHEHE HEHEHE HEHE HEE HE EEEEEEEEEEEEEEHEEEEHEHHEEEE ESTEE EH EEESEEEE EEE H HEHEHE E ES 
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Key IDEAS IN CHAPTER 3 

ie compound is a Lewis acid (or electrophile) when it reacts by 

accepting an electron pair; a compound is a Lewis base (or nucleo- 

phile) when it reacts by donating an electron pair. 

[\ Electron-deficient compounds contain an atom that is short of an octet 

by one or more electron pairs. 

[\ Electron-deficient compounds react as Lewis acids with Lewis bases in 

Lewis acid-base association reactions; the reverse of a Lewis acid-base 

association reaction is a Lewis acid-base dissociation. 

{\ When a Lewis base attacks an atom that is not electron-deficient, an 

electron pair must also depart from the atom undergoing attack. The 

resulting reaction is an electron-pair displacement reaction. 

{\ All Lewis acid-base reactions involve either the reactions of Lewis bases 

with electron-deficient compounds, or electron-pair displacements. 

{ The curved-arrow formalism is an important logical symbolism for 

depicting the flow of electron pairs in chemical reactions. The reaction 

of a Lewis base with an electron-deficient compound requires one 

curved arrow; an electron-pair displacement reaction requires two. 

L\ The curved-arrow formalism can also be used to derive resonance struc- 

tures that are related by the movement of one or more electron pairs. 

Ke compound is a Bronsted acid when it reacts by donating a proton. A 

compound is a Bronsted base when it reacts by accepting a proton. 

Bronsted acid-base reactions are electron-pair displacement reactions 

that occur by attack of an electron pair on a proton. 

[\ The strength of a Bronsted acid is indicated by the magnitude of its dis- 

sociation constant K,. Because dissociation constants for various acids 

can differ by many orders of magnitude, a logarithmic pK, scale is 

used, in which pK, = —log K,. The strength of a Bronsted base is 

inferred from the K, (or pK,) of its conjugate acid. 

[\ The equilibrium constant K., for a reaction is related to the standard 

free-energy difference AG® between products and reactants by the rela- 

tionship AG® = —2.3RT log Kg. Reactions with K., < 1 have positive 

AG* values, and favor reactants at equilibrium. Reactions with K.g > 1 

have negative AG® values and favor products at equilibrium. 
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Acidity, basicity, and other chemical properties vary with structure. 

Two structural effects on Bronsted acidity are the element effect and the 

polar effect. The element effect is dominated by the change in bond dis- 

sociation energies within a column (group) of the periodic table and by 

the change in electron affinities (or electronegativities) within a row 
(period) of the periodic table. The polar effect is caused largely by the 

interaction of charges formed in the acid-base reaction with polar 

bonds or other charged groups in the acid or base molecule. 

The process for analyzing the effect of structure on acidity is to assess 

the effect of structure on energy, and then to consider how the 

resulting energy (viewed as a free energy AG?) affects the pK,. 

(a) ia (b) CH, (c) :CH, 

B GH,—=B—-CH, 
HA Ci | 

CH. 

Which of the following are electron-deficient compounds? Explain. 
ae 

ee 

CeL 

Give the curved-arrow formalism for, and predict the immediate product of, 

each of the following reactions. Each involves an electron-deficient Lewis acid 

and a Lewis base. 

(at) Cg) ee Car (b) CH; 

CH —=€ — Cl = Cl a 
+ ee 

*(c) CH, 
= Lae Xe 

CH; —Meg—— Gl: + 2 | Bis — 
H,C 
ec 

Ob: CO =O bi CER Neb SS 
ae 3 

(Problem 3.22 continues ) 
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523 

*3.24 

*(e) HO—CH,; Co 

CH Cae CrENT a 
| Pao 
CH, H 

is 
Spe 

CH, 

*(g) (CH; )3B =F (6 — Onl = 

In each of the following Bronsted acid-base reactions, label the conjugate acid- 

base pairs. Then give the curved-arrow formalism for each reaction. 

acl) iy ae 

CH;—C—O—H + 7:0H —» CH;—C—O: + H,0 

(b) 1 a 

CH;—C—O—H + H,O0 —» CH;—C—O: + H,0* 

1 Ba He OF H-6: 
if y 

O=C C=O — > O=C C=O 

CH. GH Chia Oli, CH CH—- CE Ci, 

(dy CH AN CHO: w= (CH. NG CLO N O O 

“(e) Hs CH, 
C= ner === eth isnor 
5 oe VA 

CH, CH; 

(f) 

aOV8 Oe 

|. ae 
ee 

: . + . + 
CH;—C—O—H + H,C—N=N: —» CH,;—C—O: + CH;—N=N: 

The conversion of alcohols into alkenes, a process called dehydration, takes place 

as a succession of three simple acid-base reactions, shown on the next page. 

(a) Classify each reaction step with one or more of the following terms: 

(1) a Lewis acid-base reaction 

(2) an association reaction of a Lewis base with an electron-deficient Lewis 

acid 

(3) a Lewis acid-base dissociation reaction 

(4) an electron-pair displacement reaction 

(5) a Bronsted acid-base reaction 
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(b) Ifthe step is a Bronsted acid-base reaction, indicate the conjugate acid-base 

pairs. 

(c) Draw the curved-arrow formalism for each step in the left-to-right direction. 

Step 1 CH, CH, 

ee +H—OH, == gaat Les + H,0 

un ct 
Step 2 CH, CH, 

GHee=G == OH wee == erect + OH, 

CH, CH, 

Step 3 ‘cia a 

Case { OH, === Cw + BO, : O He oa O 
CH; 

3.25. *(a) The two C—O bonds in the acetate ion (the conjugate base of acetic acid) 

are equivalent, and the negative charge is shared equally on each oxygen. 

Use the curved-arrow formalism to draw a resonance structure which, taken 

together with the structure below, conveys this idea. 

sO 

A 
l= <=> ¢ 

\ 
O oe 

acetate ion 

(b) The resonance structures of carbon monoxide are shown below. Show how 

each structure can be converted into the other using the arrow formalism. 

:C=O: <> :C=0: | 
3.26 Use the curved-arrow formalism to derive resonance structures that convey the 

following ideas. ee eg 

*(a) The outer oxygens of ozone, ?>O==O—O:’, have an equal amount of 

negative charge. 

(b) All C—O bonds in the carbonate ion are of equal length. 

C carbonate ion 
Ba Ben oe 

: O 3 : O B 

+ 

*(c) The conjugate acid of formaldehyde, CH,==O—H, has substantial positive 

charge on carbon. 
(Problem 3.26 continues ) 
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+ ee 

(d) The inner carbon of acetonitrile oxide, CH; —-C==N—O*, has some 

positive charge. 

3:27 Draw the products of each of the following reactions indicated by the curved- 

arrow formalism. 

*(a) Ae ae: (b) CH; 

Claab—=C CH; aT a aa ae 

H Gra 

*(c) EB: (d) s 5 

Cem cre Caen Si(CH)3 Saree ieee ae 

:NH, 

3.28 Draw a curved-arrow formalism that indicates the flow of electrons in each of 

the following transformations. 

aia) as 

:Br—CH,—CH,—C—O? —*» :Br? + CH,=CH, + :0—C=6: 

(b) + me 

(CH3))NH + CH,=CH—C—OC,H, —» (CH;),NH—CH,—CH=C—O6GH, 

*(c) EG Ch, 
/ 

CH, — CH, — CH) = CH, — Cl) —= Hc Ci cs 
| 7S: 

233. 

Gs 70: 
H,C—— CH) + :CN —= CH,—CH)—EN 

*(e) 
oe ee + oe 

CHNE + CH)==CH— CH— Cli =—> | CH;NH,—_ CH, CH=CH -Clly 

CH; 
CH; 

(f) 

Wore +?0CH; —» CH,=CH—Ph + :Br? + H—OCH, 

:Br: ; 

She) The following examples of incorrect curved-arrow formalism were found in the 
notebooks of Barney Bottlebrusher, a student who was known to have difficulty 
with organic chemistry. Explain what is wrong in each case. 
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aia) sO a 

MoS Ao ss Gey de 2 Seti 
oe 

(SyGH O: me CH: = Bre == CHO CHa Br 
OO Sl ee ee ee 

3.30 *(a) Naphthalene can be described by two resonance structures in addition to the 

structure below. Derive these structures with the curved-arrow formalism. 

two additional 
<> 

structures 

naphthalene 

(b) Derive three additional resonance structures for anthracene using the 

curved-arrow formalism. 

three additional 
<> 

structures 

anthracene 

3.31 *(a) Ifthe standard free-energy difference between anti butane and either one 

of the gauche conformations is 3.8 kJ/mol (0.9 kcal/mol), calculate the 

amounts of gauche and anti butane present in equilibrium in one mole of 

butane at 25 °C. (Remember that there are two gauche conformations.) 

(b) The standard free-energy difference between 2,2-dimethylpropane and pen- 

tane is 6.86 kJ/mol (1.64 kcal/mol); 2,2-dimethylpropane is the more stable 

compound. If the two were present in an equilibrium mixture, what would 

be the percentage of each in the mixture at 25 °C? 

3.32 Arrange the compounds in each of the following sets in order of decreasing pK;,, 

highest first. Explain your reasoning. 

*(a) CH3CH,OH, Cl,CHCH,OH, CICH,CH,OH 

(b) CICH,CH,SH, CH3;CH,OH, CH3CH2SH 

(Cy aE = As CH a EAs CHL) EIN GH: ee mH Pi GHA) 

H 

(d) 7 

CH3CCH,OH, CICH,CH,CH,0H, pee 

Cl CH; 

+ 
*(e) CH3;CH,OH, (CH3)>N—CH,GH,OH; (CH;)3N—OH 
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3.33 

ads 

*3.36 

Using data in Table 3.1 as well as the data below, estimate the equilibrium 

constants for each of the following reactions at 25 °C. 

+ 

“(a) (CHa )3N 47H CN) ===" (CHa).NH a ON 

pK, = V6 

(>) GH. CHS —— Hi OH == CH CHos 7 10 

pK, = 10.5 

*(a) What is the standard free-energy change at 25 °C for reaction (a) in Problem 

B39 

(b) What is the standard free-energy change at 25 °C for reaction (b) in Problem 

BIDS 

*(c) In reaction (a) of Problem 3.33, how much of each species will be present 

at equilibrium if the initial concentrations of (CH3),;N and HCN are 
+ 

both zero, and (CH;),;NH and “CN are present initially at concentrations 

or OnlniVic 

Phenylacetic acid has a pK, of 4.31; acetic acid has a pK, of 4.76. 

O O 

! 
Ph CEC O— Hi Ch Cs— O— ie 

phenylacetic acid acetic acid 

*(a) Which acid has the more favorable (smaller) standard free energy of 

dissociation? 

(b) What free energy would be expended to dissociate a 1 M solution of phenyl- 

acetic acid completely into 1 M H,O* and 1 M phenylacetate ion? 

*(c) According to the pK, data, which type of polar effect is characteristic of 

the phenyl group: an electron-withdrawing polar effect, or an electron- 
donating polar effect? Explain your reasoning. 

Malonic acid has two carboxylic acid groups, and consequently undergoes two 

ionization reactions. The pK, for the first ionization of malonic acid is 2.86; the 

pK, for the second is 5.70. The pK, of acetic acid is 4.76. 

malonic acid acetic acid 

(a) Write out the equations for the first and second ionizations of malonic acid 

and label each with the appropriate pK, value. 
(b) Why is it that the first pK, of malonic acid is much lower than the pK, of 

acetic acid, but the second pK, of malonic acid is much higher than the 
pK, of acetic acid? 
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(c) Consider a series of dicarboxylic acids given by the following general 

structure: 

O O 

! 
HOG (CHa) OO 

How would you expect the difference between the first and second pK, 

values to change as n increases? Explain. (Hint: Look at the denominator 

of the electrostatic law, Eq. 3.40.) 

Which of the following two reactions would have an equilibrium constant most 

favorable to the right? Explain your answer. 

(1) CH, CH; 

CH;—C—OH + H,0t <> tee + 2H,0 

CH; CH; 

(2) CH; CH; 

CF;—C—OH + H;0t «<= CF;—C?t + 2H,0 

CH; CH; 

From Figure 3.2, how would a structural effect that destabilizes the acid form 

of a conjugate acid-base pair affect its acidity? Use your analysis to predict which 

of the following two compounds is more basic. 

Gl== GH CH= NE een diel @ He == ie 

Let the equilibrium constant for the following acid-base reaction be Kg. 

IpUA So 1h ee BP ells) 

Let Kya be the dissociation constant of HA, and Kyp be the dissociation constant 

of HB. Justify the procedure used in Study Problem 3.5 to calculate the equilib- 

rium constant for Eq. 3.22 by showing that 

ee = 10!PKuB~ Pua) 

(Hint: Show first that Nea = Kya/Kup:) 

*(a) The acid HI is considerably stronger than HCl (see Table 3.1). Why, then, 

does a 107° M aqueous solution of either acid in water give the same pH 

reading of about 3? - 

(b) Potassium amide, K* :NH,, whose conjugate acid has a pK, of 35, is a 

much stronger base than potassium tert-butoxide, K* (CH3)3C OF 

whose conjugate ‘acid has a pK, of 19. Yet a 10~* M solution of either 

compound in water has an identical pH reading of about 11. Explain. 
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*3.41 

*3.42 

Here eee eee eee e renee eeeeeeeeeneee 

The borohydride anion reacts with water in the following way: 

BH, se H,0 ——— ae HO—BH, ar H, 

borohydride 
anion 

This reaction occurs in a sequence of two steps, the first of which is shown in 

Eq. 3.6. Write out both steps and give the curved-arrow formalism for each. 

Astatine (At) is the radioactive halogen that lies below iodine in the periodic 

table. How would you expect the following properties to compare (greater or 

less)? 

(a) bond dissociation energy of H—At vs. that of HI 

(b) electron affinity of At vs. that of I 

(c) dissociation constant of H—At vs. that of HI 
COR e meee e eee e eee eee eee ee HEE HEE HEEHEEEEH HEHEHE HED HHEHHESHERE EERE HEEHEEHEE EEE EEEHEEEES ESSE HEHE EEE HEE E EEE EEE EE EES 
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Ikenes are hydrocarbons that contain carbon-carbon double bonds. Alkenes are 

sometimes called olefins, particularly in older literature. Ethylene is the simplest 

alkene. 

ethylene 

Because compounds containing double or triple bonds have fewer hydrogens than the 

corresponding alkanes, they are classified as unsaturated hydrocarbons, in contrast to 

alkanes, which are classified as saturated hydrocarbons. 

This chapter covers the structure, bonding, nomenclature, and physical properties 

of alkenes. Then, using a few alkene reactions, some of the physical principles are discussed 

that are important in understanding the reactions of organic compounds in general. 

Structure and Bonding in Alkenes 

The double-bond geometry of ethylene is typical of that found in other alkenes. Ethylene 

follows the rules for predicting molecular geometry (Sec. 1.3B), which suggest that each 

carbon of ethylene should have trigonal-planar geometry; that is, all the atoms surrounding 

each carbon lie in one plane with bond angles approximating 120°. The experimentally 

determined structure of ethylene agrees with these expectations, and shows further that 

ethylene is a planar molecule. For alkenes in general, the carbons of a double bond and 

the atoms attached to them all lie in the same plane. 

Models of ethylene are shown in Fig. 4.1, and a comparison of the geometries of 

ethylene and propene with those of ethane and propane is given in Fig. 4.2. Notice that 

the carbon-carbon double bonds of ethylene and propene are shorter than the carbon- 
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Figure 4.1 
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(a) (b) 

Models of ethylene. (a) A ball-and-stick model. (b) A space-filling model. Notice that ethylene is a 

planar molecule. 

Figure 4.2 

carbon single bonds of ethane and propane. This illustrates the relationship of bond 

length and bond order (Sec. 1.3B): double bonds are shorter than single bonds between 

the same atoms. 
Another feature of alkene structure comes from comparing the structures of propene 

and propane in Fig. 4.2. Notice that the carbon-carbon single bond of propene is shorter 

than the carbon-carbon single bonds of propane. The shortening of all these bonds is a 

consequence of the particular way that carbon atoms are hybridized in alkenes. 

A. Carbon Hybridization in Alkenes 

The carbons of an alkene double bond are hybridized differently from those of an alkane. 

In this hybridization (Fig. 4.3), the carbon 2s orbital is mixed, or hybridized, with only 
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re 1.330A N 
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propene propane 

Structures of ethylene, ethane, propene, and propane. Compare the trigonal-planar geometry of ethyl- 
ene (bond angles near 120°) with the tetrahedral geometry of ethane (bond angles near 109.5°). 
Notice that all carbon-carbon double bonds are shorter than carbon-carbon single bonds. Notice also 
that the carbon-carbon single bond in propene is somewhat shorter than the carbon-carbon bonds of 
propane. 
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Orbitals of an sp*-hybridized carbon are derived conceptually by mixing one 2s orbital and two 2p 
orbitals. Notice that three sp> hybrid orbitals are formed and one 2p orbital remains unhybridized. 

two of the three available 2p orbitals. Because three orbitals are mixed, the result is three 

hybrid orbitals. Each has one part s character and two parts p character. These hybrid 

orbitals are called sp* (pronounced s-p-two) orbitals, and the carbon is said to be sp- 

hybridized. The shape of an individual sp* orbital (Fig. 4.4a) is much like that of an sp” 
orbital. A diagram of the orbitals of an sp*-hybridized carbon (Fig. 4.4b) shows that the 

axes of the three sp* orbitals are disposed in the same plane at mutual angles of 120°. 
Thus, an sp*-hybridized carbon atom bears three sp°-hybrid orbitals and one p orbital. 

The axis of the p orbital is perpendicular to the plane containing the sp* orbitals. 

The carbon hybridization in alkenes is another example of the idea that hybridization 

and geometry are related (Sec. 1.9). From the previous discussion you’ve learned that the 

bonding geometry of an sp*-hybridized carbon atom is trigonal planar. Whenever a main- 

group atom has trigonal-planar geometry, its hybridization is sp’. Whenever such an 

atom has tetrahedral geometry, its hybridization is sp’. 

Figure 4.4 

sp? orbitals 

sp” orbital 

p orbital 

(a) 

(a) The general shape of an sp” hybrid orbital is very similar to that of an sp° hybrid orbital, with a 
large and small lobe of electron density separated by a node. (b) Spatial distribution of orbitals on 
an sp?-hybridized carbon atom. Notice that the axes of the three sp* orbitals lie in the same plane at 
angles of 120°, and the axis of the p orbital is perpendicular to this plane. 
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Figure 4.5 
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sp*-ls o bond 

sp?-sp* a bond 

The o bonds in ethylene. (The bond lengths are exaggerated for clarity.) 

Like an sp° orbital, an sp? orbital is highly directed in space. The difference between 

these two types of hybrid orbitals is that the electron density within an sp’ orbital is 

somewhat closer to the nucleus. This difference is a consequence of the larger amount 

of s character in an sp” orbital. An sp° orbital has 25% s character (one s orbital mixed 
with three p orbitals), but an sp* orbital has 33% s character. Since s electrons, on the 

average, are closer to the nucleus than p electrons, electrons in hybrid orbitals with more 

s character also have a greater probability of being found closer to the nucleus. 

Conceptually ethylene can be formed by the bonding of two sp*-hybridized carbon 

atoms and four hydrogen atoms. An sp’ orbital on one carbon overlaps with an sp” orbital 

on another to form a bonding molecular orbital containing two electrons—a carbon- 

carbon o bond. (There are also corresponding antibonding orbitals that are not important 

here.) Each of the two remaining sp* orbitals on each carbon overlaps with a hydrogen 

1s orbital to form a C—H sp*-1s a bond containing two electrons. These orbitals account 

for the four carbon-hydrogen bonds and one of the two carbon-carbon bonds of ethylene 
(Fig. 4.5). 

The second carbon-carbon bond of ethylene comes from the overlap of the p orbitals 

on each carbon atom—the ones “left over” after hybridization. This overlap results in 

the formation of both bonding and antibonding molecular orbitals (Fig. 4.6; see also 

Problem 1.36, Chapter 1). These molecular orbitals are formed by additive and subtractive 
combinations of carbon 2p orbitals in much the same way that the molecular orbitals of 
the hydrogen molecule are formed by additive and subtractive combinations of hydrogen 
1s orbitals (Sec. 1.8A). However, the overlap of p orbitals is not “head-to-head,” as in a 
o bond, but rather is “side-to-side.” This type of bonding molecular orbital, which results 
from additive overlap of the two carbon 2p orbitals, is called a a molecular orbital. 
(Note that 7 is the Greek equivalent of p.) This molecular orbital, like the p orbitals 
from which it is formed, has a nodal plane (dashed lines in Fig. 4.6); this plane coincides 
with the plane of the ethylene molecule. The antibonding molecular orbital, which results 
from subtractive overlap of the two carbon 2p orbitals, is called a 7* molecular orbital. 
It has two nodes. One of these nodes is a plane coinciding with the plane of the molecule, 
and the other is a plane between the two carbons, perpendicular to the plane of the 
molecule. The bonding (7) molecular orbital lies at lower energy than the isolated p 
orbitals, whereas the antibonding (7*) molecular orbital lies at higher energy. The two 
2p electrons (one from each carbon), by the Aufbau principle, occupy the molecular 
orbital of lowest energy—the 7 molecular orbital. The result of this occupation is the 
second of the carbon-carbon bonds, called a 7 bond. The antibonding molecular orbital 
is unoccupied. 
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Unlike a o bond, a 7 bond is not cylindrically symmetric about the line connecting 

the two nuclei. The a bond has electron density both above and below the plane of the 

ethylene molecule, with a wave peak on one side of the molecule, a wave trough on the 

other, and a node in the plane of the molecule. The 7 bond is one bond with two lobes, 

just as a p orbital is one orbital with two lobes. In this bonding picture, then, there are 

two types of carbon-carbon bonds: a o bond, with most of its electron density relatively 

concentrated between the carbon atoms, and a 7 bond, with most of its electron density 

concentrated above and below the plane of the ethylene molecule. 

This bonding picture accounts nicely for the planar conformation of ethylene. If the 

two CH), groups were twisted away from coplanarity, the p orbitals could not overlap to 

form the a bond. Thus, the overlap of the p orbitals and, consequently, the existence of 

the a bond require the planarity of the ethylene molecule. 

This bonding picture also shows why the single bonds at an sp*-hybridized carbon 

are somewhat shorter than those at an sp®-hybridized carbon. The carbon-carbon single 

bond of propene, for example, is derived from the overlap of a carbon sp” orbital of the 

CH; group with a carbon sp* orbital of the alkene carbon. A carbon-carbon bond of 

propane is derived from the overlap of two carbon sp° orbitals. Because the electron 

density of sp’ orbitals is somewhat closer to the nucleus, it follows that the sp?-sp* 

ar* molecular 
orbital 

(antibonding) 

Pi 2 
nodes 

electron 
occupancy 

a molecular 
orbital wave 

(bonding) peak 

HH... ibe 
NN & M77 Spey 

H 

Pi+ P2 

Figure 4.6 Overlap of p orbitals to form bonding and antiboding 7m molecular orbitals of ethylene. The m bond 
is formed when two electrons occupy the bonding m molecular orbital. The nodes are planes perpen- 
dicular to the page and are indicated with dashed lines. 
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cis-2-butene 
(Z)-2-butene 
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o bond of propene, with a length of 1.50 A, is somewhat shorter than the sp*-sp> o bond 
of propane, with a length of 1.54 A (Fig. 4.2). 

B. Cis-Trans Ilsomerism 
Oem meee eee eee eee Eee EEE EOE O HEHEHE EHD H HEHE EEE EEE ED ESE ODEO DOSES EEE ESEEE SEE EE HEE S ESSE SHEE EEE E EEE H EE ESEH EH EE ESSE EES 

The alkenes with four carbons (the butenes) exist in isomeric forms. In the butenes with 

unbranched carbon chains, the double bond may be located either at the end or in the 

middle of the carbon chain. 

Gia CH = GF = Cl a ClCH Or =H 

1-butene 2-butene 

Isomeric alkenes such as these that differ in the position of their double bonds are 

examples of constitutional isomers (Sec. 2.4A). 

The structure of 2-butene illustrates another important type of isomerism. It turns 

out that there are two separable, distinct 2-butenes. One has a boiling point of 3.7 °C; the 

other has a boiling point of 0.88 °C. In the compound with the higher boiling point, 

called cis-2-butene or (Z)-2-butene, the methyl groups are on the same side of the double 

bond. In the other 2-butene, called trans-2-butene, or (E)-2-butene, the methyl groups 

are on opposite sides of the double bond. 

trans-2-butene 
(E)-2-butene 

These isomers have identical atomic connectivities (CH; connected to CH, CH doubly 

bonded to CH, CH connected to CH;). Despite their identical connectivities, the two 

compounds differ in the way their constituent atoms are arranged in space. Compounds 
with identical connectivities that differ in the spatial arrangement of their atoms are called 
stereoisomers. Cis-trans (or E,Z) isomerism is only one type of stereoisomerism; other 
types will be considered in Chapter 6. The (E) and (Z) notation has been adopted by the 
IUPAC as a general way of naming cis and trans isomers, and is discussed in Sec. 4.2B. 

The interconversion of cis- and trans-2-butene requires a 180° internal rotation about 
the double bond. 

aN QP BEER Pe 

: 180° 
cis-2-butene ‘c (6 aster C=C trans-2-butene 

HC | CH; H CH; (4.1) 

(interconversion does not occur at ordinary temperatures) 
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a bond broken 

Figure 4.7 

trans cis 

Internal rotation about the carbon-carbon double bond in an alkene requires breaking the 7 bond. 
This does not occur at ordinary temperatures because too much energy is required. 

Because cis- and trans-2-butene do not interconvert at ordinary temperatures, it follows 

that this rotation must be very slow. Why is this so? In order for such an internal rotation 

to occur, the p orbitals on each carbon must be twisted away from coplanarity; that is, 

the tm bond must be broken (Fig. 4.7). Since bonding is energetically favorable, lack of it 

is energetically costly. It takes more energy to break the 7 bond than is available under 

normal conditions; thus, the 7 bond in alkenes remains intact and internal rotation about 

the double bond does not occur. In contrast, internal rotation about the carbon-carbon 

single bonds of ethane or butane is very rapid (Sec. 2.3) because no chemical bond is 

broken in the process. 

How can you know whether an alkene can exist as cis and trans (or E and Z) 

stereoisomers? One way to tell is to mentally exchange the two groups attached to either 

carbon of the double bond. This process will give you one of two results: either the 

resulting molecule will be identical to the original—superimposable on the original atom- 

for-atom—or it will be different. If it is different, it can only be a stereoisomer (because 

its connectivity is the same). Let’s illustrate with two cases. 

In the following case, interchange of two groups at either carbon of the double bond 

gives different molecules, hence, stereoisomers. 

HC re CH, 
‘ C interchange \ i 

i 
circled groups 

different molecules 

(stereoisomers) 

(Verify that interchange of the two groups at the other carbon of the double bond would 

give the same result.) In contrast, interchange of two groups attached to a carbon of the 

double bond in the following structure gives back the same molecule: 
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circled groups 

- me, fe interchange C= oe (4.3) 

/ (i) y, 

The molecule on the right at first may not look identical to the one on the left, but it is; 

c the two are just drawn differently. If this is not clear, build a model of each molecule and 

Strupy Gurpe Link: show that the two can be superimposed atom-for-atom! 

V4.1 When an alkene can exist as cis and trans (or E and Z) stereoisomers, both carbons 
Different Ways to 
Draw the Same 

Structure 

of the double bond are stereocenters. A stereocenter is an atom at which the interchange 

of two groups gives a stereoisomer. (Another term that means the same thing is 

stereogenic atom.) 

These carbons 

are stereocenters 

Hac Hs, /\ ih 
: / interchange 

woe 
circled groups y 

H (ca) jal (Ole ACials 

= stereoisomers 

(Interchange of the CH; and the H at the other carbon of the double bond gives the 

same result; that is why both carbons of the double bond are stereocenters.) In contrast, 

the carbons of the double bond in the alkene of Eq. 4.3 are not stereocenters: 

neither carbon 
is a stereocenter 

a (crs) Ms = /\ eo 
a. interchange -) 

ie circled groups tre (4.5) 

H3C H3C CH; 

ca identical molecules 

We'll show in Chapter 6 that cis-trans isomers are not the only type of stereoisomers. 
In every set of stereoisomers we encounter, we'll be able to identify one or more stereocen- 
ters that can be used to generate the set of stereoisomers by the interchange of attached 
groups. 

Bcdsieleieye)s-c-viais)orerslsiciajeieveo.ejele)eislelaseiis{tie) ¢se\¢-ecieisieseieininiele/e\ele}«,e\eieieie! ole (eis)s n\eis\alelae/s\e;e\s\elsielerelejejereie.ose/p\nis}e 0eleiniaiein)einva{alale/s/e\e)¥ieia\¢[e/e/e olaiale/aieta\oie(s\siais alana] etalatalalavarsieietalevaleveieisleisiere Wereierete atte 

4.1 Which of the following alkenes can exist as cis-trans (or E,Z) isomers? Identify 
PROBLEM the stereocenters in each. 
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(a) = CEp— CHCEH Chit GH- (1-pentene) 

(b) (ClatyCh i, CGhi— Grn Cr 1,CI 1; (3-hexene) 

*(c) CH,—=CH—CH=CH—CH; (1,3-pentadiene) 

(di CH2CH{CH = CCH; (2-methyl-2-pentene) 

CH; 

*(e) [| (cyclobutene) 

(Hint: Try to build a model of both stereoisomers, but don’t break your 

models!) 
BERR Hee eee eee eee EEE EEE HEHEHE EEE SEES EEE E SHEE HEHEHE ESEEEEEEEH HEHEHE EEEESEEEEEEEE EEE EEE EEE E HEHEHE EEE EE EE EEE SEES EEE SEES 

Nomenclature of Alkenes 

4.1 

The IUPAC substitutive nomenclature of alkenes is derived by modifying alkane nomen- 

clature in a simple way. An unbranched alkene is named by replacing the ane suffix in 

the name of the corresponding alkane with the ending ene. The carbons are numbered 

from one end to the other so that the double bond receives the lowest number. 

] 2 3 | 5 6 

CH, = CH — CE. CE. CH. CH: |-hexene 

hexané + ene = hexene me : 
position of double bond 

The IUPAC recognizes an exception to this rule for the name of the simplest alkene, 

CH,—=CHsb, which is usually called ethylene rather than ethene. 

The names of alkenes with branched chains are, like those of alkanes, derived from 

their principal chains. In an alkene, the principal chain is defined as the carbon chain 

containing the greatest number of double bonds, even if this is not the longest chain. If 

more than one candidate for the principal chain has equal numbers of double bonds, 

the principal chain is the longest of these. The principal chain is numbered from the end 

so as to give the lowest numbers to double bonds at the first point of difference. (The 

meaning of “the first point of difference” was discussed in Sec. 2.4C.) 

When the alkene contains an alkyl substituent in addition to the principal chain, it 

is the position of the double bond, not the position of the branch, that determines the 

numbering of the chain. The position of the double bond is cited in the name after the 

name of the alkyl group. 

RRR Ree eee eee Re EEE EEE EEE HEHEHE HEHE EEEEEHEHEEEEEEEEE EEE SESE HEHEHE EEE HEE EES EEEEEEEEESES HEHEHE HEHE SEES HEHE HEHE HEH EeEEEEEEES 

Name the following compound using IUPAC substitutive nomenclature. 

Gh —€—— Ch Cry eHe 

CH,CH,CH,CH,CH; 

Solution The principal chain. is the longest continuous carbon chain containing both 

carbons of the double bond, as shown in color below. Note that this is not the longest 
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carbon chain in the molecule. The substituent group is a propyl group. Hence, the name 

of the compound is 2-propyl-1-heptene: 

position of substituent group 

position of double bond 

ae ! 
Crip C—_ Ci. Ci. CH. 2-propyl-1-heptene 

| 
CH,CH,CH,CH,CH;<———principal chain (longest chain 
See : 
a 6 containing double bond; 

double bond receives lowest number) 

BOO OOO DOO ORCACOOC AO CRE ACIO COCO COC OICOOCMOOLIOOOC ROO C CDOT OC ODOUDOUOOCOCOCOOUORUDOO TOTO OOO COO UCI TUR TIOOIOIC OOOO Ce CITE ORC IOI OT OCCU CHO UTE ILI i 

If a compound contains more than one double bond, the ane ending of the corre- 

sponding alkane is replaced by adiene (if there are two double bonds), atriene (if there 

are three double bonds), etc. 

CH,—=CHCH,CH,CH=CH), 1,5-hexadiene 

Name the following compound: 

CH,— CH=CH, 

CH3;CH,CH,CH,— C€— CEL Orr 

Solution The principal chain (color in the structure below) is the chain containing the 

greatest number of double bonds. The compound is a 1,4-hexadiene, with a butyl branch 

at carbon-4: 

3 2 1 
CH,— CH=CH, <—— principal chain 

| 
CH3;CH,CH,CH,— C= CH — CH; 4-butyl-1,4-hexadiene 

4 5 6 ran 

number of double bonds 

positions of double bonds 

position of substituent 

Dee eee e eee E EH EEE E HEHE EEE EEE E EEE EEO E HEHE HEHEHE ES EROS H HEHE HEHEHE EEEE EEE HHHEHEEEEEEE EEE HEHEHE SHEE EH OEEHEEE DERE HEEHEH EOS EEEEEEEEHEHEHHE HEHEHE EEE HEHE ES 

If the name remains ambiguous after determining the correct numbers for the double 

bonds, then the principal chain is numbered so that the lowest numbers are given to the 

branches at the first point of difference. 

Name the following compound: 

CH; 

CH, 
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Solution Two ways of numbering this compound give the double bond the number 1. 

tb CH; 

7~ 1 -CHs3 a 3 CH 

3 6 

possible names: 1,6-dimethylcyclohexene 2,3-dimethylcyclohexene 
(correct) (incorrect) 

In this situation choose the numbering scheme that gives the lowest number for the 

methyl substituents at the first point of difference. In comparing the substituent number- 

ing schemes (1,6) with (2,3), the first point of difference occurs at the first number (1 

vs. 2). The (1,6) numbering scheme is correct because 1 is lower than 2. Notice that the 

number | for the double bond is not given explicitly in the name, because this is the 

only possible number. That is, when the double bond in a ring receives numerical priority, 

its carbons must receive the numbers 1 and 2. 

Substituent groups may also contain double bonds. Some widely occurring groups 

of this type have special names that must be learned: 

allyl CH,==C— __isopropenyl 

ORE, 

Other substituent groups are numbered from the point of attachment to the principal chain. 

1 2 

¢ CH=CH, Orn CH; 

3-vinylcyclohexene | -(2-butenyl) cyclohexene 

position of double bond within 
the substituent 

position of the substituent group 
on the principal chain 

The names of these groups, like the names of ordinary alkyl groups, are constructed from 

the name of the parent hydrocarbon by dropping the final e and replacing it with yl. 

Thus, the substituent in the second example above is buten¢ + yl = butenyl. Notice the 

use of parentheses to set off the names of substituents with internal numbering. 

Finally, some alkenes have nonsystematic traditional names that are recognized by 

the IUPAC. These can be learned as they are encountered. Two examples are styrene and 

isoprene: 

Ph—CH=CH, styrene CH,—C— CH=CH, _ isoprene 

CH; 

(Recall from Sec. 2.9-that Ph— refers to the phenyl group, a singly substituted benzene 

ring.) 
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4.2 Give the structure of each of the following: . 

*(a) 1-isopropenylcyclopentene (b) 4-methyl-1,3-hexadiene 

*(c) 5-(3-pentenyl)-1,3,6,8-decatetraene (d) 3-ethyl-1,4-cyclohexadiene 

4.3 Name the following compounds: 

*(a) CH3 (b) CH;CH,—CH=CH— CH,CH,CH; 

CH 

-(o) CHz—_@H—CH--€H>_ CH —_Ci—_ CH _ Ci, _Gi. 

CH,— CH=CH), 

0160 0101014.0 6.6 6 6 0 0.0.6. 0.6 6.6 .0.0.0.0 6.0 0:0)616010:0)0 016/00 010 0.0066 6.06.65 0.5100 dpub 010100010) 0.000.0.00:0 0.00 6 0.0.0.5 80.81015010 010 0.00 000000660606 4400656000 Fee 6 SSeS bares esses evensicereressceroesesevesaas 
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The cis and trans designations for stereoisomers, although no longer officially sanctioned 

by the IUPAC, continue to be widely used. They are unambiguous when each carbon of 

a double bond has a single hydrogen, as in cis- and trans-2-butene. However, in some 

important situations, the use of the terms cis and trans is ambiguous. For example, is the 

following compound, a stereoisomer of 3-methyl-2-pentene, the cis- or the trans-isomer? 

ERC Cae 

H CH, 

One person might label this compound trans, because the two identical groups are on 

opposite sides of the double bond. Another might label it cis, because the larger groups 

are on the same side of the double bond. Exactly this sort of ambiguity—and the use of 

both conventions simultaneously in the chemical literature—brought about the adoption 

of an unambiguous system for the nomenclature of stereoisomers, called the Cahn— 

Ingold—Prelog system after its inventors. As this system is applied to alkenes, we assign 

relative priorities to the two groups on each carbon of the double bond according to a 

set of rules given in the list that follows. We then compare the relative locations of these 

groups on each alkene carbon. If the groups of higher priority are on the same side of 

the double bond, the compound is said to have the Z configuration (Z = zusammen, 

German, “together”). If the groups of higher priority are on opposite sides of the double 

bond, the compound is said to have the E configuration (E = entgegen, German, “across”). 

high priority high priority high priority low priority 

C=C Za C=C (E) 

low priority low priority low priority high priority 
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For a compound with more than one double bond, the configuration of each double 

bond is specified independently. 

To assign relative priorities, follow each of the steps below in order until a decision 

is reached. Study Problems 4.4 and 4.5 illustrate the use of these steps. 

Step 1 Examine the atoms directly attached to a given carbon of the double bond, and 

then follow the first rule that applies. 

Rule la Assign higher priority to the group containing the atom of higher atomic 

number. 

Rule 1b Assign higher priority to the group containing the isotope of higher atomic 

mass, 

Step 2 If the atoms directly attached to the double bond are the same, then, working 

outward from the double bond, consider within each group the set of attached 

atoms. You'll have two sets—one for each group on the double bond. 

Rule 2 Arrange the attached atoms within each set in descending priority order, 

and make a pairwise comparison of the atoms in the two sets. The higher 

priority is assigned to the atom of higher atomic number (or atomic mass 

in the case of isotopes) at the first point of difference. 

Step 3 If the sets of attached atoms are identical, move away from the double bond 

within each group to the next atom following the path of highest priority and 

identify new sets of attached atoms. Then apply Rule 2 to these new sets. Keep 

following this step until a decision is reached. Remember that a priority decision 

must be made at the first point of difference. 

eee ee eee meee eee eee eee EE EEE EEE EERE HEHEHE EESSEHEH HEHEHE SEES OEE TEESE EHEEEHHEHEHEEEEEEESEHEH HEHE OHO SSSSSSSESESHESHEEEEEEEH EHS H HEHE OEEEEE EEE EEE EEE SEE EE EES 

What is the configuration of the following stereoisomer of 3-methyl-2-pentene? (The 

numbers and letters are for reference in the solution.) 

ne a Sas 

ene | | H, 
\ y 
C=C 

j, ‘ 
H CH,CH) 

Solution First, consider the relative priorities of the groups attached to carbon-2. 

Applying Rule la, the two atoms directly attached to carbon-2 are C and H. Because C 

has a higher atomic number (6) than H (1), the CH; group is assigned the higher priority. 

Now consider the groups attached to carbon-3. Step | leads to no decision, because in 

both groups the atom directly attached to the double bond is the same—a carbon m in 

the case of the methyl group, and a carbon e in the case of the ethyl group. Following 

Step 2, represent the atoms attached to these carbons as a set in descending priority 

order. For carbon e, the set is (C,H,H); notice that the carbon of the double bond is not 



134 Chapter 4 

eee eee errr rrr 

Introduction to Alkenes; Reaction Rates 

included in the set. For carbon m, the set is (H,H,H). Now make a pairwise comparison 

of (C,H,H) with (H,H,H). The first point of difference occurs at the comparison of the 

first atoms of each set, C and H. Because C has higher priority, the group containing 

this atom—the ethyl group—also has higher priority. The priority pattern is therefore 

2 3 

higher-priority group ——> H3C | | CH; lower-priority group 
at carbon-2 x Vi at carbon-3 

C=C 
, — 

lower-priority group H CH,),CH; ~< higher-priority group 
at carbon 2 at carbon-3 

Because groups of like priority are on opposite sides of the double bond, this alkene is 

the E isomer, and is named (E)-3-methyl-2-pentene. 

eee eee eee eee emer eee sees esses see HEHEHE EE EEE EEE E HEHE EEE EEEEEE SEE E SHEESH ES HOO EEEEEHEE HOH EEEHES SEES EHH ES ESSE OEESS 

Name the following alkene. (The numbers and letters are for reference in the solution.) 

4 ; al a2 

H | | CLLGE.CILeH, 
\ i, 
C=C 

y, Noi 82 
ae CH,CHCH; 

Cs. 

Solution At carbon-2, the methyl group has higher priority, by Rule la. At carbon-3, 

Rule la allows no decision, because atoms al and b! are identical—both are carbons. 

Proceeding to Step 2, the set of atoms attached to either carbons al or b1 can be 

represented as (C,H,H); again, no decision is possible. Step 3 says that we must now 

consider the next atoms in each chain along the path of highest priority. We therefore 

move to the next carbon atom (a2 and b2) rather than the hydrogen in each chain, 

because carbon has higher priority than hydrogen. The set of atoms attached to a2 is 

(C,H,H); the set attached to b2 is (C,C,H). Notice that carbons al and b1 considered in 

the previous step are not considered as members of these sets, because we always work 

outward, away from the double bond, by Step 2. The difference in the second atoms of 

each set—C vs. H—dictates a decision. Because the set of atoms at carbon b2 has higher 

priority, the group containing carbon b2 (the isobutyl group) also has the higher priority. 
The process used can be summarized as follows: 

(CH,H) (GH,H) 

H CH, === CH, ——Cr CH: 

‘ie | <—— a decision is made here 

abete Ces > CH(CH;), 

(C,H,H) (CGH) 

Because the groups of like priority are on the same side of the double bond, this alkene 
has the Z configuration. 
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2 3 

group of lower priority H | CH,CH,CH,CH; «—— group of lower priority 
at carbon-2 N ik at carbon-3 

C=C 

ae mt EH oe ane 7 ae 
group of higher priority ——> H3C CH,CHCH, group of higher priority 
at carbon-2 | at carbon-3 

CH, 

Application of the nomenclature rules completes the name: (Z)-3-isobutyl-2-heptene. 
TTPO T Heme eee ee esas esses sses seers eeeeEEEEEEEEEHEH HOH ESOSEEESEEEES SESE EE EEEEEEEEEEEEEEES TEESE ESE SESE EEEEEEEEEEESESESEEES SESH EEE H HEHEHE ESSE EEE ESSE EE EEES 

Sometimes the groups to which we must assign priorities themselves contain double 

bonds. Double bonds are treated by a special convention, in which the double bond is 

rewritten as a single bond and the atoms at each end of the double bond are duplicated: 

— CH=CH), is treated as —CH—CH, and —CH=O is treated as —-CH—O 

G C O Cc 

Notice that the duplicated atoms bear only one bond. (The developers of this scheme 

preferred to say that each of these duplicated carbons “bears three phantom (that is, 

imaginary) atoms of priority zero.”) The treatment of triple bonds requires triplicating 

the atoms involved: 

Coane Nie 

re 
—C==CH is treated as —C—CH and —C=N is treated as cara 

GIG NGG 

This convention allows us to establish, for example, the relative priorities of the vinyl 

and isopropyl groups: 

| 1 2 l 
H3C 

\| ’ ieoeel 
/ | | 

H3C C G 

isopropyl group vinyl group 
(higher priority) 

The higher priority of the vinyl group is decided by application of Rule 2 at carbon-2 of 

each group. 
The following examples illustrate the E,Z nomenclature of compounds with more 

than one double bond: 

Hee CH, H H CH, H 
Vi ie EN 

C=C C=C C=C C=C 
\ ee 

H HH CH,CH; H HH CH,CH; 

(2Z,5E)-2,5-octadiene (E)-1,4-heptadiene 



136 Chapter 4 

Stupy GUIDE LINK: 

v4.2 

Drawing Structures 

from Names 

Introduction to Alkenes; Reaction Rates 

In the second example, no number before the E is required, since the E,Z designagion is 

only relevant to one of the double bonds. 

Additional rules have been developed to deal with more complex situations, but we 

don’t need to consider these here. 

RIRIRINININICIOIOOIOOOIOOOIOOOOIOOOOOOOOOOIOOIOINIOIOIOIOIOIOOIOOOOOCOOCOOICIOIOIIOMICNIOCO OCCU CCC OOO CUCL i Lk ae ib 

4.4 Name each of the following compounds, including the proper designation of 

double-bond stereochemistry: 

*(a) Chip CEG@irir CH; (b) (Cae). CH CH; 

Ee—E C=C 

i \ A 
(Ghigy) Gla Gri H CH3CH,CH, H 

4.5 Give the structure of: 

*(a) (2E,7Z)-5-[(E)-1-propenyl]-2,7-nonadiene 

(b) (E)-4-allyl-1,5-octadiene 

4.6 In each case, which group receives the higher priority? 

aia) CH3CH, (b) 

\ 
CH / c= 

CERO se f 
c=| CEh Or 

CLHC re 
‘ 
CH 

HO 

*(c) (CH3)sC (d) (CHs3)3C 
x 

C— C= 

re E 
Soni HC=C 

OCH; 

The empirical formula of an alkene, like that of an alkane, can be determined by combus- 
tion analysis (Sec. 2.7). An alkene with one double bond has two fewer hydrogens than 
the alkane with the same carbon skeleton. Likewise, a compound containing a ring also 
has two fewer hydrogens in its molecular formula than the corresponding noncyclic 
compound. (Compare cyclohexane, CsH;, with hexane, C,Hj4.) As this simple example 
shows, the molecular formula of an organic compound contains information about the 
number of rings and double (or triple) bonds in the compound. 
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The presence of rings or double bonds within a molecule is indicated by a quantity 

called the unsaturation number, or degree of unsaturation, U. The unsaturation number 

of a molecule is equal to the total number of its rings and multiple bonds. The unsaturation 

number of a hydrocarbon is readily calculated from the molecular formula as follows. 

The maximum number of hydrogens possible in a hydrocarbon with C carbon atoms is 

2C + 2. Since every ring or double bond reduces the number of hydrogens from this maximum 

by 2, the unsaturation number is equal to half the difference between the maximum 

number of hydrogens and the actual number H: 

OS eae 
U 5 = number of rings + multiple bonds (4.6) 

For example, cyclohexene, CgHjo, has U = [2(6) + 2 — 10]/2 = 2. Cyclohexene has 

two degrees of unsaturation: one ring and one double bond. 

How does the presence of other elements affect the calculation of the unsaturation 

number? You can readily convince yourself from common examples (for instance, ethanol, 

C,H;OH) that Eq. 4.6 remains valid when oxygen is present in an organic compound. 

Because a halogen is monovalent, each halogen atom in an organic compound always 

reduces the maximum possible number of hydrogens by one. Thus, if the number of 

carbons is C, the maximum number of halogens plus hydrogens is 2C + 2. If X equals 

the actual number of halogens present, the formula for unsaturation number therefore 

becomes 

2 2G #2 (XK +H) 2C 2 XS 
2 2 U (4.7) 

Finally, when nitrogen is present, the number of hydrogens in a saturated compound 

increases by one for each nitrogen. (For example, the saturated compound methylamine, 

CH;—NH), has 2C + 3 hydrogens.) Therefore, if N is the number of nitrogens, the 

formula for unsaturation number becomes 

BN Gah 28h Nn ate 0) A 2G tr ee rah Et Pea 

2 2 
U (4.8) 

The utility of the unsaturation number is that it gives us structural information about 

an unknown compound from the molecular formula alone. This idea is illustrated in 

Problem 4.9. 

eee em meee eee eee eee eee tee eee ee eee EOE E SEs E EEE HHH eee EEE EEE EE EH EH EEE EEEEEE EEE EEE H EHH EEEEEEEE HEHEHE EEE EEHEEEEE EEE EEE EEE EEEEEEEEEEEES ES EEE EHH HOHE ESSE EEE ES 

4.7 Calculate the unsaturation number for each of the following compounds: 

*(a) CsHgN> (b) C3HyCl, 

4.8 Without writing a formula or structure, give the unsaturation number of each 

of the following compounds: 

*(a) 2,4,6-octatriene (b) methylcyclohexane 

*4.9 An unknown compound contains 85.60% carbon and 14.40% hydrogen. How 

many rings or double bonds does it have? 

4.10 What is the. contribution of a triple bond to the unsaturation number? 

eee emcee eee eee eee eee eee eee eee eee eee EEE HEHE EEEEEEE EH EE EES EEESEE EEO DEE EEEEEEEES EEE EEHEEEEEEEE EEE EEEHEEHEHESEE SESE SEES HEH EEEEEESEEES EHO HEE OEEEEEH EE EEE EEES 
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Except for their melting points and dipole moments, many alkenes differ little in their 

physical properties from the corresponding alkane. 

CH,—=CH(CH))3CH; CH3(CH,)4CH3 

1-hexene hexane 

boiling point 63.4, 68.7-C 

melting point = 139. 8a. =95:3° © 

density 0.673 g/mL 0.660 g/mL 

water solubility negligible negligible 

dipole moment 0.46 D 0.085 D 

Like alkanes, alkenes are flammable, nonpolar compounds that are less dense than, and 

insoluble in, water. The lower molecular weight alkenes are gases. 

The dipole moments of some alkenes, though small, are greater than those of the 

corresponding alkanes. 

H3C CH; 

C=C Cla —= CB = Clap = Cla 

Jal H 

pe = 0.25 D = oD 

How can we account for the dipole moments of alkenes? Remember that the electron 

density in sp? orbitals lies closer to the nucleus than it does in sp® orbitals (Sec. 4.1A). 

As a result, in alkenes with alkyl groups attached to double bonds, electrons are polarized, 

or pulled, away from the alkyl group, toward the trigonal carbon atom. 

9olarization of electron density Ene nee. is } 
\ toward trigonal carbon 

C — 

This polarization results in a bond dipole. The dipole moment of cis-2-butene is the 

vector sum of the CH; -C== and H— C= bond dipoles. Although both types of bond 

dipoles are probably oriented toward the alkene carbon, there is good evidence (Problem 

4.60) that the polarization of the CH;—-C bond is greater. This is why cis-2-butene has 
a net dipole moment. 

net dipole 
moment 

In summary: Bonds from alkyl groups to trigonal carbon are polarized so that 
electrons are drawn away from alkyl groups toward trigonal carbon. An equivalent statement 
is that trigonal carbon withdraws electrons from alkyl groups. 
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4.11 Which compound in each set should have the larger dipole moment? Explain. 

*(a) propene or 2-methylpropene (b) cis-2-butene or trans-2-butene 

Oem meee amen eee e eee eee eee eee eee OTHE EHH EEE Eee E eee u HHH eee H HEE EEEEEEESESESEEEEEE EE EEE EEE EERE EEE SESE SEES SHEE SEES 

When we ask which of two compounds is more stable, we are asking which compound 

has lower energy. However, energy can take different forms, and the energy we use to 

measure relative “stability” depends on the purpose we have in mind. If we are interested 

in the position of chemical equilibrium, then the standard free energy change (AG°) for 

the equilibrium is the energy measurement of interest (Sec. 3.5). However, the free energy 

change for a reaction is not the same as the total energy change. If we want to inquire 

about the relative stabilities of the bonding arrangements in two different molecules, we 

need to know their relative total energies. For our purposes, the relative total energies of 

two compounds are essentially the same as their relative standard enthalpies, or heat 

contents, abbreviated A H°. Section 4.5A will show how the standard enthalpies of organic 

compounds are expressed. Then, in Section 4.5B, you'll learn what the enthalpies of 

alkenes can reveal about the relative stabilities of different bonding arrangements in 

alkenes. 

A. Heats of Formation 

The relative enthalpies of many organic compounds are available in standard tables as 

heats of formation. The standard heat of formation of a compound, abbreviated AH7, is 

the heat of the reaction in which the compound is formed from its elements in their 

natural state at 1 atm pressure and 25 °C. Thus, the heat of formation of trans-2-butene 

is the heat absorbed in the following reaction: 

4H, + 4C —~ _ trans-2-butene (4.9) 

The conventions used in dealing with heats of reaction are the same as with free 

energies: the heat of any reaction is the difference in the enthalpies of products and 
reactants. 

AH*(reaction) = H°(products) — H°(reactants) (4.10) 

A reaction in which heat is liberated is said to be an exothermic reaction, and one in 

which heat is absorbed is said to be an endothermic reaction. The AH° of an exothermic 

reaction, by Eq. 4.10, has a negative sign; the AH® of an endothermic reaction has 

a positive sign. The heat of formation of trans-2-butene (Eq. 4.9) is —11.2 kJ/mol 

(—2.67 kcal/mol); this means that heat is liberated in the formation of trans-2-butene 

from carbon and hydrogen, and that the alkene has lower energy than the four moles 

each of C and H; from which it is formed. 

Heats of formation are used to determine the relative enthalpies of molecules, that 

is, which of two molecules has lower energy. How this is done is illustrated in the following 

study problem. 
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be 01610 610 016/610 el6{ulsluislelela u's) oie ele o'p.010:6 6.6 \0/u.e\6(6/e(e\n(6\e/6\6.6\e 6laleia 0)6'6.6\0 0010\0/0,0,010,0 010 0/0 |016161016\0\6/8/0.6.9.6-0:6 61610 10 /A10)0(0)8(6\0 0.0.0 6\0) 6/6 0 (0/8) 4) 6/0.0'0:6/4/8\0/8|0/8 4:86 u\6/8)0/8)4/8)¥ 0 .0,8,8'8) 018.0; 8,0 818 

Calculate the standard enthalpy difference between the cis and trans isomer of 2-butene. 

Specify which stereoisomer is more stable. The heats of formation are, for the cis-isomer, 

—6,99 kJ/mol, and for the trans-isomer, —11.2 kJ/mol (—1.67 and —2.67 kcal/mol, 

respectively). 

Solution The enthalpy difference requested in the problem corresponds to the standard 

AH? of the following reaction: 

cis-2-butene ——~ ‘frans-2-butene (4.11) 

AH; 0.99 Hi kJ/mol 
= 1.67 = 2.67) kcal/mol 

To obtain the standard enthalpy difference, apply Eq. 4.10 using the corresponding heats 

of formation in place of the H° values. Thus, AH? for the reactant, cis-2-butene, is subtracted 

from that of the product, trans-2-butene. The AH® for this reaction, then, is —11.2 — 

(—6.99) or —4.2 kJ/mol (—1.0 kcal/mol). This means that trans-2-butene is more stable 

than cis-2-butene by 4.2 kJ/mol (1.0 kcal/mol). 

The procedure used in Study Problem 4.6 utilizes the fact that chemical reactions 

and their associated energies can be added algebraically. (This principle is known as Hess’s 

law of constant heat summation.) What we have really done in the study problem is to 

subtract the two formation reactions and their associated energies: 

Equations: AH® (kJ/mol): AH® (kcal/mol): 

A€ + AHS —— = trans-2-butene =I AG) (4.12a) 

Gis peneNE = ——aS AME ae Aba +6.99 sinew (4.12b) 

Sum: cis-2-butene —~ _ trans-2-butene =D) =1,0 (4.12c) 

Figure 4.8 

STANDARD ENTHALPY, H° 

Sn a GREET TE 

6.99 kJ/mol 
(1.67 kcal/mol) 

11.2 kJ/mol 

(2.67 kcal/mol) 

—————————_——————————— cis-2-butene 

(1.0 kcal/mol) cis- and trans-2-butenes 

Remen M ene: ee ies er trans-2-butene 

Use of heats of formation to derive relative enthalpies of two isomeric compounds. The enthalpies of 
both compounds are measured relative to a common reference, the elements from which they are 

4.2 kJ/mol 4 enthalpy difference between 

formed. The difference between the enthalpies of formation is equal to the enthalpy difference 
between the two isomers. 



4.5 Relative Stabilities of Alkene Isomers 141 

Because cis- and trans-2-butene are isomers, the elements from which they are formed 

are the same and cancel in the comparison. This is shown by the diagram in Fig. 4.8. Were 

we to compare the enthalpies of compounds that are not isomers, the two formation 

equations would have different quantities of carbon and hydrogen, and the sum would 

contain leftover C and H,. This sum would not correspond to the direct comparison 
; desired. 

Stupy GuIDE LINK: 

4.3, Using heats of formation to calculate the standard enthalpy difference between two 

Source peor of compounds (Study Problem 4.6) is analogous to measuring the relative heights of 
ormation two objects by comparing their distances from a common reference, say, the ceil- 

ing. If a table top is five feet below the ceiling, and an electrical outlet is seven feet 

below the ceiling, then the table top is two feet above the outlet. Notice the height 

es of the ceiling can be taken arbitrarily as zero; its absolute height is irrelevant. When 

Stupy GuIpE LINK: heats of formation are compared, the enthalpy reference point is the enthalpy of 

4.4 the elements in their “standard states,” their normal states at 25 °C and 1 atm pres- 
Free Energy and sure; the enthalpies of formation of the elements in their standard states are arbi- 

Enthalpy trarily taken to be zero. 

Peet eee eee eee eee REE e EOE HEHEHE ETH HEE EEE EE EEE SESE EEE ES EHH EEE EH HEHEHE EES ES EEE E HEE E SESE EEEEEEEE ESSE EEE EEE HEHE EEEEEEEHEEE EEE EEE EEE EES 

*4.12 (a) Calculate the enthalpy change for the reaction 1-butene ~ 2-methyl- 

propene. The heats of formation are 1-butene, —0.13 kJ/mol (—0.03 

kcal/mol); 2-methylpropene, — 16.90 kJ/mol (—4.04 kcal/mol). 

(b) Which butene isomer in (a) is more stable? 

4.13 (a) If the standard enthalpy change for the reaction 2-ethyl-l-butene > 

2-methyl-l-pentene is +7.45 kJ/mol (+1.78 kcal/mol), and if AH+ 

for 2-ethyl-1-butene is —51.55 kJ/mol (—12.32 kcal/mol), what is AH} for 

2-methyl-1-pentene? 

(b) Which isomer is more stable? 

*4.14 Calculate AH} for 1-hexene from its heat of combustion, —3770.4 kJ/mol 

(—901.14 kcal/mol), using the method and the combustion data for carbon and 

hydrogen given in Study Guide Link 4.3. 

Seem eee eee eee eee EE HEHEHE HEHE HEHEHE HEHE HEEEE HOHE EEE EES EES EEO ESEEEEESEESEE EOE H HOHE EE HEHE ESE S SHEER EEEEE ESOS OEE EEE SEES HEHEHE EEE HEHEHE EES 

POR meee eee eee rem eee eee EEE HEHEHE EEEEEE HEHEHE SHEESH EEE EEE HEHEHE EEE EEE EEEEE EEE DESH EEE EEEE EEE EE HEHE EEE E EEE EEE EES 

The heats of formation of alkenes can be used to determine how various structural 

features of alkenes affect their stabilities. We'll answer two questions using heats of 

formation. First, which is more stable: a cis alkene or its trans isomer? Second, how does 

the amount of branching at the double bond affect the stability of an alkene? 
Study Problem 4.6 showed that trans-2-butene has a lower enthalpy of formation 

than cis-2-butene by 4.2 kJ/mol (1.0 kcal/mol) (Eq. 4.12c). In fact, most trans alkenes 

are more stable than their cis isomers. Why is this so? The methyl groups in cis-2-butene 

are forced to occupy the same plane on the same side of the double bond. A space-filling 

model of cis-2-butene (Fig. 4.9) shows that one hydrogen in each of the cis methyl groups 

is within a van der Waals radius of the other. Hence, van der Waals repulsions occur 
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Figure 4.9 
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van der Waals repulsion 

(a) cis-2-butene (b) trans-2-butene 

Space-filling models of (a) cis-2-butene and (b) trans-2-butene. In cis-2-butene, van der Waals 
repulsions exist between hydrogen atoms of the two methyl groups (color). In trans-2-butene, these 
van der Waals repulsions are not present. 

between the methyl groups much like those in gauche butane (Sec. 2.3B). In contrast, no 

such repulsions occur in the trans isomer, in which the methyl groups are far apart. Not 

only do the heats of formation suggest the presence of van der Waals repulsions in cis 

alkenes, but they give us quantitative information on the magnitude of such repulsions. 

How does branching at the double bond affect the relative energies of alkenes? First, 

let's compare the heats of formation of the following two isomers. The first has a single 

alkyl group directly attached to the double bond. The second has two alkyl groups attached 

to the double bond, in other words, has a single carbon branch at the double bond. 

CH3= GH—CH(CHs)5 NH = —28.95-k) fmol (4.13a) 

—6.92 kcal/mol 

CH; 

GEE —G—_@ re AH;¥ = —36.32 kJ/mol (4.13b) 

—8.68 kcal/mol 

Notice that both compounds have a single branch; they differ only in the position of the 

branch. In this case, the isomer with the branch at a carbon of the double bond has the 

smaller (more negative) heat of formation, and is therefore more stable. The data in 

Table 4.1 for some isomeric hexenes show that this trend continues for increasing numbers 

of alkyl groups directly attached to the double bond. These data show that an alkene is 

stabilized by alkyl substituents on the double bond. When we compare the stability of alkene 

isomers we find that the alkene with the greatest number of alkyl substituents on the double 
bond 1s usually the most stable one. 

Notice that, to a useful approximation, it is the number of alkyl groups on the double 

bond more than their identities that govens the stability of an alkene. In other words, a 

molecule with two small alkyl groups on the double bond is more stable than its isomer 

with one large group on the double bond. The first two entries in Table 4.1 demonstrate 

this point. The second entry, 2-ethyl-1-butene, with two ethyl groups on the double 

bond, is more stable than the first entry, 2-methyl-1-pentene, which has a single isobutyl 
group on the double bond. 
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Table 4.1 Effect of Branching on the Stabilities of Hexene Isomers 
SOTO OMe ewer esses n esse sees EEE SHEE HEE EEEE EEE EE EEE EEEEEEEEEEESESE SHEE EEE EEE ESSE SESE EEE EEE EEEEEESEEEEE SESE EEE EEEEHESEEE HEHE OSES EEE E SEES EE EEEES 

Number of alkyl groups 

directly attached to 

Hexene isomer double bond AH; Enthalpy difference 

CHj>— CHi— CE GH(CHa)> l —44.10 kJ/mol 

C,H; —10.54 kcal/mol | 7.45 Ij/mol 

Ch == \ ”) P55 (mol —1.78 kcal/mol 

CHE —12.32 kcal/mol 

; Sy me —1.70 kcal/mol 

ae 3 —58.66 kJ/mol 

H GH: — 14.02 kcal/mol 

—0.54 kJ/mol 

oo i —0.13 kcal/mol 

ae 4 —59.20 kJ/mol 

—14.15 kcal/mol HC Guy 5 kcal/mo 

RRO eee eee eee eee eee eee eee EEE EEE HEE EE EEE HEHEHE HEE EEHESE HEHEHE HEHEHE ESE EE EEE H EEE EHEE EEE HEHE HEHEHE EEE EEE EE EEE EEE E EES 

Heats of formation have given us considerable information about how alkene stabili- 

ties vary with structure. To summarize: 

Increasing stability: 

R R R R 
\ \ % Zi 

R— CH=CH, <= R—CH—CH—R= C—=CH, = are < ar (4.14a) 

R R R R 

R R R H 

Nee e/, 
and C— Cau an © — 0 (4.14b) 

(aS Me oa PX 
H lab, ai R 

4.15 Within each series arrange the compounds in order of increasing stability: 

He ine e) 

H3C 

(1) (2) 

(Problem 4.15 continues ) 
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(by HC C(CHs3) Reet H 

C=C C=C 
\ / 

H H H CH,CH(CH;3 )> 

(1) (2) 

*4.16 As shown by the third and fourth entries of Table 4.1, the heats of forma- 

tion of (E)-3-methyl-2-pentene and. 2,3-dimethyl-2-butene differ very little 

(—0.54 kJ/mol, —0.13 kcal/mol). This contrasts with the trend shown in the 

other examples, that each branch at the double bond contributes about 7.1—7.3 

kJ/mol (1.7-1.8 kcal/mol) to additional alkene stability. Suggest one reason why 

the latter compound, despite its greater number of branches at the double bond, 

is not much more stable than the former. 

eee eee eee meee nena meee esses sess EEH HEHE EEE E HEED EE EEE E EEE HHEEHEEEEE TEED HEHEHE EE HEH HEHEHE HEH EEHEEEHEEEEEEEE EE EES 

Meee meee emer ee eee e eee ee eee eee esse ese H HEHE HEHE HH eee THH HHH H HHH H OHHH EHH HH HEHEHE HEHEHE HEHEHE OHHH HEHEHE HEH HHEE EEO ES 

The remainder of this chapter considers three reactions of alkenes: the reaction with 

hydrogen halides; the reaction with hydrogen, called catalytic hydrogenation; and the 

reaction with water, called hydration. These reactions will be used to establish some 

important principles of chemical reactivity that are very useful in organic chemistry. 

Other alkene reactions are presented in Chapter 5. 

The most characteristic type of alkene reaction is addition at the carbon-carbon 

double bond. The addition reaction can be represented generally as follows: 

bonds broken 

a PS i) 
C=C +) mo 

iS N\ 

we form 

In an addition reaction, the carbon-carbon am bond of the alkene and the X—Y bond 

of the reagent are broken, and new C—X and C—Y bonds are formed. 

CPO e eee eer eeesaaaae ese reese rere aees ee ee eer eeeeessseH EEO HOODS DOOR ERED DEE O EEO O ES EOE ODEO HOE ODE EeereeeeeeeeeeeeeeeDeccesoee 

H—Br undergoes an addition reaction with most alkenes. Write the product of addition 
of H—Br with ethylene. 

Solution Follow the pattern in Eq. 4.15, with X—Y = H—Br. In the product of 
addition, the carbon-carbon 7 bond and the H—Br bond are broken, and new C—H 
and C—Br bonds are formed, as follows: 

CH,==CH, + H—Br = CED =-Chin 

Sleieiaisieieleieie e.e'eiaieieieieie)siaiele e'eie)s[s/e\s/e\e\s\s\e\4/6|e)e\0/eie\sie\e\e\e, #8 /e\e\9\olv lee 0\e1r\o'e\e\a)ele e/a(e/e\v)e\u/s\s/e/a,ele\s\hials]o-6\0[o(nisie|aieieie(ele)uialolelslels\eleleleieielaia/etewlelsieleteitersielelcieiale 
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4.17 Give the structure of the addition product formed when ethylene reacts with 

each of the following reagents: 

SQ) EP HO=sbe (b)=H-—I 

*(c) BHs (Hint: Each of the B—H bonds undergoes an addition to one molecule 

of ethylene. That is, three moles of ethylene react with one mole of BH;.) 

(d) Br, 
SHPO wee e meee eee mean sees sneer as esses eee eee s esse EH EEE OEEEEEEES ES ED DOO OEEEESESES EH OEE HOES EEE EESESESES ESE OOOO SESE EEEEESEEESEEES ESSE ESOS EEESESES ESSE EEE EEEEESEEES 

The hydrogen halides H—Cl, H—Br, and H—I undergo addition to carbon-carbon 

double bonds to give products called alkyl halides, compounds in which a halogen is 

bound to a saturated carbon atom: 

GHe== CH=CH. CH. = Brag CH tie ieee (4.16) 

2-butene en : (Z or E) H Br 

2-bromobutane 
(an alkyl halide) 

A. Regioselectivity of Hydrogen Halide Addition 
eee meme wee eee eee eee eee eee e sees ees eee EEE HEHE EEE eH EEEEEEEE DEES EE EEEEEEESEEES ESSE EEE E HEHEHE EEEESEEE EEE SHEE SEES EEE EE EES 

When the alkene has an unsymmetrically located double bond (one that is not in the 

center of the molecule), two isomeric products are possible. 

CH, CH — (CH, .cH. + Hl > 

1-hexene 

Gree Ol —(Glan) Glas or i Clip Cry —(CEl) Cla (4.17) 

I 1-iodohexane 

(not observed) 

2-iodohexane 
(observed) 

As shown in Eq. 4.17, only one of the two possible products is formed from a 1-alkene in 

significant amount. Generally, the main product is that isomer in which the halogen ts 

bonded to the carbon of the double bond with the greater number of alkyl substituents, and 

the hydrogen is bonded to the carbon with the smaller number of alkyl substituents. 

GE — GL (@nb Chik 

H goes here I goes here 
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A reaction that gives only one of several possible constitutional isomers is said to be a 

regioselective reaction. Hydrogen halide addition to alkenes is a regioselective reaction 

because addition of the hydrogen halide across the double bond gives only one of the 

two possible constitutionally isomeric addition products. 

When the two carbons of the alkene double bond have equal numbers of alkyl 

substituents, little or no regioselectivity is observed in hydrogen halide addition, even if 

the alkyl groups are of different size. 

HBr + CH;—-CH=CH—C,H, —~> 

2-pentene 

Cie Oh —— @ Hy One Cla CL -— Cll as (4.18) 

Br Br 

2-bromopentane 3-bromopentane 

(nearly equal amounts) 

MARKOWNIKOFE’S RULE 

The regioselective addition of hydrogen halides to alkenes was first reported 

in 1870 by Vladimir Markownikoff (1838-1904), director of the Chemical 

Institute of Moscow. The regioselectivity of hydrogen halide addition to 

alkenes was generalized as Markownikoff’s rule, which was stated as follows: 

“The halogen of a hydrogen halide attaches itself to the carbon of the alkene 

bearing the least number of hydrogens and the greater number of carbons.” 

DOCOOOOOOIOOIOIOOIC OOOO IOIOIIOOIIIOOIONOIOCOIOICOICCIUICIOIIOOIOOIOOOCO OOOO OOCCOICIOIOICOIOOOOOOOOOOOCICOOICCOOOOOOOOOOOOOIOOIOOOOOOOOOOOINOOOOOCnCnninnnnnnrinrinininninnir i iit i iiriras 

4.18 Using the known regioselectivity of hydrogen halide addition to alkenes, predict 
the addition product that results from the reaction of: 

*(a) H—Br with 1-methylcyclohexene 

(b) H—Cl with 2-methylpropene 

DOCOUO RCO O ODIO OOOO OCC OOOCICG UIUC ICGOUCCCOOIUIUCOUIOCO COCO OOOOOICOUOCICOOO OC OCIOO OOOO OOOO OO OOICICCOOOOOIOICSOOOGOOOOOOOCIOOCOOOOOOICOOIOAOCMOCCCCOCCCrTrnMnrrrcniiririt 

B. Carbocation Intermediates 

in Hydrogen Halide Addition 

For many years ie regioselectivity of hydrogen halide addition had only an empirical 
(experimental) basis. The modern understanding of this regioselectivity begins with the 
fact that the overall addition reaction actually occurs as two successive reactions. Let’s 
consider each of these in turn. 
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In the first reaction, the electron pair in the 7 bond of an alkene attacks the proton 

of the hydrogen halide. The electrons of the 7 bond react rather than the electrons of 7 

bonds because 77 electrons are farther from the nucleus, less strongly attracted to their 

parent carbons, and therefore more easily shared with other atoms. As a result, the 

carbon-carbon double bond is protonated on a carbon atom; that is, one of the carbon 

atoms accepts a proton. The other carbon becomes positively charged and electron 

deficient: 

H—Br: electron-deficient carbon 

| 4 
| io 

pau tans UA RIS Ae (4.19a) 

a carbocation 

The species with a positively charged, electron-deficient carbon is called a carbocation, 

pronounced CAR-bo-CAT-ion. (The term carbonium ion was used in earlier literature.) 

Notice that the formation of the carbocation from the alkene is an electron-pair displace- 

ment reaction (Sec. 3.2A) in which the 7 bond acts as a Bronsted base (Sec. 3.4A) toward 

the Bronsted acid H—Br. The zw bond is not an ordinary base in the sense that we 

consider ammonia, hydroxide ion, or even water as bases. Rather, it is a very weak base. 

Nevertheless, it can be protonated to a small extent by the strong acid HBr. 

The resulting carbocation is a powerful electron-deficient Lewis acid, and is thus a 

potent electrophile. In the second reaction of hydrogen halide addition, the carbocation 

is attacked at its electron-deficient carbon by the halide ion, which is a Lewis base, or 

nucleophile: 

eh Bre 

R—CH—CH,—R eg ee OU Olin (4.19b) 

The carbocations involved in hydrogen halide addition to alkenes are examples of 

reactive intermediates or unstable intermediates: species that react so rapidly that they 

never accumulate in more*than very low concentration. Most carbocations are too reactive 

to be isolated except under special circumstances. Thus, carbocations cannot be isolated 

from the reactions of hydrogen halides and alkenes because they react instantaneously 

with halide ions. 

The complete description of a reaction pathway, including any reactive intermediates 

such as carbocations, is called the mechanism of the reaction. To summarize the two 

steps in the mechanism of hydrogen halide addition to alkenes: 

1. A carbon of the 7 bond is protonated. 

2. A halide ion attacks the resulting carbocation. 

When the double bond of an alkene is not located symmetrically within the molecule, 

then protonation of the double bond can occur in two ways to give two different carbo- 

cations. For example, protonation of 2-methylpropene can give either the tert-butyl cation 

(Eq. 4.20a) or the isobutyl cation (Eq. 4.20b): 
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Br—H 
ellen ee 

CH, CH: 
\ ~ 
CCH, €— ICE 

i / 
CH, CH, 

CHeae nH H 
i eee ts 7 
OCH Bre Co @— Cl ne (4.20) 

CH; CH, 

tert-butyl cation 

(a) 

isobutyl cation 
(not formed) 

(b) 

These two reactions are in competition—that is, one can only happen at the expense of 

the other because they compete for the same starting material. Only the tert-butyl cation 

is formed in this reaction. The tert-butyl cation is formed exclusively because reaction 

4.20a is much faster than reaction 4.20b. Because the tert-butyl cation is the only carbo- 

cation formed, it is the only carbocation available to react with the bromide ion. Hence, 

the only product of HBr addition to 2-methylpropene is tert-butyl bromide. 

:Br: ie 
H3C ie: “ :Br: 

Ye | 
C—Cal ra GEE C=C (4.21) 

H3C CHE 

tert-butyl bromide 

Notice that the bromide ion has become attached to the carbon of 2-methylpropene 

bearing the greater number of alkyl groups. In other words, the regioselectivity of hydrogen 

halide addition is due to the formation of only one of two possible carbocations. 

The reason that the tert-butyl cation is formed is that the tert-butyl cation is more 

stable than the isobutyl cation. Thus, the regioselectivity of hydrogen halide addition is due 

to the formation of the more stable carbocation intermediate. In order to complete our 

understanding of hydrogen halide addition, then, we need to understand the factors that 
govern the relative stabilities of carbocations. 

C. Structure and Stability of Carbocations 
O19 0/0618 600000000 ee 804s 06 0006 0 6secee cee 000/010 0140 0.00 0610100160000 Fen bees cess vores see nesesneuseesescovscccoensucoeeneccounveccoene 

Carbocations are classified by the degree of alkyl substitution at their electron-deficient 
carbon atoms. 
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Table 4.2 Heats of Formation of the 

Isomeric Butyl Cations (Gas Phase, 25 °C) 
FOOT Ree Hee eee HEHEHE HEHE EH HEHE HEHEHE EEE HEE E HHH H HEHEHE HEHEHE HEE EEE HEHE EHH E HEHE EEE SESE HEHEHE EEE E EE HEE OHHH HEHE EHO OEE E EE EES 

Cation structure Name Heat of formation Relative energy" 

kJ/mol kcal/mol kJ/mol kcal/mol 

CH. CHL CHLCH: butyl cation 845 202 155 3iy/ 

(Co eeHor isobutyl cation 828 198 138 33 

CHeCHCH.CH. sec-butyl cation DSI 181 67 16 

(Cae tert-butyl cation 690 165 (0) (0) 
POOR Reem eee eee eee EEE HEHEHE HEHEHE ESES ESTES EEEEESEEEEHH SHOE HOES EEETEEEEEEEHHESHESESEEEEEEEE EES ESE SESE EEEESEESESEEES EE EH EE EEE EEE OS 

4 Energy difference between each carbocation and the tert-butyl cation 

R 

: & 
Re Ole R—CH—R C—R (4.22) 

R 

primary secondary tertiary 

That is, primary carbocations have one alkyl group bound to the electron-deficient carbon, 

secondary carbocations have two, and tertiary carbocations have three. For example, the 

isobutyl cation in Eq. 4.20b is a primary carbocation, and the tert-butyl cation in 

Eq. 4.20a is a tertiary carbocation. 

The gas-phase heats of formation of the isomeric butyl carbocations are given in 

Table 4.2. The data in this table show that branching at the electron-deficient carbon 

strongly stabilizes carbocations. (A comparison of the first two entries shows that 

branching at other carbons is much less significant.) The relative stability of isomeric 

carbocations is therefore as follows: 

Stability of carbocations: tertiary > secondary > primary (4.23) 

The reason for this stability order can be found in the geometry and electronic 

structure of carbocations, shown in Fig. 4.10 for the tert-butyl cation. The electron- 

deficient carbon of the carbocation has trigonal planar geometry (Sec. 1.3B) and is there- 

fore sp’-hybridized (Sec. 4.1A); the p orbital on this carbon contains no electrons. 

Because alkenes are stabilized by alkyl groups on their trigonal, sp°-hybridized car- 

bons, it is perhaps not surprising that carbocations are also stabilized by alkyl substituents. 

However, if you compare the data in Tables 4.1 and 4.2, you'll notice that each alkyl! 

branch stabilizes an alkene by about 7 kJ/mol, but each branch stabilizes a carbocation 

by about 70 kJ/mol. In other words, the stabilization of carbocations by alkyl substituents 

is considerably greater than the stabilization of alkenes. 

The explanation for the stabilization of carbocations by alkyl branching is a phenome- 

non called hyperconjugation, which is the overlap of bonding electrons from the adjacent 

o bonds with the unoccupied p orbital of the carbocation. 
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In this diagram, the o bond that provides the bonding electrons is a C—H bond. 

Hyperconjugation can be shown with resonance structures as follows: 

‘\ 5 H lal 
H Oa ie Ca 
ae, / 
C—C —$— (0 (4,24) 

ZB A 
lel / eee sl / \,-H 

H lel 
H”~ ~H fie 

The energetic advantage of hyperconjugation comes from the additional bonding 

symbolized by the double bond in the resonance structure on the right. Additional 

bonding is a stabilizing effect. Another way to look at hyperconjugation is that it allows 

the electrons in the C—H bonds to occupy a larger region of space, thus reducing their 

repulsive interactions with one another. However we think of the phenomenon, the 

number of adjacent o bonds available for hyperconjugation is greater when there are 

more alkyl branches at the electron-deficient carbon. Consequently, alkyl substitution at 

the electron-deficient carbon stabilizes carbocations. 

Let’s now bring together what you’ve learned about carbocation stability and the 

mechanism of hydrogen halide addition to alkenes. The addition occurs in two steps. In 

the first step, protonation of the alkene double bond occurs at the carbon with the fewer 

alkyl branches so that the more stable carbocation is formed—that is, the one with the 

greater number of alkyl branches at the electron-deficient carbon. The reaction is completed 

when the halide ion attacks the electron-deficient carbon. 

The understanding of many organic reactions hinges on an understanding of the 

reactive intermediates involved. Carbocations are important reactive intermediates that 

Figure 4.10 

: unoccupied p orbital >, ee pled p 

“CH, 

H3C 120° 

y Cre 

sp>-sp* 
C—C bond 

Hybridization and geometry of the tert-butyl cation. Notice the trigonal-planar geometry and the 
unoccupied p orbital perpendicular to the plane of the cation. 
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occur not only in the mechanism of hydrogen halide addition, but in the mechanisms 
of many other reactions as well. Hence, your knowledge of carbocations will be put to 
use often. 

HERETO eee eee eee eee EEE EE EEE eee eeee EEE Eee EE EEE EEE EEEEE EEE EH ESET HEHE SEES EOE HEHEHE EEE SEES ESE EEE EEEEEEEESEEEE SEES EEE E HEE EEEEEEEE ESE ESO EEEHES EEE SEE EEEEES 

*4.19 Predict the product of the addition reaction between 2-methyl-1-butene and 

I—N; using the fact that the reaction begins by attack of the 7m electrons on 
ear at 
PROBLEMS a 

Sigs the iodine and breaking of the I—N bond. 

4.20 Predict the product of the reaction of I—C]l with 2-methylpropene. 

4.21 In each case, give two different alkene starting materials that would react with 

H—Br to give the compound shown as the major addition product. 

3s *(a) CH; CH; (b) CH; 
STuDY GuIDE LINK: 

Vas CH,— CCH — CH Br 
Solving Reaction 

Problems Br 

Renee meee teem eee eee eee ee eee eee eee eee Eee HEHEHE HEHE EEE HEH HEHEHE EE EEE EE HEHEHE EEEEEEEE TEESE EEE EEEEEEEEE EES EEE HEHEHE EEE EE ESSE SESE EEE HEHEHE EES 

D. Carbocation Rearrangement 

in Hydrogen Halide Addition 
eee eee eee eee eee eee eee eee eee cree eee eee eee eee eee eee eee eee eee eee eee eee eee eee eee ere ee eee eee eee eee eee eee ere) 

In some cases the addition of a hydrogen halide to an alkene gives an unusual product, 

as in the following example. 

CH, CH, CH; 

CH, — @—- Ch — Grier HCl =o CHs-—C CH Chien Chia Olas (4.25) 

CH; GHG! Cie Gris 

(17% of product) (83% of product) 

The minor product is the result of ordinary regioselective addition of HCl across the 

double bond. The origin of the major product, however, is not obvious. Examination of 

the carbon skeleton of the major product shows that a rearrangement has occurred. In 

a rearrangement, a group from the starting material has moved to a different position 

in the product. In this case, a methyl group of the alkene has changed positions. As a 

result, the carbons of the alkyl halide product are connected differently from the carbons 

of the alkene starting material. Although the rearrangement leading to the second product 

may seem strange at first sight, it is readily understood by considering the fate of the 

carbocation intermediate in the reaction. 
The reaction begins like a normal addition of HCl, that is, by protonation of the 

double bond to yield the carbocation with the greater number of alkyl branches at the 

electron-deficient carbon. 
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EL, Gre 
| PS, ic | + bo. 

CH;,—C—CH=CH, “H-—-Cli —» CH,;—C—CH—CH; + :Cl: (4.26) 

CH; CH; 

Reaction of this carbocation with Cl~ occurs as expected to yield the minor product of 

Eq. 4.25. However, the carbocation can also undergo a second type of reaction: it can 

rearrange. 
CH; CHE 

+ 

CHE -¢ CGH >) GH. CCH —_@ne (4.27a) 

eas aad 
GEE CH; 

In this reaction, the methyl group moves with its pair of bonding electrons from the carbon 

adjacent to the electron-deficient carbon. The carbon from which this group departs, as 

a result, becomes electron-deficient and positively charged. That is, the rearrangement 

converts one carbocation into another. The major product of Eq. 4.25 is formed by the 

attack of Cl” on the new carbocation. 

te CH; 

CH, C— CHCl). cls = Soret ie (4.27b) 
ee 

?Cl: 

Why does rearrangement of the carbocation occur? In the case of reaction 4.27a, a 

more stable tertiary carbocation is formed from a less stable secondary one. Therefore, 

rearrangement is favored by the increased stability of the rearranged ion. 

CH; Chris 

= = 2 (a secondary 
Cae CH CH = FC) Cla; CH CrLarGl Se caisi 

CH; : CH; 

rearrangement attack of Cl- (4,28) 

competing eC 
pathways 

CH; CH; 

(a tertiar 
een CH3;— C— CH(CH3); CH, T C= Ol) 

a CHE! 
| minor product 

CH; 

Sica ace 

GC] 

major product 
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You've now learned two pathways by which carbocations can react. They can (1) 

react with a nucleophile and (2) rearrange to more stable carbocations. The outcome of 

Eq. 4.25 represents a competition between these two pathways. In any particular case, 

one cannot predict exactly how much of each different product will be obtained. Neverthe- 

less, the reactions of carbocation intermediates show why both products are reasonable. 

Rearrangements do not occur in the reactions of many alkenes (for example, Eqs. 4.17 

and 4.18) because rearrangement would not give a more stable carbocation. 

Carbocation rearrangements are not limited to the migrations of alkyl groups. In 

the following reaction, the major product is also derived from the rearrangement of a 

carbocation intermediate. This rearrangement involves a hydride shift, the migration of 

a hydrogen with its two bonding electrons. 

CH; CH; CH, 

CH3— C— GCH--CH, + HBr a lg Chi Ol Chianti Ca Cline, (4.29) 

H Br Br 

(about 45% of product) (about 55% of product) 

THE First DESCRIPTION OF 

CARBOCATION REARRANGEMENTS 

The first clear formulation of the involvement of carbocations in molecular 

rearrangements was proposed by Frank C. Whitmore (1887—1947) of Pennsyl- 

vania State University. Whitmore said that carbocation rearrangements result 

when “an atom in an electron-hungry condition seeks its missing electron 

pair from the next atom in the molecule.” Whitmore’s description shows that 

a carbocation rearrangement is simply another Lewis acid-base reaction. The 

Lewis acid is the electron-deficient carbon of the carbocation, and the Lewis 

base is the electron pair in the bond to the group that rearranges. 

eee eee eee eH He HaHa E eee e eee H eH EE HEHE HEE HEHEHE ESS OEE E HEHEHE HEHE EEEEEEESEHEEEEHHHHHHEEEEE EEE EEOEH HEHEHE HEHEHE EE EEEE EEE E HESS EEE E HERE EE 

= : *4.22 Give a curved-arrow mechanism for the reaction in Eq. 4.29 that accounts for 

PROBLEMS the formation of both products. 

*4.23 Only one of the following three alkyl halides can be prepared as the major 

product of the addition of HBr to an alkene. Which compound can be prepared 

in this way? Explain why the other two cannot be prepared in this way. 

Br Br ie 

CH;CH;CH,CH,CH,Br -CH,CHCHSCH3 CH), CH, CH— G— GH 

A B CH, 

teeter eee eRe EERO RRR TEETER SEETHER EEEE ESE E EEE E EEE EE OEE EEE SEES EEEEES EHH HOH OHHEEEEEE EEE EH EEESEEEEEEE EEE THEE EEEEHEEE HEHE EEE SEEHEEEEESETSES HEHEHE HEHEHE EEE EES 
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(4.8 Reaction Rates 

Whenever a reaction can give more than one possible product, two or more reactions 

are in competition. (You've already seen examples of competing reactions in hydrogen 

halide addition to alkenes.) One reaction predominates when it occurs more rapidly than 

the other competing reactions. Understanding the factors that control the rates at which 

reactions take place is the subject of this section. 

A. The Transition State 

The rate of a chemical reaction can be defined for our purposes as the number of reactant 

molecules converted into product in a given time. The theory of reaction rates used by 

many organic chemists assumes that as the reactants change into products, they pass 

through an unstable state of maximum free energy, called the transition state. The 

transition state has a higher energy than either the reactants or products and therefore 

represents an energy barrier to their interconversion. This energy barrier is shown graphi- 

cally in a reaction free-energy diagram (Fig. 4.11). This is a diagram of the standard 

free energy of a reacting system as old bonds break and new ones form along the reaction 

pathway. In this diagram the pathway of the reaction from reactants to products is called 

the reaction coordinate. The energy barrier, AG, called the standard free energy of 

activation, is equal to the difference between the standard free energies of the transition 

state and reactants. (The double dagger, +, is the symbol used for transition states.) The 

size of the energy barrier AG** determines the rate of a reaction: the higher the barrier, 

the lower the rate. Thus, the reaction shown in Fig. 4.11a is slower than the one in Fig. 

4.11b because it has a larger energy barrier. In the same sense that relative free energies 

of reactants and products. determine the equilibrium constant, the relative free energies 

of transition state and reactants determine the reaction rate. 

transition state 

(energy barrier) 

P= > 
i} oO 
es 4 
Z BF transition state 
ea) standard free ea) 

25 energy of ee . 

=) activation 2 standard free 

se (energy barrier) Lm energy of 

e e activation 

Z Z 
Z Ee 

reactants reactants 

ee products products 

reaction coordinate reaction coordinate 

(a) slower reaction (b) faster reaction 

Figure 4.11 Reaction free-energy diagrams for two hypothetical reactions. The standard free energy of activation 
(AG*) is the energy barrier that must be overcome in order for the reaction to occur. The reaction 
in (a) is intrinsically slower than the one in (b) because it has a larger AG**. 
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Where do reactant molecules get the energy to cross the energy barrier and form 

products? In general, molecules obtain the energy required to react from their thermal 

motions. At a given temperature, a collection of molecules can be characterized by an 

average energy, just as a chemistry class might be characterized by an average student. 

However, such a collection of molecules contains a distribution of energies, just as a 

chemistry class has a distribution of abilities. The rate of a reaction is directly related to 

the number of molecules that have enough energy to cross the energy barrier in a given 

amount of time. If the energy barrier (AG®*) is low, then more molecules possess enough 

energy to cross the barrier, and the rate of the reaction is greater. If AG®* is high, then 

fewer molecules have sufficient energy to cross the barrier, and the rate of the reaction 

is smaller. 

For a given reaction under a given set of conditions, we cannot control the size of 

the energy barrier; it is a natural property of the reaction. Some reactions are intrinsically 

slow, and some are intrinsically fast. What we can sometimes control is the fraction of 

molecules with enough energy to cross the energy barrier. That is, we can increase the 

energy of a chemical system by raising the temperature. The rates of reactions increase 

when the temperature is raised. 

Let’s summarize. Two factors that govern the intrinsic reaction rate are 

1. the size of the energy barrier, or standard free energy of activation AG: 
reactions with larger AG* are slower. 

2. the temperature: reactions are faster at higher temperatures. 

AN ANALOGY FOR ENERGY BARRIERS 

An analogy that can help in visualizing these concepts is shown in Fig. 4.12. 

Water in the upper cup would flow into the pan below if it could somehow 

gain enough kinetic energy to surmount the wall of the cup. The wall of the 

cup is a potential-energy barrier to the downhill flow of water. Likewise, 

molecules have to achieve a transient state of high energy—the transition 

state—in order to break stable chemical bonds and undergo reaction. An 

analogy to thermal motion is what happens if we shake the cup. If the cup 

is shallow (low energy barrier), there is a good likelihood that the shaking 

will cause water to slosh over the sides of the cup and drop into the pan. 

This will occur at some characteristic rate—some number of milliliters per 

second. If the cup is very deep (high barrier), it is less likely that water will 

flow from cup to pan. Consequently, the rate at which water collects in the 

pan is smaller. Shaking the cup more vigorously provides an analogy to the 

effect of increasing temperature. As the “sloshing” becomes more violent, 

the water acquires more kinetic energy, and water accumulates in the pan at 

a higher rate. Likewise, high temperature increases the rate of a chemical 

reaction by increasing the energy of the reacting molecules. 

It is very important to understand that the equilibrium constant for a reaction tells 

us absolutely nothing about its rate. Some reactions with very large equilibrium constants 

are slow. For example, the equilibrium constant for combustion of alkanes is very large; 

yet a container of gasoline (alkanes) can be handled in the open air because the reaction 
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Figure 4.12 
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A difference of potential energy is not enough to cause the water in the cup to drop to the bowl 
below. The water must first overcome the barrier imposed by the walls of the cup. 

of gasoline with oxygen, in the absence of heat, is immeasurably slow. On the other hand, 

some unfavorable reactions come to equilibrium almost instantaneously. For example, 

the reaction of ammonia with water to give ammonium hydroxide has a very unfavorable 

equilibrium constant; but the small extent of reaction that does occur takes place very 

rapidly. 

B. Multistep Reactions and the Rate-Limiting Step 
Cee e cece ee ee eee tHe HHH HEHEHE HEE T HEED HEHE HEHEHE EEE EEE HEH HEEHSEEE EEE SHEESH EEEEEHEEEEEEEEE EEE HEHEEEEE HEH EEEESEE EE HOSE RES OES 

Many chemical reactions take place with the formation of reactive intermediates. When 

intermediates exist in a chemical reaction, then what we commonly express as one reaction, 

for example, addition of HBr to 2-methylpropene 

(Gi, @— Cin Abe —> (Cie); Cais (4.30) 

is really a sequence of two reactions: 

(Gay @—— Chip a> Jalleye a (CHE ECs ae (Bir (4.3 1a) 

(CH;);C*t + Br —» (CH;),;C—Br (4.31b) 

Each step of a multistep reaction has its own characteristic rate, and therefore its 

own transition state. The energy changes in such a reaction can also be depicted in a 

reaction free-energy diagram. Such a diagram for the addition of HBr to 2-methylpropene 

is shown in Fig. 4.13. Each free-energy maximum between reactants and products repre- 

sents a transition state, and the minimum represents the carbocation intermediate. 

The rate of the overall reaction depends in detail on the rates of its various steps. 
However, it often happens that one step of a multistep reaction is considerably slower 

than any of the others. This slowest step in a multistep chemical reaction is called the 
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transition state of 
highest free energy ~ 

rate-limiting step 

~ (CHa)sGs 

Br 

HBr 

(GH )aG—— Br 

reaction coordinate 

STANDARD FRE ENERGY 

Reaction free-energy diagram for a multistep reaction. The rate-limiting step of a multistep reaction 
is the step that has the transition state of highest standard free energy. In the addition of HBr to 
2-methylpropene, the rate-limiting step 1s protonation of the double bond to give the carbocation 
intermediate. 

rate-limiting step or rate-determining step of the reaction. In such a case the rate of the 

overall reaction is equal to the rate of the rate-limiting step. In terms of the reaction free- 

energy diagram in Fig. 4.13, the rate-limiting step is the step with the transition state of 
highest free energy. This diagram indicates that in the addition of HBr to 2-methylpropene, 

the rate-limiting step is the first step of the reaction—the protonation of the alkene to 

give the carbocation. The overall rate of addition of HBr to 2-methylpropene is equal 

simply to the rate of this first step. 

The rate-limiting step of a reaction has a special importance. Anything that increases 

the rate of this step increases the overall reaction rate. Conversely, if a change in the 

reaction conditions (for example, a change in temperature) affects the rate of the reaction, 

it is the effect on the rate-limiting step that is being observed. Because the rate-limiting 

step of a reaction has special importance, its identification receives particular emphasis 

when we attempt to understand the mechanism of a reaction. 

AN ANALOGY FOR RATE-LIMITING STEP 

The idea of a rate-limiting step is analogous to a toll station on a modern 

freeway at rush hour. We can divide the rate of passage of cars through a 

toll plaza into three steps: (1) entry of the cars into the toll area; (2) taking 

of the toll by the collector; and (3) exit of cars from the toll area. Suppose 

that our toll station has a very slow, lackadaisical toll collector. He takes the 

toll so slowly that the rate of passage of cars through the plaza is determined 

strictly by how fast he works. Toll-taking—the second step—is the rate- 

limiting process for passage of cars through the toll booth. Cars can line up 

(continues) 
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more or less frequently, but as long as there is a line of cars, the rate of 

passage through the toll plaza is the same. If the collector takes one toll per 

minute, then cars exit at one per minute. 

Imagine now a different situation: a super-fast toll collector. He is so 

fast, in fact, that he can keep pace with any number of cars likely to pass 

through the toll booth in a given time. The rate as which cars exit from the 

toll plaza is determined strictly by how fast they arrive. In this case, step (1), 

the entry of cars into the toll plaza, is the rate-limiting step. 

Now imagine that an efficiency expert has been hired to increase the 

rate of passage of cars through the toll plaza with the slow toll collector. Her 

first job must be to locate the bottleneck. Only if she affects the rate-limiting 

step by replacing the slow toll collector will she improve the rate of passage 

through the toll plaza. Likewise, if we want to increase the rate of reaction, 

we must do something to increase the rate of its slowest step. 

*4.24 Draw a reaction free-energy diagram for a reaction A @= B @ C that meets the 

following criteria: The standard free energies are in the order C < A < B, and 

the rate-limiting step of the reaction is B @ C. 

4.25 Repeat Problem 4.24 for a case in which the standard free energies are in the 

order A < C < B, and the rate-limiting step of the reaction is A @ B. 
Cee eee eee Hee em eRe ee Hees EEESES EEE EEE E EEE HEEEEEEEEEE EEE E ESSE EEE EEEEEE EEE EEE EEEEEEEEE ESOS EEE OO ESEHEDEE HOSE OEE O OEE E OED 

Transition states possess a maximum of free energy with respect to reactants and products, 

and therefore are not stable and cannot be isolated. Nevertheless, the transition-state 

concept is useful because transition states can be visualized as structures. Typically, we 

think of a transition state as a structure somewhere in between the structures of reactants 

and products. For example, in the addition of HBr to an alkene, the transition state of 

the first step is visualized as a structure along the reaction pathway somewhere between 

the structures of the starting materials, the alkene and HBr, and the products of this step, 

the carbocation and a bromide ion: 

es Von i, $ pa 

Ee eX fA i 
Hes brs Pe 5 5 Tie 

transition state carbocation 

In a transition state various bonds are in the process of breaking and forming; these are 

represented as dashed lines. Thus, in Eq. 4.32, the a bond of the alkene and the H—Br 
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bond are breaking, and a C—H bond is forming; all these bonds are represented as 

dashed lines. The full charges present in the carbocation and bromide ion products are 

partially formed in the transition state, and are indicated as partial charges. (Recall that 

6+ and 6— mean “somewhat positive” and “somewhat negative,” respectively; Sec. 1.2D.) 

The major factors contributing to the instability of the transition state in Eq. 4.32 

are the same ones that make the carbocation unstable: the separation of positive and 

negative charge and the development of an electron-deficient site. Recognizing the strong 

resemblance of the transition state to the carbocation, let’s make an approximation: 

assume that the structure of the transition state closely resembles the structure of the carbocat- 

ion intermediate. This approximation can be generalized: assume that the transition states 

for reactions involving unstable intermediates can be closely approximated by the intermedi- 
ates themselves. This assumption is called Hammond’s postulate, and was first applied 

to organic reactions in 1955 by George S. Hammond, then a Professor of Chemistry at 

Iowa State University. If the structure of a transition state resembles that of an unstable 

intermediate, then it stands to reason that the free energy of a transition state also resembles 

the free energy of the unstable intermediate. For example, for the transformation in 

Eq. 4.32, we assume that the standard free energies of the carbocation and the transition 

state for its formation are almost the same. 

The utility of Hammond’s postulate in dealing with reaction rates can be demon- 

strated by showing how we could have used it along with a knowledge of carbocation 

stability to predict the regioselectivity of HBr addition to 2-methylpropene. Recall 

(Sec. 4.8B) that the rate-limiting step in this reaction is the first step: protonation of the 

alkene by HBr to give a carbocation. As shown in Eqs. 4.20a and 4.20b, this protonation 

could occur in two different and competing ways. Protonation of the double bond at 

one carbon gives the tert-butyl cation as the unstable intermediate; protonation of the 

double bond at the other carbon gives the isobutyl cation. We apply Hammond’s postulate 

by assuming that the structures and energies of the transition states are approximated by 

the structures and energies of the unstable intermediates—the carbocations—themselves. 

GH: 

CCH, + H—Br 

similar structures 

and energies 
similar structures 

and energies 

H3C CH; 

+ + 
uae Bia CH,— C—CH, Bim (4.33) 

| 
H3C H 

tert-butyl cation isobutyl cation 
(tertiary, more stable) (primary, much less stable) 

Because the tertiary carbocation is more stable, the transition state leading to the tertiary 

carbocation should also be the one of lower energy. As a result, protonation of 2-methylpro- 

pene to give the tertiary carbocation has the transition state with the smaller free energy, 
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Figure 4.14 A reaction free-energy diagram for the two possible modes of HBr addition to 2-methylpropene. The 
formation of tert-butyl bromide (right panel) is faster because it involves the more stable carbocation 
intermediate, and therefore the transition state of lower energy. 

and is thus the faster of the two competing reactions (Fig. 4.14). Addition of HBr to 

alkenes is regioselective because protonation of a double bond to give a more branched 

carbocation has a transition state of lower energy than the transition state for protonation 

to give a less branched carbocation. It is not the stabilities of the carbocations themselves 

that determine which reaction is faster; it is the relative free energies of the transition states 

for carbocation formation that determine the relative rates of the two processes. Only the 

validity of Hammond’s postulate allows us to assume an approximate equivalence between 

the two possible transition states and the respective carbocation intermediates. 

In this text we'll frequently analyze or predict reaction rates by considering the 

stabilities of reactive intermediates such as carbocations. When we do this, we are invoking 

Hammond’s postulate. 

4.26 Using dashed lines and partial charges where appropriate, suggest structures for 

PROBLEMS the transition states of the following reactions. 

*(a) HO} *CH;——Bri —» HO—CH, + :Br? 

(b) The attack of bromide ion on the tert-butyl cation to give (CH;);CBr 

(tert-butyl bromide). 

*4.27 Apply Hammond’s postulate to decide which reaction is faster: addition of HBr 
to 2-methylpropene, or addition of HBr to trans-2-butene. Assume that the 
energy difference between the starting alkenes can be ignored. Why is this 
assumption necessary? 

OOO COCO UO OOO OOO OG GUO UO RC GGG UU. OGG OU GC OOD G EDC OOC OOOO OCG OO OUCOCOO COO UOOOC OOOO OOO OMIC OOO ODOCOOOOOOOOOOOO OO IOOOOOOCCOOOCOCOOOSO MCC Cre rStrtt 
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Catalysis 

Some reactions take place much more rapidly in the presence of certain substances that 

are themselves left unchanged by the reaction. A substance that increases the rate of a 

reaction without being consumed is called a catalyst. A practical example is the catalytic 

converter on the modern automobile. The platinum catalyst in the converter brings about 

the rapid oxidation (combustion) of hydrocarbon exhaust emissions. This reaction would 

not occur were it not for the catalyst; yet the catalyst is left unchanged by the combustion 

reaction. The catalyst increases the rate of the combustion reaction by many orders of 

magnitude. 

When a catalyst and the reactants exist in separate phases, the catalyst is termed a 

heterogeneous catalyst. The catalyst in a catalytic converter is a heterogeneous catalyst 

because it is a solid and the reactants are gases. In other cases, a reaction in solution may 

be catalyzed by a soluble catalyst. A catalyst that is soluble in a reaction solution is called 

a homogeneous catalyst. 

In this section, we'll consider three examples of catalyzed alkene reactions. The first 

example, catalytic hydrogenation, is an example of heterogeneous catalysis. The second 

example, hydration, is an example of homogeneous catalysis. The last example involves 

catalysis of a biological reaction. 

CATALYST POISONS 

Although catalysts should in theory function indefinitely, in practice many 

catalysts, particularly heterogeneous catalysts, slowly become less effective. It 

is as if they “wear out.” One reason for this behavior is that they slowly 

absorb impurities called catalyst poisons from the surroundings, and these 
impurities impede the functioning of the catalyst. An example of this phenom- 

enon also occurs with the catalytic converter. The lead in leaded gasoline is 

a potent poison of the catalyst in a catalytic converter. This fact, as well as 

atmospheric lead pollution, are the major reasons why leaded gasoline is no 

longer used in most automotive engines. 

A. Catalytic Hydrogenation of Alkenes 

When a solution of an alkene is stirred under an atmosphere of hydrogen, nothing 

happens. But if the same solution is stirred under hydrogen in the presence of certain 

catalysts, the hydrogen is rapidly absorbed by the solution. The hydrogen is consumed 

because it undergoes an addition to the alkene double bond. 

" : 
Bb le pea - (4.34) 

@He (GH GH — Ghawteidy, sass 4, CH, (CH,),CH, — CH (4.35) 
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These reactions are examples of catalytic hydrogenation, an addition of hydrogen in the 

presence of a catalyst. Catalytic hydrogenation is one of the best ways to convert alkenes 

into alkanes. Catalytic hydrogenation is an important reaction in both industry and the 

laboratory. The inconvenience of using a special apparatus for the handling of a flammable 

gas (hydrogen) is more than offset by the great utility of the reaction. 

In the reactions above, the catalyst is written over the reaction arrows. Pt/C is read, 

“Platinum supported on carbon,” or simply, “Platinum on carbon.” This catalyst is a 

finely divided platinum metal that has been precipitated, or “supported,” on activated 

charcoal. A number of noble metals, such as platinum, palladium, and nickel, are useful 

as hydrogenation catalysts, and they are often used in conjunction with solid support 

materials such as alumina (Al,O;), barium sulfate (BaSO,), or, as in the examples above, 

activated carbon. 
Because hydrogenation catalysts are insoluble in the reaction solution, they are 

examples of heterogeneous catalysts. Even though they involve relatively expensive noble 

metals, they are very practical because they can be filtered off and reused. Furthermore, 

because they are exceedingly effective, they can be used in very small amounts. For 

example, typical catalytic hydrogenation reactions can be run with reactant:catalyst ratios 

of 100 or more. 
How do hydrogenation catalysts work? Research has shown that both the hydrogen 

and the alkene must be adsorbed on the surface of the catalyst in order for a reaction to 

occur. The catalyst is believed to form reactive metal-carbon and metal-hydrogen bonds 

that ultimately are broken to form the products and to regenerate the catalyst sites. 

Beyond this, the chemical details of catalytic hydrogenation are poorly understood. This 

is not a reaction for which a curved-arrow mechanism can be written. The mechanism 

of noble-metal catalysis is an active area of research in many branches of chemistry. 

Notice that the benzene ring is inert to conditions under which normal double 

bonds react readily: 

( )-cH=crt+ Ht ete (pro 

styrene ethylbenzene 

Ge (4.36) 

(Benzene rings can be hydrogenated, however, with certain catalysts under conditions of 

high temperature and pressure.) You will see that many other alkene reactions do not 

affect the “double bonds” of a benzene ring. The relative inertness of benzene rings to 

alkene reactions was one of the great puzzles of organic chemistry that was ultimately 

explained by the theory of aromaticity, which is introduced in Chapter 15. 

COO e aera reer reese sess EEEEEEEHEEOE OOF O DEE HEEEEESEEEEE ESOS ESE ESES ESTEE SE SEES HEHEHE SEES OSES SEED OO SSEEEE SHOE RHEE ED EEE E EHH E Eee EE eee EeeDeeesseveses 

4.28 Give the product formed when each of the following alkenes reacts with a large 

excess Of hydrogen in the presence of Pd/C. 

*(a) (E)-1,3-hexadiene (b) 1-pentene 

*4.29 Give the structures of five alkenes, each with the formula C,H), that would give 

hexane as the product of catalytic hydrogenation. 
Cm m meme m eee eH eee ee ereses seer He esses see OEE OE HEOET EOE O EE OEEES OOOO SEED OOEEEEE PEE EEE O EEE E DEDEDE Eee eee Eee eEeeeeeeeeeseneoee 
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Bb. Hydration of Alkenes 
PORE e eee ere EEE EH HEHE EE EH EEE HEH EHH HEEEH EEE HEHEHE HEHEHE EEE E HEE EEEEEHEHEEHEEEES ESSE HEHEHE EEE EES 

The alkene double bond undergoes addition of water in the presence of moderately 

concentrated strong acids such as H,SO,, HClO,, and HNO3. 

H3C GH. 

C=Che On cH ace (4.37) 

eRe OH 
2-methylpropene 2-methyl-2-propanol 

(tert-butyl alcohol) 

The addition of the elements of water is in general called hydration. Hence, the addition 

of water to the alkene double bond is called alkene hydration. 

Hydration does not occur at a measurable rate in the absence of an acid, and the 

acid is not consumed in the reaction. Hence, alkene hydration is an acid-catalyzed reaction. 

Because the catalyzing acid is soluble in the reaction solution, it is a homogeneous catalyst. 

Notice that this reaction, like the addition of HBr, is regioselective. As in the addition 

of HBr, the hydrogen adds to the carbon of the double bond with the smaller number 

of alkyl substituents. The more electronegative partner of the H—OH bond, the OH 

group, like the Br in HBr addition, adds to the carbon of the double bond with the 
greater number of alkyl substituents. 

In this reaction, the manner in which the catalyst functions can be understood by 

considering the mechanism of the reaction, which is very similar to that of HBr addition. 

In the first step of the reaction, which is the rate-limiting step, the double bond is 

protonated to give a carbocation. Since water is present, the actual acid is the hydrated 

proton (H;0*). 

H3C H3C 
ap oe 

Sins => ben Cie + H,0 (4.38a) 

HC 4,16, De sr 

Notice that this is a Bronsted acid-base reaction. Because this is the rate-limiting step, 

the rate of the hydration reaction is increased when the rate of this step is increased. The 

strong acid H;O* is more effective than the considerably weaker acid water in protonating 

a weak base (the alkene). If a good source of protons is not present, the reaction does 

not occur because water alone is too weak an acid to protonate the alkene. 

In the next step of the hydration reaction, the carbocation is attacked by the Lewis 

base water in a Lewis acid-base association reaction: 

any. a 
(CH3);C* :OH, —~» (CH;);C—OH, (4.38b) 

Finally, a proton is lost to solvent in another Bronsted acid-base reaction to give the 

alcohol product and regenerate the catalyzing acid H;O*: 

+ ae 
Sec e se (CH3)3C OH Te O° (4.38c) 

H 

H,0:7 
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Notice in this mechanism the importance of both Bronsted acid-base and Lewis 

acid-base reactions. Notice also that the proton consumed in Eq. 4.38a is not the same 

one that is produced in Eq. 4.38c. Nevertheless, the overall reaction is acid-catalyzed, 

because there is no net consumption of protons. 

Because the hydration reaction involves carbocation intermediates, some alkenes 

give rearranged hydration products. 

H OH 

H,0+ CH= C =CH-_ CH 0 CH. = 6 — CH) CH ase) 

CEL GH 

COP e eee reer eee eee ee He eee eee eee H EHS EHE HEHE HEHEHE DEES EE EHEEESESEESEEEEEEEEE OOOO EOE E TEES SEHEEESESEEESEEHEHEHEES ESET SHEE EE EHE EEE EHEHEESEEEHHESHH EE EES 

*4.30 Give the mechanism for the reaction in Eq. 4.39. Show each step of the mecha- 
nism separately with careful use of the curved-arrow formalism. Explain why 

the rearrangement takes place. 

4.31 The alkene 3,3-dimethyl-1-butene undergoes acid-catalyzed hydration with 

rearrangement. Use the mechanism of hydration and rearrangement to predict 

the structure of the hydration product of this alkene. 

eee eee meee eee reer ares sees esses esse EE SETHE HEHEHE HEE DEST SHEE EEE HEED HEHE HEHEHE EEE HEE HEHEHE HEE HHEHEEEHEH EEE EHHEEHHEEEHEEHEHEEEHE EEE EEE EEEEEE EEE EEEES 

Alkene hydration in most cases is not a useful laboratory method for the preparation 

of most alcohols because of rearrangements and other side reactions that can occur. 

Nevertheless, it is important in organic chemistry because it is a particularly well- 

understood example of homogeneous catalysis. 

Alkene hydration is also important because of its use in the industrial synthesis of 

ethanol (ethyl alcohol). About 500,000,000 pounds of ethanol are produced annually in 

the United States by the hydration of ethylene: 

CH= Cian Ho ae cn. ciLon (4.40) 

ee 300°, vapor phase 
CH,—CH, str H,O0 > CH3;CH,OH (4.41) 

H3PO, 

Actually, the reaction with sulfuric acid in solution occurs in two distinct stages. In the 

first stage, sulfuric acid undergoes an addition to ethylene to give an addition product, 
ethyl sulfate: 

Ch Ch + H—OsO.H — > "Ch. _ Gh. OSO3H (4.42a) 

sulfuric acid ethyl sulfate 

(You should be able to write a mechanism for this reaction.) In the second step, the ethyl 

sulfate reacts with water to give ethanol and regenerate sulfuric acid: 

CH3— CH; — 03030 + HOH ——> CE -Ci) OH H—_OSO.H (4.42b) 

ethyl sulfate ethanol 
(ethyl alcohol) 

The overall result of these two steps is a net hydration. 
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TETHER REET E EEE EEE EEE EEEEEEEE HEHEHE EEEEEEEEEEEEEEEE OEE OHO E ESTEE EEEEEEEEEEE SHEE SHEE HEH HEEEEEEEEE HEHEHE EEE HEHEHE HEHEHE HEHE EEE OHHH HEHE EEE EEE EES 

64:52 Isopropyl alcohol is produced commercially by the hydration of propene. Show 

the steps in this process analogous to Eqs. 4.42a—b. If you do not know the 

structure of isopropyl alcohol, try to deduce it by analogy from the structure of 

propene and the mechanism of alkene hydration. 

~ PROBLEMS 

4.33 What alkene undergoes acid-catalyzed hydration to give the following alcohol? 

OH 

Aili Clee 

*4.34 What alcohol is formed when methylenecyclobutane undergoes acid-catalyzed 

hydration? 

= CH, methylenecyclobutane 

RRR e eee meee THEE HHH HHH H EHTS EE EEE E EOE E HEH HEHEHE EEESS SEES SHEE SEEEEEEEEEEEEEEEEESEEEEEEEEE HEHE SEH E SHEE EOE E HEHEHE EEE E SESE HEE E HEHE EEE ED 

RRR eee ee eee eee eee Hee eee meee meee TEETH EE EEE EE EEE EHH E HOHE ESEEE EEE H HEHEHE HH EEE EEE EEE EE EEE EesesEeEeeses 

Catalysis is not limited to the laboratory or chemical industry. The biological processes 

of nature involve thousands of chemical reactions, most of which have their own unique 

naturally occurring catalysts. These biological catalysts are called enzymes. Under physio- 

logical conditions, most important biological reactions would be too slow to be useful 

in the absence of their enzyme catalysts. Enzyme catalysts are important not only in 

nature; they are finding increasing use both in industry and the laboratory. 

Many of the best-characterized enzymes are soluble in aqueous solution and hence 

are homogeneous catalysts. However, other enzymes are known that are immobilized 

within biological substructures such as membranes, and can be viewed as heterogeneous 

catalysts. 

An example of an important enzyme-catalyzed addition to an alkene is the hydration 

of fumarate ion to malate ion. 

O 

H es QO; (OH O 
fumarase I | | 

C=C RIC) get ae en = CE OL CH, C—O) mies) 

~O—C H malate 

| 
O 

fumarate 

This reaction is catalyzed by the enzyme fumarase. It is one reaction in the Krebs cycle, 

or citric acid cycle, a series of reactions that plays a central role in the generation of 

energy in biological systems. The effectiveness of fumarase catalysis can be appreciated 

by the following comparison: At physiological pH and temperature (pH = 7, 37°), the 

enzyme-catalyzed reaction is 10* times as fast as the same reaction in the absence of 

enzyme at 175°! (At 37° the reaction rate in the absence of enzyme is too slow to measure.) 
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Compared at a common temperature, the enzyme-catalyzed reaction is many orders of 

magnitude faster. 

Fumarase catalysis illustrates a very important point about catalysis in general. The 

reaction in Eq. 4.43 is one in which appreciable amounts of both fumarate and malate 

exist at equilibrium. The presence of a catalyst cannot change the value of the equilibrium 

constant because the equilibrium constant depends only on the relative free energies of 

reactants and products. Hence, because the enzyme catalyst fumarase catalyzes the forward 

reaction, it must also catalyze the reverse reaction. (If this were not so, the reaction would 

go completely to the right, and the equilibrium’ constant would change.) Consequently, 

a catalyst has an equal effect on both forward and reverse reactions of an equilibrium. This 

means that if the forward reaction of an equilibrium is accelerated a million-fold by a 

catalyst, then the reverse reaction is also accelerated by the same amount. 

To summarize: a catalyst cannot affect the position of an equilibrium, but it does 

affect the rate at which a reaction comes to equilibrium. 

Key IDEAS IN CHAPTER 4 

{\ Alkenes are compounds containing carbon-carbon double bonds. 

Alkene carbon atoms, as well as other trigonal-planar atoms, are sp” 

hybridized. 

{\ The carbon-carbon double bond consists of a o bond and a 7 bond. 

The zw electrons can react with Bronsted or Lewis acids. 

{\ In the IUPAC substitutive nomenclature of alkenes, the principal chain, 

which is the carbon chain containing the greatest number of double 

bonds, is numbered so that the double bonds receive the lowest 

numbers. 

[\ Because rotation about the alkene double bond does not occur under 

normal conditions, some alkenes exist as cis and trans isomers. These 

are named using the E,Z priority system. 

{\ The unsaturation number of a compound, which is equal to the num- 

ber of rings plus multiple bonds in the compound, can be calculated 
from the molecular formula. 

[\ Heats of formation (enthalpies of formation) can be used to determine 

the relative stabilities of various bonding arrangements. Heats of forma- 

tion reveal that alkenes with more alkyl branches at their double bonds 

are more stable than isomers with fewer branches; and trans alkenes are 

more stable than their cis isomers. 
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[\  Reactants are converted into products through unstable species called 

transition states. A reaction rate is determined by the standard free 

energy of activation AG, the standard free energy difference between 

the transition state and the reactants. Reactions with smaller standard 
free energies of activation are faster. 

{\ The rates of multistep reactions are determined in many cases by the 

rate of the slowest step, called the rate-limiting step. This step is the 

one with the transition state of highest standard free energy. 

{ Dipolar molecules such as H—Br, H—OH, and H—OSO3H add to 

alkenes in a regioselective manner so that the hydrogen adds to the less 

branched carbon, and the electronegative group to the more branched 

carbon of the double bond. 

[\ The regioselectivity observed in the addition reactions of hydrogen 

halides or water to alkenes is a consequence of several facts: (a) the 

rate-limiting transition state of each reaction resembles a carbocation; 

(b) the relative stability of cations is in the order tertiary > second- 

ary > primary; and (c) the structures and energies of transition states 

for reactions involving unstable intermediates (such as carbocations) 

resemble the structures and energies of the unstable intermediates them- 

selves (Hammond’s postulate). 

[\ Reactions involving carbocation intermediates show rearrangements in 

some cases. 

ees catalyst increases the rate of a reaction without being consumed in 

the reaction. A catalyst does not affect the position of a chemical equi- 

librium. Catalysts catalyze the forward and reverse reactions of an equi- 
librium equally. 

a Catalysts are of two types: heterogeneous and homogeneous. Catalytic 

hydrogenation of alkenes involves heterogeneous catalysis; acid- 

catalyzed hydration of alkenes involves homogeneous catalysis. 

[\ Enzymes are biological catalysts. 

*4.35 Give the structures and IUPAC substitutive names of the isomeric alkenes with 

molecular formula C,H, containing five carbons in their principal chains. 

4.36 Give the structures and IUPAC substitutive names of the isomeric alkenes with 

molecular formula C,H, containing four carbons in their principal chains. 

4.37. Which alkenes within each set give predominantly a single constitutional isomer 

when treated with HBr, and which give a mixture of isomers? Explain. 

*(a) the alkenes in Problem 4.35 (b) the alkenes in Problem 4.36 
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4.38 Arrange the compounds within each set in order of increasing heats of formation. 

(Some may be classified as “about the same.”) 

*(a) the alkenes in Problem 4.35 (b) the alkenes in Problem 4.36 

4.39 Give a structural formula for each of the following compounds. 

*(a) (Z)-3-methyl-2-octene (b) cyclobutene 

*(c) styrene (d) isoprene 

*(e) 5,5-dimethyl-1,3-cycloheptadiene (f) 3-methyl-1-octene 

*(g) 1-vinylcyclohexene (h) 3-allylcyclopentene 

4.40 Give an IUPAC substitutive name for each of the following compounds. Include 

the E,Z designations where appropriate. 

*(a) CH; (b) CH,=CHCH,CH,CH; 
iy, 

ae Se 

CH; 

ACC) (d) @Hs 

/ 

@H; 

te) (f) CN 

isl C— Gp 

i, 
C=C 

/ x 

4.41 A confused chemist Al Keane used the following names in a paper about alkenes. 

Although each name specifies a structure, in some cases the name is not correct. 
Correct the names that are wrong. 

*(a) trans-1-tert-butylpropene (b) 3-butene 

*(c) 2-methylcyclopropene (d) (Z)-2-hexene 

*(e) 2-methyl-1,3-butadiene (f) 6-methylcycloheptene 

4.42 Give the configuration (E or Z) of each of the following alkenes. Note that D is 
deuterium, or *H, the isotope of hydrogen with atomic mass = 2. 
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(ae: CD, (bel I 

C=C C=C 
ff 

H CH; Br Br 

AS) CH3 (d) 
H 

C=C CH, 

Clala 

4.43 *(a) The following compound can be prepared by the addition of HBr to either 

of two alkenes; give their structures. 

Br CH3 

(b) Starting with the same two alkenes, would the products be different if DBr 

were used? Explain. (See note about deuterium in Problem 4.42.) 

4.44 Classify the compounds within each of the following pairs as either identical 

molecules (1), constitutional isomers (C), stereoisomers (S), or none of the above 

(N). 

*(a) cyclohexane and 1-hexene (b) CoHs 

and 

*(c) HC H CH. CH, CH, 

e—eE and yer 

H GH @racr: H 

(d) nae CH; 

CH,==CHCH>CH; and C=C 
if \ 

H Jal 

*(e) cyclopentane and cyclopentene 

C2Hs 

CH; 

*4.45 Predict the geometry of BF;. What hybridization of boron is suggested by this 

geometry? Draw an orbital diagram for boron similar to that for the carbons in 

ethylene shown in Fig. 4.3. 

4.46 Classify each of the labeled bonds in the structure on the next page in terms of 

the bond type (o or 7) and the component orbitals that overlap to form the 

bond. (For example, the carbon-carbon bond in ethane is an sp*-sp’ o bond.) 
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*4.47 

4.48 

*4.49 

*4.50 

4.51 

*4.52 

4.53 

An alkene X with molecular formula C;H,, adds HBr to give a single alkyl halide 

Y with molecular formula C7H,;Br and undergoes catalytic hydrogenation to 

give 1,1-dimethylcyclopentane. Draw the structures of X and Y. 

Give the structures of the two stereoisomeric alkenes with molecular formula 

C.H),> that will react with HI to give the same single product, and will undergo 

catalytic hydrogenation to give hexane. 

You have been called in as a consultant for the firm Alcohols Unlimited, which 

wants to build a plant to produce 1-propanol, CH;CH,CH,OH. The research 

director, Al Keyhall, has proposed that acid-catalyzed hydration of propene be 

used to prepare this compound. The company president, O. H. Gruppa, has 

asked you to evaluate this suggestion. Millions of dollars are on the line. What 

is your answer? Can 1-propanol be prepared in this way? 

A certain compound A is converted into a compound B in a reaction without 

intermediates. The reaction has an equilibrium constant K., = [B]/[A] = 150 

and, with the free energy of A as a reference point, a standard free energy of 

activation of 96 kJ/mol (23 kcal/mol). 

(a) Draw a reaction free-energy diagram for this process, showing the relative 

free energies of A, B, and the transition state for the reaction. 

(b) What is the standard free energy of activation for the reverse reaction B > 
A? How do you know? 

A reaction A = B 2 C @ D has the reaction free-energy diagram shown in 
Fig. 4.15. 

(a) Which compound is present in greatest amount when the reaction comes 

to equilibrium? In least amount? 

(b) What is the rate-limiting step of the reaction? 

(c) Using a vertical arrow, label the standard free energy of activation for the 
overall A @ D reaction. 

(d) Which reaction of compound C is faster: C > B or C > D? How do you 
know? 

Draw the structure of the reactive intermediate which, according to Hammond’s 

postulate, should most closely resemble the transition state of the rate-limiting 
step for the hydration of 1-methylcyclohexene. 

For the addition of HBr to 2-ethyl-1-butene, draw: 
(a) a structural representation of the transition state for the initial (rate- 

limiting) step. 

(b) a structural representation of the transition state for attack of bromide ion 
on the carbocation intermediate. 
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*4.54 

4.55 

*4.56 

4.57 

*4.58 
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When 3-methyl-1-butene is burned to CO, and H,O, 3147.75 kJ/mol (752.33 

kcal/mol) of heat is produced. How much heat is liberated when 2-methyl-1- 

butene is burned? Heats of formation are: 3-methyl-1-butene, —28.95 kJ/mol 

(—6.92 kcal/mol); 2-methyl-1-butene, —36.32 kJ/mol (—8.68 kcal/mol). The 

heats of combustion of carbon and hydrogen are not necessary to work this 

problem. (Hint: Draw a diagram of the energy relationships among each hydro- 

carbon, 5G + 5H, and 5CO, + 5H,O;) 

The heat of formation of 1,3-pentadiene is 77.82 kJ/mol (18.60 kcal/mol), and 

that of 1,4-pentadiene is 105.44 kJ/mol (25.20 kcal/mol). 

(a) In which alkene is the bonding arrangement more stable? 

(b) Calculate the heat of combustion of 1,3-pentadiene. The heat of combus- 

tion of carbon is —393.5 kJ/mol (—94.05 kcal/mol), and that of H, is 

—241.8 kJ/mol (—57.80 kcal/mol). 

Enthalpies of hydrogenation were at one time an important source of enthalpy 

data. If the heat liberated on catalytic hydrogenation of cis-2-butene is 119.66 

kJ/mol (28.6 kcal/mol), and if trans-2-butene is 4.18 kJ/mol (1.00 kcal/mol) 

more stable than cis-2-butene, how much heat is liberated when trans-2-butene 

undergoes catalytic hydrogenation? 

You are the purchasing officer for a well-known company and you are looking 

for savings on heat. You have been offered a ton of liquefied cyclobutane at a 

certain price by Murky Fuels, Inc., and a ton of liquefied 1-butene at the same 

price by Bottled Butyl, Inc. Assuming that you could burn each with equal 

efficiency, which do you choose? The heats of formation are: cyclobutane, 26.65 

kJ/mol (6.37 kcal/mol); and 1-butene, —0.13 kJ/mol (—0.03 kcal/mol). 

Make a model of cycloheptene with the trans (or E) configuration at the double 

bond. Now make a model of cis-cycloheptene. By examining your models, deter- 

mine which compound should have the greater heat of formation. Explain. 

STANDARD FREE ENERGY 

reaction coordinate 

Reaction free-energy diagram for Problem 4.51 
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Which of the following two reactions should have the greatest AH” change? 

Why? (Hint: Examine a model of the two cis-alkenes.) 

(1) (CH3)3C C(CH3)3 (CH3)3C H 
Nee \ 
Cina > ae 

if H H C(CHs)5 

(2) HC CH; HC H 

ca — (CEC 
y. 

H H H CH; 

Consider the following compounds and their dipole moments: 

Cl Gl al el 

C=C C=C 
\ 

ae CH, H H 

2.4 D 1.9 D 

Assume that the C—Cl bond dipole is oriented as follows in each of these 

compounds. 

+> 

—c—d 
/ 

(a) According to the dipole moments above, which is more electron-donating 

toward a double bond, methyl or hydrogen? Explain. 

(b) Which of the compounds below should have the greater dipole moment? 

Explain. 

Gl H el CH; 

C=C C=C 
i 

H CH; H i 

Provide a mechanism, including the curved-arrow formalism, for the following 
reaction. 

H,C 
‘ ee CHCH,CH,OH dilute aqueous H3SO4 ~ ee 

fp 6 H1,C Heo 

The industrial synthesis of tert-butyl methyl ether involves treatment of 2-methyl- 
propene with methanol (CH3OH) in the presence of an acid catalyst, as shown 
in the following equation. 
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Hee CH; 

AA ot . ds | 

HC :OCH; 

tert-butyl methyl ether 

This ether is used commercially as an antiknock gasoline additive and as such 
has become one of the most important organic compounds manufactured on a 

large industrial scale. Using the curved-arrow formalism, propose a mechanism 

for this reaction. 

*4.63 Using the curved-arrow formalism, suggest a mechanism for the following 

reaction. 

H3C 

Sn ESO. 
C==CH—CH,—CH,— CH=CH, + H,0: —+> H;C 

/ OH 
H3C FE < 

(Hint: Use Hammond’s postulate to decide which double bond should protonate 

first.) 

4.64 Supply the correct curved-arrow formalism for the following acid-catalyzed 

isomerization. 

H—OSO;H 

H,Q CH; H;¢ = CH H3C CH; 
Ne Aen a Nae 2 
ae == (hee [OSO3E = C=C + H—OSO3H 

H3C Ging H3C CH, lalaC. CH; 

*4.65 The standard free energy of formation, AG/, is the free-energy change for the 

formation of a substance at 25 °C and 1 atm pressure from its elements in their 

natural states under the same conditions. 

(a) Calculate the equilibrium constant for the interconversion of the alkenes 

below, given the standard free energy of formation of each. Indicate which 

compound is favored at equilibrium. 

H.C CH; H3C CH, 
\ | \ 
bi ] hi C—_ © 

ee CH; H3C CH; 

AG* 79.04 kJ/mol 75.86 kJ/mol 
18.89 kcal/mol 18.13 kcal/mol 

(b) What does the equilibrium constant tell us about the rate at which this 

interconversion takes place? 
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*4,66 The difference in the standard free energies of formation (see Problem 4.65) for 

1-butene and 2-methylpropene is 13.39 kJ/mol (3.2 kcal/mol). 

(a) Which compound is more stable? Why? 

The standard free energy of activation for the hydration of 2-methylpropene is 

22.84 kJ/mol (5.46 kcal/mol) less than that for the hydration of 1-butene. 

(b) Which reaction is faster? 

(c) Draw reaction free-energy diagrams on the same scale for the hydration 

reactions of these two alkenes, showing the relative free energies of both 

starting materials and rate-determining transition states. 

(d) By how much free energy is the transition state for the hydration of 

2-methylpropene more stable than that for hydration of 1-butene? Using 

the mechanism of the reaction, suggest a reason why it is more stable. 

Ree eee meee meee rere eee eee eee anes eee H Ee Eee eee eee EEE SEES EEEEEE EEE HEHE EE HESS EEHHHHEE HEHEHE HEHEHE HEHEHE E HEHE EHHHHHEEH EEE H HEHEHE HEHE OTHE HEHEHE HEHEHE ES 



Addition Reactions 

of Alkenes 

he most common reactions of alkenes are addition reactions. Chapter 4 covered 

: hydrogen halide addition, catalytic hydrogenation, and hydration, and showed 

how the curved-arrow formalism and the properties of reactive intermediates can 

be used to understand the regioselectivity of these additions. This chapter surveys some 

other addition reactions of alkenes using the same approach, and also presents a different 

arrow formalism used for describing reactions involving unpaired electrons rather than 

electron pairs. 

Reaction of Alkenes with Halogens 
emma ee eee ee eee eee emer e esses eee eee ese Heese EHH Ese esse He eee EEE HEHE EEE EEE ee ee EEE EEE EEEEEHEEEESEESEEE EEE EEE EE EEE EO EEEEES 

Halogens undergo addition to alkenes. 

CHa == CH= GH _=CHatt Biyw CH= CH=GH = Gham em, 
(solvent) | | 

2-butene Br Br 
(cis or trans) 

2,3-dibromobutane 

H 
H = 

or i eh Cl 
+ Cl —~ ‘ (5.2) 

S (solvent) Cl 
H 

H 

cyclohexene 1,2-dichlorohexane 
(70% yield) 

The products of these reactions are vicinal dihalides. “Vicinal” (vicinus, Latin “neighbor- 

hood”) means “on adjacent sites.” Thus, vicinal dihalides are compounds with halogens 

on adjacent carbons. 
Bromine and chlorine are the two halogens used most frequently in halogen addition. 

Fluorine is so reactive that it not only adds to the double bond but also rapidly replaces 

175 
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all the hydrogens with fluorines, often with considerable violence. Iodine adds to alkenes 

at low temperature, but most diiodides are unstable and decompose to the corresponding 

alkenes and I, at room temperature. Because bromine is a liquid that is more easily 

handled than chlorine gas, many halogen additions are carried out with bromine. Inert 

solvents such as carbon tetrachloride (CCl,) or methylene chloride (CHCl) are typically 

used for halogen additions because these solvents dissolve both halogens and alkenes. 

The addition of bromine to most alkenes is so fast that when bromine is added dropwise 

to a solution of the alkene the red bromine color disappears almost immediately. In fact 

this discharge of color is a useful test for alkenes. 

Bromine addition can occur by a variety of mechanisms, depending on the solvent, 

the alkene, and the reaction conditions. One of the most common mechanisms involves 

a reactive intermediate called a bromonium ion. 

+ 

=Br: 

— ee 
CH;— CH= CH— CH; + Br, = Ch Chi CH Cl br: 

a bromonium ion (5.3) 

In a bromonium ion, a positively charged bromine with an octet of electrons is bonded 

to two other atoms. Although the bromonium ion forms in one step, it is helpful to 

envision its formation as follows: 

Bri ‘Br: aI ey 
‘Br: Br: 

ee a + 

Che —-CH== CH —_ CH > CH. CH Ghie— CH. >eeOlli—— Gl. CH = CH (5.4a) 

The bromonium ion rather than a carbocation is formed because, in the bromonium 

ion, every atom has‘an octet of electrons. One piece of experimental evidence that a 

carbocation is not involved is that rearrangements are not observed in halogen addition 

reactions. Other evidence supporting the bromonium ion intermediate has to do with 

the stereochemical aspects of the reaction, which are discussed in Sec. 7.9C. Analogous 

halonium ions form when chlorine or iodine reacts with alkenes. 
Attack of the bromide ion at either of the carbons bound to bromine in the bromo- 

nium ion completes the addition of bromine. 

CBr: Br: / | 
Ch; — CH CH =r = Che CH Cr Gis eas 

| fe 

This attack occurs because the positively charged bromine is very electronegative and 
readily accepts an electron pair. 
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6b. Halohydrins 

In the addition of bromine, the only nucleophile available to attack the bromonium ion 

is the bromide ion (Eq. 5.4b). When other nucleophiles (Lewis bases) are present, they, 

too, can attack the bromonium ion to form products other than dibromides. A common 

situation of this type occurs when the solvent itself is a Lewis base. For example, when 

an alkene is brominated in a solvent containing a large amount of water, water attacks 
the bromonium ion. 

+ ee 

CiBr: :Br: 

ye 
et, CH CH = GH CH cH CH= ens (5.5a) 

H,0: HO: 

H 

Loss of a proton from the oxygen gives the product, which is an example of a bromo- 

hydrin: a compound containing both an —OH and a —Br group. 

:Br: 

CC Ol CH Ol Or Gl OH a a Oe 
| + 

Tia): HO: (5.5b) 

H a bromohydrin 

H,0:\) 

Bromohydrins are members of the general class of compounds called halohydrins, which 

are compounds containing both a halogen and an —OH group. In the most common 

type of halohydrin, the two groups occupy adjacent, or vicinal, positions. 

oe ON | 

| | X = Cl, a chlorohydrin 
eA ee Oa Br, a bromohydrin 

| | I, an iodohydrin 

general structure 
of a vicinal halohydrin 

Halohydrin formation involves the net addition to the double bond of the elements 

of hypohalous acid, for example, hypobromous acid, HOBr, or hypochlorous acid, HOCI. 
In fact, aqueous solutions of the halogens contain appreciable amounts of the correspond- 

ing hypohalous acids. Household chlorine bleach, a solution of the sodium salt of hypo- 

chlorous acid, can be used as a reagent for the preparation of chlorohydrins. Notice that 

although the products of I, addition are unstable, iodohydrins can be prepared. 
When the alkene is unsymmetrical, attack of water on the bromonium ion can give 

two possible products, each resulting from breaking of a different carbon-bromine 



178 Chapter 5 Addition Reactions of Alkenes 

bond. The reaction is completely regioselective, however, when one carbon of the alkene 

contains two alkyl substituents. 

CH; CH; 

C=CH, te Br = H,O ee Cla —C—= (Cle a deillbye (5.6) 

(solvent) | | 
CH; OH Br 

(77% yield) 

The reason for this regioselectivity is found in the structure of the bromonium ion 

intermediate, shown as a hybrid of three resonance structures: 

€ Br: :Br: Br 

7 aL [ee 
H3C C= Clay — HE aoc CH, i H;C sa GEG (57) 

H3C H3C H3C 

most important least important 
structure structure 

When one carbon has two alkyl substituents, the center structure, which resembles a 

tertiary carbocation, is particularly important. (In fact, it may be in this case that the 

reactive intermediate is a tertiary carbocation rather than a bromonium ion.) This means 

that in the bromonium ion, if a bond does exist between the bromine and the carbon 

bearing the two alkyl groups, this bond is very weak. When water attacks the bromonium 

ion, it is this bond that opens, and the —OH group thus becomes bound to the more 
branched carbon. 

qe H,C :Br: HC :Br: 
Me | | On, eae as HjC7 CH > CH —C—CH| =® CH —C—CH, + HO" 68) 

; | oe + 
H3C >OH), wee >OH 

H 

DUR OOO DOG OCD OOROOUODOL OOD RUCIOD CONT ONC OUOCOOCOCO COO DOD (OOOO On OnOTOUSUOOGUOOUOOOOOOOCOCO TO CONOUCCCOOO OT IDTONOTCEI COG FOOD OCOOODOOT ICOONOOOOOAODOOOOCOADOOnOo Onn 

Which of the following chlorohydrins could be formed by addition of Cl, in water to an 
alkene? Explain. 

° if CH,Cl 

CPE eels ot OH 

CH, 

A B 

Solution The mechanistic reasoning used in this section shows that the nucleophile 
(water) attacks the more branched carbon of the double bond. In compound A, the —OH 
group is at a carbon with fewer alkyl branches, and the Cl at a carbon with more alkyl 
branches. Hence, this compound could not be formed in the reaction of Cl, and water 
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with an alkene. Compound B could be formed by such a reaction, however, because the 

—OH group is at a more branched carbon than the Cl. Don’t forget that the carbons 

of the ring are branches even though they are part of the ring structure. 

TOTEM ewe e ewww eee essa eee EEE EEE E EHH E HEHEHE ESEE EEE EEE HOHE HHH ESEE EEE EEE EEE EEE EE EEEEEEEEHE EEE EEE EE ESSE EEEHEEEHEEEEEE ESET HEHEHE EEE EES 

D1 Give the products, and the mechanisms for their formation, when 2-methyl-1- 

hexene reacts with each of the following reagents. 

*(a) iodine azide (I—N;) (Hint: The azide ion, N;, behaves much like a halide 

ion.) 

(b) Br, in H,0 

c5.2 Give the structure of the alkene that could be used as a starting material to form 

chlorohydrin B in Study Problem 5.1. 

OOM e meme ee eww wena eee e eee e eee ese esse eee eee e eH eee Hees esses HEHEHE HEHEHE EEE EEE H HEHEHE EEE HEHEHE EEE EEE EEEEHEEEEEEE HEHEHE EEE EE EEE EEE EEE EE EEE HEHEHE EES 

Writing Organic Reactions 
eee ee eee eee ee Nee eee eee eee eee ee essere ee Eee eee eens H Heese EEE EEEE EEE EEE E EHH HE HEHEHE EES EEE EEE HEHEHE EEE HEHEHE HES 

Organic chemists use a variety of conventions in writing reactions. Of course, the most 

thorough way to write a reaction is to use a complete, balanced equation. Equations 5.1 and 

5.6 are examples of such equations. Other information, such as the reaction conditions, is 

sometimes included in equations. For example, in Eq. 5.1 the solvent is written over the 

arrow, even though the solvent is not an actual reactant. In the following equation, the 

H,O* written over the arrow indicates that an acid catalyst (Sec. 4.9B) is required. 

CH, CH; 

HC + HAO eC C= er (5.9) 

CH; OH 

Equation 5.6 includes a percentage yield figure. A percentage yield is the percentage 

of the theoretical amount of product formed that has actually been isolated from the 

reaction mixture by a chemist in the laboratory. Although different chemists might obtain 

different yields in the same reaction, the percentage yield gives some idea of how free 

the reaction is from contaminating by-products and/or how easy it is to isolate the 

product from the reaction mixture. Thus, a reaction 2A + B ~ 3C + D should give 

three moles of C for every one of B and two of A used (assuming that one of these 

reactants is not present in excess). A 90% yield of C means that 2.7 moles of C were 

actually isolated under these conditions. The 10% loss may have been due to handling 

problems, small amounts of by-products, or other reasons. Virtually all of the reactions 

given in this book are actual laboratory examples; the percentage yield figures included 

in many of these reactions are not meant to be learned, but are given simply to indicate 

how successful a reaction actually is in practice. 
In many cases it is convenient to abbreviate reactions by showing only the organic 

starting materials and the major organic product(s). The other reactant and conditions are 

written over the arrow. Thus, Eq. 5.1 might have been written 

CH;— CH=CH— CH; aa CH= Che cH — CH. (5.10) 
ly 

Br Br 
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When equations are written this way, by-products are not given and, in many cases, the 

equation is not balanced. We can tell reactants from catalysts because reactants are 

consumed and catalysts are not. Thus in Eq. 5.10 we know that Br, is a reactant rather 

than a catalyst because it is consumed in the reaction. This “shorthand” way of writing 

organic reactions is frequently used because it saves space and time. 

Conversion of Alkenes into Alcohols yi 

Although hydration of alkenes (Sec. 4.9B) is used industrially for the preparation of 

particular alcohols, it is rarely used for the laboratory preparation of alcohols. This 

section presents two reaction sequences that are especially useful in the laboratory for 

the conversion of alkenes into alcohols. These two sequences are complementary because 

they occur with opposite regiospecificities. 

A. Oxymercuration-Reduction of Alkenes 
FPO e meee meee meee aaa e esas esse HH EHH EH HEHE HHH OE HEHE EEH EEE SHEE HEH EDSEEEEHEEEE HEHE HEHEHE EE HEHEHE HEHEHE ESSE HEHE ESE EEE E EES 

Oxymercuration of Alkenes In a reaction called oxymercuration, alkenes react 

with mercuric acetate in aqueous solution to give addition products in which an — HgOAc 

(acetoxymercuri) group and an —OH (hydroxy) group derived from water have added 
to the double bond. 

CH CELCILGIL CH=CH, = AcO Fie "One PIO ae 

1-hexene mercuric acetate 

(Say) 

CEECh,CH,CH;— CH— CH, 42) HOAc 

OH HgOAc acetic 

(95% yield) aod 

In this equation, the abbreviation —OAc or AcCO— stands for the acetate group: 

OAC) — © CHE 

acetate group 

The solvent (written over the arrow) is a mixture of water and THE (tetrahydrofuran), 
a widely used ether. 

M ) tetrahydrofuran, or THF 

© 

Water is required both as a reactant and to dissolve the mercuric acetate. THF is added 
to dissolve the alkene, which is not soluble in water alone. The oxymercuration reaction 
bears a close resemblance to halohydrin formation, which was discussed in the previous 
section. The first step of the reaction mechanism involves the formation of a cyclic ion 
called a mercurinium ion: 
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:OAc 

Cj 
:Hg—OA ‘Wo — “ 5 : aa. OAc Hg—OdAc 

3 Lary oN — 
R—CH==CH, = R= CHORE, :OAc > R—CH—CH, +OAc  (5.12a) 

a mercurinium ion 

(Contrast this equation with Eq. 5.4a for the formation of a bromonium ion.) Although 

the formation of a mercurinium ion in Eq. 5.12a is shown in two steps, this process, like 

formation of a bromonium ion, actually takes place in a single step. 

Just as the bromonium ion in Eq. 5.8 is attacked by the solvent water, which is 

present in large excess, the mercurinium ion is also attacked by the solvent water: 

+ : 
Giga ORC ‘Hg — OAc 
aX | 

Roa= GH — CH; > R-—CH=CH, (5.12b) 

| 
5OH, OH) 

Notice that, of the two carbons in the ring, attack of solvent occurs at the more branched 

carbon, just as in solvent attack on a bromonium ion (Eq. 5.8). A difference between 

oxymercuration and halohydrin formation, however, is the degree of regioselectivity. In 

oxymercuration, attack of water occurs exclusively at the more branched carbon, even if 

that carbon has only one alkyl substituent (as in Eq. 5.12b). (Recall that in halohydrin 

formation, the reaction is completely regioselective only if one of the alkene carbons has 

two alkyl branches.) 

The addition is completed by transfer of a proton to the acetate ion that was formed 

ita) Jara Sale 

Hie— OAc Hg— OAC 

R—CH—CH, —» R—CH—CH, +H—OAe (5.120) 

On OAc Me 

i acetate ion 

Conversion of Oxymercuration Adducts into Alcohols The utility of oxy- 
mercuration lies in the fact that oxymercuration adducts are easily converted into alcohols 

by treatment with the reducing agent sodium borohydride (NaBH,) in base. 

4G Cb Ch Cr. - Gil Clie One 1 4OH ee Nabe 

sodium 

Ou borohydride (5.13) 

4CH;CH,CH,CH,— CH— CH; + Na* B(OH); + 4Hg’) + 4AcO7 

OH 
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Addition Reactions of Alkenes 

The key thing to notice about this reaction is that the carbon-mercury bond is replaced 

by a carbon-hydrogen bond (color in Eq. 5.13). The oxymercuration adducts are usually 

not isolated, but are treated directly with a basic solution of NaBH, in the same reaction 

vessel. 
The oxymercuration and NaBH, reactions, when used sequentially, are referred to 

as oxymercuration-reduction of an alkene. The overall result of oxymercuration-reduc- 

tion is the net addition of the elements of water (H and OH) to an alkene double bond 

in a regioselective manner: the —OH group is added to the more branched carbon of the 

double bond. 

1) Hg(OAc)2/H,O a es 

Age Ee Je CH, (96% yield) 

OH (5.14) 

Notice that this is the same overall transformation provided by the hydration reaction 

(Sec. 4.9B). However, oxymercuration-reduction is much more convenient to run on a 

laboratory scale than alkene hydration, and is free of rearrangements and other side 

reactions that are encountered in hydration. For example, the alkene used in the following 

equation gives products derived from carbocation rearrangement when it undergoes 

hydration (Problem 4.31, Chapter 4). However, no rearrangements are observed in oxy- 

mercuration-reduction: 

(CH; );C— CH=CH, 2) NaBH,/OH NRE SE aed (5.15) 

OH 

(94% yield; note lack 
of rearrangement) 

The absence of rearrangements is one reason that mercurinium ions, rather than carbocat- 

ions, are thought to be the reactive intermediates in oxymercuration. 

COCs e eee erro nese n ares sasssssesH eee EHH H EEE EEE HEEEEEESEEOOS OSS ESEESEEESE SEH ESOETEE OSES TEESE SDE E DOO E EEE EE eeeeeeEEDEeeeeseeeee 

abe) Give the products expected when each of the following alkenes is subjected to 
oxymercuration-reduction. 

*(a) cyclohexene (b) ethylene 

*(c) trans-4-methyl-2-pentene (d) 2-methyl-2-pentene 

5.4 Give the structure of an alkene that would give each of the following alcohols 
as the major (or only) product as a result of oxymercuration-reduction. 

(a) 2 (b) yaks cox SS Paste CH: 

OH 

TOPO mm meme e eee e tere eee errr reese ee esseeeeseeeeneeeeeeresesssses #{@)8(0) 5) €/ 0) 0:0, 01/0) 0(6)0:0) 6/6) 01 e[e'6.6'6/e\e/e\e)0\ 9/6, 0/0'0.¢0\e|6\u.0\¥(0)0/010)8/6/6\u/)e'4'0)6/b)0/0) 0010 .¢/0\0\0ie\e\6\610.01010)014)916\6/6 0 16\e/¥\ale'e 6inlaleje.e/eviuisie'e eleiniciee 



eyes, Conversion of Alkenes into Alcohols 183 

6b. Hydroboration-Oxidation of Alkenes 
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Conversion of Alkenes into Organoboranes Borane (BH;) adds regioselec- 
tively to alkenes so that the boron becomes bonded to the less branched carbon of the 

double bond, and the hydrogen becomes bonded to the more branched carbon: 

CH; CH; 

C=CH, + BH; —— CH;,—C— CH. (5.16a) 

CH; H BH, 

Because borane has three B—H bonds, one borane molecule can add to three alkene 

molecules. The first of these additions to 2-methylpropene is shown in Eq. 5.16a. The 

second and third additions are as follows: 

Second addition: 

ie 
Goa Ga CH 

Gue CH; | 
| H 

H 
CHs H B—H | 

| an 
H 

(from Eq. 5.16a) CH; 

Third addition: 

ie i 
Cla, —(C —Claly Clay —C—- Clay 

| | | GH: CH, 
H H 

B—H —~> B—CH,—C—CH, or y oipnas B 
H H | 
| | | | H CH; 3 

—— — > (CiRle C—CH, 

eb | eee ‘ | 5 triisobutylborane 
CH CH (a trialkyl borane) 

3 se} 

(from Eq. 5.16b) (5.16c) 

The addition of BH; to alkenes is called hydroboration. The product of hydro- 

boration is a trialkylborane such as the triisobutylborane shown in Eq. 5.16c. 
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BORANE AND DIBORANE 

Borane actually exists as a toxic, colorless gas called diborane, which has the 
formula B,H,. Because borane is a Lewis acid, the boron has a strong tendency 

to acquire an additional electron pair. This tendency is satisfied by the forma- 

tion of diborane, in which two hydrogens are shared between the two borons 

in remarkable “half bonds.” This bonding can be depicted with resonance 

structures: 

H H H 
Pha ee Ne Eon eee 
enn <> ue Nee (5.17) 

H Wek. 
za oc Se oo 

Ole Boe 

When dissolved in an ether solvent, diborane dissociates to form a borane- 

ether complex. Because ethers are Lewis bases, they can satisfy the electron 

deficiency at boron: 

R 
oe — + 

BoHe, oie 2h Oa <n Mata=— Oe (5.18) 

\ 
an ether R 

borane-ether complex 

The following ethers are commonly used as solvents in the hydroboration 
reaction: 

C,H; — 0 — C,H; O 

diethyl ether tetrahydrofuran 
(THF) 

CH,0 — CH,CH,— 0 — CH,CH, — OCH; 

diethylene glyco] dimethyl ether 
(diglyme) 

Borane-ether complexes are the actual reagents involved in hydroboration 
reactions. For simplicity, the simple formula BH; will be used for borane. 

Each of the three additions in the hydroboration reaction is believed to occur as a 
single step, which can be represented with the curved-arrow formalism as follows: 
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Jal SSE H BH, 

HG.) Gey nie 
oO FOG > pS —> furtheraddition (5.19) 

H3C H3C 

A reaction that occurs, like this one, in a single step without intermediates is said to 

occur by a concerted mechanism, because everything happens “in concert”—at the 

same time. No intermediates are involved in a concerted reaction. Because carbocation 

intermediates are not involved, rearrangements do not occur in hydroboration. 

If ionic intermediates are not involved in hydroboration, how can the regioselectivity 

of the reaction be explained? The regioselectivity arises from the charge distribution in 

the transition state. Because BH; is an electron-deficient Lewis acid, it is readily attacked 

by alkene 7 electrons. Such an attack leaves a carbon of the alkene somewhat electron- 

deficient. If boron becomes bound to the terminal carbon, the carbon bearing the R- 

group—the more branched carbon—is somewhat electron-deficient in the transition 

state: 

@= # 
el aly H fF BH, H BH, 

eh | | | 
R— CH=CH, k= Ci cr, R= C=C (5.20a) 

In contrast, if boron becomes bound to the carbon bearing the R-group, then the terminal 

carbon is somewhat electron deficient in the transition state: 

6- + 

|e) 8) aaa wl H,B eee ae H H,B H 

ee | : | | 
R—CH=CH, R—CH—CH, R—CH—CH, (5.20b) 

o+ 

As these structures show, the two possible transition states have some carbocation character 

even though carbocations themselves are not intermediates in the reaction. Because alkyl 

substitution at electron-deficient carbons is a stabilizing effect (Sec. 4.7C), the transition 

state in Eq. 5.20a has a lower energy than the transition state in Eq. 5.20b. A reaction 

with a transition state of lower energy has a larger rate. Consequently, the reaction in 

Eq. 5.20a is faster than the one in Eq. 5.20b, and, as a result, hydroboration is regioselective. 

Conversion of Organoboranes into Alcohols The utility of hydroboration lies 
in the many reactions of organoboranes themselves. One of the most important reactions 

of organoboranes is their conversion into alcohols with hydrogen peroxide (H,O,) and 

aqueous base. 

CH, 

CHa CH bao Oj es Or me else Gli CH -—@OH -> =B( OH): (5.21) 

CH; 3 hydrogen peroxide CH; 

triisobutylborane 2-methyl-1-propanol 
(isobutyl alcohol) 

(95% yield) 
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It is important to notice that the net result of this transformation is replacement of the 

boron by an —OH in each alkyl group. The oxygen of the —OH group comes from the 

H,0). 
Typically, the organoborane product of hydroboration is not isolated, but is treated 

directly with alkaline hydrogen peroxide to give an alcohol. The addition of borane 

and subsequent reaction with H,O;, taken together, are referred to as hydroboration- 

oxidation. 

Tracing the fate of an alkene through the entire hydroboration-oxidation sequence 

reveals that the net result is addition of the elements of water (H, OH) to the double 

bond in a regioselective manner so that the —OH ends up at the less branched carbon 

atom of the double bond (color in Eq. 5.22): 

OH goes here 

CH; | Oe 
OS 8, Se CH—CH,— OH (5.22) 

cs a CH.CH, 

H goes here (90-95% yield) 

Hydroboration-oxidation is therefore a useful way to synthesize certain alcohols from alkenes. 

It is particularly useful to prepare alcohols of the general structure R,CH—CH,— OH 

or R—CH,— CH,— OH, as in Egs. 5.22 and 5.23. Because carbocations are not involved 

in either reaction, the alcohol products are not contaminated by constitutional isomers 

arising from rearrangements. 

The following example shows that the benzene ring does not react with BH; even 

though the ring apparently contains double bonds: 

OH 

CH: 3 CH; (5.23) 

2-phenyl-1-propanol 
(95% yield) 

This calls to mind a similar resistance of benzene rings to other addition reactions, such 
as catalytic hydrogenation (Sec. 4.9A). 

H. C. BROWN AND HyDROBORATION 

Hydroboration was discovered accidentally in 1955 by Professor H. C. Brown 
(1912- ) and his colleagues of Purdue University. Brown quickly realized 
its significance and in subsequent years has carried out research demonstrating 
the versatility of organoboranes as intermediates in organic synthesis. Brown, 
now an Emeritus Professor at Purdue, still conducts research in this area, 
which he calls “a vast unexplored continent.” In 1979 his research was recog- 
nized with the Nobel Prize in Chemistry. 
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oF Give the product expected from the hydroboration-oxidation of each of the 

following alkenes. 

*(a) cyclohexene (b) ethylene 

*(c) trans-4-methyl-2-pentene (d) 2-methyl-2-pentene 

*5.6 Contrast the answers for Problem 5.5 with the answers for the corresponding 

parts of Problem 5.3. For which alkenes are the alcohol products the same? For 

which are they different? Explain why the same alcohols are obtained in some 

cases and why different alcohols are obtained in others. 

5.7 For each case below, give the structure of an alkene that would give the alcohol 

as the major (or only) product of hydroboration-oxidation. 

(a) (De GEE Gh Ci Chie @)ai 

CH,OH i 
Clals. (Cla 

DER eee eee eee ee ee ee ee ease eee Heese eee ee esse sees esEEEEEH EEE s aE HHS HEE EE HEHEHE HEH H Hee H ees sEE TEESE tHE HEHEHE EH eH eH ene ssesess esse ee eneasnassssssssesees 

C. Comparison of Methods for the 

Synthesis of Alcohols from Alkenes 

Let’s now compare the different ways of preparing alcohols from alkenes. Hydration of 

alkenes is a useful industrial method for the preparation of a few alcohols, but it is not 

a good laboratory method (Sec. 4.9B). Indeed, many industrial methods for the prepara- 

tion of organic compounds are not general. That is, an industrial method typically works 

well in the specific case for which it was designed, but cannot be applied to other related 

cases. The reason is that the chemical industry has gone to great effort to work out 

conditions that are optimal for the preparation of particular compounds of great commer- 

cial importance (such as ethanol) using reagents that are readily available and cheap 

(such as water and common inorganic acids). Although the industrial ethanol synthesis 

could be duplicated in the laboratory, there is no need to do so because ethanol is cheap 

and readily available from industrial sources. For laboratory work it is not practical for 

chemists to design a specific procedure for each new compound. Thus the development 

of general methods that work with a wide variety of compounds is important. Because 

laboratory synthesis is generally carried out on a relatively small scale, the expense of 

reagents is less of a concern. 

Hydroboration-oxidation and oxymercuration-reduction are both general laboratory 

methods for the preparation of alcohols from alkenes. That is, they can be applied success- 

fully to a large variety of alkene starting materials. Which method is better for preparation 

of a given alcohol? A choice between the two methods usually hinges on the difference 

in their regioselectivities. As shown in the following equation, hydroboration-oxidation 

gives an alcohol in which the —OH group has been added to the less branched carbon 

of the double bond. Oxymercuration-reduction gives an alcohol in which the —OH 

group has been added to the more branched carbon of the double bond. 
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Rea Clie @sl, f 
| ig eet 

net addition reduction 

— 
5.24 eee Oct ——= Gilet, of HOH OH (5.24) 

ISG hydroboration- 
| oxidation 
H OH 

For alkenes that yield the same alcohol by either method, the choice between the two is 

in principle arbitrary. 

Reem eee meee meee meee eee Hee eee eee ee E HEHEHE HEHE HOOF THE HHH HHH EH EHHEHEE HEHEHE EHEHEEEE HEE EHEHHEEE EEE HEHEHE EE EER ES 

5.8 Which of the following alkenes would give the same alcohol on either oxymercur- 

ation-reduction or hydroboration-oxidation, and which would give different 

alcohols? Explain. 

*(a) cis-2-butene (b) cyclobutene 

*(c) 3-methyl-1-pentene (d) 1-methylcyclohexene 

ae) From what alkene and by which method would you prepare each of the following 

alcohols essentially free of constitutional isomers? 

*(a) (CjHs),C—OH — (b) Oe [> 

FERRO eee ee eee eee a sees ease eee Heese esse HEHEHE HEHE SEEEEESSSHEEE SHEE HHO HHEEHEEEEEE HHH HEHEHE EHH EEEEEEEEE EEE EEEEEEEEE EEE OEESES 

Ozonolysis of Alkenes 

Ozone, O3, adds to alkenes at low temperature to yield an unstable compound called a 

molozonide. The molozonide is rapidly transformed into a second adduct, called simply 
an ozonide. 

é 

— FO Ey SI Ie 

Le _@n Cn Cre O O: CHoCb 

ozone 

double bond 
ne broken 

Be, LORS. és [On oO: O68 

/ 
H;C—HC—CH—CH, —» H;C—HC. _CH—CH, 

molozonide 

ozonide (5.25) 

Notice that both bonds of the double bond are broken in the final ozonide. 
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The reaction of an alkene with ozone to yield products of double-bond cleavage is 

called ozonolysis. (The suffix -lysis is used for describing bond-breaking processes. Exam- 

ples are hydrolysis, “bond-breaking by water,” thermolysis, “bond-breaking by heat,” and, 

of course, ozonolysis, “bond-breaking by ozone.”) 

PREPARATION OF OZONE 

Ozone is generated by passing oxygen through an electrical discharge in an 

apparatus called an ozonator. The following reaction takes place: 

30, electrical discharge 20; 

This reaction is not unlike what happens in the atmosphere when ozone is 

produced under the influence of lightning. 

The first step in ozonolysis, formation of the molozonide, is another addition reaction 

of the alkene double bond. The central oxygen of ozone is a positively charged electronega- 

tive atom and therefore strongly attracts electrons. Use of the curved-arrow formalism 

shows that this oxygen can accept an electron pair when the other oxygen of the O—O 

bond is attacked by the z electrons of the alkene. 

O O 2 sis oe oe 

pee. 

C=C he CH > C= He CH CH. (5.26) 

Notice that this reaction results in the formation of a ring, because the three oxygens of 

the ozone molecule remain intact. Additions that give rings are called cycloadditions. 

Furthermore, the cycloaddition of ozone occurs in a single step. Hence, this is another 

example, like hydroboration, of a concerted mechanism. 

The molozonide cycloaddition product is unstable, and spontaneously forms the 

ozonide. In this reaction, the remaining carbon-carbon bond of the alkene is broken. 

O 
Shy 4d tee) 
\ Oe 

A613 AG) 5 IG sh ==> Inl{C—IalC Qal—=Clrla (5.27) 

Stupy GUIDE LINK: , \ Hh 
V5.2 molozonide O=0 

Mechanism of 
Ozonolysis ozonide 

Ozonolysis is useful because of the reactions that ozonides can undergo. Ozonides 

can be converted into aldehydes, ketones, or carboxylic acids, depending on the structure 

of the alkene starting material and the reaction conditions. When the ozonide is treated 

with dimethyl sulfide, (CH;),.S, the ozonide is split: 
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CH; 
pO oe Aw see 

CH3— HC (Oil AC gle Cla oy a CH;—CH=O + +$—O: (5.28) 

ae dimethyl] sulfide an aldehyde CH; 

Notice that the net transformation resulting from ozonolysis of an alkene followed by 

dimethyl sulfide treatment is the replacement of a ee group by two ae 

groups: 

double bond is split 

CH,;—CH==CH—CH; ee CH,—CH=O + O=CH—CH; 6.29) 

=O here O= here 

If the two ends of the double bond are identical, as in Eq. 5.29, then two equivalents 

of the same product are formed. If the two ends of the alkene are different, then a mixture 

of two different products is obtained: 

O; (CH; )2S 
> > 

CH,Cl, 
CH. (CH,)-GE —=CH, GEE (CE) -@ki— © sil ©O=CE. (5.30) 

heptanal formaldehyde 
(75% yield) 

If a carbon of the double bond in the starting alkene bears a hydrogen, then an aldehyde 

is formed, as in Eq. 5.29 and Eq. 5.30. In contrast, if a carbon of the double bond bears 

no hydrogens, then a ketone is formed instead: 

H3C H H3C H 

CC oe ss C=O + = (5.31) 
2) (CH3)2S . r : 

H3C . GH. H3C CH; 

a ketone an aldehyde 

If the ozonide is simply treated with water, hydrogen peroxide (H,O,) is formed as 
a by-product. (The purpose of the dimethyl sulfide in Eq. 5.28 is to react with the 
hydrogen peroxide.) Under these conditions (or if hydrogen peroxide is added specifi- 
cally), aldehydes are converted into carboxylic acids, but ketones are unaffected. Hence, 
the alkene in Eq. 5.31 would react as follows: 

H3C H Bae ie 

1) O; es = as 2) HO ILO) C— Onna ore (5.32) 

shoe = Giels H3C CH; 

a ketone a carboxylic acid 

The different results obtained in ozonolysis are summarized in Table 5.1. 
If the structures of its ozonolysis products are known, then the structure of an 

unknown alkene can be deduced. This idea is illustrated in the following study problem. 
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Table 5.1 Summary of Ozonolysis Results 

under Different Conditions 

Conditions of ozonolysis 

Alkene carbon O3, then (CH;3),.S O;3, then H,O,/H,O 

R R R 
x x 

C= C=O C=O 
i 

R R R 

ketone ketone 

R R R 
\ 

C= C=O C=O 
/ i 

a H HO 

aldehyde carboxylic acid 

H H H 

\ i. \ 
C= C=O C=O 

if 7, a 
H H HO 

formaldehyde formic acid 
eRe eee eee eee eee TOES TEESE DEE HOE EHHEEEESESEHE EEE EEE EEE E EEE HEHE HEHEHE EEeeeEseeesees 

eee eee eee eee eee eee E EEE E EEE H ETRE EEE H EEE SESE ESET TEE EE EEE ESEEEEHEEEEESEEEE HEHE EEEHH HEHEHE SESE HEHEHE EH E HEE ESEEEESESESESEEEEEEEEEEEESEEEES 

Alkene X of unknown structure gives the following products after treatment with ozone 

followed by aqueous H,O3: 

O 
! 

[ eo and HO—C—CH,CH; 
propionic acid 

cyclopentanone 

What is the structure of X? 

Solution The structure of the alkene can be deduced by mentally reversing the ozonolysis 

reaction. To do this, rewrite the C—O double bonds as “dangling” double bonds by 

dropping the oxygen: 

O 

| | 
[Sexo =s | - c= and HO—C—CH,CH, => HO—C—CH,CH, 

implies implies 
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Next, replace the HO— group of any carboxylic acid fragments with H—. This is done 

because a carboxylic acid is formed only when there is a hydrogen on the carbon of the 

double bond (Table 5.1). 

| 
HO=46==CH. CH i 1 C CCH, 

implies 

Finally, connect the “dangling ends” of the double bonds in the two partial structures to 

generate the structure of the alkene: 

CH,CH, 
connect | yi. 

implies ‘ 

H 

alkene structure 

PPO OOOH HEHEHE EEEEESEH EEE HEHE EEE EHH E HOHE HH HHHHHEHEHEEEEE EEE HEHEHE HEHEHE HEHEHE HEHEHE EHH HEEHEEEEE EEE E DEH E EEE SEED HEHEHE EE EE HEE EEE EEE H EE ES 

Ps) 
Oe 

aloes | 

ale 

Give the products (if any) expected from treatment of each of the following 

compounds with ozone followed by dimethyl sulfide. 

*(a) (b) 3-methyl-2-pentene 
CH, 

*(c) cyclooctene *(d) 2-methylpentane 

Give the products (if any) expected when the compounds in Problem 5.10 are 

treated with ozone followed by aqueous hydrogen peroxide. 

In each case, give the structure of an eight-carbon alkene that would yield each 

of the following compounds (and no others) after treatment with ozone followed 
by dimethyl sulfide. 

(a) ] (b)) GH.CH, Co. CH==0O 

O=CH(CH,),;C — CH; 

aie) O 

O 

Alkenes are readily converted into vicinal glycols using either osmium tetroxide (OsO,) 
or alkaline potassium permanganate (KMnQ,). A glycol, or diol, is an alcohol containing 
two — OH groups; in a vicinal glycol these —OH groups are on adjacent carbons. 
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Ph 1 1 

_e 2 H,O pee 
C=CH, + OsO, —~> WisO, Grouse > Ph i CH, + reduced forms of Os (5.33) 

reducing agent) 
CH; CH; 

a vicinal glycol 
(90-95% yield) 

OH 

: H,0, OH 
n> + KMnO, Se OH + MnO, (5.34) 

(purple (brown 
solution) (45% yield) ppt) 

The reaction with KMnO, is the basis for a well known qualitative test for alkenes 

called the Baeyer test for unsaturation. When an alkene is added to a solution containing 

aqueous permanganate, the brilliant purple color of the permanganate is replaced by a 

murky brown precipitate of MnO, (manganese dioxide). (Other compounds such as 

aldehydes and some types of alcohols give a positive test as well.) 

The mechanisms of these two reactions are similar. The OsO, reaction, for example, 

involves a cyclic intermediate called an osmate ester. Although the mechanism by which 

it is formed is still debated, it can be represented in the following way: 

O O O O 
SY ZF S Z 

Os( VIII) On Oa Os(VI) 
0%) WSS Oe * Ye (osmium has two 

Va \ / more electrons) 

R,C= CR, ee RAC==CINy (5.35a) 

osmate ester 

Note that this reaction is a cycloaddition much like ozonolysis. The osmium in OsQO, is 

relatively electronegative because it is in a +8 oxidation state. The attraction of osmium 

for electrons in its bonds to oxygen makes the oxygens rather electrophilic, much like 

the outer oxygens of ozone. Consequently, one of these oxygens can serve as a point of 

attack of the alkene a electrons, as shown in Eq. 5.35a. The mechanism of the KMnO, 

reaction is probably similar. 

A glycol is formed when the cyclic osmate ester is treated with water and a mild 

reducing agent such as sodium bisulfite, NaHSO;. The water converts the osmate ester 

into a glycol, and the sodium bisulfite converts the osmium-containing by-products into 

reduced forms of osmium that are easy to separate by filtration. 

OW go 

Os 
OF nO OH OH 

\ / | | Oe pe NaHSO; 
RCAC ae tO) re IRE GIy ce Os => reduced forms (5.35b) 

HO OH of osmium 

In the KMnO, reaction, the glycol product forms spontaneously, and the MnO, by- 

product precipitates; no other reagents are necessary. 
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Osmium tetroxide is very toxic and quite expensive, but relatively simple procedures 

have been developed that permit the osmium by-products to be re-oxidized to OsOy. 

Because the osmium can be recycled in this way, the expense of OsOy, is not a serious 

problem for small-scale reactions. For larger scale reactions, the less expensive KMnO, 

is the preferred reagent, although yields are usually lower with this reagent because of 

side reactions that occur. (The alkaline conditions of the permanganate reaction minimize 

these side reactions. ) 

RANCNOOIOOOOOIOIOIOIOIIOIOIOOOOIOIOOIOCIOIOIOOIOOIOOIOOIOOOCOIOIOOIOOOOIOIOIOIOIOIOIOIOOIOIOIOOIOOIOOOIOOOIOOOIOOIOIOOIOOIOOIOOOOIOO OOOO CC OCCIOCICIOOO OGG OOOO CCC GUO CC I  a a ad 

5.14 Give the products expected when each of the following alkenes reacts with either 

OsO, followed by aqueous NaHSOs, or with alkaline KMnQ,. 

*(a) 2-methylpropene (b) 1-methylcyclopentene 

*(c) CH, 

5.15 From what alkene could each of the following glycols be prepared by the methods 

described in this section? 

*(a) 3HO CH — CH Chi Chi Or (b) ee hime 

OHe OH CH; OH 

*5.16 Suggest a structure for the cyclic intermediate in the reaction of alkenes with 

KMnQ,. Show the formation of this intermediate with the curved-arrow formal- 

ism. (Hint: The Lewis structure of MnO; can be written as follows.) 

:O QO: 

Wa 
Mn 

-_ 
:O 201 

PRO H HEH RH HEHEHE HEHEHE HEHEHE HEHEHE EHEHEEEE EEE EES EEH HEHEHE EEE EEE E HEHEHE EERE EEE HEHEHE EEE EEE EEE EEE EEE HEHE EERE EEE EEE EE NS 

POOR eee eee eee ee eee eee n eases eee Heme eeeeeenseseseeeeeeeeees CORO m meee ester eee eee Re eee Eee HEHEHE HOO E DEES EEEEEEEEE SEES EHE EE EEE EEE H EHO EEE EEE E SOHO S DOO E HEHE ED Ee EEEEEeseeeS 

Recall that addition of HBr to alkenes is a regioselective reaction in which the bromine 

is directed to the more branched carbon of a double bond (Sec. 4.7). For example, 1- 

pentene reacts with HBr to give exclusively 2-bromopentane: 

CH3CH,CH,CH=CH, + HBr ——>  CH,CH,CH,CHCH, (5.36) 

1-pentene Be 

2-bromopentane 
(79% yield) 
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For many years, results such as this were at times difficult to reproduce. Some investigators 

found that the addition of HBr was a regioselective reaction. Others, however, obtained 

mixtures of constitutional isomers in which the second isomer had bromine bound at 

the less branched carbon of the double bond. In the late 1920s, Morris Kharasch of the 

University of Chicago began investigations that led to a solution of this puzzle. He found 

that when traces of peroxides (compounds of the general structure R—O—O—R) are 

added to the reaction mixture, the regioselectivity of HBr addition is reversed! In other 

words, 1-pentene was found to react in the presence of peroxides so that the bromine 

adds to the less branched carbon of the double bond: 

i i 
GH. CH, CH. CH=CH, f= Br eet @ OOS CHS CHS CH. CHE CHs— Br anes?) 

(benzoyl peroxide; 

1-pentene small amount used) 1-bromopentane 
(96% yield) 

(Contrast this result with that in Eq. 5.36.) This reversal of regioselectivity in HBr addition 

is termed the peroxide effect. 

Because the regioselectivity of ordinary HBr addition is described by Markownikoff’s 

rule (Sec. 4.7A), the peroxide-promoted addition is sometimes said to have anti- 

Markownikoff regioselectivity. This means simply that the bromine is directed to the 

carbon of the alkene double bond with fewer carbon branches. 

It was also found that light further promotes the peroxide effect. When Kharasch 

and his colleagues scrupulously excluded peroxides and light from the reaction, they 

found that HBr addition has the “normal” regioselectivity shown in Eq. 5.36. 

The “peroxide effect” is quite general. In other words, in the presence of peroxides, 

the addition of HBr to alkenes occurs such that the hydrogen is bound to the carbon of the 

double bond bearing the greater number of alkyl branches. Very small amounts of peroxides 

are required in order to bring about this effect. 

Cm, 
peroxides \ 

; Ca CH. as 
CH; aster i; 

_ aoe CH, 
) = CH, CH, (5.38) 

CH; no peroxides | 
Cri © CH 

slower | 

Br 

Furthermore, the regioselectivity of HI or HCl addition to alkenes is not affected by the 

presence of peroxides. For these hydrogen halides, the normal regioselectivity of addition 

predominates whether peroxides are present or not! 

The addition of HBr to alkenes in the presence of peroxides occurs by a mechanism 

that is completely different from that for normal addition. This mechanism involves 

reactive intermediates known as free radicals. In order to appreciate the reasons for the 

peroxide effect, then, let’s digress and learn some basic facts about free radicals. 
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B. Free Radicals 

In all reactions considered previously we used an arrow formalism that indicates the 

movement of electrons in pairs. The dissociation of HBr, for example, is written 

H-OBr: pee a eee ‘Br? (5.39) 

In this reaction, both electrons of the H—Br covalent bond move to the bromine to 

give a bromide ion, and the hydrogen is left as the electron-deficient proton. This type 

of bond breaking is called heterolytic cleavage, or heterolysis (hetero = different; lysis = 

bond breaking). 
However, bond rupture can occur in another way. An electron-pair bond may also 

break so that each bonding partner retains one electron of the chemical bond. 

H—Br: we ee ‘Br: (5.40) 

In this process, a hydrogen atom and a bromine atom are produced. As you should verify, 

these atoms are uncharged. This type of bond breaking is called homolytic cleavage, or 

homolysis (homo = the same; lysis = bond breaking). 
A different curved-arrow formalism is used for homolysis. In this formalism, called the 

fishhook formalism, electrons are moved individually rather than in pairs. This type of 

electron flow is represented with singly barbed arrows, or fishhooks; one fishhook is used 

for each electron: 

als 
H-“Br: — H: + -Br: (5.41) 

Homolytic bond cleavage is not restricted to diatomic molecules. For example, 

peroxides undergo homolytic cleavage at the O—O bond. 

oe (CH3);C—O-—-O—C(CH;);. —* 2(CH3);C—O: (5.42) 

di-tert-butyl peroxide tert-butoxy radical 

The fragments on the right side of this equation possess unpaired electrons. Any species 

with at least one unpaired electron is called a free radical. The hydrogen atom and the 

bromine atom on the right side of Eq. 5.40, and the tert-butoxy radical on the right side 
of Eq. 5.42, are all examples of free radicals. 

QOOUDOOOUOOO OOOO GUCCI UC CCGG OCO OO UCOO OOOO COOOC COCO OCOCUIOOCICICIOOOICICICIOOOOOCOOOOISOSOOOOOCO OC OIOOOOOOOOOOOOIOOIOOOOOOOOOIOOOOOOOICOOOMOCCCnCnOMGe nT TCrcMrrinnnnrrtrs 

5.17 Draw the products of each of the following transformations shown by the fish- 
hook formalism. 

*(a) cae (bls CHs @--C(CH, a 

(CH;),C=4CHS =~ 
(enewy ee as 

afew CH “6 == Gone 

VE 
Oui“ cu= oa 
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5.18 Indicate whether each of the following reactions is homolytic or heterolytic. 

Write the appropriate fishhook or curved-arrow formalism for each. 

*(a) H,0 — H: + -OH (b) H,0 —> H* + :OH~ 

+(e) CHj—CH, + HBr —-> ~*CH,—CH: + Bro 

TEETER e eee HEH HHH HEHEHE EEE EE EEE EEE HEHEHE EEE EEE EE EEE EE HERE EEEEEEEEEE EEE E EHH H EHH E HEE EEEESEEEEEEEE OSES EEE EERE EEE E EEE SEES ESE SESE EEEEEEEE EEE EE EES 
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Although a few stable free radicals are known, most free radicals are very reactive. When 

they are generated in chemical reactions, they generally behave as reactive intermediates, 

that is, they react before they can accumulate in significant amounts. This section shows 

how free radicals are involved as reactive intermediates in the peroxide-promoted addition 

of HBr to alkenes. This discussion will provide the basis for an understanding of the 
peroxide effect, which is the subject of the next section. 

Free-radical reactions typically involve three types of steps: 

1. initiation steps, 

2. propagation steps, and 

3. termination steps. 

Let’s examine each of these steps using the peroxide-promoted addition of HBr to alkenes 

as an example of a typical free-radical reaction. 

Initiation In the initiation steps, the free radicals that take part in subsequent steps 

of the reaction are formed from a molecule that readily undergoes homolysis, called a 

free-radical initiator. The initiator is in effect the source of free radicals. Peroxides such 

as di-tert-butyl peroxide are frequently used as free-radical initiators. The first initiation 

step in the free-radical addition of HBr to an alkene is the homolysis of the peroxide. 

(GH, C—O © — GC). 2(CH;);C—O: (5.43) 

di-tert-butyl peroxide tert-butoxy 
radical 

Although most peroxides can serve as free-radical initiators, a notable exception is 

hydrogen peroxide (HO), which is not commonly used as a source of initiating 

free radicals. The reason is that the O—O bond in hydrogen peroxide is consider- 

ably stronger than the O—O bonds in most other peroxides, and is therefore 

harder to break homolytically. The cleavage of organoboranes by hydrogen perox- 

ide (the oxidation part of hydroboration-oxidation; Eq. 5.21, Sec. 5.3B) is nota 

free-radical reaction. 

Peroxides are not the only source of free-radical initiators. Another widely used initiator 

is azoisobutyronitrile, known by the acronym AIBN. This substance readily forms free 
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radicals because the very stable nitrogen molecule is liberated as a result of homolytic 

cleavage: 

GH: CH, CH, 

C= bev iN END oe CN —» 2NC— é + :N==N: (5.44) 

i CH; ‘cH, nitrogen molecule 

azoisobutyronitrile (AIBN) 

Sometimes heat or light initiates a free-radical reaction. This usually happens because 

the additional energy promotes homolysis of the free-radical initiator, or less often, the 

reactants themselves, into free radicals. 

The effects of initiators provide some of the best clues that a reaction occurs by a 

free-radical mechanism. If a reaction occurs in the presence of a known free-radical 

initiator, but does not occur in its absence, we can be fairly certain that the reaction 

involves free-radical intermediates. 

A second initiation step is required in the free-radical addition of HBr to alkenes: 

the removal of a hydrogen atom from HBr by the tert-butoxy free radical that was formed 

in the first initiation step (Eq. 5.43). 

OB > (CH;)3C O H + -Br: (5.45) (CH3)3C— O! 

(from Eq. 5.43) 

This is an example of another common type of free-radical process, called atom abstraction. 

In an atom abstraction reaction, a free radical removes an atom from another molecule, 

and a new free radical is formed (Br- in Eq. 5.45). The bromine atom is involved in the 

next phase of the reaction: the propagation steps. 

Propagation In the propagation steps of a free-radical reaction, products are formed 

and no net consumption or destruction of free radicals occurs. The free-radical by-product 

of one propagation step serves as the starting material for another. 

The first propagation step of free-radical addition of HBr to an alkene is the addition 

of the bromine atom generated in Eq. 5.45 to the double bond. 

R—CH=CH—R —~> R—CH—CH—R (5.46a) 
Sef 5 x | 

G Ap 5 leek 

“Br: - 

Addition of a free radical to a double or triple bond is another common process encoun- 
tered in free-radical chemistry. 

The second propagation step is another atom abstraction reaction: removal of a 
hydrogen atom from HBr by the free-radical product of Eq. 5.46a to give the addition 
product and a new bromine atom. 

R—CH—CH—R —» R—CH—CH—R + :Br- (5.46b) 

( 4 a! ‘. 

ae 
:Br—H 
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The bromine atom, in turn, can react with another molecule of alkene (Eq. 5.46a), and 

this can be followed by the generation of another molecule of product along with another 

bromine atom (Eq. 5.46b). These two processes continue in a chainlike fashion until the 

reactants are consumed. For this reason, free-radical reactions that involve propagation 

steps and their associated initiation and termination steps are said to be free-radical 

chain reactions. For each “link in the chain,” or cycle of the two propagation steps, one 

molecule of the product is formed and one molecule of alkene starting material is con- 

sumed. Notice that for each free radical consumed in the propagation steps, one is 

produced. Because there is no net destruction of free radicals, the initial concentration 

of free radicals provided by the initiator, and thus the concentration of the initiator 

itself, can be small. Typically, the initiator concentration is only 1-2% of the alkene 
concentration. 

The free radicals involved in the propagation steps of a chain reaction are said to 

propagate the chain. The free radicals in Eq. 5.46a—b are the chain-propagating radicals. 

An analogy for a chain reaction can be found in the world of business. A busi- 

nessperson uses a little seed money, or capital, to purchase a small business. In 

time, this business produces profit that is used to buy another business. This busi- 

ness produces profit that can be used to buy yet another business, and so on. All 

this time, the businessperson is accumulating business property (instead of alkyl 

bromides) although the total amount of cash on hand is, by analogy to the chain- 

propagating free radicals in the reaction sequence above, small compared with the 

total amount of the investments. 

Termination In the termination steps of a free-radical chain reaction, free radicals 

are destroyed by recombination reactions. In a recombination reaction, two free radicals 

come together to form a covalent bond. In other words, a recombination reaction is the 
reverse of a homolysis reaction. The following reactions are two examples of termination 

reactions that take place in free-radical addition of HBr to alkenes. In these reactions, 

the chain-propagating radicals of Eqs. 5.46a and 5.46b, respectively, recombine to form 

by-products. 

:Bre + :Bre —> Bry (5.47) 

Br 

SOAR Ss: ee ee (5.48) 

Br WON Sern 

Br 

Because such recombination reactions destroy free radicals, they “break” the free-radical 

chains and terminate the propagation reactions. 

The recombination reactions of free radicals are in general highly exothermic; that 

is, they have very favorable, or negative, AH® values. They typically occur on every 

encounter of two free radicals. In view of this fact, you might ask why free radicals do 

not simply recombine before they propagate any chains. The answer is simply a matter 

of the relative concentrations of the various species involved. Free-radical intermediates 

are present in very low concentration, but the other reactants are present in much higher 

concentration. Consequently, it is much more probable for a bromine atom to be involved 
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in the propagation reaction of Eq. 5.46a than in a recombination reaction with another 

bromine atom: 

[RCH= CHR] large; é Br Oe CH =H 

common occurrence | 

R ‘Br: 
[:Br-] small; oe ae 

rare occurrence BES Di: (5.49) 

In a typical free-radical chain reaction, a termination reaction occurs once for every 

10,000 propagation reactions. As the reactants are depleted, however, the probability 

becomes significantly greater that one free radical will survive long enough to find another 

with which it can recombine. Small amounts of by-products resulting from termination 

reactions are typically observed in free-radical chain reactions. 

In most cases, only exothermic propagation steps—steps with favorable, or negative, 

AH?® values—occur rapidly enough to compete with the recombination reactions that 

terminate free-radical chain processes. Both of the propagation steps in the free-radical 

HBr addition to alkenes are exothermic, and they both occur readily. However, the first 

propagation step of free-radical HI addition, and the second propagation step of free- 

radical HCl addition, are quite endothermic. For this reason, these processes occur to 

such a small extent that they cannot compete with the recombination processes that 

terminate these chain reactions. Consequently, the free-radical addition of neither HCl 

nor HI to alkenes is observed. 

This section has discussed the characteristics of free-radical chain reactions using 

the free-radical addition of HBr to alkenes as an example. A number of other useful 

laboratory reactions involve free-radical chain mechanisms. Many very important indus- 

trial processes are also free-radical chain reactions (Sec. 5.7). Free-radical chain reactions 

of great environmental importance occur in the upper atmosphere when ozone is 

destroyed by chlorofluorocarbons (Freons), the compounds that until recently have been 

exclusively used as coolants in air conditioners and refrigerators. A number of free-radical 
processes have also been characterized in biological systems. 

Peet ees eee eee eres esses eee eee esse sae sss EEEEEEEHESEH OOOOH HEEEHEEEHEEEOEEE SEES EH EHEHEEEEEEEE EEE HEE EEEEEEEEEEEEEEEHESEEEEE EERE EEE EE EEE E EEE EEE EEE E eee eEE® 

“5.19 In the free-radical addition of HBr to 1-hexene, suggest a structure for three 

recombination products that might be found in small amounts in the reaction 
mixture. 

5.20 Suggest a reason why small amounts of a dihalide R—-CHBr—CHBr—R 

are formed during the peroxide-initiated addition of HBr to an alkene 
R=—-GH=— CHR. 
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The free-radical mechanism is the basis for understanding the “peroxide effect” on HBr 
addition to alkenes, that is, why the presence of peroxides reverses the normal regioselec- 
tivity of HBr addition. The following example will serve as the basis for our discussion 
(see also Eq. 5.38). 
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H3C H3C 

=e Br, peroxides \ ’ 

H3C H3C 

Recall that the reaction is initiated by the formation of a bromine atom from HBr 

(Eq. 5.45). When the bromine atom adds to the 7 bond of an alkene, two reactions are 

in competition: the bromine atom can react at either of the two carbons of the double 

bond to give different free-radical intermediates. 

Look H,C H3C CH; 
; (> j 

C==CH, —> C— GHs or C== Chea > CH, C— CH (5.51) 

Ee TS H3C Bp: HjC Br: H3C:Br- ‘Br: 

a tertiary free a primary 
radical free radical 

Free radicals, like carbocations, can be classified as primary, secondary, or tertiary. 

: ‘ Ree 
R= Chap CH= a (5.52) 

primary secondary R 

tertiary 

Equation 5.51 thus involves a competition between the formation of a primary and the 

formation of a tertiary free radical. The formation of the tertiary free radical is faster. 

The tertiary free radical is formed more rapidly for two reasons. The first reason is 

that when the rather large bromine atom reacts at the more branched carbon of the 

double bond, it experiences van der Waals repulsions with the hydrogens in the branches 

(Fig. 5.1a). These repulsions increase the energy of this transition state. When the bromine 

atom reacts at the less branched carbon of the double bond, these van der Waals repulsions 

are absent (Fig. 5.1b). Because the reaction with the transition state of lower energy is 

the faster reaction, attack of the bromine atom on the less branched carbon of the alkene 

double bond to give the more branched free radical is faster. Subsequent reaction of this 

free radical with HBr leads to the observed products. To summarize: 

Br 

jokes 
SOMES WC HTC Cre 
reaction | 

CH; 

CH; (not formed in 
significant amounts) 

Ga CH yes Br (5.53) 
£ 

CH; 

CH; Br H 

eae GaGa > a CH= O-- CH breapr: 
reaction | 

CH, CH; 

(observed product) 
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Figure 5.1 

Addition Reactions of Alkenes 

6 . 

Br ‘ 
| 
: 

O° ! 
H3C on CaS = ie CH, 

He 

no van der Waals repulsions 

(a) (b) 

Space-filling models of the alternative transition states for addition of a bromine atom to 2-methyl- 
propene. The bromine atom is shown in color. In (a), the bromine is adding to the more branched 
carbon of the double bond. This transition state contains van der Waals repulsions between the bro- 
mine and four of the six methyl hydrogens. (Two of these are shown; two are hidden from view.) In 
(b), the bromine is adding to the less branched carbon of the double bond, and the van der Waals 

repulsions shown in (a) are absent. The transition state in (b) has lower energy, and therefore leads 
to the observed product. 

Any effect on a reaction that can be attributed to van der Waals repulsions is 

termed a steric effect (Greek stereos, “solid”). Thus, the regioselectivity of free-radical 
HBr addition to alkenes is due in part to a steric effect. Other examples of steric effects 
are the preference of butane for the anti rather than the gauche conformation (Sec. 2.3B), 
and the greater stability of trans-2-butene over cis-2-butene (Sec. 4.5B). 

The second reason that the tertiary radical is formed in Eq. 5.53 has to do with its 
relative stability. The heats of formation of several free radicals are given in Table 5.2. 
Comparing the heats of formation for propyl and isopropyl radicals shows that the 
secondary radical is more stable than the primary one by 12.5 kJ/mol (3.0 kcal/mol). 
Similarly, the tert-butyl radical is more stable than the sec-butyl radical by 18.4 kJ/mol 
(4.4 kcal/mol). Therefore: 

Stability of free radicals: 

tertiary > secondary > primary (5.54) 

Notice that free radicals have the same stability order as carbocations. However, the 
energy differences between isomeric free radicals are only about one-fifth the magnitude 
of the differences between corresponding carbocations. (Compare Tables 4.2 and D2) 
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Table 5.2 Heats of Formation 

of Some Free Radicals (25°) 
CORR O eR meme e eee eee O EHH E eee HEHEHE THEE EEE EEE EEE SHEE EEE SHEE H HEHEHE ESSE SHEE EEE E EEE E HOES 

Radical Structure AH} AH¥ 

(kJ/mol) (kcal/mol) 

methyl -CH; 145.6 34.8 

ethyl -CH,CH; AD 28.0 

propyl -CH,CH,CH; 100.4 24.0 

isopropyl CH;CHCH, 87.9 21.0 

sec-butyl CH,;CHCH,CH; 66.9 16.0 
tert-butyl (GH3)s@= 48.5 11.6 

Ore eee eee ee eee eee eee meee EE EEE TEETER EEE HEE E EEE SEES EEEEEEEE EEE HEHE ERED HEH EDEEEEEEEEES 

This free-radical stability order can be understood from the geometry and hybridiza- 

tion of a typical carbon radical (Fig. 5.2). Although the subject continues to be debated, 

it appears that alkyl radicals have trigonal-planar, or nearly planar, geometries. Recall 

that trigonal-planar carbons are sp*-hybridized (Sec. 4.1A). Hence, alkyl radicals are sp- 

hybridized; the unpaired electron is in a carbon 2p orbital. The stability order in 

Eq. 5.54 implies, then, that free radicals, like alkenes and carbocations, are stabilized by 

alkyl-group substitution at sp°-hybridized carbons. 

By Hammond’s postulate (Sec. 4.8C), a more stable free radical should be formed 
more rapidly than a less stable one. Thus, when a bromine atom adds to the 7 bond of 

an alkene, it adds to the less branched carbon of the double bond because the more 

branched, and hence more stable, free radical is formed as a result. The product of HBr 

addition is formed by the subsequent reaction of this free radical with HBr (Eq. 5.53). 

Notice that whether we consider steric effects in the transition state or the relative 

stabilities of free radicals, the same outcome of free-radical HBr addition is predicted. 

Understanding of the regioselectivity of free-radical HBr addition to alkenes provides 

an understanding of the “peroxide effect”—why the regioselectivity of HBr addition to 

alkenes differs in the presence and absence of peroxides. Both reactions begin by attach- 

ment of an atom to the less branched carbon of the alkene double bond. In the absence 

of peroxides, the proton adds first, and bromine ends up on the more branched carbon. 

In the presence of peroxides, the free-radical mechanism takes over; a bromine atom adds 

Figure 5.2 Carbon radicals are sp*-hybridized and have trigonal-planar geometry. The unpaired electron occu- 
pies the p orbital. 
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TEE 
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_ PROBLEMS — 

Addition Reactions of Alkenes 

first, and hydrogen ends up on the more branched carbon. The peroxide effect is not 

observed in the addition of HCl and HI to alkenes because free-radical addition of these 
hydrogen halides does not take place (Sec. 5.6C). Finally, it should be clear that the 

“peroxide effect” is not limited to peroxides; any good free-radical initiator will bring 

about the same effect. 

Oem eee ee eee e meee aera eee H eee EEE EEE ESE E HEHEHE HEHEHE HEHE HEEEEEEESEHEEEEEH HEHE HEHEHE EEE EET EEE H HERES EEE EE ESD 

5.21 Predict the major organic product(s) formed when HBr reacts with each of the 

following alkenes in the presence of peroxides. 

*(a) cis-2-butene (b) trans-2-hexene 

*(c) 1-methylcyclopentene *(d) (£)-3-methyl-2-hexene 

Sy) Write the free-radical chain mechanism for the reactions of *(c) and (a) in 

Problem 5.21. Identify the initiation, propagation, and termination steps. 

eee eee e EEE EHH EE EOE DODO D ESET EEE EEESEEEE EEE EES E EEE EEEEEEEEEEEEE ESSE EEE EEEEEEEE EEE H OHHH HESS EEE E EE ESESES EEE EEE EEE ES 

Sree eee eee ee ee eee eee a eee eH eH EEE HEHEHE SEES EHH H SEH HH HEHEHE EEE EEE EEEEEEES ESOS SEEEHEE EEE EHEHEEEEE HEHEHE EEE EEE 

How easily does a chemical bond break homolytically to form free radicals? The question 

can be answered by examining the bond dissociation energy. For a bond between two 

atoms A—B, the bond dissociation energy is defined as the enthalpy AH° of the reaction 

i Seer (5.55) 

Notice that a bond dissociation energy always corresponds to the enthalpy required to 

break a bond homolytically. Thus, the bond energy of H—Br refers to the process 

al: 
H+“ Br: ==> Jals sr “Bri (5.56) 

and not to the heterolytic process 

(3 

H—Br: —> Ht+ ae (5.57) 

Some bond dissociation energies are collected in Table 5.3. A bond dissociation energy 
measures the intrinsic strength of a chemical bond. For example, breaking the H—H bond 
requires 435 kJ/mol (104 kcal/mol). It then follows that forming the hydrogen molecule 
from two hydrogen atoms liberates 435 kJ/mol (104 kcal/mol) of energy. Table 5.3 shows 
that different bonds exhibit significant differences in bond strength; even bonds of the 
same general type, for example, the various C—H bonds, can differ in bond strength 
by many kilojoules per mole. 

Bond dissociation energies like those in Table 5.3 can be used in a number of ways. 
For example, these data show why di-tert-butyl peroxide (the second entry of the “other” 
classification in the table) is an excellent free-radical initiator. The lower a bond dissocia- 
tion energy is, the lower the temperature required to rupture the bond in question and 
form free radicals at a reasonable rate. The homolysis of the O—O bond in di-tert-butyl 
peroxide requires only 159 kJ/mol (38 kcal/mol); this is one of the smallest bond dissocia- 
tion energies in Table 5.3. With such a small bond dissociation energy, this peroxide 
readily forms small amounts of free radicals on gentle heating. 
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Table 5.3 Bond Dissociation Energies (25 °C) 
meee eee e rower werner eeeeeeeeees 

Bond 

C—H bonds 

CH; —H 

CH3;CH,—H 

(CH;),;CH—H 

(CH;);C —H 
PhCH,—H 

CH,—CHCH,—H 

RCH =CH—H 

Ph—H 

R@= Cai 

H—CN 

C— Halogen bonds 

CH;—F 

CH;CH,—F 

CH;— Cl 

CH3CH,— Cl 

CHe—_ Br 

CH. CH; 

CHE 

QsKOsh——1 

Ph—F 

Ph— GI 

Ph—Br 

Ph—I 

C—C bonds 

Onl —CaL, 

Ph— CH. 

PhCH,— CH; 

CH,—CN 

CH,—CH, (both) 

CEE — CGH Gz bond) 

C= Cla 

Br 

eee eee eee eee eee eee ee 

TEPER ERR eee EEE EEE OEE EEE EEE HEHEHE EEE EEE EEE HEHEHE HEHEHE EEE EEE HEHEHE EEEEEE EEE HEHEHE EEE SHEE EEEEEE EH EES 

AH? AH? AH? AH? 
(kJ/mol) (kcal/mol) Bond (kJ/mol) (kcal/mol) 

C—O bonds 

439 105 CH;— OH 385 92 
418 100 CH,;— OCH; 347 83 
410 98 Ph—OH 464 111 
402 96 CH,=0O (both) 732 175 
368 88 CH,=O (7 bond) 377 90 

360 86 C—N bonds 

— wt CH;—NH, 356 85 
464 il Ph—NH, 427 102 
548 131 CH,—=NH ~644 ~154 
519 124 HC=N 937 224 

H—X bonds 

459 110 H—OH 498 119 
454 109 H—OCH, 435 104 
356 85 H—O,CCH; 444 106 
335 80 H—OPh 360 86 
293 70 H—F 569 136 
284 68 Hel 431 103 
238 37 H—Br 368 88 
222 53 ei] 297 71 
527 126 H—NE 448 107 
402 96 HSH 381 91 

cia i X—X bonds 

aati H—H 435 104 
F—F 159 38 

377 90 Gl Gl 247 59 
423 101 Br—Br 192 46 
: ee —i 151 36 

aie Lah ee OH 213 51 
ee as 2 ate, (CH3);CO— OC(CH3)s 159 38 ~962 ~230 

HO—Br 234 56 

PORE R eee eee eee eee eee eee eee eee Heese eee ee ee Hee ee esEEEEEEH EE HHH OHEHEEHHEEEH HEHEHE HEE E HEHE EEE E SHEE EERE HEHE REESE EEE EEE EES 

An important use of bond dissociation energies is to calculate or estimate the AH® 

of reactions. As an illustration, consider the second initiation step of free-radical bromina- 

tion, in which a tert-butoxy radical reacts with H—Br. 

(CH3);C—O- + H—Br: —» (CH;);C—O—H + Br: (5.58) 

tert-butoxy radical 

In this reaction, a hydrogen is abstracted from HBr by the tert-butoxy radical. This is 

not the only reaction that might occur. Instead, the tert-butoxy radical might abstract a 
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( 

Stupy GuIDE LINK: 

15.3 

Bond Dissociation 

Energies and Heats of 
Reaction 

bromine atom from HBr: 

(CH;);C—O- + H—Br: —» (CH,);C—O—Br: + -H (5.59) 

tert-butoxy radical 

However, hydrogen and not bromine is abstracted. The reason lies in the relative enthalpies 

of the two reactions. These enthalpies are not known by direct measurement, but can be 

calculated using bond dissociation energies. To calculate the AH® for a reaction, subtract 

the bond dissociation energies of the bonds formed from the bond dissociation energies of the 

bonds broken. This procedure is illustrated in the following study problem. 

Estimate the standard enthalpies of the reactions shown in Eqs. 5.58 and 5.59. 

Solution To obtain the required estimates, subtract the bond dissociation energy of the 

bond formed from that of the bond broken in each reaction. In both equations, the bond 

broken is the H—Br bond. From Table 5.3, the bond dissociation energy of this bond 

is 368 kJ/mol (88 kcal/mol). The bond formed in Eq. 5.58 is the O—H bond in 

(CH;);CO—H (tert-butyl alcohol). This exact compound is not found in Table 5.3! 

What do we do? Look for the same type of bond in as similar a compound as possible. 

For example, the table includes an entry for the alcohol CH;0—H (methyl alcohol). 

(The O—H bond dissociation energies for methyl alcohol and tert-butyl alcohol differ 

very little.) Subtracting the enthalpy of the bond formed (the O—H bond) from 

that of the bond broken (the H—Br bond), we obtain 368 — 435 = —67 kJ/mol or 

88 — 104 = —16 kcal/mol. This is the enthalpy of the reaction in Eq. 5.58. Following 

the same procedure for Eq. 5.59, use the bond dissociation energy of the O—Br bond 

in (CH; )3;CO— Br, which is given in Table 5.3 as 205 kJ/mol (49 kcal/mol). The calculated 

enthalpy for Eq. 5.59 is then 368 — 205 = 163 kJ/mol or 88 — 49 = 39 kcal/mol. These 

AH? estimates are the required solution to the problem. 

{6 00/610 6/6/80 010) 61 610\0.6. 610.6 0.6 0106 0'0.0)0:0\01010.0)6/01014)618 1010614 0 0.0.0.0.6 0.0 06.5 a0 u\n)u alana © 6 0.6.0)6/0)6.6.0.0)0.0 010-0.0:0.6.unle hse e050 600eeb 6 pb aan now see's ec scibles.e ness cie 

The calculation in Study Problem 5.3 shows that reaction 5.58 is highly exothermic 
(favorable) and reaction 5.59 is highly endothermic (unfavorable). Thus, the observed 
reaction (abstraction of H, Eq. 5.58) is the only one that can readily occur. Abstraction of 
Br (Eq. 5.59) is so unfavorable energetically that it is not likely to occur to any appreciable 
extent. 

Strictly speaking, we need AG® values to determine whether a reaction will occur 
spontaneously. However, for the reactions discussed here, AH° is a reasonable 
approximation of AG®. 

Bond dissociation energies can be used to calculate the enthalpy of any reaction (not 
just free-radical reactions) provided the bond dissociation energies of the appropriate 
bonds are known or can be closely estimated. When bond dissociation energies (or any 
other gas-phase enthalpies) are used in this way, remember that they apply to the gas 
phase. Bond dissociation energies can be used, however, to compare the enthalpies of 
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two reactions in solution provided that the effect of solvent is either negligible or is the 

same for both of the reactions being compared (and thus cancels in the comparison). 

This assumption is valid for many free-radical reactions, including the ones in Study 

Problem 5.3. 

COO e meee ewe m ewes e eee eee eee eee ese eee Hee eee ees HEE HEHE EEE HES HEHE EEE EEE EEEEEEEEEESEEEEEEESE SESH HOE EEEEEESESEE SESE HEHEHE EEE EEE 

5.23 Estimate the AH®° values for each of the following gas-phase reactions using 

bond dissociation energies. 

*(a) CH,=CH, + Cl —» CI—CH,—CH,—Cl 

*5.24 Consider the second propagation step of peroxide-promoted HBr addition to 

alkenes (Eq. 5.46b). Explain why hydrogen, and not bromine, is abstracted from 

HBr by the free-radical reactant. 

25525, Use the information from Table 5.3 to calculate the heat of formation of (a) the 

hydrogen atom and (b) the chlorine atom. (Hint: Remember the definition of 

the heat of formation; Sec. 4.5A.) 

5.26 Calculate the bond dissociation energy of a C—H bond in ethane using the 

following heats of formation: ethane, —84.5 kJ/mol (—20.2 kcal/mol); the hydro- 

gen atom (Problem 5.23); and the ethyl radical (Table 5.2). Check your answer 

in Table 5.3. 

eee eee eee eee meee eee eee eee EE HORE DOLE EEE EEE DEES EEE E SESE EE OEE HEE EEE ESTEE EEE EE EEE EEE SESE HEHEHE EEE EEE EEE EEE EE EEE EEEEEEEEES 

Industrial Use and Preparation of Alkenes 

The chemical industry is a major force in the world’s economy, and the production and 

use of alkenes are foundations of this industry. This section presents briefly two industrial 

processes, free-radical polymerization and thermal cracking of alkanes. Free-radical poly- 

merization accounts for a large fraction of the alkenes used commercially. Thermal 

cracking of alkanes, which also involves free-radical intermediates, is a major process by 

which alkenes are produced industrially. This section concludes with a discussion of 

ethylene, commercially the most important organic compound. 

A. Free-Radical Polymerization of Alkenes 

In the presence of free-radical initiators such as peroxides or AIBN, many alkenes react 

to form polymers, which are very large molecules composed of repeating units. Polymers 

are derived from small molecules in the same sense that a wall is composed of bricks, or 

a train is composed of boxcars. In a polymerization reaction, small molecules known 

as monomers react to form a polymer. For example, ethylene can be used as a monomer 
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and polymerized under free-radical conditions to yield an industrially important polymer 

called polyethylene. 

n H,C=—=CH, ES nese f-cH,—cH,-+ (5.60) 

ethylene polyethylene 
(the polymer of ethylene) 

In this formula for polyethylene, the subscript nm means that each polyethylene mole- 

cule contains a very large and not very precisely defined number of repeating units, 

—CH,—CH,—. Typically n might be in the range of 3,000 to 40,000. Polyethylene is 

an example of an addition polymer, that is, a polymer in which no atoms of the monomer 

unit have been lost as a result of the polymerization reaction. (Other types of polymers 

are discussed later in the text.) 

Because the polymerization of ethylene shown in Eq. 5.60 occurs by a free-radical 

mechanism, it is an example of free-radical polymerization. The reaction is initiated 

when a radical R-, derived from peroxides or other initiators, adds to the double bond 

of ethylene to form a new radical. 

Ra OH |=“ CHee aC =r, (5.61a) 
initiating 
radical 

The propagation phase of the reaction begins when the new radical adds to another 

molecule of ethylene. 

R—CH,—CH, “GDLCH, =< Oy 5 on eS 

Notice that Eqs. 5.6la and b are further examples of a typical free-radical reaction: 

addition to a double bond. (Compare with Eq. 5.46a.) This process continues indefinitely 
until the ethylene supply is exhausted. 

R +CH,—CH,-[ CH,—CH, + CH}=CH, —» R {CH,—CH,.CH,—CH, (616) 

The reaction terminates when the radicals present in the reaction mixture are eventually 
consumed by any one of several termination reactions. Typically, polymers with molecular 
weights of 10° to 10’ daltons are formed in free-radical polymerizations. The polymer 
chain is so long that the groups at its ends represent an insignificant part of the total 
structure. Hence, these terminating groups are ignored, and the polymer structure is 
written as —--CH,—CH,-++,,. 

Free-radical polymerization of alkenes is very important commercially. About 21 
billion pounds of polyethylene is manufactured annually in the United States, of which 
more than half is made by free-radical polymerization. The free-radical process yields a 
very transparent polymer, called low-density polyethylene, used in films and packaging. 
(Freezer bags and sandwich bags are usually made of low-density polyethylene.) Another 
method of polyethylene manufacture, called the Ziegler process, employs a titanium catalyst 
and does not involve free-radical intermediates. This process yields a high-density polyeth- 
ylene used in blow-molded plastic containers. 

Many other commercially important polymers are produced from alkene monomers 
by free-radical polymerization. Some of these are listed in Table 5.4. Alkene polymers 
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Some Addition Polymers Produced 

by Free-Radical Polymerization 
POOR e eee eee eee eee eases eee eres ease assess EEE EEE HH EEE HHH HEHEHE EE HEHEHE EEE HEEHHHHHEHHHEEEH HEHEHE HEHE SEH HHHEEE EEE EEE ESTEE EEE H EEE EEE EES 

Polymer name Structure of Properties of 

(Trade name) monomer the polymer Uses 

Polyethylene CH,—CH, Flexible, semiopaque, Containers, film 

generally inert 

Polystyrene Ph— CH=CH, Clear, rigid; can be Containers, toys, 

foamed with air packing material 

and insulation 

Poly(vinyl CH,=CH— Cl Rigid, but can be Plumbing, leatherette, 

chloride) (PVC) plasticized with hoses. Monomer has 

certain additives been implicated as a 

carcinogen. 

Polychlorotri- CF,==CF— Cl Inert Chemically inert 

fluoroethylene apparatus, fittings, 

(Kel-F) and gaskets 

Polytetrafluoro- CF,== CF, Very high melting point; Gaskets; chemically 

ethylene (Teflon) 

Poly(methyl 

methacrylate) 

(Plexiglas, Lucite) 

CH,=C— CO,CH; 

CH; 

chemically inert resistant apparatus 

and parts 

Clear and semiflexible Lenses and windows; 

fiber optics 

Polyacrylonitrile 

(Orlon, Acrilan) 

CH,==CH— CN Crystalline, strong, 
high luster 

POO eee e eee e Eee Eee Hee eee EEEEEEE ESTEE EEE HEHE EEE EEESEEESEEE ESSE TEESE ESSE TEESE SETHE THEE EE EEE EEE H EEE H HEHEHE EEE EEE EEE EEE E HEHEHE EEE EES 

surround us in many of the articles we use every day. Telephones, computers, automobiles, 

sports equipment, stereo systems, food packaging, and many other items have important 

components fabricated from alkene polymers. 

DISCOVERY OF TEFLON 

In April 1938 Roy J. Plunkett, who had obtained his Ph. D. only two years 

earlier from Ohio State University, was working in the laboratories of the 

DuPont company. He decided to use some tetrafluoroethylene (a gas) in the 

preparation of a refrigerant. When he opened the valve on the cylinder of 

tetrafluoroethylene, no gas escaped. Because the weight of the empty cylinder 

was known, Plunkett was able to determine that the cylinder had the weight 

expected for a full cylinder of the gas. It was at this point that Plunkett’s 
(continues) 
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scientific curiosity paid a handsome dividend. Rather than discard the cylin- 

der, he checked to be sure the valve was not faulty, and then cut the cylinder 

open. Inside he found a polymeric material that felt slippery to the touch, 

could not be melted with extreme heat, and was chemically inert to almost 

everything. Thus Plunkett accidentally discovered the polymer we know today 

as Teflon. At that time, no one imagined the commercial value of Teflon. 
Only with the advent of the atomic bomb project during World War I did 

it find a use: to form gaskets that were inert to the highly corrosive gas UF, 

used to purify the isotopes of uranium. In the 1960s Teflon was introduced 

to consumers as the nonstick coating on cookware. 

COP TTTH HEH Heese eee eee eee eee e eases ss FEEEEEEEEE OEE HEH EEHEHESEEEEE EEE HESS EEE EEEEEEEE EE EEE EEEEE HEHEHE EEE EE ES ED EE ESSE EERE OEEEES 

Sal) Using the monomer structures of the alkenes in Table 5.4, draw the structures 

of *(a) polypropylene, the polymer of propene; and (b) poly(vinyl chloride) 

(PVC), the polymer used in household drainpipes. 

5.28 Give the mechanism for free-radical polymerization of *(a) propene and (b) 
tetrafluoroethylene. 

GOD UGUCO COCO OUCUO GOGO UO RCO CCGOCICCOOOOOOUCOOUC OC OOOICOIOOIOICOOIOOIOOOOOOICOISISIOOIOOIOOO OOO OOOOOOOOOOOONOOOMOOCOOOICTICMCnrCricr iin iii 

BODGCUOUCIE CCCI OOOO OU OUOU ODO UUCO OO UCC COOOOOOOOO IDO OOOIOCICOIOOO COICO OOOO OO GOGOOOCOIOOOOOOOOOOOOOCTIOOOOOCCCFOCOCOCCMICMCrInC rrr itr 

Simple alkenes are considered to be petroleum products, but they are not obtained directly 
from oil wells. Rather, they are produced industrially from alkanes in a process called 
cracking. Cracking breaks larger alkanes into a mixture of smaller hydrocarbons, some 
of which are alkenes. The chemistry of the cracking process is of interest, not only because 
of its commercial significance, but also because it illustrates some additional chemistry 
of free radicals. 

Ethylene, the alkene of greatest commercial importance, is produced by a process 
called thermal cracking. In this process, a mixture of alkanes from the distillation of 
petroleum (Sec. 2.8) is mixed with steam and heated in a furnace at 750—900 °C for a 
fraction of a second, and is then quenched (rapidly cooled) to prevent secondary reactions. 
The products of cracking are then separated. 

In the United States, the hydrocarbon most often used to produce ethylene is ethane, 
a component of natural gas. In the cracking of ethane, ethylene and hydrogen are formed 
at very high temperature. In cracking, the temperatures used are so high that initiating 
radicals are formed by spontaneous bond rupture. Only two types of bonds in ethane 
can break: the C—C bond and the C—H bonds. The bond dissociation energies in 
Table 5.3 show that rupture of the C—C bond requires somewhat less energy. Hence, 
fragmentation of a few ethane molecules into two methyl radicals takes place. 

First initiation step: 

2 Clals (5.62a) 
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ical abstracts a hydrogen atom from another 

iS Ss Kh, 28 OTERO E (5.62b) 

Ne ~ methane ethyl radical 

cae ce) , 
Q) — f methane formed in the cracking process. The 
— (YY) D adical. It first undergoes an interesting reaction 

= SE ae 1a hydrogen atom in a process called B-scission: 

pa 
S ee. O B-scission 

) “——_» CH,—CH, + H: (5.63a) 

C oe Ss 
. () & ethylene 

oo CO se if free radicals. The word “scission” means “cleav- 

d Ne) as “scissors”). The Greek letter beta (8) refers to 

a) (aes, —— rbon away from the radical site. (The Greek letters 
) On are sometimes used to indicate the relative 

: wel) cleavage occurs here 

Habe 

a new reaction, actually it is simply the reverse of 

2rse of the addition of a hydrogen atom to ethylene. 

1 the first propagation step then abstracts a hydrogen 

AUOTTs Tee ane to give a new ethyl radical: 

Second propagation step: 

HUArGon =i, = He 4 oh ici, (5.63b) 

The ethyl radical then enters into the first propagation reaction, Eq. 5.63a, thus continuing 

the free-radical chain. The hydrogen that is a by-product of Eq. 5.63b is collected and 

used to produce ammonia by hydrogenation of nitrogen. The ammonia finds important 

use in agriculture as a fertilizer. 

You have now seen four types of reactions that free radicals can undergo. Three of 

these are reactions that produce other radicals: 

1. addition to a double bond 

2. atom abstraction 

3. PB-scission. 

The other reaction destroys free radicals: 

4. recombination of two free radicals to form a covalent bond. 

These reactions constitute a “toolbox” of fundamental free-radical processes. Most free- 

radical processes are examples of these reactions or combinations of them. 
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DOOM eee meee meee meee meee ee ease esse Hes HEE EEE EEEEH EE EEE EEE SEES EEE EEEEEEESEHEEEEEEEE HEHEHE SES EEHEEEEEEEEEE SESE HOH HOHESES ES EOE EEEEEH HEHE EHHEEE HEHE EEEE HEHEHE EES 

SS, *5.29 Show how the cracking of octane can give ethylene and hydrogen. (Hint: Begin 
CN lal . . . . 

PROBLEMS — your free-radical chain reaction by rupture of a carbon-carbon bond in the 

middle of the chain.) 

5.30 Show how cracking of octane can also give some propene. 

eee eee eee eee eee eee e eee EEO EE HERE EH HEHE HEEEEEEEEHEEEEEEE ESE REE E HEHEHE HEHEHE EER EE EE HEHEHE EEE EEE H HEHEHE ESTHER HHH HEHEHE EE ESE OEE EES 

Ree eee ee eee eee e eee areas eases aes eee Eee Esse ees EHH HEHEHE EEE S EEE E HEHEHE EE EH OH OESEEEE EEE EEEHHEHE DEH HEEEE OOOH EES 

More ethylene is produced than any other organic compound. In the United States, it 

has ranked fourth in industrial production of all chemicals (behind sulfuric acid, nitrogen, 

and oxygen) for a number of years. More than 40 billion pounds of ethylene is produced 

annually. Propene (known industrially by its older name propylene) is not far behind, 

ranking ninth in all industrially produced chemicals, with an annual U. S. output of more 

than 22 billion pounds. 

The major uses of ethylene and propene are the production of polyethylene and 

polypropylene, respectively (Sec. 5.7A). Ethylene is also oxidized to give ethylene glycol, 

HO—CH,— CH,— OH, which is used in automotive antifreeze; it is hydrated to give 

industrial ethanol (Sec. 4.9B); and it is used, along with benzene, to produce polystyrene, 

an important polymer. Propene is a key compound in the production of phenol, which 

is used in adhesives, and acetone, a commercially important solvent. Some of these 

chemical interrelationships are shown in Fig. 5.3. We'll return to this figure periodically 

as other industrially important processes are discussed. 

ETHYLENE AS A FRUIT RIPENER 

An intriguing use of ethylene in nature has been put to commercial advantage. 

It was discovered not long ago that ethylene produced by plants causes fruit 

to ripen. Plants produce this ripening hormone by the degradation of a rela- 
tively rare amino acid: 

O 

| 
AG, C0 

O att. ; are enzyme 

: Ve: Serer 
H.C NH, 

1-amino-1-cyclopropane- 
carboxylic acid 

O 

ethylene formic acid 

It is ethylene, for example, that brings green tomatoes to that peak of juicy 
redness in the home garden. Commercial growers have made use of this 
knowledge by picking and transporting fruit before it is ripe, and then ripening 
it “on location” with ethylene! 
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Key IDEAS IN CHAPTER 5 

[\ The characteristic reaction of alkenes is addition to the double bond. 

{\ Addition to the alkene double bond occurs by a variety of mechanisms: 

1. by mechanisms involving carbocation intermediates (addition of 

hydrogen halides, hydration) 

2. by mechanisms involving cyclic ion intermediates (oxymercuration, 

halogenation) 

3. by concerted mechanisms (hydroboration, glycol formation, 

ozonolysis) 

4. by mechanisms involving free-radical intermediates (free-radical 

addition of HBr, polymerization). 

Addition reactions are typically regioselective; their regioselectivity is a 

consequence of their mechanisms. 

[} Some useful transformations of alkenes involve additions followed by 

other transformations. These include oxymercuration-reduction and 

hydroboration-oxidation, which give alcohols; ozonolysis followed by 

treatment with (CH;).S or HO, which gives aldehydes, ketones, or 

carboxylic acids by cleavage of the double bond; and addition of OsO, 

or KMnO, followed by hydrolysis to give glycols. 

{\ Typical reactions of free radicals are 

1. addition to a double bond 

atom abstraction 

. B-scission (the reverse of addition to a double bond) 

recombination (the reverse of bond rupture). - YN 

[\ Reactions that occur by free-radical chain mechanisms are typically pro- 

moted by free-radical initiators (peroxides, AIBN), heat, or light. 

[\ The stability of free radicals is in the order tertiary > secondary > 
primary, but the effect of branching on free-radical stability is consider- 
ably smaller than the effect of branching on carbocation stability. 

[\ The reversal of the regioselectivity of HBr addition in the presence of 
peroxides (the “peroxide effect”) is a consequence of the free-radical 
mechanism of the reaction. The key step in this mechanism is the reac- 
tion of a bromine atom at the less branched carbon of a double bond 
to give the more branched, and hence more stable, free radical 
intermediate. 

[\ The bond dissociation energy of a covalent bond measures the energy 
required to break the bond homolytically to form two free radicals. 
The AH® of a reaction can be calculated by subtracting the bond disso- 
ciation energies of the bonds formed from those of the bonds broken. 
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Ethylene is the organic compound produced industrially in the greatest 

amount. Alkenes such as ethylene and propene are produced by crack- 

ing alkanes at high temperature. A major use of alkenes is in the forma- 

tion of addition polymers. 

SPEER eee eee eee eee esses eee eeeesassse esse EEE Hee Eee EEE ess EEEEESEE SHEE EEE OHHH HE HHEEEHEHEHEEEEEEEE EEE EEE EEE SESE EE HEEE HEHEHE SEES ESSE OHHH HEHEHE HEHEHE EEE E EHO EE 

- ADDITIONAL 
% PROBLEMS 

Doe 

“SESE 

Give the principal organic products expected when 1-ethylcyclopentene reacts 

with each of the following reagents. 

(a) Bry in CCl, solvent (b) Ooi om 

(c) product of (b) with (CH3),.S (d) product of (b) with H,O, 

(e) Os, flame Go) Teller 

(g) OsO,y, then H,O, NaHSO, (h) L, H,O 

(Cert @ (j) HBr, peroxides 

(k) BH in tetrahydrofuran (THF) (1) product of (k) with NaOH, H,0; 

(m) ae H,O (n) product of (m) with NaBH, 

(o) H (p) HI, AIBN 

Repeat Problem 5.31 for 1-butene. 

Draw the structure of 

(a) 

(b) 
(c) 

(d) 

a six-carbon alkene that would give the same product from reaction with 

HBr whether peroxides are present or not 

a compound C;Hj, that would not react with alkaline KMnO, 

four compounds of formula CoH, that would undergo catalytic hydroge- 

nation to give decalin 

eo decalin 

two alkenes that would yield 1-methylcyclohexanol when treated with 

Hg(OAc), in water, then NaBH: 

HCa g/OH 

1-methylcyclohexanol 

an alkene with one double bond that would give the following compound 

as the only product after ozonolysis followed by H,O3: 

O O 

! | 
HO—C—CH,—CH,—C—OH 

(Problem 5.33 continues ) 
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(f) 

(g) 

two stereoisomeric alkenes that would give the following alcohol as the 

major product of hydroboration followed by treatment with alkaline H,O>: 

OH 

(Calas —= CH—CH,— C,H; 

an alkene of five carbons that would give the same product as a result of 

either oxymercuration-reduction or hydroboration-oxidation. 

5.34 Draw the structure of 

(a) 

(g) 

a five-carbon alkene that would give the same product with HBr whether 

peroxides are present or not 
a compound C,H,, that would not react with OsO, 

four compounds of formula C7H;, that would undergo catalytic hydrogena- 

tion to give methylcyclohexane 

two alkenes that would give the following alcohol when treated with 

Hg(OAc), in water, then NaBHg: 

CH; 

Clala core C— CH,CH,CH,CH; 

OF 

an alkene that would give 2-pentanone as the only product after ozonolysis 

followed by treatment with H,0): 

1 
Claas G.-C HH CED Ch, 2-pentanone 

the alkene that would give the following alcohol after hydroboration- 
oxidation: 

le 
an alkene C;H,, that would give the same product from either hydrobora- 
tion-oxidation or oxymercuration-reduction. 

5.35 Give the missing reactant or product in each of the following equations. 

*(a) 

eo) i ne a: oa 

HBr 
> 

peroxides ( CH,Br 
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(d) CH, 

be it sn (only product) 
peroxides yP 

Br 

Outline a laboratory preparation of each of the following compounds. Each 

should be prepared from an alkene with the same number of carbon atoms and 

any other reagents. The reactions and starting materials used should be chosen 

so that each compound is virtually uncontaminated by constitutional isomers. 

*(a) OH (b) OH 

CH{CH,— @—- Ci Gin, Be re nCrnrs 

shea 

Ee) ORC Ola Clays Gi als (d) OH 

CH3;CH,CHCH,CH,CH; 

*(e) Br Br G9) OH 

een l CH,CH; CH;CH,CCH,CH; 

a CH,OH 

(g) OH *(h) O O 

een ea! (CH) )4 ae 

thee 

(i) O O ‘(ee br—- CH CH Ch CECH, 

| 
HO @ GH). GO 

(k) Br “(l} rtuay enna 

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

(m) another alkene that could be used to prepare the compound in part (1) by 

the same method. 

Deuterium (D, or *H) is an isotope of hydrogen with atomic mass = 2. Deuterium 

can be introduced into organic compounds by using reagents in which hydrogen 

has been replaced by deuterium. Outline preparations of both isotopically labeled 

compounds from the same alkene. 

(a) ee PR ee " CH; 

D CH, 

(b) OH CH; 
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5.38 

ope) 

5.40 

CH; 

When the isotopically labeled compound below is subjected to hydroboration— 

oxidation, two isotopically labeled alcohols are formed in essentially equal 

amounts. Give the structures of these products. (See the note about deuterium 

in Problem 5.37.) 

D D 

Using the mechanism of halogen addition to alkenes, predict the product(s) that 

would be obtained when 2-methyl-1-butene is subjected to each of the following 

conditions. Explain your answers. 

(a) Br, in CH,Cl, (an inert solvent) (b) Br, in H,O 

(c) Br, in CH3OH solvent 

(d) Br, in CH3OH solvent containing concentrated Lit Br7 

Using the mechanism of the oxymercuration reaction, predict the product(s) 

that would be obtained when 1-hexene is treated with mercuric acetate in each 

of the following solvents, and the resulting products are treated with NaBH,. 

Explain your answers and tell what functional groups are present in each of the 
products. 

(a) CH;0H (methanol) (b) (CH;),CH—OH (isopropyl alcohol) 

(c) 

H—O—C—CH; (acetic acid) 

In the addition of HBr to 3,3-dimethyl-1-butene, the following results are 

observed: 

CH,;—C— CH=CH, + HBr —~> 

no peroxides: 
with peroxides: 

*5.42 

Gi CH; CH; 

CH3;— C—CH(CH;), + CH;—C CH — CH CH. Ci GH Br 

| pou 
Br CH; Br CH; 

71% 29% none 

trace trace 100% 

(a) Explain why the different conditions give different product distributions. 
(b) Write a detailed mechanism for each reaction that explains the origin of 

all products. 

(c) Which conditions give the faster reaction? Explain. 

(a) Give the structures of the two products formed when (E)-4,4-dimethyl-2- 
pentene is treated with HBr in the presence of peroxides. 
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(b) One of these products is formed in greater amount than the other. After 
considering the structure of the transition state for peroxide-promoted HBr 

addition (see Fig. 5.1), suggest which product is the predominant one. 

Explain. 

5.43 Give the structures of both the reactive intermediate and the product in each of 

the following reactions: 

(a) eee Chip CCH at aBioy. —— > (D) SCH, CH CCCs 4 HBr => 

CH, CH, 

H() CH3CH,CCH; ate Hg(OAc), ain H,O = rare 

CH, 

*5.44 — Trifluoroiodomethane undergoes an addition to alkenes in the presence of light 

by a free-radical chain mechanism. 

CH GHLCH. CH CH 1 Cr, CH. CH GH CH GH Gr 

I 

The initiation step of this reaction is the light-induced homolysis of the C—I 

bond: 

pOUG: litt, pc. + is 

c (a) Using the fishhook formalism, write the propagation steps of a free-radical 

Stupy GuIpE LINK: chain mechanism for this reaction. 

5-4 (b) Predict which alkene would react more rapidly with CF;I in the presence of 
Writing Free-Radical 
Cine aaa light: 2-methyl-1-pentene or (E)-4-methyl-2-pentene. Explain your choice. 

*5.45 (a) In the thermal cracking of 2,2,3,3-tetramethylbutane, which carbon-carbon 

bond would be most likely to break? Explain. 

(b) Which compound, 2,2,3,3-tetramethylbutane or ethane, undergoes thermal 

cracking at the lower temperature? Explain. 

(c) Check your answer to (b) by calculating the AH® for the initial carbon- 

carbon bond breaking. Use the AH values in Table 5.2 as well as the AH} 

of 2,2,3,3-tetramethylbutane (—225.9 kJ/mol, —53.99 kcal/mol) and ethane 

(—84.7 kJ/mol, —20.24 kcal/mol). 

*5.46 Natural rubber is a polymer with the following structure: 

HG CH, 

C=C 
7, \ 

H.C H |, 
(Problem 5.46 continues ) 
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*5,47 

5.48 

*5.49 

*5.50 

(a) What product would be obtained from ozonolysis of natural rubber, fol- 

lowed by reaction with H,O,? (Hint: Write out three units of the polymer 

structure. ) 

(b) Gutta-percha is a natural polymer that gives the same ozonolysis product 

as natural rubber. Suggest a structure for gutta-percha. 

Although the addition of H—CN to an alkene could be envisioned to occur by 

a free-radical chain mechanism, this reaction is not observed. Justify each of the 

following reasons with appropriate calculations using bond dissociation energies. 

(a) The reaction of H—CN with initiating (CH;);C—O-: radicals is not a 

good source of CN radicals. 

(b) The second propagation step of the free-radical addition is energetically 

unfavorable: 

R== CH= Che==eNe Fen =) R-_ CH CH. GN en 

(This is the same reason that HCl does not undergo free-radical addition 

to alkenes.) 

Free-radical addition of thiols (molecules of the general structure R—SH) to 

alkenes is a well-known reaction and is initiated by peroxides. Use bond dissocia- 

tion energies to show that the following initiation reaction should be a good 

source of *SR radicals: 

(CHG Oo oR (Cl) C—O cok 
(from homolysis 
of a peroxide) 

The halogenation of methane in the gas phase is an industrial method for the 

preparation of certain alkyl halides and takes place by the following equation 
(X = halogen): 

(a) This reaction takes place readily when X = Br or X = Cl, but not when 

X = I. Show that these observations are expected from the AH® values of 
the reactions. Calculate the AH® values from appropriate bond dissociation 
energies. 

(b) Explain why samples of methyl iodide (CH;—I) that are contaminated 
with traces of acid darken with the color of iodine on standing for long 
periods of time. 

(a) Draw the structure of polystyrene, the polymer obtained from the free- 
radical polymerization of styrene. 

(b) How would the structure of the polymer product differ from the one 
in (a) if a few percent of 1,4-divinylbenzene were included in the reaction 
mixture? 

c=cn—{ cmc, 1,4-divinylbenzene 
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*5.51 

Doo 

5.53 
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In a laboratory a bottle was found containing a clear liquid A. The bottle was 

labeled, “Isolated from a pine tree.” You have been offered a substantial reward 
by the Department of Agriculture to identify this substance. Elemental analysis 

reveals that A contains 88.16% C and 11.84% H. Compound A decolorizes 

Br. in CCly, and gives a brown precipitate with alkaline KMnO,. When A is 

hydrogenated over a catalyst, two equivalents of H, are consumed and the 

product is found to be 4-isopropyl-1-methylcyclohexane. Ozonolysis of A fol- 

lowed by treatment of the reaction mixture with HO, gives the following com- 

pound as a major product: 

O O 

@H: = == CH: GHs- = CH=-Ghu-—@—= OH 

C=O 

| 
CH, 

Suggest a structure for A and explain all observations. 

A compound A was found by elemental analysis to contain 85.60% carbon and 

14.40% hydrogen. The compound decolorized Br, in CCl, and gave a brown 

precipitate when treated with KMnQ,. Catalytic hydrogenation of A gave octane 

as the product. Treatment of the unknown with O;, followed by H,O;, gave 

butanoic acid, B. Suggest a structure for A. What part of the structure is not 

determined by the data? 

] 

CH3;CH,CH,C— OH B 

Using the curved-arrow formalism, suggest mechanisms for each of the following 

reactions. For help, see Study Guide Link 4.7. 

*(a) 

HC CH,— CH = CH, 

\ 
ee ga ae H,0+ H3C CH,OH 

oo 

ECG C O 
? eX Hae 

fey CH, 

| 
Ow Or 

(b) i 

H 
N Nt 
- bie SS Br 

ZA 

Br 

(Problem 5.53 continues ) 
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*(c) For the following reaction, give the curved-arrow formalism only for the 

reaction of the alkene with Hg(OAc), and H,O. Then show that the com- 

pounds that you obtain from this mechanistic reasoning can be converted 

into the observed products by the NaBH, reduction. 

Hg(OAc) _ NaBHy ie O (63% total yield) 2 
> 

(54%) (46%) 

*(d) For this and the following part, consult Study Guide Link 5.4 if you need 

help. 

CH; CH, or + C,H.SH peroxides eng 
2s “ 

SC)H; 

(e) 

CH) = CH(CH,)-CH, + CBr, Sea ee Br;C— CH,— CH(CH;);CH; 

Br 

(96% yield) 

*5.54 (a) Using O—Cl homolysis as an initiation step, give a free-radical chain 

mechanism for the following reaction: 

Om Cl O 

CCly | 
aoe CRO enios teh —U— Ones. 

(only product observed) 

CH,CH; 

(b) Account for all three products in the following reaction. Suggest a reason 

why ring opening, observed in the reaction of part (a), is only a minor 
pathway in the following reaction: 

cl 

fe 1 

CH — Cee a CH 
Bee, _ HC cn 

(66% yield) 

O 

+ CICH,CH,CH,CH,CH, —C — CH(CH;), 
(14% yield) 

(Hint: Compare the free radicals formed in the two competing reactions.) 
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[5.55 In the following sequence, the second reaction is unfamiliar. Nevertheless, iden- 

tify compounds A and B from the information provided. 

(CH;)3;¢ CH=CH, + HBr —» A _ + _ other compound(s) 

(mostly) 

A + (CH3);C—O: K* —» (CH;);C—OH + KBr + B 

(a strong base) 

B+ OQ; —> Sicha (CH3),C=O (only compound formed) 

Compound B contains 85.60% C and 14.40% H, decolorizes Br) in CCl,, and 

takes up one equivalent of H, over a Pt/C catalyst. Once you have identified B, 

try to give an arrow formalism for its formation from A in one step. 
FOO e ee eee eee eee eee eee eee eee e ee eee EEE EHH eee ees HEE HEHEHE EEE EEE E HEHE EEHEEHEEHEEEEEH ESE EE EEE EEE E EEE E HEHEHE EEE H HEED EEE E EEE EEEEEE EEE EE HEHEHE H HOHE HEHE EES 
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Introduction to 

Stereochemistry 

ost of us are conscious of symmetry in objects that surround us. In the sub- 

microscopic world of molecules symmetry can also be found, and the absence 

of molecular symmetry has some remarkable and interesting consequences. 

This chapter deals with stereoisomers and their properties. Stereoisomers are com- 

pounds that have the same atomic connectivity but a different arrangement of atoms in 

space. The study of stereoisomers and the chemical effects of stereoisomerism is called 

stereochemistry. Through your study of stereochemistry you will see the consequences 

of symmetry—and its absence—at the molecular level. 

The first discussion of stereochemistry dealt with cis—trans (or E,Z) isomerism of 

alkenes (Sec. 4.1B). This chapter delves into stereochemistry in more detail by concentrat- 

ing on the basic definitions and principles of stereochemistry. You'll see how stereochemis- 

try played a key role in the determination of the geometry of tetravalent carbon. Chapter 

7 continues the discussion of stereochemistry by considering both the stereochemical 

aspects of cyclic compounds and how stereochemical principles apply to chemical 

reactions. 

The use of molecular models during the study of this chapter is very important. Use of 

models will help you develop the ability to visualize three-dimensional structures, and if 

you use models, your reliance on them will eventually decrease. 

Enantiomers, Chirality, and Symmetry 
POOR R Ree ee eee eee eee eH Eee H EH HHH OH Hae EEE THEE EHH EEEESEEESEEEE EEO HOHHHHEEEEEEE EH EEE OEE OESEEEEEEE DEE EEH HEHEHE HEHE EEE EEE EEE E EEE 

TERROR e eee HEHE HEHE HEHEHE EEE E OEE E EE EEEEEEEEEEE EEE H HEHEHE EEE HEED ESE EE SEES ESSE HEHE OHH HEHEHE HEHE EH EHH EEE E HOHE EERE 

Any molecule—indeed, any object—has a mirror image. Some molecules are congruent 

to their mirror images. This means that all atoms and bonds in a molecule can be 

simultaneously aligned with identical atoms and bonds in its mirror image. An example 

of such a molecule is ethanol, or ethyl alcohol, CH; —CH,—OH (Fig. 6.1). Construct 

a model of ethanol and another model of its mirror image and use the following procedure 

to show that these two models are congruent. For simplicity, use a single colored ball to 

represent the methyl group and a single ball of another color to represent the hydroxy 

(—OH) group. Place the two central carbons side-by-side and align the methyl and 

225 
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Figure 6.1 

Introduction to Stereochemistry 

mirror plane 

all groups align 

*, molecules are 
congruent 

Testing mirror-image ethanol molecules for congruence. Aligning the central carbons, the CH; 
groups, and the OH groups causes the two hydrogens to align as well. 

hydroxy groups, as shown in Fig. 6.1. The hydrogens should then align as well. The 

congruence of an ethanol molecule and its mirror image shows that they are identical. 

Some molecules, however, are not congruent to their mirror images. An example is 

the 2-butanol molecule (Fig. 6.2). 

OH 

Clay —=(Clki— Calals 2-butanol 

Build a model of 2-butanol and a second model of its mirror image. If you align the 

central carbon and any two of its attached groups, the other two groups do not align. 

Hence, a 2-butanol molecule and its mirror image are noncongruent and are therefore 

different molecules. Because these two molecules have the identical connectivities, then by 

definition they are stereoisomers. Molecules that are noncongruent mirror images are 

called enantiomers. Thus, the two 2-butanol stereoisomers are enantiomers; they have 

an enantiomeric relationship. 

Notice that enantiomers must not only be mirror images; they must also be noncon- 

gruent mirror images. Thus, ethanol (Fig. 6.1) has no enantiomer because an ethanol 
molecule and its mirror image are congruent. 

Molecules _(or other objects) that can exist as enantiomers are said to be chiral 

(pronounced ki’ ral); they possess the property of chirality, or handedness (Fig. 6.3). 

(Chiral comes from the Greek word for hand.) Enantiomeric molecules have the same 
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mirror plane 

x align central carbon, 

=—=(Olal, ginal —=(Cplile 

these groups fail to align 

. molecules are noncongruent 

Testing mirror-image 2-butanol molecules for congruence. When the central carbon and any two of 
the groups attached to it (OH and C,Hs in this figure) are aligned, the remaining groups do not 
align. 

relationship as the right and left hands—the relationship of object and noncongruent 

mirror image. Thus, 2-butanol is a chiral molecule. Molecules (or other objects) that are 

not chiral are said to be achiral, without chirality. Enthanol is an achiral molecule. Both 

chiral and achiral objects are matters of everyday acquaintance. A foot or a hand is chiral; 

the helical thread of a screw gives it chirality. Achiral objects include a ball and a soda 

straw. 

IMPORTANCE OF CHIRALITY 

Chiral molecules occur widely throughout all of nature. For example, glucose, 

an important sugar and energy source, is a chiral molecule; the enantiomer 

of naturally occurring glucose cannot be utilized as a food source. All sugars, 

proteins, and nucleic acids are chiral and occur naturally in only one enantio- 

meric form. Chirality is important in medicine as well. Over half of the organic 

compounds used as drugs are chiral, and in most cases only one enantiomer 

is active; in rare cases, the inactive enantiomer is toxic. The safety and effective- 

ness of synthetically prepared chiral drug molecules have become an issue of 

increasing concern for both pharmaceutical manufacturers and the Food and 

Drug Administration. 
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Figure 6.3 
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Concept of chirality, as conceived by the Swiss artist Hans Erni. 

c 

STuDY GuIDE LINK: 
V6.1 

Finding Asymmetric 
Carbons in Rings 

5. Asymmetric Carbon and Stereocenters 

Many chiral molecules contain one or more asymmetric carbon atoms. An asymmetric 

carbon atom is a carbon to which four different groups are bound. Thus, 2-butanol (Fig. 

6.2), a chiral molecule, contains an asymmetric carbon atom; this is the carbon that bears 

the four different groups —CH;,—C,H;, —H, and —OH. Ethanol, an achiral molecule, 

has no asymmetric carbon. A molecule that contains only one asymmetric carbon is chiral. 

No generalization can be made, however, for molecules with more than one asymmetric 

carbon. Although most molecules with two or more asymmetric carbons are indeed 

chiral, not all of them are (Sec. 6.7). Moreover, an asymmetric carbon atom (or other 

asymmetric atom) is’ not a necessary condition for chirality; some chiral molecules have 

no asymmetric carbon at all (Sec. 6.9). Despite these caveats, it is important to recognize 

asymmetric carbon atoms because so many chiral organic compounds contain them. 

Identify the asymmetric carbon(s) in the following structure: 

CH; 

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

Solution The asymmetric carbon is asterisked: 

CH; 

CH3CH.CH2CHCH>CH,CH,CH; 

This is an asymmetric carbon because it bears four different groups: Hy CH:; CH. CH CH, 
and CH,CH,CH,CH3. Notice that the last two groups (propyl and butyl) are not different 
at the point of attachment—both have CH, groups at that point, as well as at the next 
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V6.2 

Stereocenters and 

Asymmetric Carbons 

Figure 6.4 
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carbon removed. The difference is found at the ends of the groups. The point is that two 

groups are different even when the difference is remote from the carbon in question. 

POCO Oe eee eee eH HOHE HEHEHE EEE EEE EEE HEHEHE HEHEHE EEE EEE EEE HEHEHE EEE OHHH EHH HHHSEHEEHER EEE EEE ES HEE HEHEHEEEEHHEEEEH EEE HEE EEE ES 

An asymmetric carbon atom is another type of stereocenter, or stereogenic atom. 
Recall (Sec. 4.1B) that a stereocenter is an atom at which the interchange of two groups 

gives a stereoisomer. For example, in Fig. 6.2, interchanging the methyl and ethyl groups 

in one enantiomer of 2-butanol gives the other enantiomer. If this point is not clear from 
Fig. 6.2, use models to demonstrate this to yourself. To do this, you need to build two 

models. First construct a model of either enantiomer, and then construct a model of its 

mirror image. Then show that the interchange of any two groups on one model gives 

the other model. 

Asymmetric carbon atoms are not the only type of carbon stereocenters. Recall (Sec. 

4.1B) that the carbons involved in the double bonds of E-Z isomers are also stereocenters; 

such carbons are not asymmetric carbons, because they are not connected to four different 

groups. In other words, the term stereocenter is not associated solely with chiral molecules. 

All asymmetric atoms are stereocenters, but not all stereocenters are asymmetric atoms. 

C. Chirality and Symmetry 

What causes chirality? Chiral molecules lack certain types of symmetry. The symmetry of 

any object (including a molecule) can be described by certain symmetry elements, which 

are lines, points, or planes that relate equivalent parts of an object. A very important 

symmetry element is a plane of symmetry, sometimes called an internal mirror plane. 

This is a plane that divides an object into halves that are exact mirror images. For example, 

the cup in Fig. 6.4a has a plane of symmetry. Similarly, the ethanol molecule shown in 

Fig. 6.4b also has a plane of symmetry. A molecule or other object that has a plane of 

~— plane of 
symmetry 

Gis 
“— plane of ’ 

symmetry 

(a) (b) 

Plane of symmetry. (a) The coffee mug has a plane of symmetry. (b) An ethanol molecule also has a 

plane of symmetry. 
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symmetry is achiral. Thus, the ethanol molecule and the cup in Fig. 6.4 are achiral. Chiral 

molecules and other chiral objects do not have planes of symmetry. The chiral molecule 

2-butanol, analyzed in Fig. 6.2, has no plane of symmetry. A human hand, also a chiral 

object, likewise has no plane of symmetry. 

A plane of symmetry is the most common symmetry element found in achiral 

objects, but it is not the only one. Some achiral objects lack planes of symmetry but 

contain other types of symmetry not discussed here. 
How do you know whether a molecule or other object is chiral? Let’s summarize. 

If a molecule has a single asymmetric carbon, it is chiral. If a molecule has a plane of 

symmetry, it is not chiral. For other situations, the best test for chirality is to build two 

models, one of the molecule and the other of its mirror image, and then test the two for 

congruence. If the two mirror images are congruent, the molecule is achiral; if not, the 

molecule is chiral. 

eee eee rece rere reece seas HaHa eee ee eH eet HHH Eee eee DSSS E SEES ESEEE HEHEHE HHH O OHHH HHH EEE EH HEHE HH EHEEHEE HEHEHE HEHEHE EEEREHEEEEHEEEHSSESEEESEEEEHESEEEES 

6.1 State whether each of the following molecules is achiral or chiral. 

(a) i (b) methane so) H 

ae CH N- GHG cla 

I CH,CH,CHs; 

(d) water 

*6.2 Neglecting specific markings, indicate whether the following objects are chiral 
or achiral. (State any other assumptions that you make.) 

(a) a shoe (b) this book (c) a pencil (d) aman or woman 

(e) a pair of shoes (consider the pair as one object) 

(f) a pair of scissors 

*6.3 Show the plane of symmetry in each of the following achiral objects. (Some have 
more than one.) 

(a) the molecule methane (b) a spherical ball 

(c) acone (d) a regular pyramid 

(e) the molecule dichloromethane, CH,Cl, 

6.4 Identify the asymmetric carbon(s) (if any) in each of the following molecules. 

alc) Gli @r@r(@re (b) @Ee@H@Ey Ge 

Chel cl 

2 CRs (d) , 

O 
CH, 

PPR meer rca a eee e sees eee esse esse eee eH eH ees EEES EEO H HHH H EE Ee HEHE SESEEE EEE DDE EEEseeseEEeeneS CORO UICILOUGCICOC OOO OUD UOC OUCOU CO OUIDOIC OOO OOOO UICC OOOIOIIOO ONC OOO OUUOCUOUIOUOOOOOOUOCOOOOOOCOUOC TOOT c I 
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Nomenclature of Enantiomers: The R,S System 

cS 

Stupy GUIDE LINK: 

V6.3 

Using Perspective 
Structures 

The existence of enantiomers poses a special problem of nomenclature. For example, 

suppose you are holding a model of 2-butanol. How do you indicate in the name of this 

compound which enantiomer it is? This can be done quite easily with the same Cahn- 

Ingold-Prelog priority rules used to assign E and Z conformations to alkene stereoisomers 

(Sec. 4.2B). A stereochemical configuration, or arrangement of atoms, at each asymmetric 

carbon in a molecule can be assigned using the following steps, which are illustrated in 
PigwO.): 

1. Identify an asymmetric carbon and the four different groups bound to it. 

2. Assign priorities to the four different groups according to the rules given 

in Sec. 4.2B. The convention used in this text is that the highest prior- 

a= Ih 

3. View the molecule along the bond from the asymmetric carbon to the group 

of lowest priority, that is, with the asymmetric carbon nearer and the low- 

priority group farther away. 

4. Consider the clockwise or counterclockwise order of the remaining group 

priorities. If the priorities of these groups decrease in the clockwise direc- 

tion the asymmetric carbon is said to have the R configuration. If the pri- 

orities of these groups decrease in the counterclockwise direction, the 

asymmetric carbon is said to have the S configuration. 

emma ee ee eee meee emma meee eee eee eee Ee HEH HEHE ea HEHEHE HEHEHE HHH HEHEHE EEE HEHE OHHH HEHEHE ESET SEES SESE EEE SHEET EEE EE EEE EES 

Determine the stereochemical configuration of the following enantiomer of 3-chloro-1- 

pentene: 

CH,CH; 

Solution First assign relative priorities to the four groups attached to the asymmetric 

carbon. These are (1) —Cl; (2) CH,—CH—-; (3) —CH,CH,; (4) —-H, Then, using a 

model if necessary, sight along the bond from asymmetric carbon to the lowest-priority 

group, in this case H. The resulting view is essentially a Newman projection along the 

C—H bond: 

‘ ne in back 

hy counterclockwise ..S 

CH, = CH CEC Sl 

_ 
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atom of lowest clockwise; 
priority away therefore R 
from observer 

(a) 

clockwise; 
therefore R 

(b) 

counterclockwise; 
therefore S 

(c) 

Figure 6.5 Use of the Cahn-Ingold-Prelog system to designate stereochemistry (a) of a general asymmetric car- 
bon atom; (b) of (R)-2-butanol; (c) of (S)-2-butanol. The direction of observation is shown on the 
left of each part, and what the observer sees is shown on the right. Priority 1 is highest, and priority 
4 is lowest. 

Because the priorities of the first three groups descend in a counterclockwise direction, 
this is the S enantiomer of 3-chloro-1-pentene. 

BORO A CROC COOOCDCOOOR CD COCOCORDDOLACOOCLICOCEC OOO ALUC TOO OOOO. CC OOOO OOOO EC OCOCCOCO LOCUS COOODUNOOCOCO MHD HONIG < SOO NNO DOCOMO NOOOCCD UNTO Roc QuCDanSadScaAnnnernerr 

A stereoisomer is named by indicating the configuration of each asymmetric carbon 
before the systematic name of the compound, as in the following examples: 
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CH; Cua H 

| \ é 7 CHs 
rc oC 

H’/ ~CH=CH, Ty /, \ 
Gu Oe C2Hs 

(R)-3-methyl-1-pentene (3S,4S)-3,4-dimethylhexane 

As illustrated by the second example, numbers are used with the R,S designations when 

there is more than one asymmetric carbon. 

When you assign an R or S configuration to every asymmetric carbon in a molecule, 

you have specified its absolute stereochemical configuration, or absolute stereochemis- 

try. Another, older system for specifying absolute stereochemistry, the p,L system, is still 

used in amino acid and carbohydrate chemistry (Chapters 26 and 27). With this exception, 

the R,S system has gained virtually complete acceptance. 

Is R RiGurtT, or Is IT PROPER? 

Choice of the letter R presented a problem for Cahn, Ingold, and Prelog, the 

scientists who devised the R,S system. The letter S stands for sinister, one of 

the Latin words for left. However, the Latin word for right (in the directional 

sense) is dexter, and unfortunately the letter D was already being used in 
another system of configuration (the p,L system). It was difficulties with this 

latter system that led to the need for a new system, and the last thing anyone 

needed was to confuse the two! Fortunately, Latin provided another word for 

right: the participle rectus. But this “right” does not indicate direction: it 

means proper, or correct. (The English word rectify comes from the same 

root.) Although the Latin wasn’t quite proper, it solved the problem! 

Reem eee emer e eee eee eH HH EHH Heese eee EH HEH HEM eH ss EEE EHH O EEE H HESS HEE THEE HEHEHE E HEHE EEE HEE EHH HEEHEEEEEHEE EEE SHEE EEE HEEEHEH HEHEHE EEE EEEee 

6.5 Draw perspective representations for each of the following chiral molecules. Use 

models if necessary. 

*(a) ere hilo (b) SEES sae Ue 

D va 

OH 

*(c) (R)-4-methyl-(Z)-2-hexene (d) (S)-4-bromo-(E)-2-pentene 

6.6 Indicate whether the asymmetric atom in each of the following compounds has 

the R or S configuration. 
(Problem 6.6 continues ) 



Introduction to Stereochemistry 

*(a) oe (6) Ox OH 
! ae | 
CevE eS 

a H wC 
ne CH, NH, 

| Gre 
Cc 

On OH alanine 

Most of the chemical and physical properties of a pair of enantiomers are identical. For 

example, both (R)- and (S)-2-butanol have the same boiling point, 99.5 °C. Likewise, 

(R)- and (S)-lactic acid have the same melting point, 53 °C. 

Oe © 

Cli (ClAl = C Ola! lactic acid 

A pair of enantiomers also have identical densities, indices of refraction, heats of forma- 

tion, standard free energies, and many other properties. 

If a pair of enantiomers in fact have so many identical properties, how can we tell 

one enantiomer from the other? A compound and its enantiomer can be distinguished by 

their effects on polarized light. Understanding these phenomena requires an introduction 
to the nature of polarized light. 

A. Polarized Light 

Light is a wave motion that consists of oscillating electric and magnetic fields. The electric 
field of ordinary light oscillates in all planes. However, it is possible to obtain light with 
an electric field that oscillates in only one plane. This is called plane-polarized light, or 
simply, polarized light (Fig. 6.6). 

Polarized light is obtained by passing ordinary light through a polarizer, such as a 
Nicol prism. The orientation of the polarizer’s axis of polarization determines the plane 
of the resulting polarized light. If plane-polarized light is subjected to a second polarizer 
whose axis of polarization is perpendicular to that of the first, no light passes the second 
polarizer (Fig. 6.7a). This same effect can be observed with two pairs of Polaroid® 
sunglasses (Fig. 6.7b). When the lenses are oriented in the same direction, light will pass. 
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direction of wave propagation ——> end-on view of planes 
oscillating of oscillation 

electric fields 

ordinary light 

axis of 
polarization 

plane-polarized light 

(b) 

(a) Ordinary light has electric fields oscillating in all possible planes. (b) In plane-polarized light the 
oscillating electric field is confined to the plane containing the axis of polarization. 

When the lenses are turned at right angles, their axes of polarization are crossed, no light 

is transmitted, and the lenses appear dark. 

Photography enthusiasts will also recognize the same phenomenon at work in a 

polarizing filter. A great deal of the glare in indirect skylight is polarized light. This 

can be filtered out by turning a polarizing filter so that the image has minimum 

intensity. The resulting photograph has much greater contrast than the same pic- 

ture taken without the filter. 

Bb. Optical Activity 

If plane-polarized light is passed through one enantiomer of a chiral substance (either 

the pure enantiomer or a solution of it), the plane of polarization of the emergent light is 

rotated. A substance that rotates the plane of polarized light is said to be optically active. 

In general, individual enantiomers of chiral substances are optically active. 

Optical activity is measured in a device called a polarimeter (Fig. 6.8), which is 

basically the system of two polarizers shown in Fig. 6.7. The sample to be studied is 

placed in the light beam between the two polarizers. Because optical activity changes with 

the wavelength (color) of the light, monochromatic light—light of a single color—is 
utilized to measure optical activity. The yellow light from a sodium arc (the sodium 

D-line with a wavelength of 5893 A) is often used in this type of experiment. An optically 

inactive sample (such as air or solvent) is placed in the light beam. Light polarized by 

the first polarizer passes through the sample, and the analyzer is turned to establish a 

dark field. This setting of the analyzer defines the zero of optical rotation. Next, the sam- 

ple whose optical activity is to be measured is placed in the light beam. The number of 

degrees a that the analyzer must be turned to reestablish the dark field is the optical rota- 

tion of the sample. If the sample rotates the plane of polarized light in the clockwise direc- 

tion, the optical rotation is given a plus sign. Such a sample is said to be dextrorotatory. 
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Figure 6.7 
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POLARIZER 1 POLARIZER 2 

| 
ordinary polarized | dark field 

light light observed 
| 

| 

end-on 
views 

axis of axis of 
polarization polarization 

(a) 

T 

_ axis of polarization 
| 

(a) If the polarization axes of two polarizers are at right angles, no light passes through the second 
polarizer. (b) The same phenomenon can be observed using two pairs of polarized sunglasses. 

If the sample rotates the plane of polarized light in the counterclockwise direction, the 

optical rotation is given a minus sign, and the sample is said to be levorotatory. 

The optical rotation of a sample is the quantitative measure of its optical activity. 
The observed optical rotation @ is proportional to the number of optically active molecules 
present in the light beam. Thus, a is proportional to both the concentration c of the 
optically active compound in the sample as well as the length / of the sample container: 

a = [alcl (6.1) 

The constant of proportionality, [a], is called the specific rotation. The concentration 
of the sample is in g/mL, and the path length in dm (decimeters). (For a pure liquid, c 
is taken as the density). Thus, the specific rotation is equal to the observed rotation at a 
concentration of 1 g/mL and a path length of 1 dm. The specific rotation is used as the 
standard measure of optical activity. It is conventionally reported with a subscript that 
indicates the wavelength of light used and a superscript that indicates the temperature. 
Thus, a specific rotation reported as [a]j)’ has been determined at 20 °C using the sodium 
D-line. 
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POLARIZER ANALYZER 

CORI PUN) )KNKYUdb])] --------- & 
4 0 

optically 
inactive sample 

ordinary polarized polarized dark field 
light light light observed 

end-on 

vr cf) iy wi) © 
(a) a 

POLARIZER ANALYZER 

optically 
active sample 

ordinary polarized rotated dark field after 
light light polarized light rotating analyzer by a 

“ar OO (1) 1 eG 
a = optical rotation 

(b) 

Figure 6.8 Determination of optical rotation. (a) First, the reference condition of zero rotation is established as 
a dark field. (b) Next, the polarized light is passed through an optically active sample with observed 
rotation a. The analyzer is rotated to establish the dark-field condition again. The optical rotation 
can be read from the calibrated scale on the analyzer. 

A sample of (S)-2-butanol has a specific rotation [@]j. of +13.9°. What is the observed 
STUDY : ? : 

PROBLEM optical rotation of a 1.0 M solution of (S)-2-butanol taken in a sample container that is 

6.3 10 cm long? 

Solution In order to use the specific rotation, the sample concentration in g/mL must 

be determined. Since the molecular mass of 2-butanol is 74.12, then the solution contains 

74.1 g/L or 0.0741 g/mL of 2-butanol. This is the value of c used in Eq. 6.1. The value 

of | is 1 dm. Substituting in Eq. 6.1, a = (+13.9°)(0.0741)(1) = +1.03°. This is the 

observed optical rotation of the sample. 

Notice that, for dimensional consistency, the units of the specific rotation [a]j) must 

be deg - mL - g~' - dm™'. However, specific rotations are generally cited in degrees, as 

in Study Problem 6.3. The remaining units are omitted for convenience. 
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C. Optical Activities of Enantiomers 

A pair of enantiomers are distinguished by their optical activities because a pair of 

enantiomers rotate the plane of polarized light by equal amounts in opposite directions. For 

example, the specific rotation [a]p) of (S)-2-butanol is +13.9°. The specific rotation of 

its enantiomer (R)-2-butanol is —13.9°. If a solution of (S)-2-butanol has an observed 

rotation of +3.5°, then a solution of (R)-2-butanol under the same conditions will have 

an observed rotation of —3.5°. 

A sample of a pure chiral compound uncontaminated by its enantiomer is said to 

be enantiomerically pure. (The term optically pure was used in older literature.) In a 

mixture of the two enantiomers, each contributes to the optical rotation in proportion 

to its concentration. It follows that a sample containing equal amounts of two enantiomers 

must have an observed optical rotation of zero. 

Sometimes a plus or minus sign is used with the name of a chiral compound to 

indicate the sign of its optical rotation. Thus, (S)-2-butanol is sometimes called (S)-(+)- 

2-butanol because it has a positive optical rotation. Similarly, (R)-2-butanol would be 

termed (R)-(—)-2-butanol. 

There is no simple relationship between the sign of optical rotation and absolute configu- 

ration. Thus, some compounds with the S configuration have positive rotations, and 

others have negative rotations. Although the S enantiomer of 2-butanol is dextroro- 

tatory (lal) = +13.9°), the dextrorotatory enantiomer of glyceraldehyde has the R 

configuration. 

CH+=O 

| (R)-(+)-glyceraldehyde 

Hea 20 J, ees aie nee 
OH 

Why don’t achiral molecules show optical activity? When polarized light passes 

through a sample of a compound, each molecule makes its own tiny contribution to 

optical activity, because the electrons in the molecule interact with the electric field of 

the light wave. For example, when polarized light passes through a sample of ethanol, 

the light may “strike” one ethanol molecule in a certain orientation with respect to the 
light beam. This molecule may actually cause a tiny optical rotation to occur. However, 
it is equally likely that the light will “strike” another ethanol molecule in a mirror-image 
orientation. This orientation is equally likely because ethanol is achiral. Because the optical 
rotation of the second orientation will be equal in magnitude and opposite in sign to 
that of the first, the two will cancel. In contrast, two identical chiral molecules cannot 
assume mirror-image orientations with respect to the light beam precisely because they 
lack the appropriate symmetry—they are chiral. Thus, a sample of any chiral compound 
shows net optical activity, provided, of course, that an equal amount of its enantiomer 
1s not present. 

COO e eee rere rere eee eseesesee rere see eee eee SE HED HOHE HEHE ESETESSESES ESE EE HEHEHE EEE SESH ODEO ESeeerers COCO O em mmm m eee renee nearer eesseeeesesseeeesessseceseereee 

*6.7 Suppose a sample of an optically active substance has an observed rotation of 
+10°. The scale on the analyzer of a polarimeter is circular; +10° is the same 
as —350°, or +370°. How would you determine whether the observed rotation 
is +10° or some other value? 

SO S1eeieie ore) o(aialelelewrarerereieieieyeraiaseieie)aie)ei¢leieiel ere Mereieis{oia\els\era\eie: sie Ale’sie/s)etvleje)e)6(6i¥\¢ o(ereroyinss{s\elaiere exoraieialy(9iAta) mip e]ais wio!s) Ne) 6: 6:y:63esTelsTalelwielotalefirelalerslain/s\elatareieteiela(elecore'eieisiaretentaraleiealeminiae 
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Racemates 
POOR mee meee eee eee eee eee O Eee EEE HEHEHE HEHEHE EEE EEE EEE SESE EEE HEHEHE EEEEE ESSE EE ESOS OE EEEEEEEEESES ESTEE HEHEHE EEEE EEE EEE EEE EES 

A mixture containing equal amounts of two enantiomers is encountered so commonly 

that it is given a special name. Such a mixture is called a racemate or racemic mixture. 
Stupy GUIDE LINK: : é ; ; : 

an (In older literature the term racemic modification was used.) A racemate is referred to by 

Terminology of name in two ways. The racemate of 2-butanol, for example, can be called either racemic 

Racemates 2-butanol or (+)-2-butanol. 

Racemates typically have physical properties that are different from those of the pure 

enantiomers. For example, the melting point of either enantiomer of lactic acid is 53 °C, 

but the melting point of racemic lactic acid is 18 °C. The optical rotation of the racemate 

is zero because a racemate contains equal amounts of two enantiomers whose equal 

optical rotations of opposite sign exactly cancel each other. 

One point of terminology is worth special notice. It is sometimes said, incorrectly, 

that racemates are achiral. This statement is wrong because chirality is a property of 

individual molecules (or other objects). A chiral molecule has this property whether it 

is mixed with its enantiomer or not. Thus, 2-butanol is a chiral molecule because it exists 

in two enantiomeric forms. The fact that it might also occur as a mixture of two enantio- 

mers does not alter the fact that it is chiral. What is true about racemates is that they 

are optically inactive. Optical activity is a physical property; chirality is a structural attri- 

bute. Optical activity requires a chiral sample; however, a sample that contains chiral 

molecules (a racemate, for example) may not be optically active. Although optical activity 

and chirality are closely associated, they should not be confused. 

The process of forming a racemate from a pure enantiomer is called racemization. 

The simplest method of racemization is to mix equal amounts of enantiomers. As you 

will learn, racemization can also occur as a result of conformational changes or chemical 

reactions. 

Because the enantiomers of a pair have the same boiling points and the same melting 

points, perhaps you can appreciate that the separation of enantiomers poses a special 

problem. Enantiomers cannot ordinarily be separated by fractional distillation or crystal- 

lization, because these techniques depend on differences in boiling points, melting points, 

or solubilities. The separation of a pair of enantiomers, called an enantiomeric resolution, 

requires special methods that are considered in Sec. 6.8. 
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*6.8 A 0.1 M solution of an enantiomerically pure chiral compound D has an observed 

rotation of +0.20° in a 1-dm sample container. The molecular mass of the 

compound is 150. 

(a) What is the specific rotation of D? 

(b) What is the observed rotation if this solution is mixed with an equal volume 

of a solution that is 0.1 M in L, the enantiomer of D? 

(c) What is the observed rotation if the solution of D is diluted with an equal 

volume of solvent? 

(d) What is the specific rotation of D after the dilution described in (c)? 

(e) What is the specific rotation of L, the enantiomer of D? 

(f) What.is the observed rotation of 100 mL of a solution that contains 0.01 

mole of D and 0.005 mole of L? (Assume a 1 dm path length.) 
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6.9 What observed rotation is expected when a 1.5 M solution of (R)-2-butanol is 

mixed with an equal volume of a 0.75 M solution of racemic 2-butanol, and the 

resulting solution is analyzed in a sample container that is 1 dm long? The 

specific rotation of (R)-2-butanol is —13.9°. 

BSSSIIOOOIIOIOIOIIOIOOOIOIOIIOOIOIOOUIOIOOIOOIOOIOOIOOIOCIOIOIOIOOCIOOOIOOIOOOOOOO COO IO UICC GI OCCO OO CO ONO OOOO a ddd 

Stereochemical Correlation 

You have learned how to assign the R or S configuration to compounds with known three- 

dimensional structures (Sec. 6.2). But how is a three-dimensional structure determined in 

the first place? (Recall that the sign of optical rotation cannot be used to assign an R or 

S configuration; Sec. 6.3C). One way to determine experimentally the absolute stereo- 

chemistry of a compound is to use a variation of X-ray crystallography, called anomalous 

dispersion. This technique, however, requires special instruments, is not readily available 

in the average laboratory, and has been applied to relatively few compounds. The absolute 

configurations of most organic compounds are determined instead by using chemical 

reactions to correlate them with other compounds of known absolute configurations. 

This process is called stereochemical correlation. 

To illustrate a stereochemical correlation, suppose you have in hand an enantiomer- 

ically pure sample of the following alkene. Also suppose that you find from earlier work 

published in the chemical literature that the R enantiomer of this alkene has a negative 

optical rotation. 

Ph—CH— CH=CH. " R’enantiomer has [alt = —6.39° 

CH; 

Suppose further that you subject this alkene to hydroboration-oxidation and obtain an 

alcohol that has negative optical rotation. 

BH H,0,/OH™ hei ieee a ee, ha ge 

GH Gia, 
known configuration and unknown configuration but 

optical rotation known optical rotation 

Notice that this reaction does not break any of the bonds to the asymmetric carbon atom. 

Thus, the way that corresponding groups are arranged about the asymmetric carbon must 

be the same in both reactant and product. Hence, the configuration of the (—)-alcohol 

can be determined from this experiment, because the —CH,CH,OH group of the product 

and the —CH==CH), group of the alkene are in the same stereochemical positions. 
Drawing the alcohol configuration so that it corresponds to the alkene configuration, 
and applying the R,S system to the resulting structure shows that the alcohol has the R 
configuration. 

Ph Ph 

| | 
Dene & Cran (6.3) 

FEC ‘e H OU Ca \ H 
CH=CH, CHECEo— OF 

ys) zs) 
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If the configuration of the (—)-alcohol were previously unknown, this reaction would 

establish it as R. It follows from the same experiment that the (+)-alcohol has the S 

configuration. Consequently, the hydroboration-oxidation reaction of the alkene serves 

to correlate the configuration of the alcohol with its sign of optical rotation. Without 

such an experimental correlation, chemists would have no way of assigning a configuration 

to the alcohol solely from the sign of its optical rotation. 

Although both reactant and product in this example have the same R,S designations, 

this does not have to be true in general. It is possible for the R,S designations of reactant 

and product to differ if a reaction results in a change in the relative priority of groups 

at the asymmetric carbon, as in Problem 6.10. 

The most secure way of relating absolute configurations is to use reactions that do 

not break the bonds at the asymmetric carbon, as shown above. A reaction that 

breaks these bonds, however, may also be used provided that the stereochemical 

outcome of such a reaction has been established previously on a number of related 

compounds. 

eee eee eee eee eee ee eee rere eer errr rrr errr rere errr rr rer rrerrerrrererr reer errr rrr rrr rrr rer errerrrrrrer errr rr rrr errr erererrrrrr ere rrr eee eee ee eee eee eee eee rere 

*6.10 From the outcome of the following transformation, indicate whether the levoro- 

tatory enantiomer of the product has the R or S configuration. Draw a structure 

of the product that shows its absolute configuration. (Hint: The phenyl group 

has a higher priority than the vinyl group in the R,S system.) 

Pd/C 
a (S)-(+)-Ph— CH— CH=CH, + H, (=)-Ph— CH —CrECH. 

| 
CHC WCE, CHLCHL CH, 

6.11 Explain how you would use the alkene starting material in Eq. 6.2 to determine 

the absolute configuration of the dextrorotatory enantiomer of the following 

hydrocarbon: 

CH; 

Outline the possible results of your experiment and how you would interpret 

them. 

Diastereomers 
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Up to this point, our discussion has focused on molecules with only one asymmetric 

carbon. What happens when a molecule has two or more asymmetric carbons? This 

situation is illustrated by 2,3-pentanediol. 

OH OH 

Clik —=Clal—=Clal——Clst(Claly 2,3-pentanediol 
3 { 5 carbon number | 2 
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The 2,3-pentanediol molecule has two asymmetric carbons: carbons 2 and 3. Each might 

have the R or S configuration. With two possible configurations at each carbon, four 

stereoisomers are possible: 

(25335) (2R,3R) 

(2S,3R) (28,38) 

These possibilities are shown as ball-and-stick models in Fig. 6.9. What are the relation- 

ships among these stereoisomers? 

The 2S,3S and 2R,3R isomers are a pair of enantiomers, because they are noncongru- 

ent mirror images; the 2S,3R and 2R,3S isomers are also an enantiomeric pair. (Demon- 

strate this point to yourself with models.) These structures illustrate the following 

generalization: In order for a pair of chiral molecules with more than one asymmetric carbon 

to be enantiomers, they must have different configurations at every asymmetric carbon. 

Because neither the 2S,3S and 25,3R pair nor the 2R,3R and 2R,3S pair are enan- 

tiomers, they must have a different stereochemical relationship. Stereoisomers that are 

not enantiomers are called diastereoisomers, or, more simply, diastereomers. They have 

a diastereomeric relationship. Notice that diastereomers are not mirror images. All of 

the relationships among the stereoisomeric 2,3-pentanediols are shown in Fig. 6.10. 

Figure 6.9 Stereoisomers of 2,3-pentanediol. 
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(28,3S) ~<{ enantiomers }~» (2R,3R) 

diastereomers 

diastereomers diastereomers 

‘ 

(28,3R) ~<({ enantiomers |» (2R,3S) 

Figure 6.10 Relationships among the stereoisomers of 2,3-pentanediol. Any pair of stereoisomers at opposite ends 
of a double-headed arrow have the relationship indicated within the arrow. Notice that enantiomers 
have different configurations at both asymmetric carbons. 

Diastereomers differ in all of their physical properties. Thus, diastereomers have differ- 

ent melting points, boiling points, heats of formation, and standard free energies. Because 

diastereomers differ in all of their physical properties, they can in principle be separated 

by conventional means, for example, by fractional distillation or crystallization. If 

diastereomers happen to be chiral, they can be expected to have different specific rota- 

tions, and their specific rotations will have no relationship. These points are illustrated 

in Table 6.1, which gives some physical properties for four stereoisomers and their 

racemates. 
You have now seen an example of every common type of isomerism. To summarize: 

1. Isomers have the same molecular formula. 

2. Constitutional isomers have different atomic connectivities. 

3. Stereoisomers have identical atomic connectivities. There are only two types 

of stereoisomers: 
a. Enantiomers are noncongruent mirror images. 

b. Diastereomers are stereoisomers that are not enantiomers. 

The structural relationships among molecules are analyzed by working with one pair 

of molecules at a time. The flow chart in Fig. 6.11 provides a systematic way to determine 

the isomeric relationship, if one exists, between two nonidentical molecules. Given a pair 

of molecules, work down the chart from top to bottom asking each question in order 

and following the appropriate branch. When you get to a box labeled “END,” the isomeric 

relationship is determined. The following Study Problem illustrates the use of Fig. 6.11. 

Determine the isomeric relationship between the following two molecules: 

GH. CEN ayRGH-CH: H GH, CH; 

C=C GO 
Aga 

H H CH;CH, 4H 
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Table 6.1 Properties of Four Chiral Stereoisomers 

i i 
CH,—C —NH— CH—C —OH 

CH—CH; 

C,Hs 

Specific rotation Melting 

Configuration (25°, ethanol) point, °C Relationship 

(25,38) +15° 150-151° | 
. Enantiomers 

(2R,3R) — 15" 150-151 Di 
a iastereomers 

(2S,3R) =P 2 15° 155-156 Fndnomer 

(2R,3S) =D 1551569 

racemate of 

(SSS) amen QIRsSIRs) 0° 117=123> 

racemate of 

(2S,3R) and (2R,3S) On 165-166° 
CORO eee eee eee eee n er eer esse eH eee reeese eee eee EOD HOOD ODED CECE OOOH OEE E REECE ESSE OEE EEE TOES ODED OSH OED ED Eee eeeeereeesesereseroes 

Solution Work from the top of Fig. 6.11 and answer each question in turn. These two 
molecules have the same molecular formula; hence, they are isomers. They have the same 
atomic connectivity; hence, they are stereoisomers. (In fact, they are the E and Z isomers 
of 3-hexene.) Because the molecules are not mirror images, they must be diastereomers. 
Thus, (E)- and (Z)-3-hexene are diastereomers. 
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Notice from this study problem that cis-trans (or E,Z) isomerism is one type of 
diastereomeric relationship. The fact that neither (E)- nor (Z)-3-hexene is chiral shows 
that some diastereomers are not chiral. On the other hand, some diastereomers are chiral, 
as in the case of the diastereomeric 2,3-pentanediols (Fig. 6.9). 

Meso Compounds 

Until now, each molecule containing one or more asymmetric carbon atoms has been 
chiral. However, certain compounds containing two or more asymmetric carbons are 
achiral. The compound 2,3-butanediol is an example: 

OH OH 

CH;— CH—_ CH— CH, 2,3-butanediol 
| 2 i 
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Given: two nonidentical molecules 

Problem: What is their relationship? 

| 
[ves |< Do the molecules have 

the same molecular formula? : 

the molecules are 
the molecules are isomers not comers (END | 

Y 

Ves Do the molecules have 
the same atomic connectivity? 

Y 

the molecules are the molecules are 

stereoisomers constitutional isomers (END) 

meer 
Are the molecules 

nonsuperimposable mirror images? 
No 

Y 

the molecules are the molecules are 

enantiomers (END) diastereomers (END) 

A systematic way to analyze the relationship between two nonidentical molecules. 

As with 2,3-pentanediol in the previous section, there appear to be four stereochemical 

possibilities: 

(25,39) (2R,3R) 

(2S,3R) (235) 

Ball-and-stick models of these molecules are shown in Fig. 6.12. Consider the relationships 

among these structures. As you can see from the top row of Fig. 6.12, the 25,3S and 

2R,3R structures are noncongruent mirror images, and are thus enantiomers. 

What is the relationship of the other two molecules—the 25,3R and 2R,3S pair? 

These structures, as they are drawn in Fig. 6.12, are mirror images. However, they are 
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Figure 6.12 Stereoisomeric possibilities for 2,3-butanediol. 

congruent, and thus they are the same molecule! You can show this by rotating the 2R,3S 
structure 180° about an axis perpendicular to the C2-C3 bond: 

> 

rotate 
molecule 

i identical | 



i 
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Figure 6.13 
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This stereoisomer of 2,3-butanediol is an example of a meso compound, meso-2,3- 

butanediol. A meso compound is an achiral compound that contains asymmetric atoms 

(in this case, asymmetric carbons). Because a meso compound is congruent to its mirror 

image, it is not chiral. Because it is not chiral, a meso compound cannot be optically 

active. Meso-2,3-butanediol is a diastereomer of the (25,3S)- and (2R,3R)-butanediols. A 

summary of the relationships between the stereoisomers of 2,3-butanediol is given in Fig. 

(pl Sy 

Notice carefully the difference between a meso compound and a racemate. Although 

both are optically inactive, a meso compound is a single achiral compound, but a racemate 

is a mixture of chiral compounds—specifically, an equimolar mixture of enantiomers. 

The existence of meso compounds shows that some achiral compounds have asymmet- 

ric carbons. Thus, the presence of asymmetric carbons in a molecule is not a sufficient 

condition for it to be chiral, unless it has only one asymmetric carbon. If a molecule 

contains n asymmetric carbons, then it has 2” stereoisomers unless there are meso com- 

pounds. If there are meso compounds, then there are fewer than 2” stereoisomers. 

Notice that the only real difference between a meso compound and any other type 

of achiral stereoisomer is that a meso compound by definition contains asymmetric atoms. 

Thus, neither cis-2-butene nor trans-2-butene is a meso compound. Although they are 

achiral stereoisomers, these compounds have no asymmetric atoms. 

How do you know whether a molecule possesses a meso stereoisomer? A meso 

compound is possible only when a molecule can be divided into structurally identical 

halves. (The word meso means “in the middle.”) 

i. 
CHRO 

structurally identical halves ---{-------------- 

aa ie = 1Ohe| 

CH; 

(2S,3S) enantiomers (2R,3R) 

(meso) 

Relationships among the stereoisomers of 2,3-butanediol. Any pair of compounds at opposite ends of 
the arrow have the relationship indicated within the arrow. Notice that the meso stereoisomer is 
achiral and thus has no enantiomer. 



248 Chapter 6 Introduction to Stereochemistry 

internal rotation 

plane of symmetry 

Figure 6.14 Internal rotation to give an eclipsed form with a plane of symmetry (internal mirror plane) identi- 
fies a meso compound. 

Once you recognize the possibility of a meso compound, how do you know which 

stereoisomers are meso and which are chiral? First, in a meso compound, the corresponding 

asymmetric carbons in each half of the molecule must have opposite stereochemical 
configurations: 

meso compounds have 
opposite configurations 

Gi ay 

CHE, 

Thus, one asymmetric carbon in 2,3-butanediol (Fig. 6.12) is R and the other is S. Another 

simple way to identify a meso compound without assigning stereochemical configurations 

is shown in Fig. 6.14. If any conformation, even an eclipsed conformation, has a plane 

of symmetry, the molecule is meso. This method works even though the molecule does 

not exist in an eclipsed conformation. 

DLO OUICI CCT CLCO Or CD OCC COCO OM COOC. OO UC OCC UC OOOO. OOO OC OCO COI OO COO. COCO DO OU CICCICM COC OOCO UO COOC OUD OOOO OOO COUCH OOO DFICOCHOOOODO LOU EOTOHOOCOCONTO GOAN Coan 

6.12 Tell whether each of the following molecules has a meso stereoisomer. 

CH3CHCH,CHCH; el cl 

*(c) trans-2-hexene (d) cis-3-hexene 

*6.13 Explain why the following compound has two meso stereoisomers. 

One OL OH 

Co — CH= CH —_CH—_ CH, 

(Hint: The plane that divides the molecule into structurally identical halves can 
go through one or more atoms.) 

ORCL AAS ALC 0 Be) 8101810 4)8\8 0' 0 )PiP) 0a) i610! 0:0;0;0:0)¥)6)enje)o\eiatelelela'siele}eis)eie/eisie\e.eeia)sjsi¥)a(6jais\e,$rele njejeivienelee/alelais\ qian aleisivievai e(aLaca’sisfolalele{oveieveiele le) sialoteryalatiie(s nias\ulaid(eteraier salsiate sie mate ete ainicterinrtters 
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Enantiomeric Resolution 

As already noted, the isolation of the pure enantiomers from a racemate (an enantiomeric 

resolution) poses a special problem. Because a pair of enantiomers have identical melting 

points, boiling points, and solubilities, we cannot exploit these properties for resolution 

of enantiomers as we might for the separation of other compounds. How, then, are 

enantiomers separated? 

The resolution of enantiomers takes advantage of the fact that diastereomers, unlike 

enantiomers, have different physical properties. The strategy used is to convert a racemate 

temporarily into a mixture of diastereomers by allowing the racemate to combine with 

an enantiomerically pure chiral compound called a resolving agent. The resulting diaste- 

reomers are separated, and each diastereomer is then converted back into the free resolving 

agent and a pure enantiomer of the compound of interest. 

ANALOGY FOR A RESOLVING AGENT 

Suppose you are blindfolded and asked to sort a pile of one hundred gloves 

into separate piles of right- and left-handed gloves. (Never mind how you 

got into this predicament!) The gloves are identical except that fifty are right- 

handed, and fifty are left-handed. The mixture of gloves is a “racemate.” How 

would you separate them? You can’t do it by weight, by smell, or by any 

other simple physical property, because right- and left-handed gloves have 

the same properties. The way you do it, of course, is by trying each glove on 

your right (or left) hand. Your hand thus acts as an “enantiomerically pure” 

chiral resolving agent. A right-handed glove on your right hand generates a 

certain feeling (which we describe by saying “it fits”), and a left-handed glove 

on the right hand generates a totally different feeling. You allow the hand 

(resolving agent) to interact with each glove, and you segregate the gloves on 

the basis of the resulting sensation. You then break the hand-glove interaction 

(remove the glove) and put the glove in the appropriate pile. 

An example of an enantiomeric resolution is the separation of the racemate of 

a-phenethylamine into its enantiomers. 

ne 

Pho] CH CH, a-phenethylamine 

This process takes advantage of the fact that amines, like ammonia, are bases, and they 

react rapidly and quantitatively with carboxylic acids to form salts: 

:O: 1 

ele BO ete Sa 

R—NH, ten ao OREN 0) Gra (6.4) 

an amine a carboxylic acid a salt 
(a base) (an acid) 
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The resolving agent is an enantiomerically pure carboxylic acid. In many cases, enantiomer- 

ically pure compounds used for this purpose can be obtained from natural sources. One 

such compound is (2R,3R)-(+)-tartaric acid: 

COOH Hi 

\ ¢ 0H 
RC2=G (2R, 3R)-(+)-tartaric acid H° y . 

OH CO,H 

When (+)-tartaric acid reacts with the racemic amine, a mixture of two diastereomeric 

salts is formed: 

Ph COs H Ph CO H 
| ¢ OH | ne pele 

Loe ose Rae. c= ~ 
ay ikiy \ 2/7, ‘ 
+NH, OH CO,H CH OH CO2H 

(R) (R) (R) (S) (R)  (R) 

LE diastereomeric Ts 
salts 

These salts are diastereomers because they differ in configuration at only one of their 

three asymmetric carbons. (Enantiomers would differ at every asymmetric carbon.) 

Because these salts are diastereomers, they have different physical properties. In this case, 

they have significantly different solubilities in methanol, a commonly used alcohol solvent. 

The (S,R,R) diastereomer crystallizes from methanol, leaving the (R,R,R) diastereomer 

in solution, from which it may be recovered. Once either pure diastereomer is in hand, 

the salt can be decomposed with base to liberate the water-insoluble, optically active 

amine, leaving the tartaric acid in solution as its conjugate-base dianion. 

Ph CO mre Ph COz Nat y 

2NaOH + no di ies © = oo MOA => All (Ole! 

H’/ “nH, Hf \ i [Ne / eee 
OnE OH CO,H Orb OH CO; Nat 

salt (insoluble in (soluble in 
water) water) (6.5) 

Salt formation is such a convenient reaction that it is often used for the enantiomeric 

resolution of amines and carboxylic acids. Although the reaction involved in the optical 

resolutions of other types of compounds may differ, the principle involved is always the 

same: an enantiomerically pure resolving agent is used to form temporarily a mixture of 
diastereomers from a racemate. 

BUOUUGOCG COC OUR CCGG UU GUICG COO O OOO GUO UC GUC OCG UG DUG OCCOUIOCOO OOO UICUOT OOO OOOO UCU COCO OU COCOOCOCOCOOOUOGOOOCOUCOOCOOOOOOCOOOOOOOIOOCOOOOOOCOOOAM OME OrCrCTt 

*6.14 Which of the following amines could in principle be used as a resolving agent 
for a racemic carboxylic acid? 
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(een Cli NH Ph CH= Ni CH. NEL 

CH; CH; ° 

A B 

6.15 Which of the following carboxylic acids could in principle be used as a resolving 

agent for a racemic amine? 

O O O 

ee CH;CH,CH,C —OH va SEAS a 

CH; B CH; 

Figure 6.15 

The existence of meso compounds shows that the presence of asymmetric carbons is not 

a sufficient condition for the chirality of a molecule. This section will show that the 

presence of an asymmetric atom is also not necessary for chirality. In other words, some 

chiral molecules contain no asymmetric atoms. An example is the pair of molecules shown 

in Fig. 6.15. Notice that these two molecules are noncongruent mirror images, and are 

therefore enantiomers. (If necessary, build models of them and convince yourself that 

this is so.) 
Although the molecules in Fig. 6.15 contain no asymmetric carbons, each contains 

three carbon stereocenters. 

Enantiomers of a chiral molecule that has no asymmetric carbon atoms. The enantiomers are drawn 
to show their mirror-image relationship. Although these molecules contain no asymmetric carbon 
atoms, they do contain stereocenters (stereogenic atoms). 
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stereocenters 

H 
oe fe 

ne S=C 
H \ 

eH, 

You can verify that any one of these carbons is a stereocenter by interchanging any two 

groups bound to it; this interchange generates the other enantiomer. To illustrate, let’s 

interchange the two ring bonds at the stereocenter in the middle of the molecule. 

interchange 
break H (turn 180”) H perenes f 

y ea ; H3C a, C Sec | —C > ee ==i(— 

oe. . H ae H3C ; x 
| CH; CH; reconnect CHs 

| enantiomers § es 
rotate 180 Ee: 

H | ye 
\ CH 
om —— co. (6.6) 
yp H FG | 

lsl{C CH, 

(Be sure to demonstrate that a group interchange at each of the other two stereocenters 

also gives enantiomers.) 

Molecules such as this one are important because they demonstrate the phenomenon 

of chirality without asymmetric atoms. Nevertheless, such cases are relatively rare. Most 

of the chiral molecules you'll encounter will contain one or more asymmetric carbons. 

COPE EEE E DERE EOE E ROE E ROE EEEEEEEESEEES OOOH HEROD ERE EESETEEEEEOD EEO O OEE E TEESE HES EER EER H OTHE EEE SEES EEE DESO ESOS DOSE EHH E HEE H OED eeeeeeeeeeesesenssseses 

a 6.16 Indicate whether each compound is chiral. Identify the asymmetric carbons and 
PROBLEM 3 stereocenters (if any) in each. 

"(a) Cl (b) CH3;CHCH,CH; 

#00 16 8 5)F)9i8,/6)0)6\0)4. Bie) 6:0 6 0.6\8\0\0/0\90\e/0 0:0, 0,0'0.0'6\0\0\ninie.\u e16\0'e 0m a(n) 6 (6S (Sia (K/oialo\m/ a) 0(6)u\¥/e)6\6\n/ B16, 6:¥i8'b/6)8/0 [ele :Sin/ee:piee] ofale(e\uialoiasid{hislale\hiw.eieln!sinjelalele e'e'a\p u/eleisinfelateininis\wiaipin sielave aieiwieial ploierereitstereteateteietetare 
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Conformational Stereoisomers 

If you examine the structure of butane, CH;CH,CH,CH;, you might conclude that it 

has no stereocenters, and that butane cannot exist in stereoisomeric forms. However, an 

examination of the individual conformations of butane leads to a different conclusion. 

As shown in Fig. 6.16, the two gauche conformations of butane are noncongruent mirror 

images, or enantiomers; consequently, gauche-butane is chiral! (This is another situation 

in which chirality exists in the absence of an asymmetric carbon.) The two gauche confor- 

mations of butane are examples of conformational enantiomers: enantiomers that are 

interconverted by a conformational change. The “conformational change” in this case is 

an internal rotation. Similarly, the anti conformation of butane is a diastereomer of 

either one of the gauche conformations. Anti- and either gauche-butane are therefore 

conformational diastereomers: diastereomers that are interconverted by a conforma- 

tional change. 

Despite the chirality of any one gauche conformation of butane, the compound 

butane is not optically active because the two gauche conformations are present in equal 

amounts. The optical activity of one gauche enantiomer thus cancels the optical activity 

of the other. (The anti conformation, because it is achiral, would not be optically active 

even if it were present alone.) However, imagine an amusing experiment in which the 

two gauche conformations of butane are separated (by an as yet undisclosed method!) at 

such a low temperature that the interconversion between the gauche and anti conforma- 

tions of butane is very slow. Each gauche butane isomer would then be optically active! 

The two gauche isomers would have equal specific rotations of opposite signs, but many 

of their other properties would be the same. Because anti-butane is achiral, it would have 

mirror 

(a) mirror images 

(b) the two mirror images 
are not congruent 

(a) The two gauche forms of butane are mirror images. (b) Because these mirror images are not con- 
gruent, they are enantiomers. 
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Introduction to Stereochemistry 

zero optical rotation, and all of its properties would differ from those of gauche-butane. 

Of course, at room temperature, the isolation of individual conformations would be 

impossible, because the butane isomers come to equilibrium within 107” second by 

rotation about the central carbon-carbon bond. (This is another example of racemization; 

Sec. 6.4.) It is conceivable, though, that on some planet with a temperature near absolute 

zero, gauche- and anti-butanes exist as separate compounds. (It would also be interesting 

to meet any inhabitants of such a planet capable of appreciating this fact!) 

Is butane a chiral molecule? Although it contains chiral conformations, butane 

behaves as if it is achiral, because it has zero optical activity and it cannot be separated 

into enantiomers on any reasonable time scale. If a molecule is made up of enantiomeric 

pairs that are rapidly interconverting under ordinary conditions, the molecule is consid- 

ered to be achiral. 

6.17 Taking *(a) the anti conformation, (b) a gauche conformation of butane as an 

isolated species, identify the stereocenters in each structure. 

*6.18 (a) What are the stereochemical relationships among the three conformations 

of meso-2,3-butanediol (the compound discussed in Sec. 6.7)? 

(b) Explain why meso-2,3-butanediol is achiral even though it can exist in chiral 

conformations. 

POR e eee eee eee eee eee eee ee ee EEO HEH OSH ESSE ESEEE HEHE OHH EHEOEEDEEEEEEEE HEHEHE ESHER EE EE HOS ESEOEEE SES EH OHHH ED HEHEHE eEEeeeD 

POPC e eee ere nasseae esse ee eee eee HEHE e eee e eT EOE HHO HHE EEE SESE HEHE EEEEEEE ERED EEEEEEE EEE HE EEE EEE SEE EEE E HOES SEES OES 

Some amines also undergo a rapid interconversion of stereoisomers. Amines are derivatives 

of ammonia in which one or more of the hydrogen atoms have been replaced by an 

organic group. An example is ethylmethylamine. 

H 

ClEa==IN& ethylmethylamine 

C,H; 

Ethylmethylamine has four different groups around the nitrogen: a hydrogen, an ethyl 
group, a methyl group, and an electron pair. Since the geometry of this molecule is 
essentially tetrahedral, ethylmethylamine should be a chiral molecule—it should exist as 
two enantiomers. The asymmetric atom in this molecule is a nitrogen. 

enantiomers of N., | aN 
H << \ CHs | CH;/0~ H__ ethylmethylamine 

CoHs | C,Hs 
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transition state 

sp*-hybridized nitrogen 

(a) 

[os Den Ye erat Beer Sere enantiomers 

(b) 

Figure 6.17 Inversion of amines. (a) As the inversion takes place, the large lobe of the electron pair appears to 
push through the nitrogen to the other side. As this occurs, the three other groups move first into a 
common plane with the nitrogen, then to the other side (colored arrows). (b) The enantiomeric rela- 

tionship of the inverted amines is shown by turning either molecule 180° in the plane of the page. 

In fact, the two enantiomers of amines such as ethylmethylamine cannot be separated, 

because they rapidly interconvert by a process called amine inversion, shown in Fig. 

6.17. In this process, the larger lobe of the electron pair seems to push through the 

nucleus to emerge on the other side. Notice that the molecule is not simply turning over; 

it is actually turning itself inside out! This is something like what happens when an 

umbrella turns inside out in the wind. This process occurs through a transition state in 

which the amine nitrogen becomes sp?-hybridized. Figure 6.17b shows that this inversion 

process interconverts the enantiomeric forms of the amine. Because this process is rapid 

at room temperature, it is impossible to separate the enantiomers. Therefore, ethylmethyl- 

amine is a mixture of rapidly interconverting enantiomers. Amine inversion is yet another 

example of racemization (Sec. 6.4). 

eee ecm emcees e seer reer nesses eee esses esse ESS SS SEEDERS EEESE EEE EHEOSEOEEE ESSE SS EEESEEEEEEE ESE EH EET E ESE EEE EEEEEEEEEE SESE EEE EH THEE EEE HEHEHE EEE EEEEEEEEEEEEESEE® 

*6.19 Assume that the following compound has the S configuration at its asymmetric 

carbon. 

(Problem 6.19 continues ) 
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(a) What is the isomeric relationship between the two forms of this compound 

that are interconverted by amine inversion? 

(b) Could this compound be resolved into enantiomers? 

TRO RRR EEE EEE ODEO EEE H HHH EEEEEEEEEEEEEEE EEE HEHEHE HEE HEE EEEEEEE ESE OS IEEE EEHEEEEEE ESSE SHEE EOE EES EEE E HEHEHE EEE SESE H HOE EEEEEES 

Fischer Projections 

As you've seen, the three-dimensional structures of molecules can be represented on a 

two-dimensional page using perspective drawings that employ lines and wedges. It is 

simple enough to draw a perspective structure for a compound with a single asymmetric 

carbon, but when a molecule contains several asymmetric carbons, the drawing of perspec- 

tive structures can be very tedious. For this reason, chemists have adopted another 

way of writing three-dimensional structures on a two-dimensional surface (paper or 

blackboard). The resulting structures are called Fischer projections, after the German 
chemist Emil Fischer. 

To represent a molecule in a Fischer projection, view each asymmetric carbon in 

such a way that two of the bonds to this carbon are vertical and pointing away from 

you, and two are horizontal and pointing toward you. The Fischer projection is the 

structure obtained when this view is projected on a plane (Fig. 6.18a). The asymmetric 

carbons themselves are not drawn, but are assumed to be located at the intersections of 

vertical and horizontal bonds. Such a projection is, in effect, a flattened-out picture of 

the molecule. (As one student pointed out, the Fischer projection is the way that the 

molecule would look if we were to put it on the floor and step on it!) 

The most useful applications of Fischer projections involve molecules that contain 

two or more asymmetric carbons that are part of a continuous carbon chain. In such a 

case, a molecule is first placed (or imagined) in an eclipsed conformation such that the 
chain of asymmetric carbons will be vertical in the resulting projection. In effect, the 
carbon backbone can be imagined to be written on a curved, convex surface as shown 
in Fig. 6.18c. The projection is derived by viewing each carbon in the chain as in Fig. 
6.18a and projecting all bonds onto this surface. Mentally cutting the surface and flattening 
it gives the Fischer projection. 

Although the Fischer projection is derived from an eclipsed conformation, this does 
not mean that the molecule actually has such a conformation. As you ve learned, 
most molecules actually assume staggered conformations (Sec. 2.3). The use of an 
eclipsed conformation to draw the Fischer projection is a convention for showing 
the stereochemical configuration of each asymmetric carbon; it is not meant to con- 
vey the actual conformation of the molecule. 

To derive a three-dimensional model of a molecule from its Fischer projection, 
reverse the process just described. Always remember that the vertical bonds in the Fischer 
projection are away from you, and the horizontal bonds are toward you. 
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(b) 

Fischer 

projections 

H lal 
Jel 

EO sc Wes H3C 

C,H, ie ~~ HC CoHs 

OH C,H; 

: OH sae OH 
CAs H 

£ ant ai H C)Hs 
H C,Hs 

H etl «C aaa 

ou H;C H CH; 
CH; 

OH OH 

H i 
HO, C 
H ey 

iA cuo 

qo" wC CH,OH 
aed wa 

HO /\ 

PaO 

Figure 6.18 Formation of Fischer projections from perspective structures for stereoisomers of (a) 2-butanol, a mol- 
ecule with one asymmetric carbon; (b) 2,3-pentanediol, a molecule with two asymmetric carbons; 
and (c) glucose, a molecule with four asymmetric carbons. Notice that groups remote from the 
observer are vertical in the Fischer projection, and groups near the observer are horizontal. 
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viewing direction 

CH=O Oe © 

OH it (pO all gow es upper carbon 
= = = (6.7 

OH ie Ol re ee 
: HOCH, cri © 

CH,OH CH,OH 

Because several eclipsed conformations can be drawn for any one molecule, several 

different Fischer projections can be written. Consequently, it is useful to be able to draw 

different Fischer projections of the same molecule without going back and forth to a 

three-dimensional model. For this purpose some rules for manipulation of Fischer projec- 

tions are helpful. You should use models to convince yourself of the validity of these 

rules. 

1. A Fischer projection may be turned 180° in the plane of the paper. 

By this rule, the following two Fischer projections represent the same stereoisomer. 

ood le Br 

Br CH; ae LEG F 180° ALLOWED 3 (6.8) 

es CH; H3C Br 

Br F 

This manipulation is allowed because it leaves horizontal bonds horizontal and vertical 

bonds vertical; therefore, it does not alter the meaning of the Fischer projection. 

2. A Fischer projection may not be turned 90°. 

ie F< 90° Cl Cl F 
co aay FORBIDDEN Eagar ees © € fpdao) = fpesp es % 2 & 
Cla Sy f KON iE 

HE Br i 
S va 

Fischer projections 
of enantiomers (6.9) 

The reason this operation is forbidden is that it causes “out” bonds to be portrayed as 

“back” and vice versa. In other words, the original structure is converted into its enan- 

tiomer by this operation. This is disastrous, since the whole idea of Fischer projections 

is to convey stereochemical information. The following rule has a similar rationale. 

3. A Fischer projection may not be lifted from the plane of the paper and 
turned over. 

P B 
turn over 

BrCl FORBIDDEN cl—Br (6.10) 

I I 

enantiomers 
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4, The three groups at either end of a Fischer projection may be inter- 

changed in a cyclic permutation. That is, all three groups can be moved at 

the same time in a closed loop so that each occupies an adjacent position. 

CH; CH; 

E- -C] ALLOWED Cl Br (6.11) 

\pr7 F 

ape CH, CH, 

H3C H ALLOWED H OH ALLOWED H OH 
> ere (6.12) 

H OH H OH H3C H 

H;3 < cHy OH 

Fischer projections of the same molecule 

This operation is equivalent to an internal rotation. This will become clear if you convert 

any one of the structures in Eq. 6.12 into a model. Leaving the model in an eclipsed 

conformation, carry out an internal rotation of 120° about the central carbon-carbon 

bond as shown by the colored arrows in Eq. 6.12 and form a new Fischer projection 

from the resulting structure. Each 120° internal rotation is equivalent to one cyclic 

permutation described by Rule 4. A different Fischer projection of the same molecule 

results from each different eclipsed conformation. 

It is particularly easy to recognize enantiomers and meso compounds from the 

appropriate Fischer projections, because planes of symmetry in the actual molecules 

reduce to lines of symmetry in their projections. 

mirror line 
CH; 

i H—+— OH 
brn u—f-Br line of symmetry (6.13) 

Cl Cl aT ea 
CH; 

R S 

a meso compound 

enantiomers 

The R,S system can be applied to a Fischer projection without using a model. First 

draw an equivalent Fischer projection (if necessary) in which the group of lowest priority 
is in either of the two vertical positions. Then apply the priority rules to the remaining 

three groups. 

group of lowest priority 
~~ in vertical position 

(6.14) 

NL counterclockwise 
1>2—> 3; 

therefore S 
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Es This method works because if the lowest-priority group is in a vertical position in the 

Stupy GuIpE LINK: Fischer projection, it is oriented away from the observer as required for application of 
V6.7 oad the priority rules. 

Additional P Y 
Manipulations with 
Fischer Projections 

BOOOOOOIOOOOIOOOOOIOOIOIOIOICIOCIOOIOICIOOIOICIOIOIOIOOIOOOOOOOOOOOOIOOOOOCOOIOOOIOOIOCIO OCMC OICNOO OOO OCIOOUIOOOOOUN OOOO OC OOOUOOUOO OC UOC Ct. i. at dt isda iad ahe 

6.20 Draw at least two Fischer projections for each of the following molecules. 

ma) R S S (b) (S)-2-butanol (see Fig. 6.2) 

47, EO 

GI Cl Br 

6.21 Indicate whether the structures in each of the following pairs are enantiomers, 

aan or identical molecules. 

(b) CHs H 

ee eo. 

H CH; 

6.22 State whether the configuration of each asymmetric carbon atom is R or S in 
each of the ees Fischer projections. 

(b) F 

© ub one n——a 

C(CH3)3 H 

m(c) H (d) CH=O 

Chemists recognized the tetrahedral configuration of tetracoordinate carbon almost one- 

half century before physical methods confirmed the idea with direct evidence. This section 
shows how the phenomena of optical activity and chirality played key roles in this 
development, one of the most important in the history of organic chemistry. 
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The first chemical substance in which optical activity was observed was quartz. It 

was discovered that when a quartz crystal is cut in a certain way and exposed to polarized 

light along a particular axis, the plane of polarization of the light is rotated. In 1815, 

the French chemist Jean-Baptiste Biot (1774-1862) showed that quartz exists as both 

levorotatory and dextrorotatory crystals. The Abbe Rene Just Hauy (1743-1822), a French 

crystallographer, had earlier shown that there are two kinds of quartz crystals related as 

object and nonsuperimposable mirror image. Sir John E. W. Herschel (1792-1871), a 

British astronomer, found a correlation between these crystal forms and their optical 

activities: one of these forms of quartz is dextrorotatory and the other levorotatory. 

During the period 1815-1838, Biot examined several organic substances, both pure 

and in solution, for optical activity. He found that some (for example, oil of terpentine) 

show optical activity, and others do not. He recognized that since optical activity can be 

displayed by compounds in solution, it must be a property of the molecules themselves. 

(The dependence of optical activity on concentration, Eq. 6.1, is sometimes called Biot’s 

law.) What Biot did not have a chance to observe is that some organic molecules exist 

in both dextrorotatory and levorotatory forms. The reason Biot never made this observa- 

tion is undoubtedly that many optically active compounds are obtained from a given 
natural source as single enantiomers. 

The next substance to figure prominently in the history of stereochemistry was 

tartaric acid: 

HO — CG CH CHi— €— OF tartaric acid 

This substance had been known by the ancient Romans as its monopotassium salt, tartar, 

which deposits from fermenting grape juice. Tartaric acid derived from tartar was one 

of the compounds examined by Biot for optical activity; he found that it has a positive 

rotation. An isomer of tartaric acid discovered in crude tartar, called racemic acid (racemus, 

Latin, “a bunch of grapes”), was also studied by Biot and found to be optically inactive. 

The exact structural relationship of (+)-tartaric acid and its isomer racemic acid remained 

obscure. 

All of these observations were known to Louis Pasteur (1822-1895), the French 

chemist and biologist. One day the young Pasteur was viewing crystals of the sodium 

ammonium double salts of (+)-tartaric acid and racemic acid under the microscope. 

Pasteur noted that the crystals of the salt derived from (+ )-tartaric acid were hemihedral 

(chiral). But he noted that the racemic acid salt was not a single type of crystal, but was 

actually a mixture of hemihedral crystals: some crystals were “right-handed,” like those 

in the corresponding salt of (+)-tartaric acid, and some were “left-handed” (Fig. 6.19a; 

thus the name “racemic mixture”). Pasteur meticulously separated the two types of crystals 

with a pair of tweezers; he found that the right-handed crystals were identical in every 

way to the crystals of the salt of (+)-tartaric acid. When equally concentrated solutions 

of the two types of crystals were prepared, he found that the optical rotations of the left- 

and right-handed crystals were equal in magnitude, but opposite in sign. Pasteur had 

thus performed the first enantiomeric resolution by human hands! Racemic acid, then, 

was the first organic compound shown to exist as enantiomers—object and noncon- 

gruent mirror image. One of these mirror-image molecules was identical to (+)-tartaric 

acid, but the other was previously unknown. Pasteur’s own words tell us what then took 

place. 



262 Chapter 6 

Figure 6.19 

Introduction to Stereochemistry 

dextrorotatory levorotatory optically inactive 

(a) (b) 

Diagrams of the crystals of the tartaric acid isomers that figured prominently in the history of 
stereochemistry. (a) The hemihedral crystals of sodium ammonium tartrate separated by Pasteur. 
(b) The holohedral crystal of sodium ammonium racemate that crystallizes at a higher temperature. 

The announcement of the above facts naturally placed me in communication with 

Biot, who was not without doubts concerning their accuracy. Being charged with 

giving an account of them to the Academy, he made me come to him and repeat 

before his very eyes the decisive experiment. He handed over to me some racemic 

acid that he himself had studied with particular care, and that he found to be per- 

fectly indifferent to polarized light. I prepared the double salt in his presence with 

soda and ammonia that he also desired to provide. The liquid was set aside for 

slow evaporation in one of his rooms. When it had furnished about thirty to forty 

grams of crystals, he asked me to call at the College de France in order to collect 

them and isolate, before his very eyes, by recognition of their crystallographic char- 

acter, the right and left crystals, requesting me to state once more whether I really 

affirmed that the crystals that I should place at his right would really deviate [the 

plane of polarized light] to the right and the others to the left. This done, he told 

me that he would undertake the rest. He prepared the solution with carefully mea- 

sured quantities, and when ready to examine them in the polarizing apparatus, he 

once more invited me to come into his room. He first placed in the apparatus the 

more interesting solution, that which should deviate to the left [previously 

unknown]. Without even making a measurement, he saw by the tints of the 

images ...in the analyzer that there was a strong deviation to the left. Then, very 

visibly affected, the illustrious old man took me by the arm and said, “My dear 

child, I have loved science so much all my life that this makes my heart throb!” 

Pasteur’s discovery of the two types of crystals of racemic acid was serendipitous 
(accidental). It is now known that the sodium ammonium salt of racemic acid forms 

separate right- and left-handed crystals only at temperatures below 26 °C. Had Pasteur’s 
laboratories been warmer, he would not have made the discovery. Above this temperature, 
this salt forms only one type of crystal: a holohedral (achiral) crystal of the racemate 
(Fig. 6.19b)! From his discovery, Pasteur recognized that some molecules could, like the 
quartz crystals, have an enantiomeric relationship, but he was never able to deduce a 
structural basis for this relationship. 
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As described in the previous account, Pasteur discovered two stereoisomers of 

tartaric acid. Draw their structures [you cannot, of course, tell which is (+) and 

which is (—)]. Which stereoisomer of tartaric acid was yet to be discovered? (It 

was discovered in 1906.) What can you say about its optical activity? 
POT eee eee eee eee eee eee eee eee EEE EEE EEE EEE EEE HEHE SESE EEE EEEEE HEHEHE EEE EHEEEE EEE EEE E EHH EEE EHH ESESEEE EEE SEES EE EEE EEE ESEEEEEESESESE ESSE EO EESEETEEEEEEEEES 

In 1874, Jacobus Hendricus van’t Hoff (1852-1911), a professor at the veterinary 

college at Utrecht, The Netherlands, and Achille Le Bel (1847-1930), a French chemist, 

independently arrived at the idea that if a molecule contains a carbon atom bearing four 

different groups, these groups can be arranged in different ways to give enantiomers. 

Van’t Hoff suggested a tetrahedral arrangement of groups about the central carbon, but 

Le Bel was less specific. Van’t Hoff’s conclusions, published in a treatise of eleven pages 

entitled “La chemie dans l’espace,” were not immediately accepted. A caustic reply, repro- 

duced in considerably censored form below, came from the famous German chemist 
Hermann Kolbe: 

A Dr. van’t Hoff of the veterinary college, Utrecht, appears to have no taste for 

exact chemical research. Instead, he finds it a less arduous task to mount his 

Pegasus (evidently borrowed from the stables of the College) and soar to his chemi- 

cal Parnassus, there to reveal in his “La chemie dans lespace” how he finds atoms 

situated in universal space. This paper is fanciful nonsense! What times are these, 

that an unknown chemist should be given such attention! 

Kolbe’s reply notwithstanding, van’t Hoff’s ideas prevailed to become a cornerstone of 

organic chemistry. 

How can the existence of enantiomers be used to deduce a tetrahedral arrangement 

of groups around carbon? Let’s examine some other possible carbon geometries to see 

the sort of reasoning that was used by van’t Hoff and Le Bel. Consider a general molecule 
in which the carbon and its four groups lie in a single plane: 

Cl 

Br—C-—F all atoms in the same plane 

| 
H 

Because the mirror image of such a planar molecule is congruent (show this!), enantio- 

meric forms are not possible. The existence of enantiomers thus rules out this planar 

geometry. 

However, other, nonplanar nontetrahedral structures could exist as enantiomers. 

One structure has a pyramidal geometry: 

C 
H/ *>Br 
clea 

(Convince yourself that such a structure can have an enantiomer.) This geometry could 

not, however, account for other facts. Consider, for example, the compound methylene 

chloride (CH;Cl,). In the pyramidal geometry, two diastereomers would be known. In 

one, the chlorines are on opposite corners of the pyramid; in the other, the chlorines are 

adjacent. (Why are these diastereomers?) 
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C g 
pyramidal att LG OSE 

CHCl H/ cl oy H 

opposite adjacent 

These molecules should be separable because diastereomers have different properties. Yet 

in the entire history of chemistry, only one isomer of CH,Cl,, CH2Br2, or any similar 

molecule, has ever been found. Now, this is negative evidence. To take this evidence as 

conclusive would be like saying to the Wright brothers in 1902, “No one has ever seen 
an airplane fly; therefore airplanes can’t fly.” Yet this evidence is certainly suggestive, and 

other types of experiments (Problems 6.48 and 6.49) were later carried out that could 

only be interpreted in terms of tetrahedral carbon. Indeed, modern methods of structure 

determination have shown that van’t Hoff’s original proposal—tetrahedral geometry—is 

essentially correct. 

Key IDEAS IN CHAPTER 6 

[\ Stereoisomers are molecules that have the same atomic connectivity but 

differ in the arrangement of their atoms in space. 

[\ Two types of stereoisomers are: 

1. enantiomers—molecules that are related as object and noncongru- 
ent mirror image; 

2. diastereomers—stereoisomers that are not enantiomers. 

[\ | A molecule that has an enantiomer is said to be chiral. Chiral mole- 

cules lack certain symmetry elements such as a plane of symmetry. 

[\ The absolute configurations of chiral compounds are designated by the 

R,S system, which is based on the relative arrangement of group priori- 

ties. The priorities are assigned as in the E,Z system. The absolute con- 

figurations of many compounds are determined experimentally by 

correlating them chemically with other chiral compounds of known 
absolute configuration. 

[\ A pair of enantiomers have the same physical properties except for 

their optical activities. The optical rotations of a pair of enantiomers 
have equal magnitudes but opposite signs. 

[\ An equimolar mixture of enantiomers is called a racemate, or racemic 

mixture. 

[\  Diastereomers in general differ in their physical properties. 

[\ A pair of enantiomers are typically separated by an enantiomeric resolu- 
tion. In this process, they are allowed to react with a chiral resolving 
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agent, a process that forms diastereomers. After separating the resulting 

diastereomers, the pure enantiomers are separated from the resolving 

agent. 

ean asymmetric carbon is a carbon bonded to four different groups. All 

asymmetric carbons are stereocenters, but not all stereocenters are 

asymmetric carbons. 

[\ A meso compound is an achiral compound with asymmetric atoms. 

Some chiral molecules contain no asymmetric atoms. 

l\ Some achiral molecules consist of chiral conformational stereoisomers 

that interconvert very rapidly. 

[\ The structures of chiral compounds can be drawn in planar representa- 

tions called Fischer projections. In a Fischer projection, all vertical 

bonds are assumed to be oriented away from the observer, and all hori- 

zontal bonds toward the observer. Several valid Fischer projections can 

be drawn for most chiral molecules. These are derived by the rules in 

Sec Onli; 

[\ Optical activity and chirality formed the logical foundation for the pos- 

tulate of tetrahedral bonding geometry at carbon. 

6.24 Point out the carbon stereocenters and the asymmetric carbons (if any) in each 

of the following structures. 
*(a) (E)-4-methyl-2-hexene (b) 4-methyl-1-pentene 

*(c) 3-methylcyclohexene (d) (Z)-4-methyl-2-pentene 

*6.25 (a) How many stereoisomers are there of 3,4,5,6-tetramethyl-4-octene? 

(b) Show all of the carbon stereocenters in the structure of this compound. 

(c) Show all of the asymmetric carbons in the structure of this compound. 

6.26 (a) How many stereoisomers are there of 3,4-dimethyl-2-hexene? 

(b) Show all of the carbon stereocenters in the structure of this compound. 

(c) Show all of the asymmetric carbons in the structure of this compound. 

6.27 Identify all of the asymmetric carbon atoms in each of the following structures. 

*(a) CH, (D)RGHe Ch Gr Ol 

| | 
CH cH) NH) 

(Problem 6.27 continues ) 
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“\c) CH; (d) CH; OH 

a(e) 

HO 

6.28 Give the configuration of each asymmetric atom in the following compounds. 

[Compounds (a) and (b) are drawn in Fischer projection. ] 

*(a) CH; (b) CH; 

Poa OE H OCH; 
H,C CH 

Nee Z H OH 

eX 
Bae, Olah CH; 

aCe) On (d) meso-3,4-dimethylhexane 

ri 
wet Po CH3CH,O y OCH, 

N(CHs)2 

*6.29 (a) Using lines, wedges, and dashed wedges as appropriate, draw perspective 

structures of the two stereoisomers of ibuprofen, a well known analgesic. 

Gi, 

sfeskores —CO,H _ ibuprofen 

(b) Indicate which one of the structures you drew in (a) is the S enantiomer. 

(Only this stereoisomer is biologically active.) 

*6.30 Draw all the allowed Fischer projections of (25,3R)-2,3-pentanediol. 

One @ EH 

CH CH OH = @ FOr. 2,3-pentanediol 

6.31 Draw a Fischer projection for each stereoisomer of 2,3-dibromobutane. Using 
Fig. 6.11, indicate the isomeric relationship between each pair of stereoisomers. 
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Br Br 

Gia Gh Oa Cli. 2,3-dibromobutane 

*6.32 Draw the structure of the chiral alkane of lowest molecular mass not containing 

a ring. (No isotopes are allowed.) 

6.33 Draw the structure of the chiral cyclic alkane of lowest molecular mass. (No 

isotopes are allowed.) 

6.34 Indicate whether each of the following statements is true or false. If false, explain 

why. 
x In some cases, constitutional isomers are chiral. 

In every case, a pair of enantiomers have a mirror-image relationship. 

Mirror-image molecules are in all cases enantiomers. 

If a compound has an enantiomer it must be chiral. 

Every chiral compound has a diastereomer. 

If a compound has a diastereomer it must be chiral. 

Any molecule containing an asymmetric carbon must be chiral. 

Any molecule containing a stereocenter must be chiral. 

Any molecule with a stereocenter must have a stereoisomer. 

Some diastereomers have a mirror-image relationship. 

k) Some chiral compounds are optically inactive. 

x x 

oa 

Site a @ © oi 

re Pere 

_ 

S77 Ss 

* 

* 

1) Any chiral compound with a single asymmetric carbon must have a positive 

optical rotation if the compound has the R configuration. 
*(m) If a structure has no plane of symmetry it is chiral. 

(n) All asymmetric carbons are stereocenters. 

*(o) All chiral molecules have no plane of symmetry. 

*6.35 Imagine substituting each hydrogen atom of 3-methylpentane, in turn, with a 

chlorine atom to give a series of isomers with molecular formula C,H;3Cl. Give 

the structure of each of these isomers. Which of these are chiral? Classify the 

relationship within every pair of these stereoisomers. 

6.36 Draw the structures of all meso compounds with the formula Cs5H,.Ch. 

£6537 Construct models or draw Newman projections (Sec. 2.3A) of the three staggered 

conformations of 2-methylbutane (isopentane) that result from rotation about 

the C2-C3 bond. 
(a) Identify the conformations that are chiral. 

(b) Explain why 2-methylbutane is not a chiral compound, even though it has 

chiral conformations. 
(c) Suppose each of the three conformations in part (a) could be isolated and 

their heats of formation determined. Rank these isomers in order of increas- 
ing heat of formation (that is, smallest first). Explain your choice. Indicate 

whether the AH? values for any of the isomers are equal and why. 
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*6.38 

6.39 

*6.40 

*6.41 

*6.42 

Explain why compound A can be resolved into enantiomers, but compound B 

cannot. 

Cae CHs3 
| 

Ph—N—CH,—CH=CH, Cl> =Ph—N—CH,—CH=CH, 

CH,Ph B 

The specific rotation of the R enantiomer of the following alkene is [a]f) = 

+76°, and its molecular mass is 146.2. 

Cikla—— CHI —C ==Cls 

| 
Ph 

*(a) What is the observed rotation of a 0.75 M solution of the S enantiomer of 

this compound in a 1-dm sample path? 

(b) What is the observed rotation of a 0.5 M solution of this compound in a 

5-cm sample path? 

Which pairs of the following salts should have identical solubilities in methanol? 

Explain. (The structures are shown below in Fischer projection.) 
+ 

Ph Ph NH, H 

Har, HC} C0; nfm Hc} 005 
NH, H CH; Ph 

A B 

+ 

Ph Ph NH; Ph 
+ 

HN CH; H oe. rh—}— Hc} 

: CH, GOs 

G D 

Explain why an optically inactive product is obtained when (—)-3-methyl-1- 
pentene undergoes catalytic hydrogenation. 

What is the stereochemical relationship between each pair of structures in the 
following set (given in Fischer projections)? 
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*6.44 

6.45 

*6.46 
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CHE, CH; CH; 

H OH HOH HO H 

H OH HO H HO H 

H—+— oH 1ton HO H 

CH; CH; CH, 

A B G 

H CH; 

HO CH; HO H 

pa OF H OH 

HO—+—H HO H 

CH; CH; 

D E 

With the methyl groups in vertical positions, draw a Fischer projection for 

each stereoisomer of 2,3,4-trichloropentane: 

(Cla—=Clal Cal = Cle — Cl 2,3,4-trichloropentane 

Assign an R or S configuration to carbons 2 and 4 in each stereoisomer. 

Indicate which of the stereoisomers are chiral. Explain. 

Indicate whether carbon-3 is a stereocenter in each of the stereoisomers. 

Tell how you know. 

Draw the structures of the possible stereoisomers for the compound below, given 

(a) tetrahedral, (b) square planar, and (c) pyramidal geometries at the carbon 

atom. For each of these geometries, what is the relationship between each pair 

of stereoisomers? 

i 
ties aie 

I 

Two stereoisomers of the compound (H3N),Pt(Cl)2 with different physical prop- 

erties are known. Show that this fact allows a choice between the tetrahedral 

and square planar arrangements of this group around platinum. 

In a structure containing a pentacoordinate phosphorus atom, the bonds to 

three of the groups bound to phosphorus (called equatorial groups) lie in a plane 

(Problem 6.46 continues ) 
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containing the phosphorus atom (shaded in the structure below), and the bonds to the 

other two groups (called axial groups) are perpendicular to this plane: 

Cl 

| eobr 
axial groups Ccl— Po equatorial groups 

| OCH; 

OCH; 

Is this compound chiral? Explain. 

*6.47 Identify the stereocenters in each of the following structures, and tell whether 

each structure is chiral. 

(a) CH; (b) CH; (c) CH, (d) CH; 

H.. | CH; a CH H... - He, CH; 

H H~" 7 CH; Hq CH, 
CH, CH; 

*6.48 In 1914, the chemist Emil Fischer carried out the following conversion in which 

optically active starting material was transformed into a product with an identical 

melting point and an optical rotation of equal magnitude and opposite sign. No 

bonds to the asymmetric carbon were broken in the process. 

CH,CH,CH, GE CEE CEE 

nee age ee es S GCE Bees ol en H 
| ? 2 reactions | ay: 

CO,H CONH, 

Show that this result is consistent with either tetrahedral or pyramidal geometry 
at the asymmetric carbon. 

*6.49 Fischer also carried out the following pair of conversions. Again, no bonds to 
the asymmetric carbon were broken. Explain why this pair of conversions (but 

not either one alone) and the associated optical activities rule out pyramidal 
geometry at the asymmetric carbon but are consistent with tetrahedral geometry. 

ae CoH 

H;C—C—CONH; H,C—C—CO,H 
several steps 

C,H; C,H; 
optically active optically inactive 

CO,H CH; 

HCC conte eS Riis aa 

C,H; C,H 

optically active optically inactive 
SEIS CIO Cie #00) leleseieselo-eie) eieiee-cieieieieiele)eiesaiseie)eleiaie'e)eieeie)einia\s\a\afeie/eis]6.0)8\x, s{6)a\ee\e)¢;e)e!0/0:6)418)#\0\¢{s)m!ale\w eieiaje!siy\a\s)¢1e101@:9:6:61616]6[e\ajele! orsiajeleloleleraleroleiayeia\n(alatelarsloielalaialersielnlsials/erelsisinterersieraintletereislcaiaiatate 



Cyclic Compounds 

and Stereochemistry 

of Reactions 

chemistry and conformation. This chapter deals with the stereochemical aspects 

of cyclic compounds and their derivatives, followed by a discussion of how 

stereochemistry enters into chemical reactions. You have already learned about regioselec- 

tive reactions, which yield one constitutional isomer in preference to another (for example, 

HBr addition to alkenes). Many reactions also yield certain stereoisomers to the exclusion 

of others. Several such reactions will be examined so that you can understand some 

of the principles that govern the formation of stereoisomers. You'll also see how the 

stereochemistry of a reaction can be used to understand its mechanism. 

Oo with cyclic structures present some unique problems of stereo- 

Relative Stabilities of the Monocyclic Alkanes 

A compound that contains a single ring is called a monocyclic compound. Cyclohexane, 

cyclopentane, and methylcyclohexane are all examples of monocyclic alkanes. 

The relative stabilities of the monocyclic alkanes can be determined from their heats 

of formation, given in Table 7.1. Although the monocyclic alkanes are not isomers, they 

have the same empirical formula, CH,. Consequently, the stabilities of the monocyclic 

alkanes can be compared on a per carbon basis by dividing the heat of formation of each 

compound by its number of carbons. The data in Table 7.1 show that, of the cycloalkanes 

with ten or fewer carbons, cyclohexane has the smallest (that is, the largest negative) heat 

of formation per CH. Thus, cyclohexane is the most stable of these cycloalkanes. 

Further insight into the stability of cyclohexane comes from a comparison of its 

stability with that of a typical noncyclic alkane. The heats of formation of pentane, hexane, 

and heptane are — 146.4, — 167.2, and —187.8 kJ/mol (—35.00, —39.96, and —44.88 kcal/ 

mol), respectively. These data show that heats of formation, like other physical properties, 

change regularly within a series; each CH) group contributes about —20.7 kJ/mol (—4.95 

kcal/mol) to the heat of formation. The data for cyclohexane in Table 7.1 show that a 

CH), group in cyclohexane makes exactly the same contribution to its heat of formation 

271 
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Heats of Formation per —CH,— for Some Cycloalkanes 

(n = number of carbon atoms) 

n Compound AH;/n n Compound AH;/n 

kJ/mol kcal/mol kJ/mol kcal/mol 

3 cyclopropane ap Ice +4.25 9) cyclononane ae LOLS) oo) 

4 cyclobutane +6.90 ar 65) 10 cyclodecane ello) = suis) 

5 cyclopentane = 15.8 e105 11 cycloundecane =. —4.95 

6 cyclohexane =A07 —4.95 1) cyclododecane = 105 —4.65 

I cycloheptane = 70) 05 13 cyclotridecane =19),0 —4.55 

8 cyclooctane = 537 =3./5 14 cyclotetradecane = 2057 —4.95 

(—20.7 kJ/mol or —4.95 kcal/mol). This means that cyclohexane has the same stability as 

a typical unbranched alkane. 

Cyclohexane is the most widely occurring ring in compounds of natural origin. Its 

prevalence, undoubtedly a consequence of its stability, makes it the most important of 

the cycloalkanes. The stability of cyclohexane is due to its conformation, which is the 

subject of the next section. The stabilities and conformations of other cycloalkanes are 

discussed in Sec. 7.5. 

Conformations of Cyclohexane 

The most stable conformation of cyclohexane, shown in Fig. 7.1, is called the chair 

conformation because of its resemblance to a lawn chair. You should construct a model 

of cyclohexane now and use it to follow the subsequent discussion. 

1. A cyclohexane ring is usually drawn in a slightly tilted and rotated perspec- 

tive so that all of its bonds are visible. That is, in the usual skeletal struc- 

ture, if we number the carbons as shown below and imagine that carbons 

1 and 4 are in the plane of the page, carbons 2 and 3 are behind the page, 
and carbons 5 and 6 are in front of the page: 

means 

2. Three of the carbons (carbons 1, 3, and 5 in the structure above) define a 
plane that is above the plane defined by the other three (carbons 2, 4, and 
6). Carbons such as 1, 3, and 5 will be referred to as up carbons, and car- 
bons such as 2, 4, and 6 as down carbons. 
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era Xia ny dose sa 

<— equatorial hydrogens ———~ 

<—____—_ equatorial hydrogens 

«< axialhivdiosci\—_——— 

(a) ball-and-stick model (b) space-filling model 

-] ~———— axial hydrogen 

H <— equatorial hydrogen 

equatorial hydrogen 

i— axial hydrogen 

(c) skeletal structure with hydrogens shown 

Figure 7.1 Chair conformation of cyclohexane shown as (a) a ball-and-stick model, (b) a space-filling model, 
and (c) a skeletal structure. In (a) and (b), the axial hydrogens are shaded in gray, and in (c), they 
are shown in shaded type. 

3. Bonds on opposite sides of the ring are parallel: 

a 
4. Two perspectives are commonly used for cyclohexane rings. In one, the 

leftmost carbon is below the rightmost carbon; and in the other, the left- 

most carbon is above the rightmost carbon: 

EOE 
5. A rotation of either perspective by an odd multiple of 60° (that is, 60°, 

180°, etc.) about the axis shown on page 274 gives the other perspective: 
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60°, 180°, 300 (7.2) 

It is important for you to be able to draw a cyclohexane ring. Once you’ve examined 

the points above, practice drawing some cyclohexane rings in the two perspectives. Use 

the following three steps: 

Step 1 Begin by drawing two parallel bonds slanted to the left for one perspective, and 

slanted to the right for the other. 

Step 2 Connect the tops of the slanted bonds with two more bonds in a “V” 
arrangement. 

Step 3 Connect the bottoms of the slanted bonds with the remaining two bonds in an 
“inverted V” arrangement. 

To summarize: 

Keaned ii “ss Sumit 
(73) 

Now let’s consider the hydrogens of cyclohexane, which are of two types. If you 
place your model of cyclohexane on a tabletop (you did build it, didn’t you?), you'll find 
that six C—H bonds are perpendicular to the plane of the table. (Your model should 
be resting on three such hydrogens.) These hydrogens, shown in gray shading in Fig. 7.1, 
are called axial hydrogens. The remaining C—H bonds point outward along the periphery 
of the ring. These hydrogens, shown in white in Fig. 7.1, are called equatorial hydrogens. 
Of course, other groups can be substituted for the hydrogens, and these groups also can 
exist in either axial or equatorial arrangements. 

In the chair conformation, all bonds are staggered. You should be able to see this 
from your model by looking down any C—C bond. As you learned when you studied 
the conformations of ethane and butane (Sec. 2.3), staggered bonds are preferred to 
eclipsed bonds. The stability of cyclohexane (Sec. 7.1) is due to the fact that all of its 
bonds can be staggered without compromising the tetrahedral carbon geometry. 



Figure 7.2 

7.2 Conformations of Cyclohexane 275 

up, axial hydrogen 

up carbon 
ze 

= down, equatorial hydrogen 

up, equatorial hydrogen 

down 
carbon 

| down, axial hydrogen 

(a) 

turn 

over 
——— 

(b) 

(a) Up and down equatorial and axial hydrogens. Notice that up axial hydrogens are on up car- 
bons, and down axial hydrogens are on down carbons. The opposite is true for equatorial hydrogens. 
(b) The up and down axial hydrogens are equivalent. This can be demonstrated by turning the ring 
(colored arrows). The up axial hydrogens (color) become equivalent to the down axial hydrogens 
(gray). The same operation shows the equivalence of the up and down equatorial hydrogens. 

Once you have mastered drawing the cyclohexane ring, it’s time to add the C—H 

bonds to the ring. Drawing the axial bonds is fairly easy: they are simply vertical lines. 

However, drawing the equatorial bonds can be a little tricky. Notice that pairs of equatorial 

bonds are parallel to pairs of ring bonds: 

ae So oe oe 
(Notice also how all the equatorial bonds in Fig. 7.1 adhere to this convention.) 

You should notice a few other things about the cyclohexane ring and its bonds. 

First, the three axial hydrogens on up carbons point up, and the three axial hydrogens 

on down carbons point down. In contrast, the three equatorial hydrogens on up carbons 

point down, and the three equatorial hydrogens on down carbons point up (Fig. 7.2a). 
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The up and down hydrogens of a given type are completely equivalent. You can see this by 

turning the ring over, as shown in Fig. 7.2b. This causes the up axial hydrogens to 

exchange places with the down axial hydrogens, and everything looks exactly the same. 

Similarly, you should convince yourself that turning the ring over causes the up equatorial 

hydrogens to exchange places with the down equatorial hydrogens. 

A second useful observation is that if an axial hydrogen is up on one carbon, the 

two neighboring axial hydrogens are down, and vice-versa. The same is true of the 

equatorial hydrogens. 

5. Interconversion of Chair Conformations 

Cycloalkanes, like noncyclic alkanes, undergo internal rotations (Sec. 2.3), but, because 

the carbon atoms are tied together in a ring, several internal rotations must occur at the 

same time. When a cyclohexane molecule undergoes internal rotations, a change in the 

conformation of the ring occurs, as shown in Fig. 7.3. Use a model to follow these changes, 

shown by the colored arrows in Fig. 7.3. Hold carbons 1, 2, and 6—the rightmost carbon 

and its two neighbors—so that they cannot move, and raise carbon-4 up as far as it will 

go. The result is a new conformation, called a boat conformation. Notice that formation 

of the boat conformation involves simultaneous internal rotations about all carbon-carbon 

Figure 7.3 

boat 
(unstable) 

Interconversion of the two chair conformations of cyclohexane (the chair flip). The colored arrows 
show how the atoms move in each step. 
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bonds except those to carbon-1. We'll return to an examination of the boat conformation 

in the next section. Now hold carbons 3, 4, and 5 of the boat—the leftmost carbon and 

its two neighbors—so that they cannot move, and lower carbon-1 as far as it will go; 

the model returns to a chair conformation. In this case, simultaneous internal rotations 

have occurred about all carbon-carbon bonds except those to carbon-4. Thus, movement 

of the leftmost carbon up and the rightmost carbon down changes one chair conformation 

into another completely equivalent chair conformation. But notice what has happened 

to the hydrogens: In this process, the equatorial hydrogens have become axial, and the 

axial hydrogens have become equatorial. In addition, up carbons have become down 

carbons, and vice-versa. 

axial hydrogens become equatorial 

re 

up carbon 

(7.5) 

= 
—_—\ — 

rs down 
carbon 

equatorial hydrogens become axial 

(Confirm these points with your model by using groups of different colors for the axial 

and equatorial hydrogens, respectively. ) 

The interconversion of two chair forms of cyclohexane is called the chair intercon- 

version, or, for short, the chair flip. The free-energy barrier for the chair flip is about 

42 kJ/mol (10 kcal/mol). Although this barrier is larger than that for internal rotation in 

butane, it is small enough that the chair flip is very rapid (about 10° chair flips per 

second) at room temperature. 

Let’s review: Although the axial hydrogens are stereochemically different from the 

equatorial hydrogens in any one chair conformation, the chair flip causes these hydrogens 

to change positions rapidly. Hence, averaged over time, the axial and equatorial hydrogens 

are equivalent and indistinguishable. 

C. Boat and Twist-Boat Conformations 

Figure 7.3 shows that a cyclohexane model assumes a boat conformation during the 

chair flip. Let’s examine this conformation in more detail. The boat conformation is not 

a stable conformation of cyclohexane; it contains two sources of instability, shown in 

Fig. 7.4. One is that certain hydrogens (shaded in gray) are eclipsed. The second is that 

the two hydrogens on the “bow” and “stern” of the boat, called “flagpole hydrogens,” 

experience van der Waals repulsion. These hydrogens are shown in color in Fig. 7.4. Por 

these reasons, the boat undergoes very slight internal rotations that reduce both the 

eclipsing interactions and the flagpole van der Waals repulsions. The result is another 
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twist-boat 

van der Waals repulsions between 
flagpole hydrogens 

flagpole hydrogens 

feat : 

eclipsed hydrogens 

eo 
twist-boat 

(b) 

Figure 7.4 Boat cyclohexane (center) and its two related twist-boat conformations (top and bottom). The flag- 
pole hydrogens are shown in color, and the hydrogens that are eclipsed in the boat conformation are 
shaded gray. (a) Ball-and-stick models. Note the eclipsed relationship in the boat conformation 
among the pairs of hydrogens that are shaded gray. This eclipsing is reduced in the twist-boat confor- 
mation. (b) Space-filling models viewed from above the flagpole hydrogens. Note the van der Waals 
repulsion between the flagpole hydrogens in the boat conformation. This unfavorable interaction is 
reduced in the twist-boat conformations because the flagpole hydrogens (color) are further apart. 
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15.9 kJ/mol 
(3.8 kcal/mol) 
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2) 

= = ce twist-boat 

molecular conformation 

Figure 7.5 Relative free energies of cyclohexane conformations. 

stable conformation of cyclohexane called a twist-boat conformation. To see the conver- 

sion of a boat into a twist-boat, view a model of the boat conformation from above the 

flagpole hydrogens, as shown in Fig. 7.4b. Grasping the model by its flagpole hydrogens, 

nudge one flagpole hydrogen up and the other down to obtain a twist-boat conformation. 

As shown in Fig. 7.4, this motion can occur in either of two ways, so that there are two 

twist-boats related to any one boat conformation. 

The free-energy relationships among the conformations of cyclohexane are shown 

in Fig. 7.5. Although the twist-boat conformation is at an energy minimum, it is less 

stable than the chair conformation by about 15.9 kJ/mol (3.8 kcal/mol) in standard free 

energy, or by about 23 kJ/mol (5.5 kcal/mol) in standard enthalpy. Hence, a sample of 

cyclohexane has very little twist-boat conformation present at equilibrium. The boat 

conformation itself can be thought of as the transition state for interconversion of the 

twist-boat conformations. 

Brel Using the information in Fig. 7.5, determine the relative amounts of the chair 

and twist-boat forms of cyclohexane in equilibrium at 25 °C. 

Monosubstituted Cyclohexanes 

and Conformational Analysis 

A substituent group in a substituted cyclohexane, such as the methyl group in methyl- 

cyclohexane, can be in either an axial or an equatorial position. 
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H axial —> CH, 

CH; H 

equatorial 

These two compounds are obviously stereoisomers, and since they are not enantiomers, 

they must be diastereomers. Substituted cyclohexanes such as methylcyclohexane also 

undergo the chair flip. As Fig. 7.6 shows, axial methylcyclohexane and equatorial methyl- 

cyclohexane are interconverted by this process. Note that in this interconversion, a down 

methyl remains down and an up methyl remains up. (Demonstrate this to yourself with 

models!) Because this process is rapid at room temperature, methylcyclohexane is a 

mixture of two conformational diastereomers (Sec. 6.10A). Because diastereomers have 

different energies, one form is more stable than the other, and the more stable form is 

present in greater amount. Which form is more stable? 

Equatorial methylcyclohexane is more stable than axial methylcyclohexane. In fact, 

it is usually the case that the equatorial conformation of a substituted cyclohexane is more 

stable than the axial conformation. Why should this be so? 

Examination of a space-filling model of axial methylcyclohexane (Fig. 7.7) shows 

that van der Waals repulsions occur between one of the methyl hydrogens and the two 

axial hydrogens on the same face of the ring. Such unfavorable interactions between axial 

groups are called 1,3-diaxial interactions. These van der Waals repulsions destabilize the 

axial conformation relative to the equatorial conformation, in which such van der Waals 
repulsions are absent. 

Equatorial methylcyclohexane is 7.4 kJ/mol (1.8 kcal/mol) more stable than axial 
methylcyclohexane (Fig. 7.8). This energy difference is twice the energy difference between 

the gauche and anti conformations of butane (see Fig. 2.5). This correspondence is not 

a coincidence, because the 1,3-diaxial interaction of a methyl group with a hydrogen in 

cyclohexane is almost exactly the same as the van der Waals repulsion between the methyl 

groups in gauche-butane (Fig. 7.9, p. 282). The energy “cost” of this interaction in both 

axial methylcyclohexane and gauche-butane is about 3.7 kJ/mol (0.9 kcal/mol). Since 

there are two such interactions in axial methylcyclohexane, the energy “cost” is twice as 

Figure 7.6 

H 

CH, ; 

<=> H 

CH, 

CH; 

H Sorat 
a, a yee 

H 

The chair flip interconverts equatorial (left) and axial (right) conformations of methylcyclohexane. 
The conversion is shown with two different ring perspectives. 
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ls 

H H 4 

= | 
H i Men, H 

H 
(a) 

van der Waals repulsions 
(1,3-diaxial interactions) 

<r 

axial (b) equatorial 

Figure 7.7 Equilibrium between axial and equatorial conformations of methylcyclohexane shown with (a) skele- 
tal structures and (b) space-filling models. The hydrogens involved in 1,3-diaxial interactions in the 
axial conformation are shown in color. 

great: 2 X 3.7 = 7.4 kJ/mol (or 2 X 0.9 = 1.8 kcal/mol). In other words, the 1,3- 

diaxial interactions in axial methylcyclohexane can be thought of as two “gauche-butane” 

interactions. This observation illustrates an important philosophical point: We can learn 

much about complex molecules by studying simpler molecules with similar features. In this 

situation, gauche-butane serves as the “model” for a calculation of the relative energy of 

axial methylcyclohexane. Scientists, in an effort to simplify problems as much as possible, 

usually treat complex cases in terms of the principles learned in simpler ones. You will 

Se 

CH; 

H 
7.4 kJ/mol 

Len, (1.8 kcal/mol) 

Figure 7.8 Relative free energies of axial and equatorial methylcyclohexane. Notice that the energy difference 
between the two conformations is twice the difference between anti and gauche butane (7.4 kJ/mol 
or 1.8 kcal/mol). 
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Figure 7.9 

Cyclic Compounds and Stereochemistry of Reactions 

methylcyclohexane 
(axial conformation) 

gauche-butane 

The relationship between the axial conformation of methylcyclohexane and gauche-butane. The 
gauche-butane part of methylcyclohexane is shown in color, and the corresponding van der Waals 
repulsion is shown with a colored double-headed arrow. The second gauche-butane interaction in 
methylcyclohexane is shown with the gray arrow. 

find that the simple analysis used here can be applied to even more complex molecules 

with excellent results. All you have to remember is that a methyl-hydrogen 1,3-diaxial 

interaction “costs” the same as a gauche-butane—3.7 kJ/mol (0.9 kcal/mol). 

The investigation of molecular conformations and their relative energies is called 
conformational analysis. We have just carried out a conformational analysis of methyl- 

cyclohexane. The conformational analyses of many different substituted cyclohexanes 
have been performed. As might be expected, the larger a group is, the more severe are 
the 1,3-diaxial interactions it suffers when it assumes an axial position. Thus, the larger 
the substituent group on a cyclohexane ring, the more the equatorial conformation is favored. 
For example, the equatorial conformation of tert-butylcyclohexane is favored over the 
axial conformation by 21 to 25 kJ/mol (5 to 6 kcal/mol). The relative energy cost of 
placing the methyl and tert-butyl groups in an axial position are thus in direct relation 
to their sizes. 

SEPARATION OF CHAIR CONFORMATIONS 

The chair flip of a monosubstituted cyclohexane interconverts diastereomers. 
Therefore, if the two chair forms could be separated, they would have different 
physical properties. In the late 1960s, C. Hackett Bushweller, then a graduate 
student at the University of California, Berkeley, cooled a solution of chloro- 
cyclohexane in an inert solvent to —150 °C. Crystals suddenly appeared in 
the solution. He filtered the crystals at low temperature; subsequent investiga- 
tions showed that he had selectively crystallized the equatorial form of 
chlorocyclohexane! 
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Cl > 

selectively crystallizes Cl 
at low temperature 

When the equatorial form was “heated” to —120 °C, the rate of the chair flip 

increased, and a mixture of conformations again resulted. Similar types of 

experiments have been carried out with other monosubstituted cyclohexanes. 

Peet ee ee eee eee EEE HEHE HOHE HEHEHE EEEEE EEE HEHEHE EEE EE EEEEESEE EE EEE SESE EEE SEES EEE EEEE EE EEE EE EEE EEEHEDEEEEEEEEEEEE EEE EEE SHEE HEHEHE EEE EEEEEE EEE EEE EEE EEEEES 

Tad Calculate the molar amounts of axial and equatorial conformations present in 

one mole of methylcyclohexane at 25 °C. (See Problem 7.1.) 

7h (a) The axial conformation of fluorocyclohexane is 1.0 kJ/mol (0.25 kcal/mol) 

less stable than the equatorial conformation. What is the energetic cost of 

a 1,3-diaxial interaction between hydrogen and fluorine? 

( F fluorocyclohexane 

(b) Estimate the energy difference between the gauche and anti conformations 

of 1-fluoropropane. 

Clei,—(Cl 8 = Cle SF 1-fluoropropane 

*7.4 Suggest a reason why the energy difference between conformations of ethylcyclo- 

hexane is about the same as that for methylcyclohexane, even though the ethyl 

group is larger than a methyl group. 

Poem ee eee eee eee eee eee eee HHH eee eee He EH HEHE SHEESH EEE EHH E HODES EEEEEEEEEE SEES SESE SEES EEE SESE RHEE HEHEHE SEES ES EH HEHEHE EEE EES H HH EEE EEE EEE EEE EE eeeeES 

Disubstituted Cyclohexanes 
Oem e meee mene meee eae esse eee eee He eee esse eH EHD esse Hesse EE HEHEHE HHH HEHHEEE HEHEHE HH HEHEHE EEE H EEE E HEHEHE SEES EEE E EERE SEES Eee 

Consider a typical disubstituted cyclohexane, 1-chloro-2-methylcyclohexane. 

Cl 

1-chloro-2-methylcyclohexane 

CH: 

In one stereoisomer of this compound, both the chloro and methyl groups assume 

equatorial positions. This compound is in rapid equilibrium with a conformational diaste- 

reomer in which both the chloro and methyl groups assume axial positions. 



284 Chapter 7 Cyclic Compounds and Stereochemistry of Reactions 

H 

CH; 
Cl 

BS=2 H (7.6) 
CH; H 

Cl 
H 

trans-1-chloro-2-methylcyclohexane 

Either conformation (or the mixture of them) 1s called trans-1-chloro-2-methylcyclo- 

hexane. The trans designation is used with cyclic compounds when two substituents have 

an up-down relationship. 

down 

‘a CH; <—— up 
CI ‘ 

——_ H (2) 

CH; H 

| = down : | Cl ow 

up 

Notice that the up-down relationship is not affected by the conformational equilibrium. 

1-Chloro-2-methylcyclohexane also exists as a stereoisomer in which the chloro and 

methyl groups occupy adjacent equatorial and axial positions. 

(7.8) 

CH, 

cis-1-chloro-2-methylcyclohexane 

This compound, called cis-1-chloro-2-methylcyclohexane, is also a rapidly equilibrating 
mixture of conformational diastereomers. In a cis-disubstituted cycloalkane, the substitu- 
ents have an up-up or a down-down relationship. 

down 

H 

el 
—s 

H H 
3 

CH, = a 

H 

CH; 

down Lo CG] down 
down 

Again, the cis relationship is not altered by the conformational equilibrium. 
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The same definition of cis and trans substitution can be applied to substituent groups 

in other positions of a cyclohexane ring, as illustrated by the following study problem. 

Draw structures of the two chair conformations of trans-1,3-dimethylcyclohexane. 

Solution In a trans-disubstituted cyclohexane, the two substituent groups have an up- 

down relationship. It doesn’t matter which chair conformation is drawn first, because 

the chair flip does not affect the trans relationship of the two methyl groups: 

Ups ———_ > CH, 

cms ae CH, 
down ——~> CH; 

CH, 

trans-1,3-dimethylcyclohexane 

eee ee eee eee eee ee eee EE OE OOOH EEE HEHE SESE SEEESEE ESE SEES ESSE ES EEH SHEESH ESOEHH EHH HEHEHE HEHEHE ESEEEEE HEHEHE EH Eee EEE EE EEE eee eeeEseeEEEEEEEESEEES 

Notice that the cis and trans designations specify the relative stereochemical configu- 

rations of two asymmetric carbons in the ring, but they say nothing about the absolute 

configurations of these carbons. Thus, there are two enantiomers of cis-1-chloro-2- 

methylcyclohexane. 

CH; CH; 

(1S,2R)-1-chloro-2-methylcyclohexane (1R,2S)-1-chloro-2-methylcyclohexane 

_____________ enantiomers of cis-1-chloro-2-methylcyclohexane 

The cis-trans nomenclature is used when the absolute configuration of the molecule is 

not important to the task at hand. This nomenclature is particularly convenient to express 

relative configurations because it is more intuitive than the R and S notation. 

When a ring contains more than two substituents, cis-trans nomenclature is cumber- 

some. In such cases, the R,S system must be used to indicate configuration. 

eee ee eee eee eee eee tH HHH HERE ESHEETS E EEE H HH EEEEEEEEE ESSE OSS SEEEESESES ESOS EES ESESEEEEES ESE EEE EEHEEESESESSEEH OEE EDESESEESEEE HES EEEHEOESESEE EEE EE EEE HEHE Ee EeEeeee 

SRD P =~, ED For each of the following compounds, draw the two chair conformations that 

_ PROBLEMS © are in equilibrium. 
: 4 
_< SS” *(a) cis-1,3-dimethylcyclohexane (b) trans-1-ethyl-4-isopropylcyclohexane 

*7.6 For each of the compounds in Problem 7.5, draw a boat conformation. 

acer ee eee eee ee eee eee eee e eee ee eases E SESE HHO EESEESESE SEED ES EEESEE EEE EEE H SEH EEEEEH HOES H OHHH HEHEHE EEE THESES HHEEEEEESESESESESESESSEEEHESEH TEER ESSE ES EES 
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5. Conformational Analysis 

Disubstituted cyclohexanes, like monosubstituted cyclohexanes, can be subjected to con- 

formational analysis. The relative stability of the two chair conformations is determined 

by analyzing the 1,3-diaxial interactions (or gauche-butane interactions) in each conforma- 

tion and adding them up at 3.7 kJ/mol (or 0.9 kcal/mol) each. Such an analysis is 

illustrated in Study Problem 7.2. 

Beemer eee eee eee eee meee ee es EEE H Ete EHH HEHEHE HEHE EEE E EHH E HHH EEEEE HEHE EEEEEEEEEESESESEEEEEEEESSSEEEEEES EEE EEEEEEES 

Determine the relative energies of the two chair conformations of trans-1,2-dimethylcyclo- 

hexane. Which is more stable? 

Solution The first step in solving any problem is to draw the structures of the species 

involved. The two chair conformations of trans-1,2-dimethylcyclohexane are as follows: 

CH; 
ae CH, 

CH, 
CH, 

A B 

Notice that conformation A has the greater number of axial groups and should therefore 

be the less stable conformation—but by how much? Conformation A has four 1,3-diaxial 

methyl-hydrogen interactions (show these!), which contribute 4 X 3.7 = 14.8 kJ/mol 

(4 X 0.9 = 3.6 kcal/mol) to its energy. What about B? You might be tempted to say that 

B has no unfavorable interactions because it has no axial groups, but in fact B does have 

one. gauche-butane interaction—the one between the two methyl groups themselves, 

which have a dihedral angle between them of 60°, just as in gauche-butane. This interaction 

is easy to see in a Newman projection looking down the bond between the carbons 
bearing the methyl groups: 

CH; 
Sa 

{ _> gauche methyl groups 
<_— 

CH; 

H 

Newman projection 

This gauche-butane interaction contributes 3.7 kJ/mol (0.9 kcal/mol) to the energy of 
conformation B. The relative energy of the two conformations is the difference between 
their methyl-hydrogen interactions: 14.8 — 3.7 = 11.1 kJ/mol (or 3.6 — 0.9 = 2.7 kcal/ 
mol). The diaxial conformation A is less stable by this amount of energy. 

siaieie\ajeje|aie'einie\e/e}eieleieie'e 6 ¢|6:0\e)0\v'e\eisie\e[e/ee'e;e/0.0/8)¢ \e/9/6)0/8\0 v\a'n.e\0\m\a\ei|¢'0)0[6:0,¢ ¥/6¢)0\¥)a)='0|u\010) 010/19 [b/0,616\9 0.'u vie [ole (eie[6.u[o\s pidleielsie uiciae/Sielalaaisizinicisiateinialee’e cin eicie 

When two groups on a substituted cyclohexane conflict in their preference for the 
equatorial position, the preferred conformation can usually be predicted from the relative 
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conformational preferences of the two groups. An extreme example of this situation 

occurs in a cyclohexane substituted with a tert-butyl group, for example, cis-1-tert-butyl- 

4-methylcyclohexane. 

H 
H3C_ 

CH; 

(larger) CH, Re =e 

(smaller) H3C ji CH, 

re (7.10) 

The tert-butyl group is so large that its van der Waals repulsions control the conforma- 

tional equilibrium. Hence, the chair conformation in which the tert-butyl group assumes 

the equatorial position is strongly favored. The methyl group is thus forced to take up 
the axial position. 

There is so little of the conformation with an axial tert-butyl group that chemists 

say sometimes that the conformational equilibrium is “locked.” This statement is 

somewhat misleading because it implies that the two conformations are not at equi- 

librium. The equilibrium indeed occurs rapidly, but simply contains very little of 

the conformation in which the tert-butyl group is axial. 

RRR eee eee meee eee eases eee EE ee ee Eee EEE EEEEEEEE EEO E HEHEHE EEE EE EEE EEE EEEEEEEE EERE EEEEEE EEE EET EE EEE HEHEHE EEE HEHEHE HEHEHE HEHEHE RHEE EES 

= a = e737 The principles of conformational analysis can also be applied to two compounds 

_ PROBLEMS ~ that are not conformational isomers. Calculate the energy difference between 

the following conformations of cis- and trans-1,3-dimethylcyclohexane. 

H CH; 
H H 

CH; H 

CH; CH; 

7.8 Calculate the energy difference between the two conformations of trans-1,4- 

dimethylcyclohexane. 
Oem e eee meee eee eee EEE EH eH HEHE SEEEEEEEES ESHEETS ESESEE SESE SEES EEE EES ESE SESE SESE EEEESES SEED EE EEEEEEEEEEEESES EE ESSE EEE EEESESEEE EERE EHH EEE E EEE EES 

PO eee eee ee meee eee eee ee eee Hee eee EEE E EEE HEHE OEE EEEHESESESE HHH HHHEHHHEHEEHEEEEE EEE HEHEHE REREE SEES SESE EEE ERE EEE EEE EEE REESE 

Although many cyclic compounds (such as cyclohexane and its derivatives) have nonpla- 

nar conformations, planar structures of these compounds can be used for situations in 

which conformational details are not important. In this notation, the structures of cyclic 

compounds are represented by planar polygons with the stereochemistry of substituents 

indicated by dashed or solid wedges. In this type of structure, imagine viewing the ring 

from above one face. If a substituent is up, the bond to it is represented by a solid wedge; 

if it is down, the bond to it is: represented as a dashed wedge. In this convention, one 

enantiomer of trans-1,2-dimethylcyclohexane can be drawn as follows: 
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th 
| 
| 
| 
} 

A planar structure for cis-1,2-dimethylcyclohexane can be drawn in either of two ways: 

CHg CH. 

CH: CH, 

cis-1,2-dimethylcyclohexane 

lepine 

The two planar structures are derived respectively by viewing the ring from each of its 

two faces. That the two structures are equivalent can be further demonstrated by turning 

either one over: 

CH; Lg0" «CH, 

CH, “CH rotation 

A planar structure, of course, does not convey any conformational information. 

That is, so long as all conformations are viewed from the same face of the ring, the chair 

flip does not interchange wedges and dashed lines because it does not change the up or 

down relationship of the ring substituents. 

AARC R eee OO HEHE METERS ERSTE ESSE SE DEEEEEOESEEEEESSES ESE EEOESESS ESSE DS EOSE CESSES SESS ODORS EEE EH ESET E CESSES OEE ODED Ose ee eeeeeeeeeeEereccceseecescceceeeeecs 

7.9 Draw a planar structure for each of the following compounds using dashed or 
PROBLEMS — solid wedges to show the stereochemistry of substituent groups. 

*(a) cis-1,3-dimethylcyclohexane 

(b) trans-1,3-dimethylcyclohexane 

*(c) (1R,2S,3R)-2-chloro-1-ethyl-3-methylcyclohexane 

(d) (1S,2R)-1-chloro-2-methylcyclopentane 

7.10 Draw the more stable chair conformation for each of the following compounds: 
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SEER e eee E HHH ee HEHEHE EEE EEE EEE EEE EEE E EEE ESEE HEHE SEDO HEHEHE ESE EEHES EH ESE EEE HEHEHE HEHEHE E EEE EEEE EEE HEHEHE DEE E EE EEEEEEEEEEES 

Eee eee meme E EEE EEE E EEE EEE HEHEHE EEE EEEE EEE EEE EE EEE E EEE E HEHEHE HEHEHE EEEEE SHEE EHH E HOHE EES 

The chair flip has some interesting stereochemical consequences that can be illustrated 

with some dimethylcyclohexanes. Consider first cis-1,2-dimethylcyclohexane. The chirality 

of either conformation can be demonstrated by showing, as usual, that its mirror image 

is noncongruent. 

mirror 

CH, || H;C 

CH; CH, 

noncongruent mirror images of cis-1,2-dimethylcyclohexane 

However, the chair flip interconverts these enantiomers: 

CH, 
chair flip CH, (7.15) 

Oa cee 

A 

(es Ae enantiomers Sis See tal 

Structures A and B may not look like enantiomers, but they are! You can see this by 

turning structure B 120° about a vertical axis: 

120° 
C1 

= H3C 
os | is the same as (7.16) 

Stupy GUIDE LINK: 

V7.1 CH3 

Manipulating | CH; CH; 
Cyclohexane Rings 

B enantiomer of structure A 

In other words, cis-1,2-dimethylcyclohexane is a mixture of conformational enantiomers 

(Sec. 6.10A). Because these enantiomers are interconverted very rapidly, they cannot be 

separated at ordinary temperatures. Consequently, cis-1,2-dimethylcyclohexane cannot 
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be optically active. Recall that molecules which consist of rapidly interconverting enan- 

tiomers—molecules like cis-1,2-dimethylcyclohexane—are considered to be achiral (Sec. 

6.10A). Because cis-1,2-dimethylcyclohexane is an achiral molecule that contains asym- 

metric carbons, it is a meso compound. 

It is not necessary to draw and manipulate its conformations to tell whether a cyclic 

compound is meso. A cyclic compound is meso when its planar structure can be divided 

into mirror-image halves. 

=‘ 
Sn Lt eee ee ~_Inirror images 

oe 

Equivalently, a cyclic compound is meso when a planar structure is congruent to its mirror 

image. 

CH; H3C CoCr. 
CH; 

rotate 180° 

The enantiomers of trans-1,2-dimethylcyclohexane represent a different situation. 

mirror 

CH; |) HC 

CH, H;C 

enantiomers of trans-1,2-dimethylcyclohexane 

These two molecules cannot be interconverted by the chair flip, because the chair flip 

causes equatorial methyls to become axial methyls. Indeed, the chair flip converts each 

enantiomer into a conformational diastereomer: 

hair fli ws " ve isk, chair Poe eee a8) 

= diastereomers ————_1 

Hence, trans-1,2-dimethylcyclohexane is truly chiral, and each of its two enantiomers is 

a rapidly interconverting mixture of conformational diastereomers. Because each enan- 

tiomer is capable of independent existence, trans-1,2-dimethylcyclohexane can be isolated 
in optically active form. 

The chirality of trans-1,2-dimethylcyclohexane can be seen from its planar structures. 

A cyclic compound is chiral when a planar structure and its mirror image are 
noncongruent. 
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CH, HC 

cern HC SD 

1 noncongruent mirror images ea 

Cis-1,3-dimethylcyclohexane, another molecule with two asymmetric carbon atoms, 

presents yet a different situation. This compound too is a mixture of conformational 

diastereomers: 

chair fli 

= GF ~is re: 9 a 

(sean ler i diastereomers! et 

Yet even though each conformation has two asymmetric carbons, neither conformation 
is chiral because each has an internal plane of symmetry. 

Gre | 
dhs CH 

ie planes of symmetry Abe ak 

In other words, both conformations are meso. Cis-1,3-dimethylcyclohexane is thus a rapidly 

interconverting mixture of two different meso compounds, each a diastereomer of the 

other. 

Notice that this case is subtly different from that of cis-1,2-dimethylcyclohexane: 

cis-1,3-dimethylcyclohexane cannot be separated into enantiomers even at very low temper- 

ature because each conformation is achiral. Recall that cis-1,2-dimethylcyclohexane, in 

contrast, consists of two chiral conformations in rapid equilibrium, and thus could 

in principle be separated into enantiomers at very low temperature. Although planar 

representations show the meso character of both compounds clearly, they conceal this 

subtle difference. 

Pee eee ee eee eee eee eee tHe H HEHE HM HEHE OHHH HHH HET E HEHE HEHEHE HEHEHE HHH HH HHH HEHEHE EE HEE HEHEHE EEEEEEEEEE OEE E ETHOS ESE HEH OH HHH EEEE EES EEE EE EEEEEEeee 

7.11 Determine whether each of the following compounds can in principle be isolated 

in optically active form under ordinary conditions. 

*(a) trans-1,3-dimethylcyclohexane (b) cis-1,3-dimethylcyclohexane 

*(c) cis-1,4-dimethylcyclohexane (d) 1,1-dimethylcyclohexane 

*(e) cis-1-ethyl-3-methylcyclohexane 

SILSN9 (a) Does trans-1,4-dimethylcyclohexane contain asymmetric carbons? If so, 

identify them. 
(Problem 7.12 continues ) 
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(b) Does trans-1,4-dimethylcyclohexane have any stereocenters? If so, identify 

them. 

(c) What is the relationship of the two chair conformations of trans-1,4- 

dimethylcyclohexane? 

(d) Is trans-1,4-dimethylcyclohexane chiral? 

7.13 What is the relationship of the two structures in each set (identical molecules, 

enantiomers, or diastereomers)? 

CH; CCH, Cl Cl 

Cyclopentane, like cyclohexane, exists in a puckered conformation, called the envelope 

conformation (Fig. 7.10). This conformation undergoes rapid conformational changes 

in which each carbon alternates as the “point” of the envelope. 

The data in Table 7.1 show that cyclopentane has somewhat higher energy than 

cyclohexane. The higher energy of cyclopentane is due to eclipsing between hydrogen 

atoms, which is also shown in Fig. 7.10. 
Substituted cyclopentanes also exist in envelope conformations, but the substituents 

adopt positions that minimize van der Waals repulsions with neighboring groups. For 

nearly eclipsed 
ee ny ee 

eclipsed hydrogens hydrogens 

Figure 7.10 A ball-and-stick model of the envelope conformation of cyclopentane. The hydrogens shown in gray 
are either eclipsed or nearly eclipsed. 
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example, in methylcyclopentane, the methyl group assumes an equatorial position at the 
point of the envelope. 

H 

CH, 
—_ tell (7.20) 

CH, 
: meee 

equatorial axial 

When a cyclopentane ring has two or more substituent groups, cis and trans relation- 

ships between the groups are possible, just as in cyclohexane. 

CH; CH,CH; 

GH: 

cis-1,2-dimethylcyclopentane CH(CHs3)» 

trans-1-ethyl-3-isopropylcyclopentane 

5b. Cyclobutane and Cyclopropane 

The data in Table 7.1 show that cyclobutane and cyclopropane are the least stable of the 

monocyclic alkanes. In each compound, the angles between carbon-carbon bonds are 

constrained by the size of the ring to be much smaller than the optimum tetrahedral 

angle of 109.5°. When the bond angles in a molecule deviate from their ideal values, the 

energy of the molecule is raised in the same sense that squeezing the handles of a hand 

exerciser increases the potential energy of the resisting spring. This excess energy, which 

is reflected in a greater heat of formation, is termed angle strain. (When angle strain 

occurs in a ring, it is sometimes called ring strain.) Hence, angle strain contributes 

significantly to the high energies of both cyclobutane and cyclopropane. 

Puckering of the cyclobutane ring avoids complete eclipsing between hydrogens. 

Cyclobutane consists of two puckered conformations in rapid equilibrium (Fig. 7.11). 

Figure 7.11 Cyclobutane consists of two identical puckered conformations in rapid equilibrium. 
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Figure 7.12 

cs 

StTuDyY GUIDE LINK: 

Fee. 
Alkenelike Behavior 

of Cyclopropanes 

Pec e meee eee sense es eeesereseses 

Cyclic Compounds and Stereochemistry of Reactions 

The orbitals that overlap to form each C—C bond in cyclopropane do not lie along the straight line 
between the carbon atoms. These carbon-carbon bonds are sometimes called “bent” or “banana” 

bonds. 

Because three carbons define a plane, cyclopropane is planar; thus neither its angle 

strain nor the eclipsing interactions between its hydrogens can be relieved by puckering. 

As the data in Table 7.1 show, cyclopropane is the least stable of the cyclic alkanes. The 

carbon-carbon bonds of cyclopropane are bent in a “banana” shape around the periphery 

of the ring. Such “bent bonds” allow angles between the carbon orbitals that are on the 

order of 105°, closer to the ideal tetrahedral value of 109.5° (Fig. 7.12). Although bent 

bonds reduce angle strain, they do so at a cost of less effective overlap between the carbon 
orbitals. 

Peer eee twee meee eee eee ees eee eee esses eee eee ESSE EEE TESTE EEEEESSEEEEEEEEEEESES HEHEHE EEE EEE ESSE ESSE eEEEEEeeEeeseeseses 

7.14  *(a) The dipole moment of trans-1,3-dibromocyclobutane is 1.1 D. Explain why 

a nonzero dipole moment supports a puckered structure rather than a 
planar structure for this compound. 

(b) Draw a structure for the more stable conformation of trans-1,2- 

dimethylcyclobutane. 

7.15 Tell whether each of the following compounds is chiral. 

*(a) cis-1,2-dimethylcyclopropane (b) trans-1,2-dimethylcyclopropane 
BIO OOOO GUC G CCGG COCO OOOO OO OOOO C OSS ICCCIOOOOOOCSOCOOOOIOOOOOOOIOOIOOOOOIOOOOOAOMnRCCCCCCCrCnrrr rrr 

Bicyclic gud Polycyclic Compounds 
BODOG UIC RC CCUG ROCCO COCO COG IOC ID OOO GOGO O COC OCICS CC OOO G OC OC OOOO OIOOOO OOOO DOO OOOO OOO OOOOOOOOIOOOIOCONOOOOOROOOOCOOOOOFEMC MOM rr Trt 

wjsjeieleieieisisieinie)s)eisie\s\¢;e)¢:0\6\e\9]¢\ejala\e\n}sis\ais\a{e\a{@\e)s{8{6/010(6\¥.6 6/4 \s)s/0}e|e)s(0)n|a\a\a(0\6!0)6(0|6\@16\b)8\616'e\n/n)s|a{uin\=|010/¢1016\4/e\s\ais\ela's)s/p]e\s/siare/e'e,aihiele/erejevalujatatetaleja/ainia nieieleteieve 

Cyclic compounds may, of course, contain more than one ring. If two rings share two 
or more common atoms, the compound is called a bicyclic compound. If two rings have 
a single common atom, the compound is called a spirocyclic compound. 
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So-05 
bicyclo[4.3.0 |nonane bicyclo[ 2.2.1 |heptane spiro[ 4.4 |nonane 

____— (bicyclic compounds) —————~ _ (a spirocyclic compound) 

Bicyclic compounds are further classified according to the relationship of the bridge- 

head carbons: the carbons at which the two rings are joined. When the bridgehead 

carbons of a bicyclic compound are adjacent, the compound is classified as a fused 

bicyclic compound: 

* 

bridgehead carbons (*) adjacent: a fused bicyclic compound 

+ 

When the bridgehead carbons are not adjacent, the compound is classified as a bridged 
bicyclic compound: 

bridgehead carbons (*) not adjacent: a bridged bicyclic compound 

The nomenclature of bicyclic hydrocarbons is best illustrated by example: 

one-carbon bridge 

two-carbon bridge ——~ : +~—— three-carbon bridge 

bicyclo[3.2.1 octane 

(* = bridgehead carbons) 

This compound is named as a bicyclooctane because it is a bicyclic compound containing 

a total of eight carbon atoms. The numbers in brackets represent the number of carbon 

atoms in the respective bridges, in order of decreasing size. 

meee e ee EHH HHH EE HOHE ERE EEEEEE EEO T HEHE HEE EESSEETE OHHH HEE HERO EEEEEEE SHOE HEHEHE HEE HEHEHE HEHEHE EEE HEHE HEHEHE EH EE OEE HEHEHE EEE E EHH HHeeeeeeeeeEEEE® 

Name the following compound: 

Solution The compound has two fused rings that contain a total of ten carbons, and 

is therefore named as a bicyclodecane. There are three bridges connecting the bridgehead 

carbons: two contain four carbons, and one contains zero carbons. (The bond connecting 

the bridgehead carbons is considered to be a bridge with zero carbons.) 
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zero-carbon bridge 

four-carbon bridge -——> Te «—— four-carbon bridge 

bicyclo[4.4.0]decane 

(* = bridgehead carbons) 

The compound is named bicyclo[4.4.0] decane. 

Ree eee eee eee eee eee eee EE EEE EEE EEE HOHE OOOOH HEHEHE EES EEE EEE SESE EEE SESE EEE E EE EEE EEE HEHE EEEEEEEEES EEE EEEHEHESESE HEHEHE EEE EEE EH EEES 

7.16 Name the following compounds: 

*(a) (b) on _ PRoBLEMS — 

TERE Without drawing their structures, tell which of the following compounds is a 

fused bicyclic compound and which is a bridged bicyclic compound. 

(a) bicyclo[{2.1.1]hexane (b) bicyclo[3.1.0]hexane 

PEP eRe Ree eee eee eee eases sess sees assesses Es EEE EEHEEHEEEEEEEE EEE EE SEES SEDO SEES SESE EEES ES EEE EEE ESESESSESES ESE SESE EEEEEE ESE SES ESEEEES ES EES EEESEDE EEE EEE EEEEEeseeeS 

Some organic compounds contain many rings joined at common atoms; these com- 

pounds are called polycyclic compounds. Among the more intriguing polycyclic com- 

pounds are those that have the shapes of regular geometric solids. Three of the more 

spectacular examples are cubane, dodecahedrane, and tetrahedrane. 

cubane dodecahedrane tetrahedrane 

Cubane, which contains eight —CH — groups at the corners of a cube, was first synthe- 
sized in 1964 by Professor Philip Eaton and his associate Thomas W. Cole at the University 
of Chicago. Dodecahedrane, in which twenty —CH— groups occupy the corners of a 
dodecahedron, was synthesized in 1982 by a team of organic chemists led by Professor 
Leo Paquette ‘of Ohio State University. Tetrahedrane itself has not yielded to synthesis, 
although a derivative containing tert-butyl substituent groups at each corner has been 
prepared. Chemists tackle the syntheses of these very pretty molecules not only because 
they represent interesting problems in chemical bonding, but also because of the sheer 
challenge of the endeavor. 
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Bb. Cis and Trans Ring Fusion 
PEPER ee eee eee wees eee eee esse sue se EEE EEE EEE EEE EE SHE EHH H HEHEHE HEHE EEE EEES ESE EHH ESEEEEEEEESEEE HEHE EEE EH OESEEEEEEE SOHO OOO EES 

Two rings in a fused bicyclic compound can be joined in more than one way. Consider, 

for example, bicyclo[4.4.0]decane, which has the common name decalin. 

decalin 
(bicyclo[4.4.0]decane) 

There are two stereoisomers of decalin. In cis-decalin, two —-CH,— groups of ring 

B (circles) are cis substituents on ring A; likewise, two —CH,— groups of ring A 

(squares) are cis substituents on ring B. 

H 

(eZ) 

cis-decalin 

Notice that the cis ring fusion is shown in a planar structure by showing the cis arrange- 

ments of the bridgehead hydrogens. 

In trans-decalin, the —CH,— groups adjacent to the ring fusion are in a trans- 

diequatorial arrangement. The bridgehead hydrogens are trans-diaxial. 

H 

(7.22) 

trans-decalin 

Both cis- and trans-decalin have two equivalent planar structures: 

or or 

|_______ trans-decalin ————— |______ ¢js-. decalin ————_! 

Each cyclohexane ring in cis-decalin can undergo the chair flip, like cyclohexane 

itself. However, in trans-decalin, the six-membered rings can assume twist-boat conforma- 

tions, but they cannot flip into their alternate chair conformations. You should try the 

chair flip with models of cis- and trans-decalin to see for yourself the validity of these 
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statements. Focus on ring B of the trans-decalin structure in Eq. 7.22. Notice that the 

two circles represent carbons that are in effect equatorial substituents on ring A. If ring 

A were to flip into the other chair conformation, these two carbons in ring B would have 

to assume axial positions, because the chair flip converts equatorial groups into axial 

groups. When these two carbons are in axial positions they are much farther apart than 

they are in equatorial positions; the distance between them is simply too great to be 

spanned easily by the remaining two carbons of ring B. As a result, the chair flip introduces 

so much ring strain into ring B that the flip cannot occur. Of course, exactly the same 

problem occurs with ring A when ring B undergoes the chair flip. 

cece cece cece eee reece eee c es es ere eee reser esse esses SEH E FEES EESE HESS EEE E SESE EEE E DOSES OEESESEEE SESE ES HS OEEEEEEESSSE EET SESSEESSS OS ESESESEES ESS ES EHESEESESEEES EES OO OES 

*7.18 How many 1,3-diaxial interactions are there in cis-decalin? In trans-decalin? 

Which compound has the lower energy and by how much? (Hint: Use your 

models, and don’t count the same 1,3-diaxial interaction twice.) 

eee meee meneame rea a eee ese esses eee nesses eee Ese EEE EEE EE EEE EE EEE EEE EEE EEE EEE E SESE HEHEHE ES HEHEHE E ESE EEO EHEEEE ESSE SEES EEEESESESEEEHEEE EEE HHEEEEEEEEEEES 

Trans-decalin is more stable than cis-decalin because it has fewer 1,3-diaxial interac- 

tions (Problem 7.18). Trans ring fusion, however, is not the more stable way of joining 

rings in all fused bicyclic molecules. In fact, if both of the rings are small, trans ring 

fusion is virtually impossible. For example, only the cis isomers of the following two 

compounds are known: 

H ll 

H H 

bicyclo[1.1.0]butane bicyclo[3.1.0] hexane 

Attempting to join two small rings with a trans ring junction introduces too much ring 

strain. The best way to see this is with models, using the following exercise as your guide. 

Pee meee caer ere e eee nena eee a essere see ee eee ee Ee EE EEEEEEEEEFESESEE SEE E OEE EEEEEEE ESSE EE EEEEHEEEEEEEE EE EEE EEEEEE SEES EE EEEEEE ESSE EEEEE ESE EEEEEEE HODES EE EEE EEe 

7.19 *(a) Compare the difficulty of making models of the cis and trans isomers of 

bicyclo[3.1.0] hexane. (Don’t break your models!) Which is easier to make? 

Why? 

(b) Compare the difficulty of making models of trans-bicyclo[3.1.0]hexane and 

trans-bicyclo[5.3.0]decane. Which is easier to make? Explain. 
Seesaw meas emer sees esses esses reese eee sess esesEEEEE EEE EE EEE EES EHEEEEEEEEEE EEE HOEEESESEE EE DE EEHEOESESESE HEHE EEEESE EEE OEE EE ESD OSES HE SESH EEO E EEE EEE HEHE EEeEeeesee® 

In summary: 

1. Two rings may be fused in a cis or trans arrangement. 

2. When the rings are small, only cis fusion is observed because trans fusion 
introduces too much ring strain. 
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3. In larger rings, both cis- and trans-fused isomers are well known, but the 

trans-fused ones are more stable because 1,3-diaxial interactions are mini- 

mized (as in the decalins). 

Effects (2) and (3) are about equally balanced in the hydrindanes (bicyclo[4.3.0]nonanes); 

the trans isomer is only 2.8 kJ/mol (0.66 kcal/mol) more stable than the cis isomer. 

Se 
hydrindane 

(bicyclo[4.3.0]nonane) 

C. Trans-Cycloalkenes and Bredt’s Rule 

Cyclohexene and other cycloalkenes with small rings clearly have cis (or Z) stereochemistry 

at the double bond. Is there a trans-cyclohexene? The answer is that the trans-cycloalkenes 
with six or fewer carbons have never been observed. The reason is obvious if you try to 

build a model of trans-cyclohexene. In this molecule the carbons attached to the double 

bond are so far apart that it is difficult to connect them with only two other carbon 

atoms. To do so either introduces a great amount of strain, or requires twisting the 

molecule about the double bond, thus weakening the overlap of p orbitals involved in 

the m bond. Trans-cyclooctene is the smallest trans-cycloalkene that can be isolated under 

ordinary conditions; however, it is 383-46 kJ/mol (9-11 kcal/mol) less stable than its cis 

isomer. 

Closely related to the instability of trans-cycloalkenes is the instability of any small 

bridged bicyclic compound that has a double bond at a bridgehead atom. The following 

compound, for example, is very unstable and has never been isolated: 

bridgehead 

bicyclo[2.2.1 ]hept-1(2)-ene 
(unknown) 

Compounds such as this are said to violate Bredt’s rule: In a bicyclic compound, a 

bridgehead atom contained solely within small rings cannot be part of a double bond. (“Small 

rings,” for purposes of Bredt’s rule, contain seven or fewer atoms.) 

The reason for Bredt’s rule is that double bonds at bridgehead carbons within small 

rings are twisted; that is, the atoms directly attached to such double bonds cannot lie in 

the same plane. To see this, try to construct a model of the above compound. You will 

see that the bicyclic ring system cannot be completed without twisting the double bond. 

This is similar to the double-bond twisting that would occur in trans-cyclohexene. Like 
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the corresponding trans-cycloalkenes, bicyclic compounds containing bridgehead double 

bonds solely within small rings are too unstable to isolate. Bicyclic compounds that have 

bridgehead double bonds within larger rings are more stable and can be isolated. 

A 
bicyclo[2.2.1 |hept-1(2)-ene bicyclo[4.4.1 ]undec-1(2)-ene 

too unstable to isolate stable enough to isolate 

Use models if necessary to help you decide which compound within each pair 

should have the greater heat of formation. Explain. 

Wis gs *(a) cs cS 

A B 

Of the many naturally occurring compounds with fused rings, the class of compounds 

called the steroids is particularly important. The fundamental ring system of the steroids, 
with its special numbering, is as follows: 

The various steroids differ in the types of functional groups that are present on this 
carbon skeleton. 
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Two structural features are particularly common in naturally occurring steroids. The 

first is that in many cases all ring fusions are trans. Because trans-fused cyclohexane rings 

cannot undergo the chair flip (see Eq. 7.22 and subsequent discussion), all-trans ring 

fusion causes a steroid to be conformationally rigid and relatively flat. Second, many 

steroids have methyl groups, called angular methyls, at carbons 10 and 13. 

angular methyls aie! 

CH 
fe CH; , 

-face 

or 

H 
a-face a-face behind the page 

£-face in front of the page 

These methyl groups occupy axial positions over one face, called the B-face, of the steroid 

molecule. The other face is called the a-face. 

Many important hormones and other natural products are steroids. Cholesterol 

occurs widely and was the first steroid to be discovered (1775). The corticosteroids and 

the sex hormones represent two biologically important classes of steroid hormones. 

CH,OH 
Ge, 

H3C C=O 
dees 

cholesterol cortisone 
(important component of membranes: (anti-inflammatory hormone) 
principal component of gallstones) 

ig 
H3C CSO H,c OH 

os) i 

O 

progesterone testosterone 
(human female sex hormone) (human male sex hormone) 
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SOURCE OF STEROIDS 

Prior to 1940, steroids were isolated from such inconvenient sources as sows’ 
ovaries or the urine of pregnant mares, and were scarce and expensive. In 

the 1940s, however, a Pennsylvania State University chemist, Russell Marker 

(b. 1902), developed a process that could bring about the conversion of a 

naturally occurring compound called diosgenin into progesterone. 

eRe CH, 

several 

steps 

HO 

diosgenin 

O 

progesterone 

The natural source of diosgenin is the root of a vine, cabeza de negro, genus 

Dioscorea, indigenous to Mexico. Dioscorea, which takes three years to mature, 

is now grown on plantations, and the Mexican government justifiably regards 

this plant as a valuable natural resource. 

Relative Reactivities of Stereoisomers 

The remainder of this chapter focuses on the importance of stereochemistry in organic 

reactions. To begin, this section develops some general principles concerning the relative 
reactivities of stereoisomers. 

A. Relative Reactivities of Enantiomers 

Imagine subjecting a pair of enantiomers to the same reaction conditions. Will the 
reactivities of the enantiomers differ? As an example, consider the following reaction, in 
which a chiral alkene reacts with borane: 
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CH, CH; 

3) Phi GaGH==CHy +4BHae = a Ph —O—" CH, = CHs=-B 73) 

H H 
(a chiral alkene) 

Do the R and S enantiomers of this alkene have different reactivities? A general principle 

applies to situations like this. A pair of enantiomers react at the same rates with an achiral 

reagent. This means that the enantiomers of the alkene in Eq. 7.23 react with borane, an 

achiral reagent, at exactly the same rates to give their respective products in exactly the 
same yield. 

An analogy from common experience can help you understand why this should be 

so. Consider your feet, an enantiomeric pair of objects. Imagine placing first your right 

foot, then your left, in a perfectly square box—an achiral object. Each foot will fit this 

box in exactly the same way. If the box pinches the big toe on your right foot, it will 

also pinch the big toe on your left foot in the same way. Just as your feet interact in the 

same way with the achiral box, so enantiomeric molecules react in exactly the same way 

with achiral reagents. Because borane is an achiral reagent, the two alkene enantiomers 

in Eq. 7.23 react with borane in exactly the same way. 

Enantiomers have identical reactivities because enantiomers have the same physical 

properties (Sec. 6.3). Such properties include not only things like melting points and 

boiling points, but also free energies. Both the starting materials in Eq. 7.23 and their 

respective transition states are enantiomeric. The enantiomeric transition states have 

identical free energies, as do the enantiomeric starting materials. Because relative reac- 

tivity is determined by the difference in free energies of transition state and starting 
material, and since this difference is identical for both enantiomers, enantiomers react 

at identical rates. 

Suppose, though, that each enantiomer of the alkene in Eq. 7.23 reacts in turn with 

an enantiomerically pure chiral reagent, such as the following borane: 

Ph R Ph 

| Sx H;C™ ii, 
Re ae Ae Boe (7.24a) 

Hels Ga crt H"/ “CH,—CH;, RR 
CH; CH; i 

R (diastereomers) 

H3C cane os CH, =F i" 

B 
| CH; S CH; 

H | ~,| H3C~ ‘ Clb 
AG a G — (7.24b) wat = ro Te se 

(2R,5R)-2,5-dimethyl- | 1#°/ ~CH=CH, H CH,— CH, RR 
borolane Ph Ph 

(a chiral borane) 
S 

The following general principle applies to this situation: A pair of enantiomers react at 

different rates with a chiral reagent. This means that if one mole of the alkene racemate 

(one-half mole of each enantiomer) were to react with one-half mole of the chiral borane, 

one of the diastereomeric products in Eq. 7.24 would be formed in a greater amount 
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than the other; the alkene remaining after the borane is consumed would be enriched in 

the less reactive enantiomer. 

Another analogy might help you see why this result is reasonable. Imagine placing 

first your right foot, then your left, in your right shoe—a chiral object. Your right and 

left feet interact differently with your right shoe; the shoe fits one foot and not the other. 

The enantiomeric objects (feet) interact differently with the chiral shoe. Likewise, a pair 

of chiral molecules interact differently with a chiral reagent. The interaction of one alkene 

enantiomer in Eq. 7.24 with the chiral borane is more favorable than the interaction of 

the other. 

Enantiomers have different reactivities with a chiral reagent because diastereomers 

have different properties (Sec. 6.6). These different properties encompass not only things 

like melting points and boiling points, but also free energies. In this case, the transition 

state for the reaction of one enantiomer (Eq. 7.24a) is the diastereomer of the transition 

state for the reaction of the other (Eq. 7.24b). Because diastereomeric transition states 

have different energies, the reaction of one enantiomer occurs more rapidly than the 

reaction of the other. (Note that we may not be able to predict which enantiomer will 

be more reactive.) 

The reactivity of enantiomers can be generalized in two equivalent ways: 

1. A pair of enantiomers differ in their chemical or physical behavior only when 

they interact with other chiral objects or forces. 

2. A pair of enantiomers behave differently only under conditions that cause 

them to be involved in diastereomeric interactions. 

Enantiomeric resolution (Sec. 6.8) is another important application of these principles. 

The pair of enantiomers to be resolved assume different properties when they interact 

with an enantiomerically pure resolving agent (the “chiral object”) to form diastereomeric 

salts. 
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7.21 Apply the principles of this section to solve each of the following problems. 

*(a) Assuming equal strength in both hands, would your right and left hands 

differ in their ability to drive a nail? To drive a screw with a screwdriver? 

(b) Imagine that a certain Mr. D. has been visited by a certain Mr. L. from 

elsewhere in the universe. Mr. D. and Mr. L. are alike in every way, except 

that they are noncongruent mirror images! You have to introduce each of 

them at an international press conference, but neither of them will agree 
to give their names. How would you tell them apart? (There may be several 

ways.) 

Cee ee eee eee meee eRe eee EEE E HEHE HEHE EEE EEEEE SEED EEO HHEEEEE ESE E OHHH EEEEEEEHEEEESOESSSSEE HERES SESE E EEE H SHEE HERES EEE SESE EEE EERE DEES 
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Diastereomers in general have different reactivities toward any reagent, whether the 

reagent is chiral or achiral. The reason is that diastereomers have different free energies. 
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Consequently, their standard free energies of activation, and hence their reaction rates, 

must differ in principle. Thus, the two diastereomeric alkenes cis- and trans-2-butene 

react at different rates with all reagents. We may not be able to predict which alkene is 

more reactive or by how much, but we can be sure that the two alkenes will not be 

equally reactive. 

Reactions That Form Stereoisomers 

The previous section discussed the reactivity of stereoisomers when they are subjected to 

the same chemical reaction. This section considers what happens when a reaction results 

in the formation of stereoisomers. Are the stereoisomers formed at the same rates? Are 

they formed in the same amounts? 

A. Reactions of Achiral Compounds 

That Give Enantiomeric Products 

Suppose a chemical reaction of achiral starting materials yields a chiral product. An 

example of such a reaction is the addition of HBr to styrene. 

Ph—CH=CH, + HBr —» Ph—CH—CH, (7.25) 

styrene Br 

(1-bromoethyl)benzene 

Neither of the reactants—styrene nor HBr—is chiral. However, the product of the reac- 

tion, (1-bromoethyl)benzene, is chiral. This product could be either of two enantiomers 

or both. Thus, a question of stereochemistry arises: Which of these stereoisomers is 

formed? A general principle applies to this situation: When chiral products are formed 

from achiral starting materials, both enantiomers of a pair are always formed at identical 

rates. That is, the product is always the racemate. Thus, in the example of Eq. 7.25, equal 

amounts of (R)- and (S)-(1-bromoethyl)benzene are formed. Another way of expressing 

the same conclusion is that optical activity never arises spontaneously in the reactions of 

achiral compounds. 
An understanding of this idea hinges on the fact that a pair of enantiomers have 

identical energies. That is, for each chiral transition state in the reaction pathway, there 

is an enantiomeric transition state of equal energy. Since the enantiomeric transition 

states are formed from the same starting material, the two enantiomers of the product 

are formed with identical free energies of activation. Hence, they are formed at identical 

rates, and therefore in identical amounts. As a result, the product is a 1:1 mixture of R 

and S enantiomers—-the racemate. 
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Br 

—— Cc, 

Ph H 

ev, se HBr +¥ oH = enantiomeric reaction 
Ph — CH=CH) Ph—C ~ Br ~ | pathways (equally likely) 

CH 
CH, 

I Ph ee H 

achiral | 

Br (7.26) 

When any sort of chiral influence is present—for example, a chiral solvent, or a 

chiral catalyst—then the situation changes. In such a situation, two enantiomers of a 

pair are formed in different amounts. Enzyme catalysis provides many important examples 

of this phenomenon. Consider, for example, the conversion of fumarate and water, both 

achiral compounds, into malate, a chiral compound: 

O 

ay! A o. oatne 

One ae pees Eon eee ee ere (7.27) 

H C=0n i u 

: ise 
fumarate 

If this reaction is carried out in the laboratory at 175 °C, the malate produced in 

this reaction is the racemate, as expected from the discussion above. In biological systems, 

however, this reaction is catalyzed at a much lower temperature by the enzyme fumarase 

(Sec. 4.9C), and the product malate is the enantiomerically pure S enantiomer. 

1 
TOG H fumarase 0 a O 

10 4 pare rs * CH C ; == \ 2 \ (7.28) 

H 7 — OF ma) H On 

O (S)-malate 
(Fischer projection) ; pro) 

umarate 

Why should the enzyme catalyze the formation of one enantiomer and not the other? 
The reason is that fumarase and all other enzymes are enantiomerically pure chiral 

molecules. Because the transition state for the reaction of water and fumarate includes 
the chiral enzyme, then the R and the S transition states, which are enantiomers in the 
absence of the enzyme, are diastereomers in the presence of the enzyme. 
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[(R)-transition state + chiral enzyme] 
SSS eS as) ee es eee 

enzyme + H,O + fumarate diastereomers (7.29) 

[ 
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[(S)-transition state + chiralenzyme] ——~» (S)-malate + enzyme 

Remember that diastereomeric transition states have different free energies. Because the S 

enantiomer of malate is formed more rapidly (so much more rapidly that the R enantiomer 

is not formed at all), the transition state leading to malate of S configuration must have 

lower free energy. 

If a catalyst accelerates a reaction in one direction, then it must also accelerate the 

same reaction in the reverse direction (Sec. 4.9C). The fumarase-catalyzed reaction is 

reversible, and indeed fumarase accelerates the conversion of malate into fumarate. How- 

ever, because only (S)-malate is formed in the forward reaction, only the reaction of (S)- 

malate is catalyzed by the enzyme in the reverse reaction; (R)-malate is inert! This situation 

illustrates the principle in Sec. 7.7A: two enantiomers (R- and S-malate) differ when they 

interact with a chiral object (the enzyme). Indeed, most enzymes accept only one enantiomer 

of a chiral substrate. 

Thus, enzymes catalyze the selective formation of specific enantiomers in biological 

reactions. Likewise, when confronted with enantiomeric reactants, enzymes in most cases 

will catalyze the reaction of only one enantiomer. Although enzymes are the best known 

examples of chiral catalysts, chemists have also produced a variety of synthetic chiral 

catalysts and reagents. Hence, the stereochemical selectivity of enzymes is not particularly 

unique, although the degree of selectivity of enzymes is greater than that of most synthetic 

catalysts. 

To summarize: When chiral compounds are formed from achiral starting materials, 

the product is always racemic unless the reaction is carried out under the influence of a 

chiral environment such as a chiral solvent or a chiral catalyst. In that case, the predomi- 

nance of one enantiomer can be expected. 

bh. Reactions That Give Diastereomeric Products 

Some reactions can in principle give pairs of diastereomeric products, as in the following 

example: 

CH; CH; CH; 
BH3 H202 
ane Gils i and/or (7.30) 

“OH OH 

trans cis 
(observed) (not observed) 

all products are racemic 

In this case either the cis or trans diastereomer of the product might have been formed. 

In general when diastereomeric products can be formed in a reaction, they are always formed 

at different rates, and different amounts of each product are formed. 

Without knowing more about the reaction, however, we might not be able to predict 

which diastereomer is the major one, but we can always expect one product to be formed 
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in greater amount than the other. (In Eq. 7.30, the trans isomer is formed exclusively; 

well see why in Sec. 7.9D.) 

Diastereomers are formed in different amounts because they are formed through 

diastereomeric transition states. In general, one transition state has lower standard free 

energy than its diastereomer. The diastereomeric reaction pathways thus have different 

standard free energies of activation and therefore different rates, and their respective 

products are formed in different amounts. 

Note that although diastereomers are formed in different amounts, the differences 

in their amounts might be beyond detection: for example, one might be formed as 49.99% 

and the other as 50.01% of the product mixture. The important point is that in principle 

the two are formed in different amounts. 

Note also that when the starting materials are achiral, each diastereomer of the 

product will be formed as a pair of enantiomers (the racemate) by the principle of Sec. 

7.8A. This is the situation, for example, in Eq. 7.30. For convenience we sometimes draw 

only one enantiomer of each product formed, as in this equation, but in situations like 

this it is understood that each of these diastereomers must be racemic. 
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What stereoisomeric products could be formed in the addition of bromine to cyclohexene? 

Which should be formed in the same amounts? Which should be formed in different 

amounts? 

Solution Before dealing with any issue involving the stereochemistry of any reaction, 

first be sure you understand the reaction itself. Bromine addition to cyclohexene gives 

1,2-dibromocyclohexane: 

Br 

=F Bry eee 

Br 

1,2-dibromocyclohexane 

Next, enumerate the possible stereoisomers of the product that might be formed. The 

product, 1,2-dibromocyclohexane, can exist as a pair of diastereomers: 

Br Br 

Br ~Tsie 

cis trans 

The trans diastereomer can exist as a pair of enantiomers. The cis diastereomer is meso, 

and thus is achiral (Sec. 7.4D). Hence, three stereoisomers could be formed: the cis isomer 

and the two enantiomers of the trans isomer. Because the cis and trans isomers are 

diastereomers they are formed in different amounts. (You can’t predict at this point which 

one predominates, but we’ll return to that issue in Sec. 7.9C.) The two enantiomers of 

the trans diastereomer must be formed in identical amounts. Thus, whatever the amount of 

the trans isomer we obtain from the reaction, it is a 50:50 mixture of the two enantiomers. 

eee eee eee eee rrr rrr TORRE P OH eee eee ee Here rene ae ees r er eeEOE SEES EEE EEE EES HEHEHE TEESE SEO EESESE OSE HESEEEEE HEH ESEEE ESOS EDD EOE Ee eeeeeEeseee® 
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What stereoisomeric products are possible when cis-2-butene undergoes bromine 

addition? Which are formed in different amounts? Which are formed in the 

same amounts? 

What stereoisomeric products are possible when trans-2-butene undergoes 
hydroboration-oxidation? Which are formed in different amounts? Which are 

formed in the same amounts? 

Write all the possible products that might form when racemic 3-methylcyclo- 

hexene reacts with Br). What is the relationship of each pair? Which compounds 

should in principle be formed in the same amounts, and which in different 
amounts? Explain. 

THE ORIGIN OF OPTICALLY ACTIVE COMPOUNDS 

When a chiral compound occurs in nature, typically only one of its two 

enantiomers is found. That is, nature is a source of optically active compounds. 

For example, the sugar glucose occurs only as the dextrorotatory form shown 

below; the naturally occurring amino acid leucine is the levorotatory 

enantiomer. 

CHO 

H OH 

CO7 
OH H 

H CH,CH(CH3), 
OH 

*NH; 
H OH 

(—)-leucine 

CH,0OH 

(+)-glucose 

Many scientists hypothesize that eons ago the first chiral compounds 

were formed from simple, achiral starting materials such as methane, water, 

and HCN. This hypothesis presents a problem. As shown in Sec. 7.8A, reac- 

tions that give chiral products from achiral starting materials always give the 

racemate; net optical activity cannot be generated in the reactions of achiral 

molecules. If the biological starting materials are all achiral, why is the world 

full of optically active compounds? Instead it should be full of racemates! 

(This would mean that somewhere in the world your noncongruent mirror 

image is studying organic chemistry!) The only way out of this dilemma is 

to postulate that at some point in geologic time an enantiomeric resolution 

must have occurred. How could this have happened? 
(continues) 



310 Chapter 7 Cyclic Compounds and Stereochemistry of Reactions 

This question has generated much speculation. However, many scientists 

believe that the first optical resolution occurred purely by chance. Although 

a spontaneous enantiomeric resolution is highly improbable, it is not strictly 

impossible. In fact, such chance enantiomeric resolutions have been known 

to occur in the laboratory. For example, one enantiomer of Pasteur’s sodium 

ammonium tartrate (Sec. 6.12) sometimes crystallizes from a solution of the 

racemate, particularly if the solution is seeded by a crystal of the enantiomer. 

Perhaps the spontaneous crystallization of a pure enantiomer took place on 

the prebiotic earth, seeded by a speck of dust with just the right shape. The 

question is an intriguing one, and no one really knows the answer. 

Given that one or more enantiomeric resolutions occurred by chance at 

some time during the course of natural history, it is not difficult to understand 

how nature continues to manufacture optically active compounds. Recall that 

naturally occurring chiral catalysts—enzymes—perpetuate the formation of 

optically active compounds, such as malate, from achiral starting materials 

and accept only one enantiomer of a chiral reactant (Sec. 7.8A). Such catalytic 

discrimination guarantees a high degree of enantiomeric purity in naturally 

occurring compounds. 

Stereochemistry of Chemical Reactions 

At this point it may seem that stereochemistry adds a complicated new dimension to the 

study and practice of organic chemistry. To some extent this is true. No chemical structure 

is complete without stereochemical detail, and no chemical synthesis can be planned 

without considering problems of stereochemistry that might arise. This section examines 

the possible stereochemical outcomes of two general types of reactions, addition reactions 

and substitution reactions. Then some addition reactions covered in Chapter 5 will be 
revisited with particular attention to their stereochemistry. 

A. Stereochemistry of Addition Reactions 
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Recall that an addition reaction is a reaction in which a general species X—Y adds to 
each end of a double bond or triple bond: 

\ /, 
C=C + xX—Y —~ ee (7.31) 

7, \ | 
einer iG 

An addition reaction can occur in either of two stereochemically different ways. 
These will be illustrated with cyclohexene and a general reagent X—Y. 

In a syn addition, two groups add to a double bond from the same side or face: 
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Xx ex 
eh we + @) (7.32a) 

Y Ny 

Xand Yaddfrom X and Y add from 
the top face the bottom face 

Syn addition: 

In an anti addition, two groups add to a double bond from opposite sides or faces: 

Anti addition: 

Se ae Pe (7.32b) 

X adds from top face; X adds from bottom face; 
Y adds from bottom face Y adds from top face 

Of course, an addition might occur as a mixture of syn and anti modes. That is, 

some molecules might undergo syn addition, and others anti addition. In such a reaction, 

the products would be a mixture of all of the products in both Eqs. 7.32a and b. Examples 

of both syn and anti additions, as well as mixed additions, will be examined later in this 

section. 

As Eqs. 7.32a and b suggest, the syn and anti modes of addition can be distinguished 

by analyzing the stereochemistry of the products. In Eq. 7.32a, for example, the cis relation- 

ship of the groups X and Y in the product would tell us that a syn addition has occured. 

Thus, the stereochemistry of an addition can be determined only when the stereochemically 

different modes of addition give rise to stereochemically different products. Thus, when two 

groups X and Y are added to ethylene (CH,—CH;), the same _ product 

(X— CH,—CH,—Y) results whether the reaction is a syn or an anti addition. Because 

this product can’t exist as stereoisomers, we can’t tell whether the addition is syn or anti. 

A more general way of stating the same point is to say that syn and anti additions give 

different products only when both carbons of the double bond become carbon stereocen- 

ters in the product. If you stop and think about it, this should make sense, because the 

question of syn and anti addition is a question of the relative stereochemistry at both 

carbons, and the relative stereochemistry can’t be determined if both carbons aren’t 

stereocenters. Furthermore, in additions to alkenes, the two carbons of the double bond 

can't be stereocenters in the product unless they are stereocenters in the alkene starting 

material in the first place. 

B. Stereochemistry of Substitution Reactions 
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In a substitution reaction, one group is replaced by another. In the following substitution 

reaction, for example, the Br is replaced by OH: 

CH;—Br: + 70H —» CH,—OH + :Br: (7.33) 
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The oxidation step of hydroboration—oxidation is also a substitution reaction in which 
the boron is replaced by an OH group. 

OH” + 3 HO—OH + (CH;CH));8 —» 3 CH;CH,—OH +-B(OH), 34) 

A substitution reaction can occur in two stereochemically different ways. When a 
group X’ replaces another group X with retention of configuration, then X and X’ have 
the same relative stereochemical positions. Thus, in the following example, if X is cis to 
Y, then! X" is also cis to Y. 

Substitution with retention of configuration: 

Xx ~ Se SUMO (7.35a) 
¥ Ys 

Substitution with retention also implies that if X and X’ have the same relative priorities in the R,S system, then the carbon that undergoes substitution will have (for example) the same configuration in the reactant and the product. Thus, if this carbon has the R configuration in the starting material, it has the same, or R, configuration in the product. 
When substitution occurs with inversion of configuration, then X and X’ have different relative stereochemical positions. Thus, if X is cis to Y in the starting material, X" is trans to Y in the product: 

Substitution with inversion of configuration: 

xX 
replace X with Ss (7.35b) 

Y 

Substitution with inversion also implies that if X and X’ have the same relative priorities in the R,S system, then the carbon that undergoes substitution must have opposite configurations in the reactant and the product. Thus, if this carbon has (for example) the R configuration in the starting material, it has the Opposite, or S, configuration in the product. 
As with addition, it is also possible that a reaction might occur so that both retention and inversion can occur at comparable rates in a substitution reaction. In such a case, stereoisomeric products corresponding to both pathways will be formed. Examples of substitution reactions with inversion, retention, and mixed stereochemistry are well known. 
As Eqs. 7.35a and b suggest, analysis of the stereochemistry of substitution requires that the carbon which undergoes substitution must be a stereocenter in both the reactants and the products. For example, in the following situation, the stereochemistry of substitu- tion cannot be determined. 



ee) Stereochemistry of Chemical Reactions 313 

nota 
stereocenter Xi 

| substitution by X’ with retention 
oe 

x 

same compound 
BX 

substitution by X’ with inversion 
> 

(7.36) 

Because the carbon that undergoes substitution is not a stereocenter, the same product 

is obtained from both retention and inversion modes of substitution. 

A reaction in which particular stereoisomer(s) of the product are formed to the 

exclusion of other(s) is said to be a stereoselective reaction. Thus, an addition that occurs 

only with anti stereochemistry as shown in Eq. 7.32a is a stereoselective reaction because 

only one pair of enantiomers is formed to the exclusion of a diastereomeric pair. A 

substitution that occurs only with inversion as shown in Eq. 7.35b is also a stereoselective 

reaction because one diastereomer of the product is formed to the exclusion of the other. 

This section has established the stereochemical possibilities that might be expected 

in two types of reactions, additions and substitutions. The remaining sections apply these 

ideas in discussing the stereochemical aspects of several reactions that were first introduced 

in Chapter 5. 

C. Stereochemistry of Bromine Addition 

The addition of bromine to alkenes (Sec. 5.1A) is in many cases a stereoselective reaction. 

The addition of bromine to cis- and trans-2-butene can be used to apply the ideas of the 

previous section as well as to show how the stereochemistry of a reaction can be used to 

understand its mechanism. 

When cis-2-butene reacts with Br,, the product is 2,3-dibromobutane. 

H;C CH, 

e—_€ ap Bite ==> Clhig— Cal Br— (CEI Bir——(C)E (7.37) 

H H 2,3-dibromobutane 

cis-2-butene 

You should now realize that several stereoisomers of this product are possible: a pair of 

enantiomers and the meso compound. The meso compound and the enantiomeric pair 

should be formed in different amounts (Sec. 7.8B). If the enantiomers are formed, they 

should be formed as the racemate because the starting materials are achiral (Sec. 7.8A). 

When bromine addition to cis-2-butene is carried out in the laboratory, it is found 

that the product is virtually all (99%) racemate. Bromine addition to the trans-alkene, 

in contrast, gives exclusively the meso compound. A summary follows. 

Experimental facts: CH,;—CH—=CH— CH; Bis CH. © Br Chibr—— GH, (7.38) 

cis ae racemate 

trans es i11e€sO 
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This information indicates that addition reactions of bromine to both cis- and trans-2- 
butene are stereoselective. Are these additions syn or anti? Because the alkene is not cyclic 
(as it is in Eq. 7.32), the answer may not be obvious. The following Study Problem 
illustrates how to analyze the result systematically to get the answer. 

i itera oem nada crac eeelneiucbe ain enein sa ciniela sively steeceiels acisetalyeicsiesialne eeicies'slsslsels/eaie sie\naitieis oals/ouilseclacu aise inaacee ca eie ee meer tet ee Ree ne 

According to the experimental results in Eq. 7.38, is the addition of bromine to cis-2- 
butene a syn or an anti addition? 

Solution To answer this question, you should imagine both syn and anti additions to 
cis-2-butene and see what results would be obtained for each. Comparison of these results 
with experiment then shows us which alternative is correct. 

If bromine addition were syn, the Br, could add to either face of the double bond. 
(In the following structures we are viewing the alkene edge-on.) 

Br Br 

H3C. | Po hGiak BG CH, 
CSC ‘Cc=e 

Bigg 

addition to addition to 
upper face lower face 

Br Br CH Lee 

\ th same ENG : <7H 
oC, molecule aac ey AGO 20 a 

H H Be Br 
Br 

lela H 

H3C H 

Br 

meso-2,3-dibromobutane 
(7.39) 

This analysis shows that syn-addition from either direction gives the meso diastereomer. Because the experimental facts (Eq. 7.38) show that cis-2-butene does not give the meso isomer, the two bromine atoms cannot be adding from the same face of the molecule. Therefore syn addition does not occur. 
Consider next the anti addition of the two bromines to cis-2-butene. This addition, too, can occur in two equally probable ways. 
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Br Br 

H3C “ oo i H3C . jel 

Fee ase eT 
Br Br 

Br H3C CH Br 
x ihe rad — are. 

H3C i Ae A \ CH 
Br Br 

25,59 2R,3R 

Br Br 

H3C H H CH, 

H CH, H3C H 

Br Br 

(+)-2,3-dibromobutane (7.40) 

This analysis shows that each mode of addition gives the enantiomer of the other; that 

is, the two modes of anti addition operating at the same time should give the racemate. 

Because the experimental facts of Eq. 7.38 show that bromine addition to cis-2-butene 

indeed gives the racemate, this reaction is an anti addition. 

It is very important that you analyze in a similar manner the addition of bromine 

to trans-2-butene to show that this addition, too, is an anti addition. 
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As suggested at the end of Study Problem 7.5, you should have demonstrated to 

yourself that the addition of bromine to trans-2-butene is also a stereoselective anti 

addition. In fact, the bromine addition to most simple alkenes occurs with anti stereo- 

chemistry. Bromine addition is therefore a stereoselective reaction. 

The stereochemistry of bromine addition is one of the main reasons that the bromo- 

nium-ion mechanism, shown in Eqs. 5.3—5.4, was postulated. Let’s see how this mecha- 

nism can account for the observed results. First, the bromonium ion can form at either 

face of the alkene. (Attack at one face is shown in the following equation; you should 

show attack at the other face and take your structures through the subsequent discussion.) 

ae 

SBive + B sd 
H A bot a s * 

= — C—O, Bra (7.41) 
H,C™ cH, HY H 
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Bromonium ion formation as represented here is a syn addition, because even though 

only one group has added to the double bond, the methyl groups and hydrogens have 

the same (cis) relationship in both reactant and product. 

If formation of the bromonium ion is a syn addition, then the anti addition observed 

in the overall reaction with bromine must be established by the stereochemistry of the 

attack of bromide ion. Suppose that the bromonium ion undergoes backside attack. This 

means that the bromide ion attacks a carbon of the bromonium ion at the face opposite 

the carbon-bromine bond. If backside attack occurs, the bromonium ion is opened to 

give the observed produc t. Notice that the attack of bromide ion is a substitution reaction 

that occurs with inversion of configuration (Sec. 7.9B). As this reaction takes place, the 

methyl and the hydrogen move up (colored arrows) to maintain the tetrahedral configu- 

ration of carbon. Attack of the bromide ion at one carbon yields one enantiomer; attack 

at the other carbon yields the other enantiomer. 

a cae H :Br c 

\ HC. y 

| Caen See, 1, 

H/ \'H i, No 
CH; CH; :Br: CH; 

(+)-2,3-dibromobutane 

apie ‘Br: isl 

on A CH; 

me te C lin, | Ten we a C 

H/ \UH H/ \ 
CH; CH, CH; :Br: 

:Br (7.42) 

Thus, formation of a bromonium ion followed by backside attack of bromide is a 

mechanism that accounts for the observed anti addition of Br, to alkenes. In general, 

when nucleophiles attack saturated carbon atoms, backside attack is always observed. 

(This idea is explored in more detail in Chapter 9.) 

Might there be other mechanisms that would be consistent with the anti stereochem- 

istry of bromine addition? Let’s see what sort of prediction a carbocation mechanism 

makes about the stereochemistry of the reaction. 

Imagine the addition of Br, to either face of cis-2-butene to give a carbocation 

intermediate . 

Br-—Br . 
Ne 

io! woe v Oe n 
= — > a , Bim 7.43 

7 Ss HY wan Gee 
H3C CH, 3 

; CH; 

CH; 

ae ae :Bri7 (7.43b) 

nee J Non wh Ol 
Br——Br 
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Attack of Br~ could occur at either face of this carbocation; this would give a mixture 

of meso and racemic diastereomers. Such a reaction would not be stereoselective. Because 

this result is not observed (Eq. 7.38), a carbocation mechanism is not in accord with the 

data. This mechanism also is not in accord with the observed absence of rearrangements 

in bromine addition. The bromonium-ion mechanism, however, accounts for the results 

in a direct and simple way. The credibility of this mechanism has been enhanced by the 

direct observation of bromonium ions under special conditions. In 1985, the structure 

of a bromonium ion was proved by X-ray crystallography. 

Does the observation of anti stereochemistry prove the bromonium-ion mechanism? 

The answer is no. No mechanism is ever proved. Chemists deduce a mechanism by gathering 

as much information as possible about a reaction, such as its stereochemistry, presence 

and absence of rearrangements, etc., and ruling out all mechanisms that do not fit the 
experimental facts. If someone can think of another mechanism that explains the facts, 

then that mechanism is just as good until someone finds a way to decide between the 

two by a new experiment. 

PARE R Ree eee eee eee eee eH OEE HOE EEE EEE EEE EEE HEHEHE EEE HEHEHE EE EH EHH EHHHHHHEEEEEEEEE EEE HEEDEEEEEEEEEEEEE EEE EH EEE HEHEHE EES 

7.25 *(a) Assuming the operation of the bromonium-ion mechanism, give the struc- 

ture of the product(s) (including all stereoisomers) expected from bromine 

addition to cyclohexene. (See Study Problem 7.4.) 

(b) In view of the bromonium-ion mechanism, which of the products in your 

answer to Problem 7.24 are likely to be the major ones? 

SER e eee meee eee eee meee eee eee EEE eee see EEE Hee EE EEE EEE EEE SHEE EEE E HEHEHE EEEEEEE EEE EHO E HEHEHE EEE EOE HEE EEE EEE eeeees 

eee eee eee eee eee eee eee e eee eee meee EEE EEE DEED HEHE HEHEHE EEEE EEE EOEHHHEEHEHEEEEEEEE SESE EHH EHE HEHE TEESE EEE HEHE HEE EEE TEES 

Because hydroboration-oxidation involves two distinct reactions, its stereochemical out- 

come is a consequence of the stereochemistry of both reactions. 

Hydroboration is a syn addition. 

CAI 

CH iT he iH 
———— (7.44) 

Ga 
tien 

(both enantiomers formed) 

Even though just one enantiomer of the product is shown, the product is racemic because 

the starting materials are achiral; Sec. 7.8A. 
The syn addition of borane is a direct consequence of the concerted mechanism of 

the reaction. 

= 
Biel 

ea Sip H 
concerted (7.45a) 

i, wr syn addition 
C —— & oS a te, syn a 

a“ SS 
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Occurrence of an anti addition by the same mechanism would be difficult, because it 

would require an abnormally long B—H bond to bridge opposite faces of the alkene 

a bond. 

B concerted anti 

- . \ / : addition would require (7.45b) 
“Ca=C* as ait S an unrealistic B—H 

wa a an bond length 

The oxidation of organoboranes is a substitution reaction that occurs with retention 

of stereochemical configuration. 

a8 an 

H3C H3C 

CI . H202/OH CO (7.46) 

a =< H OH 

trans-2-methylcyclohexanol 

The results from Eqs. 7.44 and 7.46 taken together show that hydroboration-oxidation 

of an alkene brings about the net syn addition of the elements of H—OH to the double 

bond. 

HC H3C 
CH; | | _— B Pos I { 

Neen eee __H,02/OH™ (7.47) 
syn addition ns retention of ‘. 

e1) configuration ere 
Heh H 

1-methylcyclohexene 
(+)-trans-2-methyl- 

cyclohexanol 

As far as is known, all hydroboration-oxidation reactions of alkenes are syn additions. 

Notice carefully that it is the —H and —OH that have been added in a syn man- 

ner. The trans designation in the name of the product of Eq. 7.47 has nothing to 

do with the groups that have added—it refers to the relationship of the methyl 

group, which was part of the alkene starting material, and the —OH group. 

7.26 What products, including their stereochemistry, should be obtained when 

PROBLEMS 4 each of the following alkenes is subjected to hydroboration-oxidation? (D = 

wf deuterium = 7H.) 

aia) H3C CH; (b) H3C D 

\ \ 
C=C C=C 
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a2], Contrast the results in the previous problem with those to be expected when cis- 

and trans-2-butene (not isotopically labeled) are subjected to the same reaction 
conditions. 

SHPO HHH O He eee eee H EH EE EEE EE ERE EEE sees EE HEHEHE REESE ESHEETS EEESEEE HEHEHE HEHEHE HHH HEHEHE EEE HEHEHE EEE O HHO H HEHEHE HEE EEE E EEE HEHEHE HEHEHE HEHE EE ES 

E. Stereochemistry of Other Addition Reactions 
POOR e eee eee e ease ee eee eee eee eee eee EEE ee Ee EE HEHEHE EEEHEEEE HEHEHE HEE HEHEHE HEHEHE HEHEHE HEHEHE HEED EEE EE EEE HEHE HEHEHE HEHEHE EEE 

Catalytic Hydrogenation Catalytic hydrogenation of most alkenes (Sec. 4.9A) is 
a syn addition. The following example is illustrative: 

H 

HC Ph 
ore Pd/C Be Ph racemate 

| ar H, aay NT od (98% yield) (7.48a) 
C ae oe Ph CH: oy 

haa solven : 
Ph CH; 

H 

H 

Ph CH 
SS Crane te “ie Ph GH: 

| + Hp Fee aK Si meso isomer (7.48b) 

Pho “cH (solvent) 3 
3 

H 

Be sure you understand why the results indicate a syn addition. Do this by using the 

procedure introduced in Study Problem 7.5. Construct a model of the syn addition 

product in each case and show that this model can be converted into the Fischer projection 

on the right. Results like these show that the two hydrogen atoms are delivered from the 

catalyst to the same face of the double bond. The stereoselectivity of catalytic hydrogena- 

tion is one reason that the reaction is so important in organic chemistry. 

Oxymercuration-Reduction Oxymercuration of alkenes (Sec. 5.3A) is typically a 

stereoselective anti addition. 

OH 
CH, |“ CH3 

or Hg(OAc)2 = racemate (7.49) 
H20 yy 

3 CH; 

Since this reaction occurs by a cyclic-ion mechanism much like bromine addition, it 

should not be surprising that the stereochemical course of the reaction is the same. In 

the reaction of the mercury-containing product with NaBH,, however, the mercury is 

replaced by hydrogen with loss of stereochemical configuration. 
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OH OH OH 
Oey Pon | ae 

NaBH, 
aoa =e (7.50) 

 HeOAc CH 
Cal, ° ply Paes 

mixture of diastereomers 

Hence, oxymercuration-reduction is not a stereoselective reaction. Despite its lack of 

stereoselectivity, the reaction is regioselective and is very useful in situations in which 

stereoselectivity is not an issue—that is, situations in which the carbons of the double 

bond in the alkene starting material are not converted into stereocenters as a result of 

the reaction. 

Glycol Formation with OsO, or KMnO, The formation of glycols from alkenes 

with either alkaline KMnO, or OsO, is a stereoselective syn addition. 

OH 
OsO4 NaHSO3 (7.51) 

H,0 
OH 

The mechanism of this reaction suggests a reason for this stereochemistry (Eq. 5.35a). 

The five-membered osmate ester ring is easily formed when the two oxygens are added 

from the same face of the double bond by a concerted mechanism. Hydrolysis of the 

osmate ester gives the glycol. 

Ss a O O s 
ZA SS £# 
OG oO om 
> Oar © OH OH 

My é a H,0 
Be —— & Se = & Cc —C hig, ———— eS 7 € By, (G52) 

(Pe —e 
osmate ester 1,2-glycol 

On the other hand, an anti addition by a concerted mechanism would be very difficult: 

the two oxygens of OsO, cannot simultaneously bridge the upper and lower faces of the 

a bond. Syn addition of the two —OH groups with KMnO, occurs for similar reasons. 

eee e eee eee meee eee ese ere Deo e ree HE eEE EEE HE EEE RHE eEHEEHSE HSE H EES EEHHEEE SEES EH EEEEE HEHE ESET EEE EH ESE EEE EEE EEEE EEE EES EEE EHEEES 

7.28 What products are formed (including their stereochemistry) when alkaline 

KMn0O, reacts with each of the following alkenes? 

*(a) i-methylcyclopentene (b) 1-ethyl-2-methylcyclohexene 

*(c) cis-2-butene (d) trans-2-butene 

Sg ee ei ay 
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Key IDEAS IN CHAPTER 7 

[\ Except for cyclopropane, the cycloalkanes have puckered carbon 

skeletons. 

[\ Of the cycloalkanes containing relatively small rings, cyclohexane has 

the greatest stability because it has no angle strain and it can adopt a 

conformation in which all bonds are eclipsed. 

{\ The most stable conformation of cyclohexane is the chair conforma- 

tion, in which hydrogens or substituent groups assume axial or equato- 

rial positions. Cyclohexanes and substituted cyclohexanes undergo the 

chair flip, in which equatorial groups become axial, and vice-versa. The 

twist-boat conformation is a less stable conformation of cyclohexane 

derivatives. Twist-boat conformations are interconverted through boat 

transition states. 

ees cyclohexane conformation with an axial substituent is typically less 

stable than a conformation with the same substituent in an equatorial 

position because of unfavorable van der Waals interactions (1,3-diaxial 

interactions) of the axial substituent and the two axial hydrogens on 

the same face of the ring. The quantitative analysis of the relative stabil- 

ities of various conformations is called conformational analysis. 

[\ Cyclopentane exists in an envelope conformation. Cyclopentane has a 

greater heat of formation per CH, than cyclohexane because of eclips- 

ing between hydrogen atoms. 

[\  Cyclobutane and cyclopropane contain significant angle strain because 

their bonds are forced to deviate significantly from the ideal tetrahedral 

angle. Cyclopropane has bent carbon-carbon bonds. Cyclobutane and 

cyclopropane are the least stable cycloalkanes. 

A Cycloalkanes can be represented by planar polygons in which the stereo- 

chemistry of substituents is indicated by dashed or solid wedges. Such 

structures are particularly useful for assessing the chirality of cyclic 

compounds, 

{\ Bicyclic compounds contain two rings joined at two common atoms, 

called bridgehead atoms. If the bridgehead atoms are adjacent, the com- 

pound is a fused bicyclic compound; if the bridgehead atoms are not 

adjacent, the compound is a bridged bicyclic compound. Either cis or 

trans ring fusion is possible. Trans fusion, which avoids 1,3-diaxial 

interactions, is the most stable way to connect larger rings; cis fusion, 
which minimizes angle strain, is the most stable way to connect smaller 

rings. Polycyclic compounds contain many fused and/or bridged rings. 

(continues) 
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[\ Trans cycloalkenes containing rings with fewer than eight members are 

too unstable to exist under normal circumstances. 

\ Bicyclic compounds consisting of small rings containing bridgehead 

double bonds are also unstable (Bredt’s rule) because such compounds 

incorporate a highly twisted double bond. 

[\ Certain fundamental principles govern reactions involving 

stereoisomers. 

1. A pair of enantiomers have identical reactivities unless the reaction 

conditions cause them to be involved in diastereomeric interactions 

(for example, chiral catalyst, chiral solvent, etc.). 

2. Diastereomers in general have different reactivities. 

3. Chiral products are always formed as racemates in a chemical reac- 

tion involving achiral starting materials unless the reaction condi- 

tions create diastereomeric interactions (for example, chiral catalyst, 

chiral solvent, etc.) 

4. Diastereomeric products of chemical reactions are formed at differ- 

ent rates and in unequal amounts. 

A Addition reactions can occur with syn or anti stereochemistry. Substitu- 

tion reactions can occur with retention or inversion of configuration. 

The stereochemistry of a reaction is determined from the stereochemis- 

try of the product(s). Each carbon at which a chemical change occurs 

must be a stereocenter in the product in order for the stereochemistry 

of the reaction to be determined. 

eens stereoselective reaction some stereoisomers of the product are 

formed to the exclusion of others. 

[\ Bromine addition to simple alkenes is a stereoselective anti addition in 

which the syn addition of one bromine to give a bromonium ion is fol- 

lowed by attack of bromide ion with inversion of configuration. 

A Hydroboration of alkenes is a stereoselective syn addition, and the sub- 

sequent oxidation of organoboranes is a substitution that occurs with 

retention of configuration. Thus, hydroboration-oxidation of alkenes is 

an overall syn addition of the elements of H—OH to alkenes. 

[\ Catalytic hydrogenation, as well as OsO, and KMnO, oxidations, are 

stereoselective syn additions. Oxymercuration-reduction is not stereo- 

selective because the replacement of mercury with hydrogen occurs 

with mixed stereochemistry. 

cece ee ee eee eee eee e eee HEH eee Eee eases HEE EEE EEE ESE HEESE HES SEED DEEEES HESS ESSE EEES SESE SHES SHEESEHSEEDEEEEESESEHETHEESEEESE SESE EEEESES SEE E EHTS EEE E HEED OES 
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729 Draw the structures of the following compounds. 

(a) a bicyclic alkane with six carbon atoms 

(b) (S)-4-cyclobutylcyclohexene 

Name the compound whose structure you drew in (a). 
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7.30 Draw the structure of the following compounds. 
(a) a bicyclic alkane with six carbon atoms other than the one you drew in 

Problem 7.29(a) 

(b) (R)-3-ethylcyclobutene 

Name the compound whose structure you drew in (a). 

"7-31 Which of the following would distinguish (in principle) between methylcyclo- 
hexane and (E)-4-methyl-2-hexene? 

(a) molecular mass determination 

(b) uptake of H, in the presence of a catalyst 
(c) reaction with alkaline KMnO, 

(d) determination of the empirical formula 

(e) determination of the heat of formation 

(f) enantiomeric resolution 

(g) bromine addition with Br, in CCl, 

732 Draw the structure of each of the following molecules after it undergoes the 
chair flip. 

*(a) (b) CH; 
Cl 

Gl OH 

AG) 

(Hint: A chair flip in one 

ring requires a simultaneous 

chair flip in the other.) 
OCH; 

7.33 Draw a structure for each of the following compounds in its more stable chair 

conformation. 

*(a) CH (b) 
CH 

(CHs)3C “CH; 

7.34  *(a) Chlorocyclohexane contains 2.07 times as much of the equatorial form as 

the axial form at equilibrium at 25 °C. What is the standard free-energy 

difference between the two forms? Which is more stable? 

(b) The standard free-energy difference between the two chair conformations 

of isopropylcyclohexane is 9.2 kJ/mol (2.2 kcal/mol). What is the ratio of 

concentrations of the two conformations at 25 °C? 
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7.35 

7.36 

*(a) hydroboration-oxidation; 

Cyclic Compounds and Stereochemistry of Reactions 

Which of the following alcohols can be synthesized relatively free of constitutional 

isomers and diastereomers by 
(b) oxymercuration-reduction? 

OH H3C 
wer H 

CHECED a Gi —— CH,CH,CH; 

7h (OH 

B 

H SH 
H OH 

Cc D 

For each of the following reactions, provide the following information. 

(a) Give the structures of all products (including stereoisomers). 

(b) If more than one product is formed, give the stereochemical relationship 

(if any) of each pair of products. 

(c) If more than one product is formed, indicate which products are formed 

in identical amounts and which in different amounts. 

(d) If more than one product is formed, indicate which products have different 

physical properties (melting point or boiling point). 

*(L) CH; CH, CH> €—CH. CH. a lye — = 

CH,CH; 

a (2) Se eae (aii selene 

CH, CH,CH, 

BH, = H,0, 
£3) aioe” sproa aa MEOH 

CH; CH; 

(4) CH3;CH,CH=CH), + Br, —CHCh 

e(3) ge ee fey eee Sos 

Ph 

+)_ Basses BH; H,0, 
(Cares) cami id i CH, ae oe 

CHa CH; 
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(8) H 

Pd/C 

H 

7.37 Draw the structures of the following compounds. (Some parts may have more 

than one correct answer.) 

*(a) a dimethylcyclohexane with two identical chair conformations 

(b) an achiral dimethylcyclohexane with two chair forms that are conforma- 

tional diastereomers 

*(c) achiral dimethylcyclohexane with two chair forms that are conformational 

diastereomers 

(d) a dimethylcyclohexane with chair forms that are conformational 

enantiomers 

7.38  *(a) Draw a conformational representation of the following steroid. Show the 

a- and B-faces of the steroid, and label the angular methyl groups. 

(b) Draw the two chair forms of the sugar a-(+)-glucopyranose, one form of 

the sugar glucose. Which of these two forms is the major one at equilibrium? 

CH,OH 

a-(+)-glucopyranose 

(239 From your knowledge of the mechanism of bromine addition to alkenes, give 

the structure and stereochemistry of the product(s) expected when 

*(a) (3R,5R)-3,5-dimethylcyclopentene adds bromine; 

(b) cyclopentene reacts with bromine in the presence of water. (Hint: See 

Sec. 5.1B.) 
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*7. 40 

7.Al 

*7,42 

AS 

*7,44 

Anti addition of bromine to the following bicyclic alkene gives two separable 

dibromides. Suggest structures for each. (Remember that trans-decalin deriva- 

tives cannot undergo the chair flip.) 

H 

H 

When 1,4-cyclohexadiene reacts with two equivalents of Br2, a solid that melts 

at 174-178° is formed. The wide melting range indicates a mixture of compounds. 

If this solid is dissolved in CHCl, and the solvent is slowly evaporated, two 

different types of crystals separate. Each type melts sharply, one at 188° and the 

other at 218°. If the crystals are mixed and melted together, then cooled, the 

solid that melts at 174—178° is formed again. Account for these observations. 

An optically active compound A with molecular formula CgH,, undergoes cata- 

lytic hydrogenation to give an optically inactive product. Which of the following 

structures for A is(are) consistent with all the data? 

(a) CH; (b) CH, (c) CH3 

Cn CH; CH, 

(d) CH; (e) H.C 

State whether you would expect each of the following properties to be identical 

or different for the two enantiomers of 2-pentanol. Explain. 

OH 

Clie —Clhi— Cay srk 2-pentanol 

(a) boiling point (b) melting point 

(c) rotation of the plane of polarized light (d) solubility in hexane 
(e) density 

(f) solubility in (S)-3-methylhexane 

(g) dipole moment 
(h) taste (Hint: Your taste buds are chiral.) 

Draw a chair conformation for 3-methylpiperidine showing the sp° orbital that 

contains the nitrogen unshared electron pair. How many chair conformations 

of this compound are in rapid equilibrium? (Hint: See Sec. 6.10B.) 
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CH; 

3-methylpiperidine 
HN: 

7.45 Which of the following compounds could be resolved into enantiomers at room 

temperature? Explain. 

(a) See (b) OH: 

GED OH GH). N 

CH; 

(mH. € CH; (d) CH,CH; 

| 
N 

on CH, cu N s 

CH; 

*7.46 Explain why 1-methylaziridine undergoes amine inversion much more slowly 

than 1-methylpyrrolidine. (Hint: What are the hybridization and bond angles 

at nitrogen in the transition state for inversion?) 

Pye, [ y- CH; 

1-methylaziridine 1-methylpyrrolidine 

*7,A7 An alkene A of unknown stereochemistry was oxidized with alkaline KMnO, 

and the meso stereoisomer of the product was obtained: 

Orme Ol 

| 
CH3(CH);CH=CH(CH,),CH; S70» CH,(CH;);CH —CH(CH3);CH; 

A meso 

What stereoisomer of A was used in the reaction? 

7.48 For each of the following alkenes, state whether a reaction with OsO, followed 

by aqueous NaHSO; will give a racemic mixture of products that can (in princi- 

ple) be resolved into enantiomers under ordinary conditions. 

(a) ethylene . (b) cis-2-butene (c) trans-2-butene 

(d) cis-2-pentene (e) cyclopentene 
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When fumarate reacts with D,O in the presence of the enzyme fumarase (Sec. 

4.9C and 7.8A), only one stereoisomer of deuterated malate is formed. 

O 

O | 
| C—O7 

“O==C H 
Ay DO——H 

C__@ a DO — = (2S,3R)-malate-3-d 

\ D H 
lal CC On 

| G—On 
O | 

O 
fumarate 

Is this a syn or an anti addition? Explain. 

By answering the following questions, indicate the relationship between the two 

structures in each of the pairs below. Are they chair conformations of the same 

molecule? If so, are they conformational diastereomers, conformational enan- 

tiomers, or identical? If not, what is their stereochemical relationship? (Hint: 

Use planar structures to help you.) 

(a) CH; CH, 
H3C 

H3C and H3C 

CH; : 

CH; CH, 

(b) GEE 

CH, 
CH; 

H3C and 
CH, CH; 

CH, Hc 

(c) Cle. 

CH, 
CH; 

H3C and 

CH, CH, 

CH, Sb 

When 1-methylcyclohexene is hydrated in D,O, the product is a mixture of 

diastereomers; the hydration is thus not a stereoselective reaction. 
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OD 
CH; eTcOD “GH. GF 

+D,O0 ——— ot: 
fo, ee, H 

D s D 

both compounds are racemates 

(a) Show why the accepted mechanism for this reaction is consistent with these 

stereochemical results. 

(b) Why must D,O (rather than H,O) be used to investigate the stereoselectivity 

of this addition? 

(c) What isotopic substitution could be made in the starting material 1-methyl- 

cyclohexene that would allow investigation of the stereoselectivity of this 

addition with H,O? 

Consider the following compound. 

Cl 

Cl Cl 

1,2,3,4,5,6-hexachlorocyclohexane 

@| Cl 

Gl 

(a) Of the nine stereoisomers of this compound, only two can be isolated in 

optically active form under ordinary conditions. Give the structures of these 

enantiomers. 

(b) Give the structures of the two stereoisomers that each have two identical 

chair conformations. 

Give the structure of every stereoisomer of 1,2,3-trimethylcyclohexane. Label the 

enantiomeric pairs and show the plane of symmetry in each of the achiral 

stereoisomers. 

Which of the following statements about cis- and trans-decalin are true? Explain 

your answers. 

(a) They are different conformations of the same molecule. 

(b) They are constitutional isomers. 

(c) They are diastereomers. 

(d) At least one chemical bond would have to be broken in order to convert 

one into the other. 

(e) They are enantiomers. 

(f) They interconvert rapidly. 

Which one of the following compounds would be most likely to exist with one 

of its cyclohexane rings in a twist-boat conformation? Explain. 

(Problem 7.55 continues ) 
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CH, H oe CCH): 

C(CH3)3 H 

H H 

A B 

CH; 

Hi 

C(CHs); Be 

H 

E 

(CH3)3C 

1A 

D 

*7,56 The claim has been made that the more stable conformation of the following 
compound is B, in which one ring assumes a twist-boat conformation. Using 

models if necessary, explain why such a claim is reasonable. 

H 

| CH, 
C 

a 

A B 

TOT It has been argued that the energy difference between cis- and trans-1,3-di-tert- 

butylcyclohexane is a good approximation for the energy difference between the 

chair and twist-boat forms of cyclohexane. Using models to assist you, explain 

why this view is reasonable. 

*7.58 Rank the following compounds according to their heats of formation, lowest 

first, and estimate the AH® difference between each pair. 
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CH, ist 

oe Y Fee 

A B 

C 

*7.59 When (2R,5R)-2,5-dimethylborolane (structure below) is used to hydroborate 

cis-2-butene, and the product borane is treated with alkaline HO, mostly a 

single enantiomer of the product alcohol is formed. What is the absolute config- 

uration of this alcohol? Explain why the other enantiomer is not formed. (Hint: 

Build models of the borane and the alkenes. Let the borane model approach the 

alkene model from one face of the 7 bond, then the other. Decide which reaction 
is preferred by analyzing van der Waals repulsions in the transition state in each 

case.) 

lalXG= oe: CH, (2R,5R)-2,5-dimethylborolane 

B 

| 
H 

7.60 (a) What two diastereomeric products could be formed in the hydroboration- 

oxidation of the following alkene? 

CH, 

(b) Considering the effect of the methyl group on the approach of the borane- 

THF reagent to the double bond, suggest which of the two products in (a) 

should be the major product. 

7,01 Rank the compounds within each of the following sets according to their heats 

of formation, lowest first. Explain. 

(a) H H H 

ae 
(Problem 7.61 continues ) 
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b aC AC H > : : CH, 

CH; on | ( | 

Ce CEG 

*7.62 (a) The AG? for the following equilibrium is 8.4 kJ/mol (2.0 kcal/mol). (Confor- 

mation A has lower energy.) 

CH; Clals 

PES 

H3C 
> CHE GE 

CH, B 

A 

Use this information to estimate the energy cost of a 1,3-diaxial interaction 

between two methyl groups: 

CH, methyl-methyl 1,3-diaxial interaction 

Ce, 

(b) Using the result in (a), estimate the AG® for the following equilibrium: 

CH; 

CH; 
—_ H3C CH, 

G D 

7.63 The AG® for the following equilibrium is 4.73 kJ/mol (1.13 kcal/mol). (The 
equilibrium favors conformation A.) 

CH; Ph 

A B 

(a) Which behaves as if it is larger, methyl or phenyl (Ph)? Why is this 

reasonable? 
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(b) Use the AG® given above along with any other appropriate data to estimate 

AG* for the following two equilibria: 

(1) Ph 

eA a 

(2) CH; 
CH; Ph 

CH; 

Ph Git 

*7.64 (a) In how many stereochemically different ways can the two rings in a bridged 

bicyclic compound be joined? 

(b) For which one of the following bridged bicyclic compounds are all such 

stereoisomers likely to be stable enough to isolate? Explain. 

(1) bicyclo[2.2.2]octane 

(2) bicyclo[25.25.25]heptaheptacontane 

(A heptaheptacontane has 77 carbons.) 

Seem emer eee eee eee eee eee eee eee EHH E SHEESH HEEEESE SESE EEE EE HE EEO EHEEEEEEEEEEEEEEE EEE HEHE EHO HE EEE EEEEE EE EEE EHH HEHEHE EE EES 
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Introduction to 

Alkyl Halides, 

Alcohols, Ethers, 

Thiols, and 

Sulfides 

4 ' Yhis chapter covers the nomenclature and properties of several classes of com- 

pounds. They are considered together because their chemical reactions are closely 

related. 

In an alkyl halide, a halogen atom is bonded to the carbon of an alkyl group. Alkyl 

halides are classified as methyl, primary, secondary, or tertiary, depending on the number 

of alkyl groups (color in the structures below) attached to the carbon bearing the halogen. 

A methyl halide has no alkyl groups, a primary halide has one, a secondary halide has 

two, and a tertiary halide has three. 

Lee 

CH; —Br. (Gini — AG sy —— she Clie Cr Be Ciit-- @ — Br 

methyl bromide a primary | ‘ | 
alkyl bromide CH; CHs CH(CH;)>, 

a secondary a tertiary 
alkyl bromide alkyl bromide 

In an alcohol, a hydroxy group, —OH, is bonded to the carbon of an alkyl group. 

Alcohols, too, are classified as methyl, primary, secondary, or tertiary. 

CH,CH; 

Ch, —O Giga Cha Or Gelb 1S si 0) 3 CH, — C=O 

methyl alcohol a primary alcohol 
; fe Chip Giae CH(CH:3)> 

a secondary alcohol a tertiary alcohol 

335 
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Stupy GUIDE LINK: 

V8.1 

Common 

Nomenclature 

Introduction to Alkyl Halides, Alcohols, Ethers, Thiols, and Sulfides 

Compounds that contain two or more hydroxy groups are called glycols. If the 

hydroxy groups are on adjacent carbons, the compound is a vicinal glycol, the most 

important type of glycol. 

HO Gh — GH, — OH ethylene glycol (a vicinal glycol) 

Thiols, sometimes called mercaptans, are the sulfur analogs of alcohols. In a thiol, 

a sulfhydryl group, —SH, also called a mercapto group, is bonded to an alkyl group. 

An example of a thiol is ethanethiol (ethyl mercaptan), CH;CH,— SH. 

In an ether, an oxygen is bonded to two carbon groups, which may or may not be 

the same. A thioether, or sulfide, is the sulfur analog of an ether. 

Clal4Clb =O = CED CECIHb—=—O) CH(CH;)> CH; S CH,CH3 

diethyl ether ethyl isopropyl ether ethyl methyl sulfide 

The introduction to the functional groups in this chapter will be followed by subse- 

quent chapters that describe in turn the chemistry of each group. 

Nomenclature 

Several systems are recognized by the IUPAC for the nomenclature of organic compounds. 

Substitutive nomenclature, the most broadly applicable system, was introduced in the 

nomenclature of both alkanes (Sec. 2.4C) and alkenes (Sec. 4.2A), and will be applied to 

the compound classes in this chapter as well. Another widely used system that will be 

introduced in this chapter is called radicofunctional nomenclature by the IUPAC; for 

simplicity, this system will be called common nomenclature. Common nomenclature is 

generally used only for the simplest and most common compounds. Although the adop- 

tion of a single nomenclature system might seem desirable, historical usage and other 

factors have dictated the use of both common and substitutive names. 

A. Nomenclature of Alkyl Halides 

Common Nomenclature The common name of an alkyl halide is constructed from 

the name of the alkyl group (see Table 2.2) followed by the name of the halide as a 
separate word. 

CERCA > —=C) CH>Cl, 

ethyl chloride methylene chloride 
(—CH,— group = methylene group) 

CEE CEL CL Gey br (CH3),CH—I 

butyl bromide isopropyl iodide 

The common names of the following compounds should be learned. 
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€H>=CH-- CHs—Cl Phe Chase Bt CH,—=CH — Cl CCl, 

allyl chloride benzyl bromide vinyl chloride carbon tetrachloride 

(Compounds with halogens attached to alkene carbons, such as vinyl chloride, are not 

alkyl halides, but it is convenient to discuss their nomenclature here.) 

The allyl group, as the name above implies, is the CH, —CH—CH),— group. This 

should not be confused with the vinyl group, CH)—CH-—, which lacks the additional 

-—CH,—. Similarly, the benzyl group, Ph—CH,—., should not be confused with the 

phenyl group. 

Cp or Ph— (roa or Ph==CHes= 

phenyl group benzyl group 

The haloforms are the methyl trihalides. 

HCCl, HCBr; HCI, 

chloroform bromoform iodoform 

Substitutive Nomenclature The IUPAC substitutive name of an alkyl halide is 

constructed by applying the rules of alkane and alkene nomenclature (Sec. 2.4C, 4.2A). 

Halogens are always treated as substituents; the halogen substituents are named fluoro, 

chloro, bromo, or iodo, respectively. 

F 
Br | 

GH Orueee) Cees _werueiuciss, 

chloroethane bromocyclohexane 2-fluoropentane 

CH) — CH CH CHiCH,CH;, ~~ CH) —=CH'= CH— CH,CH,cH, 

Claes GH Gein 

2-chloro-3-methylhexane 3-chloro-2-methylhexane 

Clee CH=CH Ch Gh Cl 5-chloro-2-pentene 

eee eee eee e HHO HEHEHE EEE E EERE TEETER HOES EE EEHEHEEHEE HEHEHE EHH E HEHEHE EEE EEE H HOHE HEHE EEE HEHEHE HH HEHEHE E HEHE HEHEHE HEHEHE EEE EE EE EE EEE 

8.1 Give the common name for each of the following compounds, and tell whether 

each is a primary, secondary, or tertiary alkyl halide. 

*(a) GH DCHCH, —— PF (b) CH;CH,CH,CH,CH,CH,—I 
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8.2 Give the structure of each of the following compounds. 
*(a) 2,2-dichloro-5-methylhexane (b) chlorocyclopropane 

*(c) 6-bromo-1-chloro-3-methylcyclohexene (d) methylene iodide 

8.3 Give the substitutive name for each of the following compounds. 

e(aye) CH: (b) Les Cl 

le CH,CH; 
Br 

*(c) Me ua |, coe (d) chloroform 

Br Je 

“e)) Cheba = Gs § Cal ak (f) neopentyl bromide (see 

| | ralplen2e2)) 
CH; Cl 

*(g) Cl CH; (h) Br 

CH(CH3)) Br 

ATA e eee eee eee rere ee eee eee ee eee eeE EEE EEE DOES EER ESSE EEE ESSE SESE EE EEEESES SEES EE EEEEEESE EEE H SEES ES ESOS SEES EEE EE EEEEEES 

Common Nomenclature The common name of an alcohol is derived by specifying 

the alkyl group to which the —OH group is attached, followed by the separate word 
alcohol. 

CH;—OH © (CH ;),CH—OH (on CH;CH,CH,—OH 

methyl] alcohol isopropyl alcohol propyl alcohol 

cyclohexyl alcohol 

CH,==CH— CH, —OH Ph-— CHO 

allyl alcohol benzyl alcohol 

A few glycols have important traditional names. 

HOS CLDGr— Ob Cho — Gil Gre ita CHa GH 

| | 
ethylene glycol OH OH OH OH Of 

propylene glycol glycerol (glycerin) 

Thiols are named in the common system as mercaptans; this name, which means 
“captures mercury,” comes from the fact that thiols readily form heavy-metal derivatives 
(Sec. 8.5A). 

CH;CH,—SH ethyl mercaptan 
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Substitutive Nomenclature The substitutive nomenclature of alcohols and thiols 
involves an important concept of nomenclature called the principal group. The principal 

group is the chemical group on which the name is based, and is always cited as a suffix 

in the name. For example, in a simple alcohol, the —OH group is the principal group, 

and its suffix is ol. The name of an alcohol is constructed by dropping the final e from 

the name of the parent alkane and adding this suffix. 

Clap —=ClA —OlAl ethan¢g + ol] = ethanol 

(The final e is generally dropped when the suffix begins with a vowel and retained 
otherwise. ) 

For simple thiols, the —SH group is the principal group, and its suffix is thiol. 

The name is constructed by adding this suffix to the name of the parent alkane. Note 

that because the suffix begins with a consonant, the final e of the alkane name is 

retained. 

Clals = Cia = SEI ethanethiol 

Only certain groups are cited as principal groups. The —OH and —SH groups are 

the only ones in the compound classes considered so far, but others will be added in 

later chapters. If a compound does not contain a principal group, it is named as a 

substituted hydrocarbon in the manner illustrated for the alkyl halides in the previous 

section. 

The principal group and the principal chain are the key concepts used in the construc- 

tion of a substitutive name according to the general rules for substitutive nomenclature of 

organic compounds, which follow. The simplest way to learn these rules is to skip to the 

study problems and examples that follow, and let them guide you through the application 

of the rules to specific cases. 

1. Identify the principal group. 

When a structure has several candidates for the principal group, the 

group chosen is the one given the highest priority by the IUPAC. The 

IUPAC specifies that the —OH group receives precedence over an 

= Sh eetOup; 

Priority as principal group: | —OH >-—SH (8.1) 

(The complete list of principal groups and their relative priorities are sum- 

marized in Appendix I.) 

2. Identify the principal carbon chain. 

The principal chain is the carbon chain on which the name is based (Sec. 

2.4C). The principal chain is identified by applying the following criteria 

in order until a decision can be made: 

a. greatest number of principal groups; 

b. greatest number of double and triple bonds; 

c. greatest length; 

d. greatest number of other substituents. 

These criteria cover most of the cases you'll encounter. A more extensive 

list is given in Appendix i 
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3. Number the principal chain consecutively from one end. 

In numbering the principal chain, apply the following criteria in order 

until there is no ambiguity: 
a. lowest numbers for the principal groups; 

b. lowest numbers for multiple bonds, with double bonds having priority over 

triple bonds; 

c. lowest numbers for other substituents; 
d. lowest number for the substituent cited first in the name. 

4. Begin construction of the name with thename of the hydrocarbon correspond- 

ing to the principal chain. 
a. Cite the principal group by its suffix and number; its number ts the last 

one cited in the name. (See the examples below.) 

b. If there is no principal group, name the compound as a substituted hydro- 

carbon (Sec. 2.4C, 4.2A). 

c. Cite the names and numbers of the other substituents in alphabetical 

order at the beginning of the name. 

peewee cere meee eee eae eee ree eS EEE HEHEHE SHEE EH EH EEE EESENEE SESE SEE EESEEES EES OO EESESHSESE SEES E SEES EEE EEE SESE EEEEEES 

Provide an IUPAC substitutive name for each of the following compounds. 

(a) = oe pace (b) CH;CHCH=CHCHCH, 

OH OH CH,CH;SH 

Solution 
(a) Applying Rule 1, the principal group is the —OH group. Because there is only one 

possibility for the principal chain, Rule 2 does not enter the picture. Applying Rule 

3, the principal group is located at carbon-2. Applying Rule 4a, the name is based 

on the four-carbon hydrocarbon, butane. After dropping the final e and adding the 

suffix -ol, the name is obtained: 2-butanol. 

4 3 Bl 

CH;CH, eet 

OH 

2-butanol 

Applying Rule 1, the principal group is again the —OH group, because —OH has 

precedence over —SH. Applying Rule 2, the principal chain is the longest one 

containing the —OH group, and therefore has seven carbons. Numbering the 

principal chain in accord with Rule 3a gives the —OH group the lowest number 
at carbon-2 and a double bond at carbon-3: 

| 2 3 4 5) 

CH3;CHCH =CHCHCH, 
| | 

principal group ———» OH CH,CH,SH 
6 Vi principal chain numbering 

Applying Rule 4a, the parent hydrocarbon is 3-heptene, from which we drop the 

final e and add the suffix -ol, to give 3-hepten-2-ol as the final part of the name. 
(Notice that because we have to cite the number of the double bond, the number 
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for the —OH principal group is located before the final suffix -ol.) Applying Rule 

4c, the methyl group at carbon-5 and the —SH group at carbon-7 are cited as 

ordinary substituents. (The substituent name of the —SH group is the mercapto 

group.) The name is 

substituent numbers; note alphabetical 
ne citation of substituents 

7-mercapto-5-methyl-3-hepten-2-ol 

number of the principal group 

number of the double bond 

POOR e meee eee meee e eee e amen esses sees eee eee eee He ees EES EE HEE HE HEHE EEE EEEEEEEEEEEE HEHE EE EEE HEHEHE EE HEHEHESHEHEHHEEHHEEEEEEEEE SESE EEE H EEE E HEE E HEHEHE EEE EEE ES 

To name an alcohol containing more than one —OH group, the suffixes -diol, -triol, 

etc., are added to the name of the appropriate alkane without dropping the final e. 

1 2 3 4 5 

Gale Cll = Cl = CHF 

OH OH 

2,3-pentanediol 

POR e ee eee ree eee EEE HEHEHE HEE HEHEHE THEE HOE H EH EE HEHE SE ESSE SESH EEE H HEHEHE EEE E EEE HEEEEEHH HEHEHE EEEES EEE EEE EEE HEHEHE EEEH EEE H HEHE HEHEHE ES 

Name the following compound. 

SH 

OH 

OH 

Solution Applying Rule 1, the principal groups are the —OH groups. By Rule 3a these 

are given numerical precedence; thus they receive the numbers | and 3. There are two 

numbering schemes that give these groups the numbers | and 3; choose the scheme that 

gives the double bond the lower number, by Rule 3b. Applying Rule 4a, the parent 

hydrocarbon is cyclohexene, and since the suffix is -diol, the final e is retained to give 4- 

cyclohexene-1,3-diol. Finally, notice that because the —SH group has been eliminated 

from consideration as the principal group, it is treated as an ordinary substituent group 

by Rule 4c. The completed name is thus 

6-mercapto-4-cyclohexene-1,3-diol 

Peer rere reece eee mene rere eases eee E eS ESE HEHE Es EE EEEEE EEE HEHEDEEEEEEEEE OOOH OHHH EEEEEEEEEEEEEEEEEEEEEEEEE EEE EEE EEE EEEEHEEEEEE EEE ESEHESESSHESEEESEE HEE EHHHEEEEEEEEEES 
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Common and substitutive nomenclature should not be mixed. The following com- 

pounds are frequently named incorrectly: 

CHy 
| common: _ tert-butyl alcohol 

CH;—C—OH _ substitutive: 2-methyl-2-propanol 

| incorrect: t-butanol or tert-butanol 
CH; 

Giga Clio Chis common: isopropyl alcohol 

substitutive: 2-propanol 

OH incorrect: isopropanol 

8.4 Draw the structure of each of the following compounds. 

*(a) sec-butyl alcohol (b) isobutyl alcohol 

*(c) 3-ethylcyclopentanol (d) 3-methyl-2-pentanol 

*(e) (E)-6-chloro-4-hepten-2-ol (f) 2-cyclohexenol 

8.5 Give the substitutive name for each of the following compounds. 

*(a) CH;CHCH,CH,0H (b) CH3;CH,CH,CH,OH 

Br 

*(c) HO cl (d) H3C CH; 

LO C=C 

HC H CHCH.Cl 

ha 
“(e) OH 

iter argh earners. 

Deutiss 
Cioran 

(f) OH 

HO— CH) — GH —-CH, = OH 

(5) = OH! | | “(hl CHACH CEL GHCH SH EG) cH: 

le ae aes 

0/060 616 0100101016 1610/¢ 01016 6 0:0 016|0161616 1016 10:8 4.616 010 0:8,6161610101616 16/0066. u 010 0.0 016 0.0016 6.6 ciciccis cs cece ec csisicusiccesesececiesuceoce SPOOR ewe e rarer seers erererese ra eeeeseseeseeeeeeeeseeesesesees 
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C. Nomenclature of Ethers and Sulfides 
CORR eee mmm em eee eee EEE EERE H EE EEE EEE EEE EEE EEE EEE eee EHH HEHEHE SEES SHEE EHEEHOEEEEEEE THEE EEE HOHE HEHEHE HEE E EEE EEEEEEEEES 

Common Nomenclature The common name of an ether is constructed by citing 

as separate words the two groups attached to the ether oxygen in alphabetical order, 

followed by the word ether. 

GE GT re ©) cee Olel © lele CHa Oa © li 

diethyl ether ethyl methyl ether 
(also called ethyl ether or 

simply ether) 

A sulfide is named in a similar manner, using the word sulfide. (In older literature, 

the word thioether was also used.) 

ClaaClhlp;—=—S— Cela (CH: );CH—S— CH GH), 

ethyl methyl sulfide diisopropyl sulfide 
(also ethyl methyl! thioether) 

Substitutive Nomenclature In substitutive nomenclature, ethers and sulfides are 

never cited as principal groups. Alkoxy groups (RO—) and alkylthio groups (RS—) are 

always cited as substituents. 

ethoxy substituent ——~ CH;CH,O CH; <—— methy] substituent 

principal chain ——> CH;CHCH,CH,CHCH; 2-ethoxy-5-methylhexane 

In this example, the principal chain is a six-carbon chain. Hence, the compound is named 

as a hexane, and the C,H;0 — group and the methyl group are treated as substituents. 

The C,H;O0 — group is named by dropping the final y! from the name of the alkyl group 

and adding the suffix -oxy. Thus, the C)H;O0— group is the (ethy¥f + oxy) = ethoxy 
group. The numbering follows from nomenclature Rule 3d, Sec. 8.1B. 

The nomenclature of sulfides is similar. An RS— group is named by adding the 

suffix -thio to the name of the R group; the final yl is not dropped. 

substituent ——> SCH, 

| 
principal chain ——» CH;CHCH,CH,CH,CH; 2-(methylthio)hexane 

BY es Ee 

The parentheses in the name are used to indicate that “thio” is associated with “methyl” 

rather than with “hexane.” 

Peete ee meee Eee HEHE EEE EEEEE DEES EEEHETEEEEE DEES EES EEHHEEEEEE EEE HOHE HEHEHE EEE EEE HEHE HHEHHEHEEE HEHE EHH HHHHEHEEE EEE E HEHEHE EES ESET EE EEEEEE EEE HEHE HEHEHE EES 

Name the following compound. 

ClalClalClalgClal ©) —=(CRKCIRGCIRE— Ole! 

Solution The —OH group is cited as the principal group, and the principal chain is 

the chain containing this group. Consequently, the CH;CH,CH,CH,O — group is cited 

as a butoxy substituent (butyJ + oxy) at carbon-3 of the principal chain: 
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PROBLEMS 
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CH; CH. CH.CH> — 0 — CH CH CH, — OF 3-butoxy-1-propanol 
Se eee 

principal chain 
(contains principal group —OH) 

Heterocyclic Nomenclature A number of important ethers and sulfides contain 

an oxygen or sulfur atom within a ring. Cyclic compounds with rings that contain more 

than one type of atom are called heterocyclic compounds. The names of some common 

heterocyclic ethers and sulfides should be learned. 

Dike wee see oe a 
O O 5 

furan tetrahydrofuran thiophene 1,4-dioxane oxirane 
(often called THF) (often called simply dioxane) (ethylene oxide) 

(The IUPAC name for tetrahydrofuran, oxolane, is not commonly used except in indexes 

such as Chemical Abstracts.) 

Oxirane is the parent compound of a special class of heterocyclic ethers, called 

epoxides, that contain three-membered rings. A few epoxides are named traditionally as 

oxides of the corresponding alkenes: 

0 O 
we SS 

ethylene oxide ethylene styrene oxide styrene 

However, most epoxides are named substitutively as derivatives of oxirane. The atoms 

of the epoxide ring are numbered consecutively with the oxygen receiving the number 1 

regardless of the substituents present. 

| 

O 
oo 

IDC CH ©; 2-ethyloxirane 

8.6 Draw the structure of each of the following compounds. 

*(a) ethyl propyl ether (b) dicyclohexyl ether 

*(c) dicyclopentyl sulfide (d) tert-butyl isopropyl sulfide 

*(e) allyl benzyl ether (f) phenyl vinyl ether 

*(g) (2R,3R)-2,3-dimethyloxirane *(h) 5-(ethylthio)-2-methylheptane 

8.7 Give a substitutive name for each of the ie oa ae 

*(e)m Clr, OGLE H 

C=C 

H CE CH>-—_OH 
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9 Ss 
we S ; Q 9 15 

STR D 

) H 
\ 

H3C 109° 

ye ye 
H3C 111.4° CH; H;3C 99° CH; 

Bond lengths and bond angles in a simple alcohol, thiol, ether, and sulfide. Note that bond angles at 
sulfur are smaller than those at oxygen, and bonds to sulfur are longer than the corresponding bonds 
at oxygen. 

8.2 : Structures 

In all the compounds covered in this chapter, the bond angles at carbon are very nearly 

tetrahedral. For example, in the simple methyl! derivatives—the methyl halides, methanol, 

methanethiol, dimethyl ether, and dimethyl sulfide—the H—C—H bond angle in the 

methyl group does not deviate more than a degree or so from 109.5°. In an alcohol, thiol, 

ether, or sulfide the bond angle at oxygen or sulfur further defines the shape of the 

molecule. You learned in Sec. 1.3B that the shapes of such molecules can be predicted 

by thinking of an unshared electron pair as a bond without an atom at the end. This 

means that the oxygen or sulfur has four “groups”: two electron pairs and two alkyl 

groups or hydrogens. These molecules are therefore bent at oxygen and sulfur, as you 

can see from the structures in Fig. 8.1. The angle at sulfur is generally found to be closer 

to 90° than the angle at oxygen. One reason for this trend is that the unshared electron 

pairs on sulfur occupy orbitals derived from quantum level 3 that take up more space 

than those on oxygen, which are derived from level 2. The repulsion between these 

unshared pairs and the electrons in the chemical bonds forces the bonds closer together 

than they are on oxygen. 

The lengths of bonds between carbon and other atoms follow the trends discussed 

in Sec. 1.3B. Within a column of the periodic table, bonds to atoms of higher atomic 

number are longer. Thus, the C—S bond of methanethiol is longer than the C—O 

bond of methanol (Fig. 8.1, Table 8.1). Within a row, bond lengths decrease toward 

higher atomic number (that is, to the right). Thus, the C—O bond in methanol is longer 

Table 8.1 Bond Lengths (in Angstroms) 

in Some Methyi Derivatives 

CH,;—CH; CH;—NH, CH,;— OH Gis 
1.536 1.474 1.426 1.391 

— Increasing electronegativity > C@Hemes bl 

| LOBE 

Increasing atomic radius CHI 
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than the C—F bond in methyl fluoride (Table 8.1); the C—S bond in methanethiol is 

longer than the C—Cl bond in methyl chloride. 

Peewee nec e cece e cree seer er eee reese eee esses SESE DEES ESESESESETES SESE HE SESESESSH SSO SES ES ESEH ESSE ESESEESES SEL ESSE EES 

GF, —« *8.8 Using the data in Table 8.1, estimate the carbon-selenium bond length in 

PROBLEM CH;—Se—CH;. 

8.3. Effect of Molecular Polarity and 
Cau Hydrogen Bonding on Physical Properties 

OOOO e EOE EEE TEES ESET HEHE EEE H HEH H HEHEHE HEHEHE EEE HEHE EEEESSEOEEEEETESEE EES ESEEEEEEE EEE SEES EEEEHSEEES 

Most alkyl halides, alcohols, and ethers are polar molecules; that is, they have permanent 

dipole moments (Sec. 1.2D). The following examples are typical. 

dipole moment iS 25D 1.94 D oD 7D 

The polarity of a compound affects its boiling point. When the boiling points of two 

molecules with the same shape and molecular mass are compared, in many cases the 

more polar molecule has the higher boiling point. 

O CH 
ai ie es 2 EHC CH rele crs 

dipole moment P31) ~=0 

boiling point SS = AD 1° 

O 

dipole moment 17 D 0D 
boiling point 66° 4235 

What is the reason for this effect? A higher boiling point results from greater attraction 
between molecules in the liquid state (Sec. 2.6A). Polar molecules are attracted to each 

other because they can align in such a way that the negative end of one dipole is attracted 
to the positive end of the other. 

6+ = 

| 5+ 8- 6+ 6- two ways in which dipoles 
===> ee ‘ - 

: can align attractively 
é— Oo+ 

Of course, since molecules in the liquid state are in constant motion, their relative 
positions are changing constantly; however, on the average, this attraction exists and 
serves to raise the boiling point of a polar compound. 
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When a polar molecule contains a hydrocarbon portion of even moderate size its 

polarity has little effect on its physical properties; it is sufficiently alkanelike that its 

properties resemble those of an alkane. 

CH OGH CHL GH, CrLCH mm GH.CHL@rL er er rere 
boiling point Oo" oe 

From the discussion above, you might expect that an alkyl halide should have a 

higher boiling point than an alkane of the same molecular mass. However, this is not so. 

Alkyl chlorides have about the same boiling points as alkanes of the same molecular 

mass, and alkyl bromides and iodides have lower boiling points than the alkanes of about 

the same molecular mass. 

CH3CH,CH,CH,Cl CH;CH,CH,CH,CH,CH; 

molecular mass 92.6 86.2 

boiling point 78.4° 68.7° 

density 0.886 g/mL 0.660 g/mL 

CH;CH>Br CH3CH;CH,CH,CH,CH,CH; 

molecular mass 109 100.2 

boiling point 38.4° 98.4° 

density 1.46 g/mL 0.684 g/mL 

CH31 CH3CH,CH,CH,CH,CH,CH,CH,CH,CH; 

molecular mass 142 142 

boiling point 42.5° 174° 

density 2.28 g/mL 0.73 g/mL 

The key to understanding these trends is to realize that although the molecules 

compared in each row have similar molecular masses, they have very different molecular 

sizes and shapes. From their relatively high densities, it is apparent that alkyl halide 

molecules have large masses within relatively small volumes. Thus, for a given molecular 

mass, alkyl halide molecules have smaller volumes than alkane molecules. Recall that the 

attractive forces between molecules—van der Waals forces, or dispersion forces—are 

greater for larger molecules (Sec. 2.6A). Larger intermolecular attractions translate into 

higher boiling points. The greater molecular volumes of alkanes, then, should cause them 

to have higher boiling points than alkyl halides. The polarity of alkyl halides, in contrast, 

has the opposite effect on boiling points: if polarity were the only effect, alkanes would 

have lower boiling points than alkyl halides. Thus, the effects of molecular volumes and 

polarity oppose each other. They nearly cancel in the case of alkyl chlorides, which have 

about the same boiling points as alkanes of about the same molecular mass. However, 

alkane molecules are so much larger than alkyl bromide and alkyl iodide molecules of 

the same molecular mass that the volume effect dominates, and alkanes have higher 

boiling points. 

eer e ee eee eee eee eee eee eee eee ees HESS EE EOE eH Hess E EEF OEHDHEEEEESED OSES ESTEE EEEEE EHTS HEHE HEEET ETE H EHH EEESHEEEE EEE HEHE EEE HEHEHE ESSE EE EEEEESEEEDE EEE E THEE TEES 

*8.9 (a) The dipole moment of one of the 2-butene stereoisomers is zero, and the 

dipole moment of the other is 0.25 D. Which is which? Explain. 

(b) Which of the stereoisomeric 2-butenes has the higher boiling point? Explain 

your choice. 
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8.10 The boiling points of the 1,2-dichloroethylene stereoisomers are 47.4 °C and 

60.3 °C. Give the structure of the stereoisomer with the higher boiling point. 

Explain. 
Ree meee meee eee eee eee eee ee eee tees esse eee ses ee es HEHEHE EE EEE EEE E HHO EEEEEE EEE EH EEE EEEEEEES ESTES SESE SETHE EEH EEE EEESEEESEEEHEESEEEEHESEEEEESE EES 

Pere eee e eee e eee eee eee eee ee ees EEE EEE SHEE EEE E SESE ESEH EEE EEE H EHO EEHEEEE EEE EEE EEEEEEEEEEEEESEEEEESEESEEEEEEOEEES 

The boiling points of alcohols, especially alcohols of lower molecular mass, are unusually 

high in comparison to those of other organic compounds. For example, ethanol has a 

much higher boiling point than other organic compounds of about the same shape and 

molecular mass. 

CH.CH 7 —OF 9) CH. CiL CH. CHs-.0--CH. CHC —-F 

compound ethanol propane dimethyl ether ethyl fluoride 

boiling point Tse —A)° —24° 330 

dipole moment yD 0D Pu) eo) 

The contrast between ethanol and the last two compounds is particularly striking: all 

have similar dipole moments, and yet the boiling point of ethanol is much higher. The 

fact that something is unusual about the boiling points of alcohols is also apparent from 

a comparison of the boiling points of ethanol, methanol, and the simplest “alcohol,” 
water. 

boiling point 78° 65° 100° 

Generally, each additional —CH,— group results in a 20-30° difference in the boiling 

points of successive compounds in a series (Sec. 2.6A). Yet the difference in the boiling 

points of methanol and ethanol is only 13°; and water, although the “alcohol” of lowest 
molecular mass, has the highest boiling point of the three compounds. 

C. Hydrogen Bonding 
FEO eee eee ee eee eee s esse seeeEeEEEEEE EEE EEE SEEDS EEESEEE SEDO OHO EEEEEESE SESE EEE EEEEE OSES SEES EE EEEEEeEEeeesesssesesesees 

The unusual trends in the boiling points of alcohols are the result of a phenomenon 
called hydrogen bonding. In the case of alcohols, hydrogen bonding is a weak association 
of the O—H proton of one molecule with the oxygen of another. 

hydrogen bond 

R R 
ss = 
:O:---- H—O 
fi 

H 

1.8-1.9 A 
| | O—H hydrogen bond length 

0.96 A 
aml H—O covalent bond length 

Formation of a hydrogen bond requires two partners, the hydrogen-bond donor 
(the atom to which the hydrogen is fully bonded) and the hydrogen-bond acceptor (the 
atom to which the hydrogen is partially bonded). 
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donor 

H 

Nehisrponectey 
ee GBI 

CH; 

acceptor 

In a classical Lewis sense, a proton can only share two electrons. Thus, a hydrogen bond 

is difficult to describe with conventional Lewis structures. The hydrogen bond results 

from the combination of two factors: first, a weak covalent interaction between a hydrogen 

on the donor atom and unshared electron pairs on the acceptor atom; and second, an 

electrostatic attraction between oppositely charged ends of two dipoles. Opinions differ 

as to the relative importance of these two factors. 

electrostatic attraction of 
opposite charges 

R R R R 

x aa \e- at 
1O:=s-- HO: Os Ha Os 

/. yi 
H H 

weak covalent b+ 
interaction 

The hydrogen bond between two molecules resembles the same two molecules poised 
to undergo a Bronsted acid-base reaction: 

H 
7 9 Ly 

Hydrogen bonding: ak ===-:0 

R R 

donor acceptor 

H H 
| san wee Rea Le z 

Acid-base reaction: Oma :O == R—O: H—O (8.2) 
la X 
R R R 

acid base 

The hydrogen-bond donor is analogous to the Bronsted acid in Eq. 8.2, and the acceptor 

is analogous to the Bronsted base. In fact, it is not a bad analogy to think of the hydrogen 

bond as an acid-base reaction that has not quite started! In an acid-base reaction, the 

proton is fully transferred from the acid to the base; in a hydrogen bond, the proton 

interacts weakly with the acceptor but remains covalently bound to the donor. 

The best hydrogen-bond donor atoms in neutral molecules are oxygens, nitrogens, 

and halogens. In addition, as might be expected from the similarity between hydrogen- 

bond interactions and Bronsted acid-base reactions, all strong proton acids are also good 

hydrogen-bond donors. The best hydrogen-bond acceptors in neutral molecules are the 
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electronegative first-row atoms oxygen, nitrogen, and fluorine. All strong Bronsted bases 

are also good hydrogen-bond acceptors. 

Sometimes an atom can act as both a donor and an acceptor of hydrogen bonds. 

For example, because the oxygen atoms in water or alcohols can act as both donors and 

acceptors, some of the molecules in liquid water and alcohols exist in hydrogen-bonded 

chains. 

hydrogen bonds 

In contrast, the oxygen atom of an ether is a hydrogen-bond acceptor, but it is not a 

donor because it has no hydrogen to donate. Finally, some atoms are donors but not 

acceptors. The ammonium ion, *NHkg, is a good hydrogen-bond donor; but because the 

nitrogen has no unshared electron pair, it is not a hydrogen-bond acceptor. 

How can hydrogen bonding account for the unusually high boiling points of alcohols? 

In the liquid state, hydrogen bonding is a force of attraction between molecules. In the 

gas phase, hydrogen bonding is much less important and, at low pressures, does not 

exist. In order to vaporize a hydrogen-bonded liquid, energy is required to break the 

hydrogen bonds between molecules. This energy is manifested as an unusually high 
boiling point for hydrogen-bonded compounds such as alcohols. 

Hydrogen bonding is also important in other ways. You'll see in Sec. 8.4B how it 

can affect the solubility of organic compounds. It is also a very important phenomenon 

in biology. Hydrogen bonds have critical roles in maintaining the structures of proteins 

and nucleic acids (for example, enzymes and genes). Without hydrogen bonds, life as we 
know it would not exist. 

In summary, the tendency of molecules to associate noncovalently in the liquid state 
increases their boiling points. The most important forces involved in these intermolecular 
associations are 

1. hydrogen bonding: hydrogen-bonded molecules have greater boiling 
points; 

2. attractive van der Waals forces, which are influenced by 

a. molecular size: larger molecules have greater boiling points; 

b. molecular shape: more extended, less spherical molecules have greater 

boiling points; 

3. attractive interactions between permanent dipoles: molecules with perma- 
nent dipole moments have higher boiling points. 

An understanding of these factors will allow you to predict trends in boiling points within 
a group of compounds, as illustrated in the following study problem. 

C0 Dio Sie nica ce cscenenedencascaicesiesicccsesiesedvccscceseessecsvancesiescletesestneseceeeseotescvenuvcvececevce SOP Peewee eee ere nesses seer eer ses eeeeeeereseeeseeeseessereseseserese 

Arrange the following compounds in order of increasing boiling point: 1-hexanol, 1- 
butanol, tert-butyl alcohol, pentane 
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Solution 1-Butanol and pentane have the same molecular mass and about the same 

size and shape. However, because 1-butanol is a polar molecule that can both donate 

and accept hydrogen bonds, it has a considerably higher boiling point than pentane. 

Because 1-hexanol, also a primary alcohol, is a larger molecule than 1-butanol, its boil- 

ing point is the highest of the three. So far, the order of increasing boiling points is: 

pentane < 1-butanol < 1-hexanol. Tert-butyl alcohol has about the same molecular mass 

as pentane, but the alcohol has a higher boiling point because of its polarity and hydrogen 

bonding. However, a tert-butyl alcohol molecule is more branched and more nearly 

spherical than the isomeric 1-butanol molecule; thus, the boiling point of tert-butyl 

alcohol should be lower than that of 1-butanol. Therefore, the correct order of boiling 

points is: pentane < tert-butyl alcohol < 1-butanol < 1-hexanol. (The respective boiling 

points are [in °C] 36, 82, 118, 157.) 

EPPO eee meee eee eases esse area seers e sees sees esses ss E EEE HEHE EEE EHEEEEEEEED EEE EEE E HEHE HEHEHE EEE E EEE E HEHEHE HEHEHE SHEETS HEHE HEHEHE EEE EEE EEE HEHE EH EHH EES 

8.11 Within each set, arrange the compounds in order of increasing boiling point. 

*(a) 4-ethylheptane, 2-bromopropane, 4-ethyloctane 

(b) 1-butanol, 1-pentene, chloromethane 

8.12 Label each of the following molecules as a hydrogen-bond acceptor, donor, or 

both. Indicate the hydrogen that is donated and/or the atom that serves as the 

hydrogen-bond acceptor. 

*(a) HBr (b) HF: 

A solvent is a liquid used to dissolve one or more compounds. Solvents have tremendous 

practical importance. They affect the acidities and basicities of solutes. In some cases, the 

choice of a solvent can have dramatic effects on reaction rates. Understanding effects like 

these requires a classification of solvent types, to which the first part of this section is 

devoted. 

The rational choice of a solvent requires an understanding of solubility, that is, the 

factors that determine whether a given compound will dissolve in a particular solvent. 

The second part of this section discusses the principles that will allow you make general 

predictions about the solubilities of organic compounds in different solvents. The effects 

of solvents on chemical reactions are closely tied to the principles of solubility. Solubility 

is also important in biology. For example, the solubilities of drugs determine their dosage 

forms and such important characteristics as whether they are absorbed from the gut, and 

whether they pass from the bloodstream into the brain. 



352 Chapter 8 Introduction to Alkyl Halides, Alcohols, Ethers, Thiols, and Sulfides 

Because certain alcohols, alkyl halides, and ethers are among the most important 

organic solvents, this is a good point in your study of organic chemistry to study solvent 

properties. 

A. Classification of Solvents 
Beet eee eee eee eee eee ee eee eee EEO E HED OEE O OEE EUEEE HEHE EEE SESE EEE SE EEE EEE HEE HESEHEEEEEEEHEEHHEEE EEE HEHE EEE EEES 

Solvents can be classified in three ways, which are not mutually exclusive. 

1. A solvent can be protic or aprotic. 

2. A solvent can be polar or apolar. 

3. A solvent can be a donor or a nondonor. 

A protic solvent consists of molecules that can act as hydrogen-bond donors. Water, 

alcohols, and carboxylic acids are examples of protic solvents. Solvents that cannot act 

as hydrogen-bond donors are termed aprotic solvents. Ether, carbon tetrachloride, and 

hexane are examples of aprotic solvents. 

A polar solvent separates, or shields, ions effectively from each other. That is, an ion 

dissolved in a polar solvent has a weaker interaction with other ions than it does in an 

apolar solvent. A solvent’s polarity is defined by the magnitude of its dielectric constant: 

a polar solvent has a high dielectric constant; an apolar solvent has a low dielectric 

constant. The dielectric constant is a measure of how well a solvent reduces the interac- 

tions between ions in solution. The interaction energy E of two ions with respective 

charges q, and q> separated by a distance r is given by the electrostatic law: 

g= poe (8.3) 
er 

In this equation, k is a proportionality constant and € is the dielectric constant of the 
solvent in which the two ions are imbedded. This equation shows that when the dielectric 
constant € is large, the magnitude of E, the energy of interaction between the ions, is 
small. If a solvent has a dielectric constant of about 15 or greater, it is polar. Water 
(€ = 78), methanol (€ = 33), and formic acid (€ = 59) are polar solvents. Hexane 

(e = 2), ether (€ = 4), and acetic acid (€ = 6) are apolar solvents. 

Unfortunately, the word polar has a double usage in organic chemistry. When we 
say that a molecule is polar, we mean that it has a significant dipole moment, p (Sec. 
1.2D). When we say that a solvent is polar, we mean that it has a high dielectric constant. 
In other words, solvent polarity, or dielectric constant, is a property of many molecules 
acting together, but molecular polarity, or dipole moment, is a property of individual 
molecules. While it is true that all polar solvents consist of polar molecules, the converse 
is not true. The contrast between acetic acid and formic acid is particularly striking: 

O O 

CHj— 00H) tH. =¢==0F 

acetic acid formic acid 
= 15207) p= 16218'D 

€= 6.1 €e = 59 
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These two compounds contain identical functional groups and have very similar structures 

and dipole moments. Both are polar molecules. Yet they differ substantially in their 

dielectric constants and in their solvent properties! Formic acid is a polar solvent; acetic 

acid is not. 

Donor solvents consist of molecules that can donate unshared electron pairs—that 

is, molecules that can act as Lewis bases. Ether, THF, and methanol are donor solvents. 

Nondonor solvents cannot act as Lewis bases; pentane and benzene are nondonor 

solvents. 

Table 8.2 on pages 354-355 lists some common solvents used in organic chemistry 

and their classifications. As this table shows, a solvent can have a combination of proper- 

ties. For example, some polar solvents are protic (such as water and methanol), but other 

polar solvents are aprotic (such as acetone). 
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8.13 Classify each of the following substances according to their solvent properties 

(as in Table 8.2). 

*(a) 2-methoxyethanol (€ = 17) (b) 2,2,2-trifluoroethanol (€ = 26) 

AC) y (d) 2,2,4-trimethylpentane (€ = 2) 

Cit —C — Cla hClckk (E = 19) 
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One role of a solvent is simply to dissolve compounds of interest. Although finding a 

suitable solvent sometimes involves trial and error, certain principles can help us choose 

a solvent rationally. The discussion of solubility is divided into two parts: the solubility 

of covalent compounds, and the solubility of ionic compounds. 

Solubility of Covalent Compounds In determining a solvent for a covalent com- 

pound, the best rule of thumb is like dissolves like. That is, a good solvent usually has at 

least some of the molecular characteristics of the compound to be dissolved. To illustrate, 

consider the water solubility of the following compounds of comparable size and molecu- 

lar mass: 

she shOsnOse CHEGHE Gl (ClalakClalb =O) Cals CH3,CH,CH,— OH 
SE EEE 

water solubility: virtually insoluble soluble miscible 

Of these compounds, the alcohol is most soluble; in fact, it is miscible with water. This 

means that a solution is obtained when the alcohol is mixed with water in any proportion. 

You can understand these observations using what you know about water and 

alcohols. In order for a substance to dissolve in water, it must interact favorably with the 

solvent water molecules. The most favorable solute-water interactions occur when the 

solute can both donate hydrogen bonds to water and accept hydrogen bonds from water. 

An alcohol is soluble in water because its —-OH group can both donate and accept 

hydrogen bonds. Since an ether can only accept hydrogen bonds, ethers are less soluble 
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Table 8.2 Properties of Some Common Organic Solvents 

(Listed in order of increasing dielectric constant) 
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Dielectric Class 

Common Boiling constant 

Solvent Structure abbreviation point,°C  €4 Polar  Protic Donor 

hexane CH3(CH;)4CH3 — 68.7 19 | 

1,4-dioxane? O O == 101.3 2,2 5K 
A eee 

carbon tetrachloride¢ CCl — 

benzene? c) _ 

diethyl ether (C,H; ).O Et}O 

chloroform CHCl, — 

O 

ethyl acetate CH3COC;H; EtOAc 

I 
acetic acid CH3COH HOAc 

tetrahydrofuran ( : THE 

O 

methylene chloride GEE CE — 

O 
I Me,CO, 

acetone GH CGH DMK 56.3 21 x x 
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© Production to be banned in 1996. 4 Most values are at or near 25° 

CH3;0H 

water solubility: 

C,H;OH 

5 Known carcinogen 

in water than are alcohols. Finally, an alkane and an alkyl chloride can neither donate 

nor accept hydrogen bonds; consequently, these compounds are very insoluble. Thus, an 

alcohol molectle is most like water, and therefore dissolves in water to a greater extent; 

an alkane molecule is least like water, and is insoluble. 

The same effect occurs in the following series: 

miscibie 

CH;CH,CH,0H CH3;CH,CH,CH,OH CH;CH,CH,CH,CH,CH,OH 

7.7 mass % 0.58 mass % 
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Table 8.2 Properties of Some Common Organic Solvents (continued) 

(Listed in order of increasing dielectric constant) 

Dielectric Class 

Common Boiling constant 

Solvent Structure abbreviation _point,°C_—€4 Polar  Protic Donor 

ethanol C,H;0H EtOH 78.3 25 x x i 

hexamethylphosphoric [(CH3).N];,P—=O HMPA, 233 30 xX °K 

triamide? HMPT 

methanol CH;30H MeOH 64.7 33 x x i 

nitromethane CH3NO, MeNO, 101.2 36 x x 

O 

NWN 
dimethylformamide HCN(CH3)> DME 153.0 37 x i 

acetonitrile CH3;C=N MeCN 81.6 38 K 

sulfolane i — 287 (dec) 43 x x 

Ye N 
O O 

O 

dimethylsulfoxide CH3SCH; DMSO 189 47 x i 

1 
formic acid HEeOn — 100.6 59 x XK x 

water H,O a 100.0 78 x KR 

O 

| 
formamide HCNH, — 211 (dec) 111 x x Xx 
ae ag Te age aati garehenesachass tdausdedsa ded seasqaae oPats aang vaaeanasaanssoanedeee camel aaansaees ere anaeeenceret 

Alcohols with longer hydrocarbon chains are more like alkanes—and alkanes are insoluble 

in water. Hence, alcohols (as well as any other organic compounds) with long hydrocarbon 

chains are relatively insoluble. 

In contrast, hydrocarbons dissolve well in other hydrocarbons. Because the attractive 

interactions between molecules of a hydrocarbon are mainly attractive van der Waals 

forces, the energy cost for substituting a hydrocarbon molecule with another hydrocarbon 

is small. 
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_ PROBLEMS 

Introduction to Alkyl Halides, Alcohols, Ethers, Thiols, and Sulfides 

Solvents consisting of polar molecules lie in between the extremes of water on the 

one hand and hydrocarbons on the other. For example, consider the widely used solvent 

diethyl ether. Because ether can accept hydrogen bonds, it dissolves many alcohols. 

Because its dipole moment can interact favorably with other dipoles, it also dissolves 

polar compounds (for example, alkyl halides). On the other hand, because its hydrocarbon 

portion can take part in attractive van der Waals interactions, it also dissolves 

hydrocarbons. 

The solvent tetrahydrofuran (THF) is even more versatile. It dissolves everything 

ether dissolves, but it also dissolves more water than does ether. As a solvent for the 

reaction of a water-insoluble compound with water, THF is typically an excellent choice, 

because it dissolves both compounds. For example, THF is the solvent of choice in 

oxymercuration of alkenes (Sec. 5.3A); it dissolves both water and alkenes. 

What you should begin to see from discussions of this sort are the trends to be 

expected in the solubility behavior of various compounds. You cannot be expected to 

remember absolute solubilities, but you should be able to make an intelligent guess about 

the relative solubilities of a given compound in different solvents, or the relative solubilities 

of a series of compounds in a given solvent. This ability, for example, is required to solve 

the following problems. 
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*8.14 In which of the following solvents should hexane be /east soluble: diethyl ether, 

methylene chloride (CH,Cl,), ethanol, or 1-octanol? Explain. 

8.15 | Which of the following substances should be least soluble in ethanol: diethyl 

ether, methylene chloride, hexane, or 1-octanol? Explain. 

*8.16 A widely used undergraduate experiment is the recrystallization of acetanilide 

from water. Acetanilide is moderately soluble in hot water, but much less soluble 

in cold water. Identify one structural feature of the acetanilide molecule that 

would be expected to contribute positively to its solubility in water and one that 

would be expected to contribute negatively. 
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Solubility of lonic Compounds Because of the importance of both ionic reagents 

and ionic reactive intermediates in organic chemistry, the solubility of ionic compounds 

is worth special attention. lonic compounds in solution can exist in several forms, two 

of which, ion pairs and dissociated ions, are shown in Fig. 8.2. In an ion pair, each ion 

is closely associated with an ion of opposite charge. In contrast, dissociated ions move 

more or less independently in solution, and are surrounded by several solvent molecules, 

called collectively the solvation shell or solvent cage of the ion. Solvation is a term used 

to describe the favorable interaction of a dissolved molecule with solvent. When solvent 

molecules interact favorably with an ion, they are said to solvate the ion. 
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Figure 8.2 Tons in solution can exist as ion pairs and dissociated ions. The solubility of an ionic compound 
depends on the ability of the solvent to break the electrostatic attractions between ions and form sepa- 
rate solvation shells around the dissociated ions. (The colored circles are solvent molecules.) 

Ion separation and ion solvation are mechanisms by which ions are stabilized in 

solution. If you think of the sequence in Fig. 8.2 as an ordinary chemical equilibrium, 

you can see that anything that favors the right side of this equilibrium tends to solubilize 

ions. The separation and solvation of ions reduce the tendency of the ions to associate 

into aggregates and ultimately, to precipitate as solids from solution. Hence, ionic com- 

pounds are relatively soluble in solvents in which ions are well separated and solvated. 

The ability of a solvent to separate ions is measured by its dielectric constant € in 

Eq. 8.3 on p. 352. Look carefully at this equation again. The energy of attraction of two 

ions of opposite charge is reduced in a solvent with a high dielectric constant. Hence, 

ions in solvents with high dielectric constants have a reduced tendency to associate, and 

thus a higher solubility. 
Solvent molecules solvate ions in several ways, illustrated below for the solvation of 

sodium and chloride ions by water molecules: 

electron donor and 
ion-dipole interactions 

H H : Sy 
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Anions, such as the chloride ion, are solvated by hydrogen bonding; that is, they accept 

hydrogen bonds from the solvent. Cations, such as the sodium ion, are solvated by what 

are called collectively donor interactions. In one type of donor interaction, an atom with 

an unshared electron pair on a solvent molecule (such as the oxygen of water) acts as a 
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Lewis base (electron donor) toward an electron-deficient cation. In the second type of 

donor interaction, a solvent molecule aligns itself so that the negative end of its dipole 

moment vector is pointed towards the cation. This type of interaction is called an 1on- 

dipole attraction. 
To summarize: three solvent properties contribute to the solubility of ionic com- 

pounds: polarity (high dielectric constant), by which solvent molecules separate ions of 

opposite charge; proticity (hydrogen-bond donor capability), by which solvent molecules 

solvate anions; and electron-donor ability, by which solvent molecules solvate cations 

through Lewis-base and ion-dipole interactions. It follows, then, that the best solvents for 

dissolving ionic compounds are polar, protic, donor solvents. 

Thus, water is the ideal solvent for ionic compounds, something you probably know 

from experience. First, because it is polar—it has a very large dielectric constant—it is 

effective in separating ions of opposite charge. Second, because it is a donor solvent— 

a good Lewis base—it readily solvates cations. Finally, because it is protic—a good 

hydrogen-bond donor—it readily solvates anions. In contrast, hydrocarbons such as 

hexane do not dissolve ordinary ionic compounds because such solvents are apolar, 

aprotic, and nondonor solvents. Some ionic compounds, however, have appreciable solu- 

bilities in polar aprotic solvents such as acetone or DMSO. Although these solvents lack 

the protic character that solvates anions, their donor capacity solvates cations and their 

polarity separates ions of opposite charge. However, it is not surprising that because polar 

aprotic solvents lack the protic character that stabilizes anions, most salts are less soluble 

in these solvents than in water, and salts dissolved in polar aprotic solvents exist to a 

greater extent as ion pairs (Fig. 8.2). 

C. Cation-Binding Molecules 

Ionophores are molecules that form strong complexes with specific ions. (The word 

ionophore means “ion-bearing.”) The crown ethers, a class of synthetic ionophores, and 

the ionophore antibiotics, ionophores found in nature, are intriguing because they interact 

with cations through the same mechanism used by donor solvents. Study of these iono- 

phores provides additional insight into the mechanism of ionic solvation. 

Crown Ethers Some metal cations form stable complexes with a class of synthetic 
ionophores known as crown ethers, which were first prepared in 1967. These compounds 
are heterocyclic ethers containing a number of regularly spaced oxygen atoms. Some 
examples of crown ethers are the following: 

ei eee ies 

[18]-crown-6 [12]-crown-4 dibenzo[18]-crown-6 
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(The number in brackets indicates the number of atoms in the ring containing the 

oxygens, and the number following the hyphen indicates the number of oxygens.) The 

term “crown” was suggested by the three-dimensional shape of these molecules, shown 

in Fig. 8.3 for the complex of dibenzo[18]-crown-6 with the rubidium ion (Rb*). The 

oxygens of the “host” crown ether wrap around the “guest” metal cation, complexing it 

within the cavity of the ether using the donor interactions discussed in the previous 

section: Lewis-base-type electron donation and ion-dipole interactions. In fact, you can 

think of a crown ether molecule as a “synthetic solvation shell” for a cation. Because the 

metal ion must fit within the cavity, the crown ethers have some selectivity for metal 

ions according to size. For example, dibenzo[18]-crown-6 forms the strongest complexes 

with potassium ion, somewhat weaker complexes with sodium, cesium, and rubidium 

ions, and does not complex lithium or ammonium ions appreciably. On the other hand, 

[12]-crown-4, with its smaller cavity, specifically complexes the lithium ion. 

Because their structures contain hydrocarbon groups, crown ethers have significant 

solubilities in hydrocarbon solvents such as hexane or benzene. The remarkable thing 

about the crown ethers is that they can cause inorganic salts to dissolve in hydro- 

carbons—solvents in which these salts otherwise have no solubility whatsoever. For 

example, when potassium permanganate is added by itself to the hydrocarbon benzene, 

the KMnO, remains suspended, undissolved. Upon addition of a little dibenzo[18]- 

crown-6, which complexes potassium ion, the benzene takes on the purple color of a 

KMn0O, solution and this solution (nicknamed “purple benzene”) acquires the oxidizing 

power typical of KMnO,. What happens is that the crown ether complexes the potassium 

cation and dissolves it in benzene; electrical neutrality demands that the permanganate 

ion accompany the complexed potassium ion into solution. The stabilization of the 

potassium ion by the crown ether compensates for the fact that the permanganate anion is 

essentially unsolvated, or “naked.” Other potassium salts can be dissolved in hydrocarbon 

solvents in a similar manner. For example, KCl and KBr can be dissolved in hydrocarbons 

in the presence of crown ethers to give solutions of “naked chloride” and “naked bromide,” 

respectively. 

Structure of the dibenzo[18]-crown-6 complex of rubidium ion in (a) a conventional structure and 

(b) a perspective drawing based on the three-dimensional structure determined by X-ray crystallogra- 
phy. In (b), the metal ion is shaded and the oxygens are shown in color. None of the hydrogen 
atoms are shown. Crown ethers can be regarded as “synthetic solvation shells” for cations. 
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Host-GuEst CHEMISTRY 

As noted above, crown ethers can discriminate among various cations on the 

basis of a structural attribute: ionic size. As a result, crown ethers bind ions 

with a degree of selectivity. In recent years chemists have designed other classes 

of molecules that can “recognize” and bind more complicated compounds 

on the basis of their precise structures. This type of work has been spurred, 

at least in part, by a desire to understand and duplicate synthetically the 

highly specific binding that is characteristic of biological molecules such as 

enzymes and receptors. This general field, called host-guest chemistry or 

molecular recognition, was recognized with the 1987 Nobel Prize in Chemis- 

try, which was awarded to three of its pioneers: the late C. J. Pedersen, then 

a chemist with du Pont, who invented the crown ethers; Donald J. Cram, 

Professor Emeritus of Chemistry at the University of California, Los Angeles; 

and Jean-Marie Lehn, Professor of Chemistry at Universite Louis Pasteur in 

Strasbourg, France, and the College de France in Paris. 

Ionophore Antibiotics Closely related to the crown ethers are the ionophore antibi- 

otics. An antibiotic is a compound found in nature (or a synthetically prepared analog) 

that interferes with the growth or survival of one or more microorganisms. The ionophore 

antibiotics form strong complexes with metal ions in much the same way as crown ethers. 

Nonactin is an example of an ionophore antibiotic: 

CH; ] 
H3C C 

Se ek O~ O 
O=C CH; CH, 

\ O nonactin 

a \ 
O ; . r O O 

O ee 

Nonactin has a strong affinity for the potassium ion. As shown in Fig. 8.4, the 
molecule contains a cavity in which the colored oxygen atoms in the structure form a 
complex with the ion. The ion-binding properties of nonactin and related compounds 
are the basis of their action as antibiotics. 

Acidity of Alcohols and Thiols 
PO errr ence rereeerercssesesseeseererereeneseeeeesecesresssesecs 

Alcohols and thiols are weak acids. In view of the similarity between the structures of 
water and alcohols, it may come as no surprise that their acidities are about the same. 



Figure 8.4 
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Structure of the complex of the antibiotic nonactin with potassium ion. Only the carbons and oxy- 
gens are shown; hydrogen atoms are omitted. Notice that the nonactin molecule wraps around the 
potassium ion like a hand holding a ball. The oxygen atoms in direct contact with the potassium ion 
are shown in heavy color, and the other oxygens in lighter color. 

pK, 15.9 15.7 

The conjugate bases of alcohols are generally called alkoxides. The common name 

of an alkoxide is constructed by deleting the final yl from the name of the alkyl group 

and adding the suffix oxide. In substitutive nomenclature, the suffix -ate is simply added 

to the name of the alcohol. 

CH3;CH,0: Na* common: sodium ethoxide 
substitutive: sodium ethanolate 

The relative acidities of alcohols and thiols are a reflection of the element effect 

described in Sec. 3.6A. Thiols, with pK, values near 10, are substantially more acidic than 

alcohols. For example, the pK, of ethanethiol, CH;CH,SH, is 10.5. 

The conjugate bases of thiols are called mercaptides in common nomenclature and 

thiolates in substitutive nomenclature. 

CH3$? Nat* common: sodium methyl mercaptide 

substitutive: sodium methanethiolate 
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8.17 Give the structure of each of the following compounds. 
*(a) potassium tert-butoxide (b) sodium isopropoxide 

*(c) magnesium 2,2-dimethyl-1-butanolate (d) lithium methanolate 

8.18 Name the following compounds. 

Sa) Cu S—Cylials (b) Ca(OCH;), 

ee eee eee eee eee eee eee eee eee eee eee eee e eee eee aes a assess H HEHEHE EEE EEEEEEEEEHE EE EEE SEE EEE HEHEEEE EEE E EEE EHEEEEEEESESEEEEOEEEESSESESEEEE EE EEEEEES 

eee eee eee ee eee eee eee ee eee eee eee eee TEESE SESE EEE EH HEHEHE EEE HEHEHE EE HEHEHE HEHEHE EEE HEHE E EEE ESHER EES 

Because the acidity of a typical alcohol is about the same as that of water, an alcohol 

cannot be converted completely into its alkoxide conjugate base in an aqueous NaOH 

solution. 

C,H; —OH le 70H es CHO: Si HO: (8.4) 

jou, = 15,8) Ke, = 15.7 

You can see why this is true from the relative pK, values: since these are nearly the same 
for ethanol and water, both sides of the equation contribute significantly at equilibrium. 

In other words, hydroxide is not a strong enough base to convert an alcohol completely into 

its conjugate-base alkoxide. 

Alkoxides can be formed from alcohols with stronger bases. One convenient base 

used for this purpose is sodium hydride, NaH, which is a source of the hydride ion, H:~. 

Because hydride ion is a very strong base (the pK, of its conjugate acid, H;, is estimated 

to be 42), its reaction with alcohols goes essentially to completion. In addition, when 

NaH reacts with an alcohol, the reaction cannot be reversed because the by-product, 
hydrogen gas, simply bubbles out of solution. 

. 
oS 50 206 

Nader ee ee H+-O— CHCH CH iar Naw pin kk + Hat (8.5) 

CH; CH; 

quantitative yield 

Potassium hydride and sodium hydride are supplied as dispersions in mineral oil to 

protect them from reaction with moisture. When these compounds are used to con- 
vert an alcohol into an alkoxide, the mineral oil is rinsed away with pentane, a sol- 
vent such as ether or THF is added, and the alcohol is introduced cautiously with 

stirring. Hydrogen is evolved vigorously and a solution or suspension of the pure 

sodium or potassium alkoxide is formed. 

Solutions: of alkoxides in their conjugate-acid alcohols find wide use in organic 
chemistry. The reaction used to prepare such solutions is analogous to a reaction of water 
you may have observed. Sodium reacts with water to give an aqueous sodium hydroxide 
solution: 

2H—OH + 2Na —» 2Nat 70H + Hy} (8.6) 
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The analogous reaction occurs with many alcohols. Thus, sodium metal reacts with an 

alcohol to afford a solution of the corresponding sodium alkoxide: 

2R—OH + 2Na —» 2Nat OR + Hof (8.7) 

sodium alkoxide 

The rate of this reaction depends strongly on the alcohol. The reactions of sodium with 

anhydrous (water-free) ethanol and methanol are vigorous, but not violent. However, 

the reactions of sodium with some alcohols, such as tert-butyl alcohol, are rather slow. 

The alkoxides of such alcohols can be formed more rapidly with the more reactive 

potassium metal. 

Because thiols are much more acidic than water or alcohols, they, unlike alcohols, 

can be converted completely into their conjugate-base mercaptide anions by reaction 

with one equivalent of hydroxide or alkoxide. In fact, a common method of forming 

alkali-metal mercaptides is to dissolve them in ethanol containing one equivalent of 

sodium ethoxide: 

CHsH + ©H;O? => GH;S? + C,H;OH (8.8) 

ethanethiol ethoxide ion ethanethiolate ethanol 
pk, = 10.5 ion DK, = 159) 

Because the equilibrium constant for this reaction is >10° (how do you know this?), the 

reaction goes essentially to completion. 

Although alkali-metal mercaptides are soluble in water and alcohols, thiols form 

insoluble mercaptides with many heavy-metal ions, such as Hg**, Cu?*, and Pb**. 

C,H,OH 2CH;(CH,)>—SH + Pbch [GHE(GH)eSInbb) +e CHCl Mme >) 

decanethiol lead(II) decanethiolate 
(87% yield) 

2PhSH ei HcCl a =e Pho) price ta 2HCl (8.10) 

(98% yield) 

The insolubility of heavy-metal mercaptides is analogous to the insolubility of heavy- 

metal sulfides (for example, PbS), which are among the most insoluble inorganic com- 

pounds known. One reason for the toxicity of heavy-metal salts is that they form tight 

mercaptide complexes with important biomolecules that normally contain free thiol 

groups. 

CURING A DISEASE WITH MERCAPTIDES 

A relatively rare inherited disease of copper metabolism, Wilson’s disease, 

can be treated by utilizing the tendency of thiols to form complexes with 

copper ions. Accumulation of toxic levels of copper in the brain and liver 

causes the disease. Penicillamine is administered to complex the Cu*? ions: 
(continues) 
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i 
RE em C(CH3)> 

+ 

Tene HN: % ye ionized — 

| e ionized Cu carboxylic 

(CH3),C —CH—C—O carboxylic psi acid 
‘cillami acid S >NH, O | 

penicillamine \ / 

(Ch C CHC --O= 

complex of two penicillamine molecules 
with Cut? (8.20) 

The penicillamine-copper complex, unlike ordinary cupric thiolates, is rela- 

tively soluble in water because of the ionized carboxylic acid groups, and for 
this reason can be excreted by the kidneys. 

5. Polar Effects on Alcohol Acidity 

Substituted alcohols and thiols show the same type of polar effects on acidity as do 

substituted carboxylic acids (Sec. 3.6B). For example, alcohols containing electronegative 

substituent groups have enhanced acidity. Thus, 2,2,2-trifluoroethanol is more than three 

pK, units more acidic than ethanol itself. 

Relative acidity: 

CH,— CH; — On << CFE;— CEE — Or (8.11) 

pK, 15.9 12.4 

The polar effects of electronegative groups are more important when the groups are closer 
to the —OH group: 

Relative acidity: 

15.4 14.6 12.4 

The fluorines have a negligible effect on acidity when they are separated from the —OH 
group by four or more carbons. 

BUG CCCI GSC CCUPUGUMAO IEG OS C1 COD GOUT CON COCCCOCDD OC TOO OCOOOU COO GU SUDN ODO GOO CO UQUNUOCIC I SULTCSaIrOOCD. ICBC mnOneCedaannar 

8.19 In each of the following sets, arrange the compounds in order of increasing 
acidity (decreasing pK,). Explain your choices. 

*(a) CICH,CH,OH, Cl,CHCH,OH, Cl(CH,);0H 
) HCF,CH,OH, CF;CF,CH,OH, HCF,CH,CH,OH 

*(c) CICH,CH,SH, CICH,CH,OH, CH;CH,OH 

) CH3CH,CH,CH,OH, CH;0CH,CH,OH 
SSNS OIE) S RISES) Riele ie) sie\nlaininin = ne  Pie/P ee; eie\6isiete/W\n/eiasta'e eistele\aleie/e,6/dialein's(ni ete] e(6,d\alele/nia(s/a'a’o w a}6in/6(a\ciareialeie bis(wraidia)elalelaie’e a(ein(a’sis(a aisiaisisiwiaiarnia a everetatiicteee 
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C. Role of the Solvent in Alcohol Acidity 

Primary, secondary, and tertiary alcohols differ significantly in their acidities; some rele- 

vant pK, values are shown in Table 8.3. The data in this table show that the acidities of 

alcohols are in the order methyl > primary > secondary > tertiary. For many years 

chemists thought that this order was due to some sort of polar effect (Sec. 3.6B) of the 

alkyl groups around the alcohol oxygen. However, in relatively recent times, chemists 

were fascinated to learn that in the gas phase—in the absence of solvent—the order of 

acidity of alcohols is exactly reversed. 

Relative gas-phase acidity: 

(CH ),COn = (CH. CHO = CH.CULOH = CH.0OH (8.13) 

Notice carefully what is being stated here. The relative order of acidity of different 

types of alcohols is reversed in the gas phase compared to the relative order of acidity in 

solution. It is not true that alcohols are more acidic in the gas phase than they are in solu- 

tion; rather, all alcohols are much more acidic in solution than they are in the gas phase. 

Branched alcohols are more acidic than unbranched ones in the gas phase because 

a-alkyl substituents stabilize alkoxide ions. (Recall that stabilization of a conjugate-base 

anion increases acidity; Sec. 3.6B, Fig. 3.2). This stabilization occurs by a polarization 

mechanism. That is, the electron clouds of each alkyl group distort so that electron density 

moves away from the negative charge on the alkoxide oxygen, leaving a partial positive 

charge nearby. The anion is stabilized by its favorable electrostatic interaction with these 

partial positive charges. 

Because a tertiary alcohol has more a-alkyl substituents than a primary alcohol, a tertiary 

alkoxide is stabilized by this polarization effect more than a primary alkoxide. Conse- 

quently, tertiary alcohols are more acidic in the gas phase. 

Table 8.3 Acidities of Alcohols 

in Aqueous Solution 
PAPO Reem eee eee e EHH HEHEHE HEHEHE EERE ESSERE ESSE EE HEEHEEHEEE HEHEHE EH HEHEHE EES 

Alcohol pK, Alcohol pKa 

CH;0H IS. (CH; ),CHOH 7a 

CH3CH,OH aes) (CH; );COH I 
Ome meee eee eee eee teeter eee eee e eee E EEE EEE EEEETEEE HEHE EEE EHEH EEE E EEE EEE TEES 
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The same polarization effect is present in solution, but the different acidity order 

in solution shows that another effect is operating as well. The acidity order in solution 

is due to the effectiveness with which alcohol molecules solvate their conjugate-base 

anions. Recall (Sec. 8.4B) that anions are solvated, or stabilized in solution, by hydrogen 

bonding with the solvent. Such hydrogen bonding is relatively unimportant in the gas 

phase. It is thought that the alkyl groups of a tertiary alkoxide somehow interfere with 

the solvation of the alkoxide oxygen, probably by disrupting the network of nearby 

hydrogen bonds. Reducing the solvation of the tertiary alkoxide increases its energy, and 

therefore increases its basicity. Because primary alkoxides do not have so many alkyl 

branches, solvation of primary alkoxides is more effective. Consequently, their basicities 

are lower. To summarize: tertiary alkoxides are more basic than primary alkoxides. An 

equivalent statement is that primary alcohols are more acidic than tertiary alcohols. 

This discussion has shown that the solvent is not an idle bystander in the acid-base 

reaction; rather, it takes an active role in stabilizing the molecules involved, especially 

the charged species. 

Basicity of Alcohols and Ethers 

Just as water can accept a proton to form the hydronium ion, alcohols, ethers, thiols, 

and sulfides can also be protonated to form positively charged conjugate acids. Alcohols 

and ethers do not differ greatly from water in their basicities; thiols and sulfides, however, 
are much less basic. 

i i I i i 
pO) Ii GH Oi Calas —O— Calis Cali $ Il Calhlg—= S$ —= (Call, 

+ a - + 

hydronium ion conjugate acid conjugate acid conjugate acid conjugate acid 
of ethanol of diethyl ether of ethanethiol of diethyl sulfide 

————————— ee ee 

—1.74 =), 0) = 3 =5 10 =7/ 

The negative pK, values mean that these protonated species are very strong acids, and 

that their neutral conjugate bases are rather weak. Nevertheless, the ability of alcohols, 

ethers, and their sulfur analogs to accept a proton plays a very important role in many 

of their reactions, particularly those that take place in acidic solutions. 
Notice carefully that the pK, values above refer in each case to the conjugate acid 

of the neutral base. Alcohols and thiols, like water, are amphoteric substances, that is, 
they can both gain and lose a proton. Thus, two acid-base equilibria are associated with 
an alcohol: 

Loss of a proton: 

GH;s—O—H +*0H == C,H;—O? +H—OH (8.14a) 
pk, = 15.9 

Gain of a proton: 

| 
OH —O—H 6,0" CeO — He EO: (8.14b) 

+ 

Dk, = =2 © =3 



8.7 Grignard and Organolithium Reagents 367 

The acidity of an alcohol—the loss of a proton—is exemplified by the reaction in Eq. 

8.14a. Because alcohols are weak acids, this reaction is usually significant only in the 

presence of strong bases. The basicity of alcohols—the gain of a proton—is exemplified 

by the reaction in Eq. 8.14b. Because alcohols are weak bases, this reaction is usually 

significant only in the presence of strong acids. 

Ethers are also important Lewis bases. For example, the Lewis acid-Lewis base com- 

plex of boron trifluoride and diethyl ether is stable enough that it can be distilled (bp 

126°). This complex provides a convenient way to handle BF;. 

F3B Ok boron trifluoride etherate 

‘ 
C,H; 

Another example of the Lewis basicity of ethers is the complexation of BH; by tetrahydro- 
furan (THF), the solvent used in hydroboration (Sec. 5.3B). 

Water and alcohols are also excellent Lewis bases, but in a practical sense they often 

cannot be used for forming complexes with Lewis acids. The reason is that the protons 

on water and alcohols can react further and, as a result, the complex is destroyed. 

ls 2 OS se pes ~ 
GH --O— ar BF; => (Cylelg—= OB ee CoH;—O— BE, ae ei (8.15) 

| (reacts further 

Because ethers lack these protons, their complexes with Lewis acids do not react further. 

Grignard and Organolithium Reagents 
Oem eee eee meme eee ee eee eee HH eee Hew eases eee HEHE EE EEE EHH HHEEEEHEEEEE HEHEHE EEE E EEE EHEEEEHEEEHEEE EES EH HEHEHE HEHEHE EEE EEE EEE ED 

Compounds that contain carbon-metal bonds are called organometallic compounds. 

Two of the most useful types of organometallic compounds are Grignard reagents and 

organolithium reagents. A Grignard reagent is a compound of the form R—Mg—x, 

where X = Br, Cl, or I. 

Examples of Grignard reagents: 

carbon-metal bond 

CH,CH,-Mg—Br ( )-Me—c 

ethylmagnesium bromide 

cyclohexylmagnesium chloride 

DEVELOPMENT OF GRIGNARD REAGENTS 

Well known for many years, Grignard reagents are among the most versatile 

and important reagents in organic chemistry. The utility of these reagents 
was originally investigated by Professor Francois Phillipe Antoine Barbier 

(continues) 
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(1848-1922) of the University of Lyon in France. However, it was Barbier’s 

successor at Lyon, Victor Grignard (1871-1935), who developed many appli- 

cations of organomagnesium halides during the early part of the twentieth 

century. For this work, Grignard received the Nobel Prize in 1912. 

Organolithium reagents are compounds of the form R—Li. 

Examples of organolithium reagents: 

carbon-metal bond 

anes eecn (Si 

butyllithium 

phenyllithium 

Although the organolithium reagents are pictured for convenience as R—Li, many studies 

have shown that these reagents in solution are complexes of several molecules. 

Other examples of organometallic compounds include the oxymercuration adducts 

of alkenes and mercuric acetate (Sec. 5.3A), as well as the organoboranes formed by 

addition of BH; to alkenes (Sec. 5.3B). 

\. Formation of Grignard and Organolithium Reagents 

Both Grignard and organolithium reagents are formed by adding the corresponding alkyl 

or aryl halides to rapidly stirred suspensions of the appropriate metal. Ether solvents 

must be used for the formation of Grignard reagents: 

CH,;CH,—Br + Mg —“2%s20, CH,CH,—Mg—Br (8.16) 

bromoethane ethylmagnesium bromide 

(ya + No a (Mec (8.17) 

chlorocyclohexane cyclohexylmagnesium 
chloride 

The solubility of Grignard reagents in ether solvents plays a crucial role in their 
formation. Grignard reagents are formed on the surface of the magnesium metal. As they 
form, these reagents are dissolved from the metal surface by the ether solvent. As a result, 
a fresh metal surface is continuously exposed to the alkyl halide. Grignard reagents are 
soluble in ether solvents because the ether associates with the metal in a Lewis acid-base 
interaction. 
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C3H: C,H 
PACES IR I 5 Cos oe Os CoHs_ ae Os Cos AC Os 

6 6 6 
> | é 

R—Mg—Br = R--Me— br <> Ke Vor Dia Rave br (8.18) 

fl 2 2 
OG O O O 

CH.” SCH, Giri ‘ en Ga be ad ren Cnet £ ou: 

The magnesium of the Grignard reagent is two electron pairs short of an octet, and the 

oxygen of an ether can donate an electron pair to the metal. (This interaction is very 

similar to the donor interactions that stabilize cations in solution; Sec. 8.4B.) 

Lithium reagents are typically formed in hydrocarbon solvents such as hexane: 

GHACHUCHCHs=G0 Holi e222 CHIGHjGHsGH, —ls Lic] e610) 

1-chlorobutane butyllithium 

Because organolithium reagents are soluble in hydrocarbons, ether solvents are not 

required for their formation. 

Although the issue is still debated, many chemists believe that the formation of 

Grignard reagents involves radical intermediates. Magnesium atoms of the metal first 

abstract a bromine atom from the alkyl halide to form an alkyl radical R- at or near the 

magnesium surface: 

MEE a ee et (6.202) 
(on the 

metal surface) 

The resulting radicals combine before the alkyl radical can diffuse away: 

R* ’ Mg—Br: —» R—Mg—Br: (8.20b) 
(dissolved by 

the ether solvent) 

This mechanism is different from most free-radical mechanisms because it is not a chain 

reaction. Formation of organolithium reagents may occur in a similar manner. 

Grignard and organolithium reagents react violently with oxygen and (as shown in 

the next section) with water. For this reason these reagents must be prepared under 

rigorously oxygen-free and moisture-free conditions. In the case of Grignard reagents, 

exclusion of oxygen is easily assured by the low boiling points of the ether solvents that 

are normally used. As the Grignard reagent begins to form, heat is liberated and the ether 

boils. Because the reaction flask is filled with ether vapor, oxygen is virtually excluded. 

eee e eee me meee ee ee meee eee eee eee HEHEHE EEE HEHE HEH EEHEHHH HEHE EHEHEEEEES EEE EE EE HEHEHE E EEE E HEHEHE EEE EEE EEHESEEEEEE EEE E SETHE EHEEEE HEHE HEHEHE HEHE EEE EEE EEE EES 

8.20 Give an equation showing the preparation of each of the following organometallic 

compounds. 

*(a) (CH3;),.CH—MgBr (b) CH;—Mgl 
oj PPD (d) «(CH3)2,CH—Li 

le) [(CH3)2CH — CH)]3B 
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8.21 Complete each of the following equations. 

*(a) Br (b) (Ge) 2 Gado ae Iki 

Iets 

hexane 

PEO e ee eee eee etter eee eee e ee ee eee eee eee Ee EEE E EO OEE EEE EEE E ESET ESSE DO EEE EEE EEEEEEEH EEE EEE HESS EE EEE EEE EE ES SEED EHEHEO TEESE SHES EEE OSES TOOTS HEE O EEE 
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All reactions of Grignard and organolithium reagents can be understood in terms of the 

polarity of the carbon-metal bond. Because carbon is more electronegative than either 

magnesium or lithium, the negative end of the carbon-metal bond is the carbon atom. 

Imagine breaking the carbon-metal bond of a Grignard or organolithium reagent 

so that the metal becomes positively charged and electron-deficient, and the pair of 

electrons in the bond ends up on carbon. Such a carbon, bearing three bonds, an unshared 

electron pair, and a negative formal charge, is termed a carbon anion, or carbanion. 

Grignard and organolithium reagents react as if they were carbanions: 

V4 ie) cme 
—C— MoxX reacts as if it were = i Mgx (8.21) 

a carbon anion, 
or carbanion 

Grignard and organolithium reagents are not true carbanions because they have covalent 

carbon-metal bonds. However, we can predict their reactivity by thinking of them concep- 
tually as carbanions. 

For example, the view of Grignard and organolithium reagents as carbanions predicts 
the outcome of simple Bronsted acid-base reactions. Carbanions are powerful Bronsted 
bases because their conjugate acids, the corresponding alkanes, are extremely weak acids, 
with pK, values estimated to be in the 55-60 range. The logic, then, is 

1. R—H is a very weak acid (pK, = 55-60); therefore, 

2. Re is a very strong base; therefore, 

3. R—MgxX and R—Li are also strong bases. 

In fact, any Grignard or organolithium reagent reacts vigorously with even relatively 
weak acids such as water and alcohols to give the conjugate-base hydroxide or alkoxides 
and the conjugate-acid hydrocarbon of the carbanion. 

(CH); —_1i EO (CH) Ce LOH (8.23) 
CH3CH,CH,—MgBr + CH;0H —» CH;CH,CH; + CH;0—MgBr (8.24) 

Each of these reactions can be viewed as the reaction of a carbanion base with the proton 
of water or alcohol: 
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(aie Se ETN *, es 
CH,;CH, MgX HOR —» CH;CH,—H + RO? *MgX — (825) 

conjugate acid conjugate base 
of CH;CH,?~ of RO—- tH 

This is an example of a protonolysis, which is a reaction with the proton of an acid 

that breaks chemical bonds. In this case, the carbon-metal bond of the Grignard reagent 

is broken. The protonolysis reaction can be an annoyance, since, because of it, Grignard 

and organolithium reagents must be prepared in the absence of moisture. However, the 

protonolysis reaction is also useful, because it provides a method for the preparation of 

hydrocarbons from alkyl halides. Notice, for example, in Eq. 8.22 that ethane (a hydro- 

carbon) is produced from ethylmagnesium bromide, which, in turn, comes from ethyl 

bromide (an alkyl halide). Although one would not normally prepare an ordinary hydro- 

carbon by protonolysis, a particularly useful variation of this reaction is the preparation 

of hydrocarbons labeled with the hydrogen isotopes deuterium (D, or *H) or tritium 

(T, or °H) by reaction of a Grignard reagent with the corresponding isotopically labeled 

water. 

(CH3);CCH,— Br - Me (CH. CCH, MeBr === (CH) COIL = aoe) 

e SR, 8.22 Give the products of the following reactions. Show the curved-arrow formalism 

3 PROBLEMS © for each. 
Bus 3S *(a) CH,—Li + CH,0H —~ 

8.23 *(a) Give the structures of two isomeric alkylmagnesium bromides that would 

react with water to give propane. 

(b) What compounds would be formed from the reactions of the reagents in 

(a) with D,O? 
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Industrial Preparation and Use 

of Alkyl Halides, Alcohols, and Ethers 
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Among the methods used in industry to produce simple alkyl halides is direct halogenation 

of alkanes. When an alkane such as methane is treated with Cl, or Br, in the presence 

of heat or light, a mixture of alkyl halides is formed by successive chlorination reactions. 

Ha Ge Or Cle HCl (8.274) 

CE Clee ly eee ghee CH CL HCl (8.27) 

GH Cle aCe eae CHC HCl (8.27¢) 

CHG Gly a oe CCl aes Hial (8.274) 
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The relative amounts of the various products can be controlled by varying the reaction 

conditions. This reaction is particularly useful for preparing extensively halogenated com- 

pounds such as carbon tetrachloride. 

The products in Eq. 8.27a—d are formed in a series of substitution reactions (Sec. 

7.9B). For example, CH;3Cl is formed by the substitution of a hydrogen atom in methane 

by a chlorine atom: 

H H 

He Cee Ci echo cl Cl (8.28) 

H H 

The conditions of this reaction (initiation by heat or light) suggest the involvement 

of free-radical intermediates (Sec. 5.6C). The mechanism of this reaction in fact follows 

the typical pattern of other free-radical chain reactions; it has initiation, propagation, and 

termination steps. The reaction is initiated when a halogen molecule absorbs energy from 

the heat or light and dissociates homolytically into halogen atoms: 

qld: 
ee 

_light see + Gill: (8.29) 

The ensuing chain reaction has the following propagation steps: 

>Cl- a NOsee ee Ol aie CH, (8.30) 

methyl 
radical 

:4G: \O.cH, re :Cl- ar :Cl—CH; (8.31) 

Termination steps result from the recombination of radical species (Problem 8.27). 

The halogenation of alkanes by a free-radical mechanism is an example of a free- 

radical substitution reaction: a substitution reaction that occurs by a free-radical chain 

mechanism. (Contrast this with the free-radical addition mechanism for peroxide- 
mediated addition to alkenes in Sec. 5.6C.) 

Free-radical halogenations with chlorine and bromine proceed smoothly, halogena- 
tion with fluorine is violent, and halogenation with iodine does not occur. These obser- 
vations correlate with the AH® values for halogenation of methane by each halogen 
(see Problem 5.49). Halogenation by fluorine is so strongly exothermic (AH° = —424 
kJ/mol, —101 kcal/mol) that the reaction is difficult to control; that is, the temperature 
of the reaction mixture rises more rapidly than the heat can be dissipated. Iodination is 
endothermic (AH® = +54 kJ/mol, +13 kcal/mol); the reaction is so unfavorable energeti- 
cally that it does not proceed to a useful extent. Chlorination (AH° = —106 kJ/mol, —25 
kcal/mol) and bromination (AH° = —30 kJ/mol, —7 kcal/mol) are mildly exothermic, 
and proceed to completion without becoming violent. 

mane ar inn em om SSIGiCielelelsieisisie)siexeteishcleieisjeleisicie/eicleisieieiajete!e\s(e}eie.e.e)ela{essisseleinre)ele/e ee .elsieielelsia‘siniw.evele/eleieie\s(e)a(e\n\aisielslele/¢(6|9\e/a\a)a(n|s/efuio(e\oiviei¢]aie/eiaie'sis)slele(alerele/s/eiajeieis(sisteicioteieistaistercieiniemion aieieisinite 

*8.24 Give the free-radical chain mechanism for the formation of methylene chloride 
from methane and chlorine in the presence of heat or light. 
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8.25 Give the free-radical chain mechanism for the formation of ethyl bromide from 

ethane and bromine in the presence of light. 

*8.26 Explain why ethane is formed as a minor by-product in the free-radical chlorina- 

tion of methane. 

8.27 Explain why butane is formed as a minor by-product in the free-radical bromina- 

tion of ethane. 
TOTO ee eee eee eee eee eee eee EEE EEE EEE EEEEEEEEEEEEEES TEESE SESE ESHS OEE OEOHEHEEEEEEEEEEH HEE HESEHEEEEEEEEEE SHEE EE EEE EEE EEE SEES EE EE EEE EEEEEEEEE HEHEHE EEEES 
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Very few halogen-containing organic compounds occur naturally. Those that do occur 

are produced by marine organisms that inhabit salt water, in which the concentration of 

halide ions is relatively high. 

Alkyl halides and other halogen-containing organic compounds have many practical 

uses. Methylene chloride, chloroform, and carbon tetrachloride are important solvents 

(Table 8.2) that do not pose the flammability hazard of ethers. Tetrachloroethylene, 

trichlorofluoroethane, and trichloroethylene are used industrially as dry-cleaning solvents. 

A number of halogen-containing alkenes serve as monomers for the synthesis of useful 

polymers, for example, PVC, Teflon, and Kel-F (Table 5.4). Bromotrifluoromethane and 

a number of other brominated organic compounds are used as commercial flame 

retardants. The compound 2,4-dichlorophenoxyacetic acid (sold as 2,4-D) mimics a plant 

growth hormone, and causes broadleaved weeds to overgrow and eventually die. This is 

the dandelion killer used in commercial lawn fertilizers. 

Cl 0 

Cl GOaCibaO— Ole few) 

Some alkyl halides have medical uses. Halothane, CIBrCH—CF;, and methoxy- 

flurane, Cl,CH—CF,—OCHs, are safe and inert general anesthetics that have largely 

supplanted the highly flammable compounds ether and cyclopropane. Certain fluorocar- 

bons dissolve substantial amounts of oxygen, and there have been reports that such 

compounds have been used experimentally as artificial blood in surgical applications. 

Because alkyl halides are rarely found in nature, and because many are not biologically 

degraded, it is perhaps not surprising that some alkyl halides released into the environment 

have become the focus of concern. The chlorofluorocarbons (Freons, or CFCs) such as 

F,CCl,, HCCIF;, and HCC1,F, are among the most noteworthy examples. Until relatively 

recent times these compounds were the only ones used as refrigerants in commercial 

cooling systems, and they were also widely used as propellants in aerosol products. 

Nontoxic and nonflammable, and with properties ideally suited to their applications, they 

seemed to be ideal industrial chemicals. During the 1970s a number of studies implicated 

them in the destruction of stratospheric ozone, a process that occurs by a series of free- 

radical chain reactions. In October 1978 the United States government banned their use 

in virtually all but certain medically essential aerosol products, and a production phaseout 

of CFCs and certain other halogenated compounds is planned for January 1996. The 
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search for satisfactory CFC replacements has not been wholly successful, but many of 

the most promising substitutes are other alkyl halides. 

Some potent and effective insecticides are organohalogen compounds. 

H a H 

| H 
Gl G Cl e 

| Cl 

CCl, 

DDT chlordane 

DDT, which once played a key role in the elimination of malaria in the southern United 

States, was found to accumulate in the fatty tissues of birds and fish, and its use has been 

curtailed. Chlordane, too, has been banned except for certain specialized applications. 

The conflict between the use of chemistry to improve humanity’s living conditions 

and the generation of new problems caused by the release of chemicals into the environ- 

ment finds real focus in the controversies surrounding the use of many organohalogen 

compounds. Ultimately, the potential benefit of any chemical product must be weighed 

against its hazards. As one official has said, those who shoulder the responsibility for 

risk-benefit analysis must ultimately make a subjective judgment over which reasonable 
persons may differ. 

A NINETEENTH-CENTURY BALL ENDED 

BY AN ALKYL HALIDE REACTION 

Perhaps the first recorded instance of an adverse environmental effect caused 
by alkyl halides occurred during the reign of Charles X of France. The French 

chemist Jean-Baptiste Andre Dumas (1800-1884) was asked to investigate 

something unusual that occurred during a ball given at the Tuileries. The 
candles used at the ball had sputtered and had given off noxious fumes, 
driving the guests from the ballroom. Dumas found that the beeswax used 
to make the candles had been bleached with chlorine gas. (Beeswax contains 
large numbers of double bonds. What reaction with chlorine took place?) 
The heat from the candle flame caused the chlorinated beeswax to decompose, 
liberating HC] gas—the noxious fumes. 

C. Production and Use of Alcohols and Ethers 
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Ethanol A number of alcohols are important articles of commerce. Most industrial 
ethanol is made by the hydration of ethylene (Sec. 4.9B). 

CH,—=CH, + H,0 Seana CH,CH,OH (8.32) 00° 

ethylene ethanol 
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Ethanol obtained from this reaction, called 95% ethanol, is 95.6 mass percent pure; the 

remainder is water. Anhydrous ethanol, or absolute ethanol, is obtained by further drying. 

Industrial alcohol is chemically pure ethanol used as a starting material for the 

preparation of other compounds. It is subject to extensive federal controls to ensure that 

it is not diverted for illicit use in beverages. Denatured alcohol, used as a solvent for inks, 

fragrances, and the like, is ethanol that has been made unfit for human consumption by 

the addition of certain toxic additives, such as methanol. About 55% of the ethanol 

produced synthetically finds use in the formulation of solvents; about 35% is used for 

other industrial processes. 

Beverage alcohol is produced by the fermentation of malt, barley, grape juice, corn 

mash, or other sources of natural sugar. Beverage alcohol is not isolated; rather, alcoholic 

beverages are the mixtures of ethanol, water, and the natural colors and flavorings pro- 

duced in the fermentation process and purified by sedimentation (as in wine) or distilla- 

tion (as in brandy or whiskey). Industrial alcohol is not used to alter the alcoholic 

composition of beverages. 

Ethanol is a drug, and like many useful drugs, when consumed in excess it is toxic. 

Ethanol is the most abused drug in the world. 

Hydrocarbons are the principal raw materials of the chemical industry, and ethylene 

is the most important industrial hydrocarbon. When the price of crude oil rises, however, 
as it did in the late 1970s, production of ethanol by fermentation becomes increasingly 

attractive as a source of carbon. The production of gasohol, a mixture of ethanol and 

gasoline, has been taking place for nearly two decades. The ethanol used in gasohol is 

produced by the fermentation of the sugars in corn. This process provides farmers with 

an additional market for their surplus corn crop, and offers an alternative to imported 

oil. Although gasohol production is relatively small at present, it seems likely to increase. 

Brazil operates essentially on an ethanol-based economy rather than a hydrocarbon-based 

economy, producing about 4 billion gallons of ethanol annually by fermentation of sugars 

from plants. 

ENVIRONMENTAL BENEFITS OF BIOFUELS 

A very real problem in the combustion of hydrocarbons for fuel is the forma- 

tion of CO. The CO, content in the atmosphere has risen in the last 100 

years from 290 to 360 parts per million, with 20% of this increase occurring 

in the last ten years (Fig. 8.5, page 376). Although the exact consequences of 

this increase cannot be predicted with certainty, some scientists have argued 

that it might cause a gradual warming of the earth followed by return to 

another ice age. At the very least, a gigantic chemical experiment of uncertain 

outcome is being conducted on the environment. From this point of view, 
the production of fuels from fermentation-derived ethanol is particularly 
attractive. Ethanol is fermented from sugars such as glucose. When plants 

synthesize glucose, they remove CO, from the atmosphere. The energy for 

the plant synthesis of glucose is derived from the sun (photosynthesis). If the 

reactions are added together for the plant synthesis of glucose, its conversion 
(continues) 
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Figure 8.5 
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into ethanol, and the combustion of ethanol (or anything derived from it) 

as fuel, no net change is effected in the CO, content in the environment. 

SCO 6H CHO COu (esynihet cf glicoe CHO. 
CeH.Os ——> 2C,H;OH + 2CO; (anaerobic fermentation) 

2C,H;0H + 60, —~» 4CO, + 6H,O (combustion of ethanol) 

Sum: No Net Change (8.33) 

The idea that producing fuels from biomass is environmentally beneficial is 

not without its critics. It has been argued that the CO, produced and the 

energy consumed from burning the fossil fuels used to cultivate sugar- 

producing plants make the use of biomass to produce fuels much less attractive 

than it might seem. 

Methanol and fert-Butyl Methyl Ether Methanol is formed from a mixture of 

carbon monoxide and hydrogen, called synthesis gas, at high temperature over special 

catalysts. 

® ee re} 

CO + H, eee CH,OH (8.34) 
a ae Cr-Zn catalyst 

100—600 atm 
synthesis gas 

Synthesis gas comes from the partial oxidation of methane, which is, in turn, derived 

from the cracking of hydrocarbons (Sec. 5.7B), or from the gasification of coal. If petro- 

leum prices rise sharply, synthesis gas from coal may become another important source 

of carbon. 

360 

315) |- 

350 
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340 

335) 
mean monthly atmospheric 

carbon dioxide, ppm 
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year 

Carbon dioxide concentration in the atmosphere as monitored by a National Oceanic and Atmo- 
spheric Administration station at Mauna Loa, Hawaii. Although seasonal fluctuations occur (small 
peaks), a general trend toward higher CO, concentration is clearly apparent. 
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In 1992, 1.4 billion gallons of methanol valued at about $550 million were produced 

in the United States. Important uses of methanol include oxidation to formaldehyde 

(CH,==O) and reaction with carbon monoxide over special catalysts to give acetic acid 

(CH;CO,H). An important newer use of methanol is its reaction with 2-methylpropene 

to give tert-butyl methyl ether (MTBE). 

CH, OCH, 

H,SO, 
(C—aAG elo Ge Ge AOlsh wae = Tesh te =e a (8.35) 

CH; methanol CH, 

2-methylpropene MTBE 

MTBE has replaced tetraethyllead as an antiknock additive in gasoline (Sec. 2.8), and is 

also used, along with tert-butyl ethyl ether, as an additive to decrease the volatility of 

gasoline (another environmental concern). Consumption of this ether grows significantly 

each year; about 1.8 billion gallons valued at $1.6 billion are produced annually. Methanol, 

which has an octane rating of 116, also has a largely unrealized potential for use as a 
motor fuel. (It has been used as a fuel in racing engines for years.) In fact, California 

has pioneered the introduction of automobile engines that burn only methanol. 

Ethylene Oxide and Ethylene Glycol Ethylene oxide, produced by oxidation 
of ethylene over a silver catalyst, is one of the most important industrial derivatives of 

ethylene: 

O 

2CH,==CH, + O; ero nestel you H,C—— CH, (8.36) 

About 5.6 billion pounds of ethylene oxide are produced annually in the United States. 

The most important single use of ethylene oxide is its reaction with water to give ethylene 

glycol: 

O One On 

Js | 
ALC Cal ar H,O en Clalbb—= Clay (8.37) 

Ethylene glycol is used both for automotive antifreeze and as a starting material for 

polyester fibers and films. About 5.1 billion pounds of ethylene glycol are produced 

annually in the United States. When automotive sales in the United States are depressed, 

the ethylene glycol and ethylene oxide markets are also depressed by the reduced demand 

for antifreeze. 

>. Safety Hazards of Ethers 

Two safety hazards are generally associated with the use of ethers. The first is peroxide 

formation. On standing in air, ethers undergo autoxidation, or spontaneous oxidation 

by oxygen in air. Samples of ethers can accumulate dangerous quantities of explosive 

peroxides and hydroperoxides by autoxidation. 
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CH3;CH) O—CH,CH;, + 0, — > CH,CH,0—CH—CH; °——= other polymeric (8.38) 

peroxides 
O—O—H 

a hydroperoxide 

! 
CH,CH,—_O—O— CH,CHs; 

diethyl peroxide 

These peroxides can form by free-radical processes in samples of anhydrous diethyl ether 

or tetrahydrofuran (THF) within less than two weeks. For this reason, some ethers are 

sold with small amounts of free-radical inhibitors such as hydroquinone, which can be 

removed by distilling the ether. Because peroxides are particularly explosive when heated, 

it is a good practice not to distill ethers to dryness. Peroxides in an ether can be detected 

by shaking a portion of the ether with 10% aqueous potassium iodide solution. If peroxides 

are present, they oxidize the iodide to iodine, which imparts a yellow tinge to the solution. 

Small amounts of peroxides can be removed by distillation of ethers from lithium alumi- 

num hydride (LiAIH,), which both reduces the peroxides and removes contaminating 

water and alcohols. 

The second ether hazard is the high flammability of diethyl ether, the ether most 

commonly used in the laboratory. Its flammability is indicated by its very low flash point 

of —45 °C. The flash point of a material is the minimum temperature at which it is 

ignited by a small flame under certain standard conditions. In contrast, the flash point 

of THE is —14 °C. Compounding the flammability hazard of ether is the fact that its 

vapor is 2.6 times as dense as air. This means that ether vapors from an open vessel will 

accumulate in a heavy layer along a laboratory floor or benchtop. For this reason flames 

can ignite ether vapors that have spread from a remote source. Good safety practice 

demands that open flames or sparks not be permitted anywhere in a laboratory in which 

ether is in active use. Even the spark from an electric switch (such as that on a hot plate) 

can ignite ether vapors. A steam bath is therefore one of the safest ways to heat ether. 

The flammability of ether, however, has its uses. Ether is one of the active ingredients 

in the starter fluid used to start automotive engines on very cold mornings. 

Key IDEAS IN CHAPTER 8 

[\ Organic compounds are named by both common and substitutive 

nomenclature. In substitutive nomenclature, the name is based on the 

principal group and principal chain. The group designated as the princi- 

pal group according to a list of priorities is cited as a suffix in the name. 
Other groups are cited as substituents. Hydroxy (— OH) and thiol (— SH) 

groups can be cited as principal groups. Halogens, alkoxy (—OR) 

groups, and alkylthio (—SR) groups are always cited as substituents. 
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[\ The noncovalent association of molecules in the liquid state raises their 

boiling points. Such molecular association can result from hydrogen 

bonding; attractive van der Waals forces, which are greatest for larger, 

more extended molecules; and the interaction of dipoles associated 

with polar molecules. 

[\ Alcohols and thiols are weakly acidic. The conjugate bases of alcohols 

are called alkoxides, or alcoholates; and the conjugate bases of thiols 

are called mercaptides, or thiolates. 

[\ Typical primary alcohols have pK, values near 15—16 in aqueous solu- 

tion. The acidity of alcohols is reduced by branching near the —OH 

group and increased by electron-withdrawing substituents. Alkoxides 

are formed by reaction of alcohols with strong bases such as sodium 

hydride (NaH), or by reaction with alkali metals. 

iy Typical thiols have pK, values near 10-11. Solutions of thiolates can be 

formed by reaction of thiols with NaOH in alcohol solvents. 

A Alcohols, thiols, and ethers are weak Bronsted bases, and react with 

strong acids to form positively charged conjugate-acid cations that have 

negative pK, values. The Lewis basicities of ethers account for their for- 

mation of stable complexes with Lewis acids such as boron compounds 

and Grignard reagents. 

Diciee solvent is classified as protic or aprotic, depending on its ability to 

donate hydrogen bonds; polar or apolar, depending on the size of its 

dielectric constant; donor or nondonor, depending on its ability to act 

as a Lewis base. 

[\ The solubility of covalent compounds follows the “like-dissolves-like” 

rule. The solubility of ionic compounds tends to be greatest in solvents 

that have high dielectric constants, and in solvents that can solvate 

anions by hydrogen bonding and cations by donor interactions. Crown 

ethers and other ionophores form complexes with cations by creating 

artificial solvation shells for them. 

[\ Reaction of alkyl halides with magnesium metal yields Grignard re- 

agents; reaction with lithium yields organolithium reagents. Both types 

of reagents behave as strong Bronsted bases and react readily with 

acids, including water and alcohols, to give alkanes. 

A Alkanes react with bromine and chlorine in the presence of heat or 

light in free-radical substitution reactions to give alkyl halides. 
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*8.28 (a) Give the structures of all alcohols with the molecular formula C;H,,OH. 

(b) Which ones are chiral? 

zo B Leg (Problem 8.28 continues ) 
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8.29 

8.30 

8.31 

8.32 

8.33 

8.34 

(c) Name each compound using IUPAC substitutive nomenclature. 

(d) Classify each as a primary, secondary, or tertiary alcohol. 

a) Give the structures of all alcohols with the molecular formula C,H oOH. 

b) Which ones are chiral? 

c) Name each compound using IUPAC substitutive nomenclature. 

d) Classify each as a primary, secondary, or tertiary alcohol. 

Give the IUPAC substitutive name for each of the following compounds, which 

are used as general anesthetics. 

*(a) Br (pie Gl Gr C7 —- OCH, 

i= I =O, methoxyflurane 

Gl 

halothane 

Thiols of low molecular mass are known for their extremely foul odors. In fact, 

the following two thiols are the active components in the scent of the skunk. 

Give the IUPAC substitutive names for these compounds. 

“(ale CHECH = CHCH— oi (b) ee 

CH; 

Without consulting tables, arrange the compounds within each of the following 

sets in order of increasing boiling point, and give your reasoning. 

*(a) 1-hexanol, 2-pentanol, tert-butyl alcohol 

(b) butyl alcohol, tert-butyl alcohol 
) 1-hexanol, 1-hexene, 1-chloropentane 

(d) 1-chlorobutane, 1-chloropropane, 1-pentanol 

e) diethyl ether, propane, 1,2-propanediol 

(f) cyclooctane, chlorocyclobutane, cyclobutane 

In each part below, explain why the first compound has a higher boiling point 

than the second, despite a lower molecular mass. 

*(a) O O 

Clk = C = Ol (bp 118°) (Ge ee Crm © Cle @ lin (bp TP) 

(b) ] O 

Clak—C— Nilesh (bp Pile) (ely SC NICS) (bp 166°) 

Give the structures of the following compounds. 

*(a) achiral ether C;H,)O that has no double bonds 

(b) another compound that meets the criteria in (a) 

*(c) a chiral alcohol C,H,O 

(d) another compound that meets the criteria in (c) 

( *(e) a vicinal glycol CsH,,O, that cannot be optically active at room temperature 
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*8.36 

8.37 

*8.38 

8.39 
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*(f) a diol CyH, QO, that exists in only three stereoisomeric forms 

(g) a diol C,H, 90, that exists in only two stereoisomeric forms 

*(h) the six epoxides (counting stereoisomers) with the molecular formula 

C,H,O 

(i) four compounds (counting stereoisomers) not containing double bonds 

with the formula C;H,O 

Identify the gas evolved in each of the following reactions. 

aia) IK ar H,O rr ae (b) Na + D,O aa ae 

a) CH3CH,MgBr ar H,O ge (d) CH3Megl =e H,O eT asl 

*(e) OH 

INalel +? Clay ——Clal—ClEL, 9—=> 

(f) MgBr OH 

CH= Ge CH Gl GF «La = 

Identify the correct compound(s) in each case. 

(a) A compound believed to be either diethyl ether or propyl alcohol is miscible 

in water. 

(b) A compound believed to be either allyl methyl ether or propyl alcohol 

decolorizes a solution of Br, in CCl,. 

(c) Four stereoisomeric compounds C,H,O, all optically active, contain no 

double bonds and evolve a gas when treated with CH;Megl. 

Identify the correct compound in each case. 

(a) Acompound believed to be either cyclohexyl methyl ether or 2-methylcyclo- 

hexanol evolves a gas when treated with NaH. 

(b) A compound believed to be one of the two isomers CH;0CH,CH>SH or 

CH3SCH,CH,OH is soluble in water. 

(a) One of the following compounds is an unusual example of a salt that is 

soluble in hydrocarbon solvents. Which one is it? Explain your choice. 

CH,CH,CH,CH, 

CH (GH N= GEUCH GHG Harr: = NH, Cl 

CH,CH,CH,>CH; B 

A 

(b) Which of the following would be present in greater amount in a hexane 

solution of the compound in part (a): separately solvated ions, or ion pairs 

and higher aggregates? Explain your reasoning. 

In each case, give the structure of the hydrocarbon that would react with Cl, 

and light to give the indicated products. 
(Problem 8.39 continues ) 
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8.40 

*8.41 

*8.42 

*8.43 

*8.44 

*8.45 

8.46 

*(a) CsH;2, which gives only one monochlorination product 

(b) CyH,o, which gives two and only two monochlorination products, both 

achiral 

Arrange the compounds within each set in order of increasing acidity (decreasing 

pK,) in solution. Explain your reasoning. 

*(a) propyl alcohol, isopropyl alcohol, tert-butyl alcohol, 1-propanethiol 

(b) 2-chloro-1-propanethiol, 2-chloroethanol, 3-chloro-1-propanethiol 

4(¢) CH;NH—CH,CH,—OH, CNSNH—CH{CH>CH,—— On, 
(CHAN -CH5 Cho _Ol 

(d) CH.O— CH. CH>—_- On; an© Cl 1,CH, OF ile CE 13CI 1,CH,OH 

“é) H H 
| 

CH3CH,0H, CH3SCHs3, CH3CH,OCH,CHs; 
+ + 

The pK, of water is 15.7. Titration of an aqueous solution containing Cut? ion 

suggests the presence of a species that acts as a Bronsted acid with pK, = 8.3. 

Suggest a structure for this species. (Hint: Cu*? is a Lewis acid.) 

Normally, dibutyl ether is much more soluble in benzene than it is in water. 

Explain why this ether can be extracted from benzene into water if the aqueous 

solution contains moderately concentrated nitric acid. (Hint: Many ionic com- 

pounds are soluble in water.) 

Explain why the complex of the crown ether [18]-crown-6 with potassium ion 

has a much larger dissociation constant in water than it does in ether. 

Although Grignard reagents are normally insoluble in hydrocarbon solvents, 

they can be dissolved in such solvents if a tertiary amine (a compound with the 

general structure R;N:) is added. Explain. 

Ethyl alcohol in the solvent CCl, forms a hydrogen-bonded complex with an 

equilibrium constant K.g = 11. 

2C,H;0H = * C,H;0:----H—O 

H C,H; 

(a) What happens to the concentration of the complex as the concentration of 

ethanol is increased? 

(b) What is the standard free energy change for this reaction at 25 °C? 

(c) If one mole of ethanol is dissolved in one liter of CCl,, what are the 

concentrations of free ethanol and of complex? 

The’ equilibrium constant for the reaction of ethanethiol analogous to the one 
for ethanol in Problem 8.45 is 0.004. 

(a) Which has the stronger hydrogen bond: ethanethiol or ethanol? 

(b) What is the standard free energy change for this reaction at 25°? 

(c) If one mole of ethanethiol is dissolved in one liter of CCl,, what are the 

concentrations of free ethanethiol and of the complex? 
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Additional Problems 383 

A student, Flick Flaskflinger, in his twelfth year of graduate work, needed to 

prepare ethylmagnesium bromide from ethyl bromide and magnesium, but 

found that his laboratory was out of diethyl ether. From his years of accumulated 

knowledge he recalled that Grignard reagents will form in other ether solvents. 

He therefore attempted to form ethylmagnesium bromide in the ether 

C,H;— O—CH,CH,OH and was shocked to find that no Grignard reagent was 

present after several hours’ stirring. Explain why Flick’s reaction failed. 

(a) The bromination of 2-methylpropane in the presence of light can give two 

monobromination products; give their structures. 

(b) In fact, only one of these compounds is formed in appreciable amount. 

Write the mechanism for formation of each compound, and use what you 

know about the stabilities of free radicals to predict which compound should 

be the major one formed. 

In a laboratory three alkyl halides, each with the formula C7H,;Br, are discovered 
and found to have different boiling points. One of the compounds is optically 

active. Following reaction with Mg in ether, then with water, each compound 

gives 2,4-dimethylpentane. After the same reaction with D,O, a different product 

is obtained from each compound. Suggest a structure for each of the three alkyl 

halides. 

When sec-butylbenzene undergoes free-radical bromination, one major product 

is formed, as follows: 

H Br 

light 
Ph—C—CH,CH; + Br, oe Ph—C—CH,CH; ts HBr 

8.51 

CH; CH, 

sec-butylbenzene (1-bromo-1-methylpropyl)benzene 

If the starting material is optically active, predict whether the substitution product 

should also be optically active. (Hint: Consider the geometry of the free radical 

intermediate; see Fig. 5.2.) 

Offer an explanation for each of the following observations. 

*(a) Compound A exists preferentially in a chair conformation with an equatorial 

—OH group, but compound B prefers a chair conformation with an axial 

—— OF Stroup, 

OH OH 

folematens 
O 

A B 

(b) Ethylene glycol contains a greater fraction of gauche conformation than 

butane in carbon tetrachloride solution. 
i (Problem 8.51 continues ) 
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=3.52 

*8.53 

*8.55 

*(c) The racemate of 2,2,5,5-tetramethyl-3,4-hexanediol exists with a strong 

intramolecular hydrogen bond, but the meso compound has no intramolec- 

ular hydrogen bond. 

It has been argued that a covalently bound chlorine has about the same effective 

size as a methyl group. Assuming this is true, explain why the energy barrier for 

interconversion of the two gauche conformations of 1,2-dichloroethane (39 

kJ/mol, 9.3 kcal/mol) is considerably larger than the analogous barrier for butane 

(19 kJ/mol, 4.5 kcal/mol). (Hint: Consider the relationship of the C—Cl bond 

dipoles in the eclipsed conformation. What is the effect of this relationship on 

the energy of the molecule?) 

(a) Show that the dipole moment of 1,4-dioxane (Sec. 8.1C) should be zero if 

the molecule exists solely in a chair conformation. 

(b) Account for the fact that the dipole moment of 1,4-dioxane, although small, 

is definitely not zero. (It is 0.38 D.) 

*(a) By considering the relative bond lengths of the C—C and C—O bonds, 

predict which of the following two equilibria lies farther to the right. (That 

is, predict which of the two compounds contains more of the conformation 

with the axial methyl group.) 

(1) CH; 
© 

a ae 2 CH, 
© 

(2) (Gist, 

(b) Which one of the following compounds contains the greater amount of 

gauche conformation for internal rotation about the bond shown? Explain. 

cH,cH,} OCH; cH,cH,} CH CH: 

A B 

Give a mechanism for the following reaction, which takes place in several steps. 

Use the curved-arrow formalism. Use only Lewis acid-base associations, Lewis 

acid-base dissociations, and Bronsted acid-base reactions in your mechanism, 

and write one reaction per step. (Hint: See Eq. 8.15.) 

eee 

3C)H;0OH + BF, —» C,H;O—B + 3H—F 

PERE Rete eee a eee DER OHHH THERE DEES OO EOE SESEEEE OEE E EHO HHOEEE ESE HH HEHE EEE HEHEHE EEE EEEEENE HEHEHE R SE EE Ener eeeEeseEE Dae meee ewww ween reese 



Chemistry of 

Alkyl Halides 

Ake chapter covers two very important types of alkyl halide reactions, nucleophilic 
substitution reactions and B-elimination reactions. These are among the most 

common and important reactions in organic chemistry. This chapter also intro- 

duces another class of reactive intermediates: carbenes. 

An Overview of Nucleophilic Substitution 

and £-Elimination Reactions 
PRR e ee ee eee eee eee eee EEE EE eee e HEE HEHEHE EEE HEHE EEE EEEESEEEE EEE EEE H HEHE EEEEEEE EEE EE ESSE EEE EEE SHEE EEE EEE EES 

PRR em ewe meee eee EEE HEHEHE EE EE EEEOHOE EOE EHS TEES EHEEEEEE SE HEHE EEEEEEEESSEEEE SEH H HEHEHE EEEEEH EEE HEE OEEEEESEE EEE DESH EE EEE EEE EES 

When a methyl halide or a primary alkyl halide reacts with a Lewis base such as sodium 

ethoxide, a reaction occurs in which the Lewis base replaces the halogen, which is expelled 

as halide ion. 

Na* CH,CH,O? + :Br—CH,CH,; —» CH,CH,O—CH,CH; + Nat:Br? (9.1) 

sodium ethoxide ethyl bromide diethyl ether sodium bromide 

This is an example of a very general type of reaction, called a nucleophilic substitution 

reaction, or nucleophilic displacement reaction. It is a substitution because one group, 
ethoxy, is substituted for (or displaces) the bromo group, which departs as bromide ion. 

It is a nucleophilic substitution because ethoxide ion acts as a nucleophile, or Lewis base. 

The group that is displaced in a nucleophilic substitution reaction—the halide in 

Eq. 9.1—is termed a leaving group. Notice that the roles of nucleophile and leaving 

group would be reversed if the reaction could be run in the reverse direction. 

nucleophile 

Nat CH;CH,0? + :Br—CH,CH; —» CH,;CH,O—CH,CH; + Nat :Br? (9.2) 
: ; 

leaving group 
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Table 9.1 Some Nucleophilic Substitution Reactions 

wYeléield(nisiviera'sivielesie'a\p oie e\ninala(s.aimipia binipin)efqiateia{e(a’elsin\s ainje‘einiaiel€iole/s\s)s\2/s/e\a/0.6)9.0/0jaie\e(5\¢/eisieleinjs.cisieisie)e/sicicis == Fie 
cece eee cerecerereseseresesesessseseeeee 

R—X: + Nucleophile (name) —> Xe + Product (name) 

R—X: lS Oe (another halide) ae oN 4 R—Y: (another alkyl halide) 

+ :C==N: (cyanide) — + R—C=N: (nitrile) 

+ 7OH (hydroxide) —> + R—OH (alcohol) 

+ FOR (alkoxide) — + RE=-O-—3 (ether) 

+ “N; (azide = :N=N=N):) —_—_ + R—N; (alkyl azide) 

ae 7SR' (alkanethiolate) _— ae R—S—R’ (thioether or sulfide) 

+ :NR5 (amine) —_ R—NR; 0 (alkylammonium salt) 

a ve as aa 

+ :OH, (water) RO OO 
| (alcohol) 
H 

oe a a te es 

+:O—R’ (alcohol) —> R—O—R' :X: == RO Ki + HX: 

| | (ether) 

H H 

BEA CADC DOBRO COORD COODUCOOCOOOOOCCOCCOOCH OO SODODOMOGUCOOUOCO OC OOOUODOODOCOOOCOOOCOSICBOCOOCCO OU BOC CIC IOUR OOOO! IIIS TNT 

Although many nucleophiles are anions, others are uncharged, or in a few cases, 

even positively charged. The following equation contains an example of an uncharged 

nucleophile. In addition, it illustrates an intramolecular substitution reaction—a reaction 

in which the nucleophile and the leaving group are part of the same molecule. In this 

case, the nucleophilic substitution reaction causes a ring to form. 

leaving 

yee group CEH, 

ii We | H,C ee Tails 

(CH3)2N: CH,—Cli —> (CH).N CH, (9.3) 

nucleophile new bond 

Nucleophilic substitution reactions can involve many different nucleophiles, a few 

of which are listed in Table 9.1. Notice from this table that nucleophilic substitution 

reactions can be used to transform alkyl halides into a wide variety of other functional 

groups. Moreover, we'll show in subsequent chapters that groups other than halides can 

act as leaving groups. 
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Go, 9.1 What is the expected nucleophilic substitution product when 
_ PROBLEM > *(a) ethyl iodide reacts with ammonia? 

Ws” (b) methyl iodide reacts with Na* CH3;CH,CH,S7? 

OOOOH ETE H em TREE EEE HHH meee Ee Hero EEE ETH EOE EE HEHEHE EEE HEHE HEHE HEHEHE EEE ESE SESE SESH EEO EEO EESOSESE SESE EEE E OHSS EEEEEEEEEEES ESSE HESS HEHEHE SEES HEEB SEED 

When a tertiary alkyl halide reacts with a base such as sodium ethoxide, a very different 
type of reaction is observed. 

‘ r fist 

Nat C,H,O7 aie er ae C,H,O —1 Le Sha ar Nat Bim (9.4) 

sodium ethoxide CH; ethanol CH; sodium 
bromide 

tert-butyl bromide 2-methylpropene 
(isobutylene) 

This is an example of an elimination reaction: a reaction in which two or more groups 

(in this case H and Br) are lost from within the same molecule. 

In an alkyl halide, the carbon bearing the halogen is often referred to as the 

a-carbon, and the adjacent carbons are referred to as the B-carbons. Notice in Eq. 9.4 

that the halide is lost from the a-carbon and the hydrogen from a B-carbon. 

H CH; 

bromine and \ B | i 
B-hydrogen Clab—=C Cal 
are lost = | 

Br 

An elimination that involves loss of two groups from adjacent carbons is termed a 

B-elimination. This is by far the most common type of elimination reaction in organic 

chemistry. Notice that a B-elimination reaction is conceptually the reverse of an addition 

to an alkene. 

Strong bases promote the B-elimination reactions of alkyl halides. Among the most 

frequently used bases are alkoxides, such as sodium ethoxide (Na* C,H;O7) and potas- 

sium tert-butoxide (K* (CH3)3C—O7 ). Often the conjugate-acid alcohols of these bases 

are used as solvents, for example, sodium ethoxide in ethanol, or potassium tert-butoxide 

in tert-butyl alcohol. 

The role of the base in a B-elimination reaction is quite different from that in a 

nucleophilic substitution reaction, but the role of the halogen is similar. In a base- 

promoted -elimination reaction, a Bronsted base attacks a B-hydrogen of the alkyl 

halide, not a carbon atom as in a nucleophilic substitution reaction. However, the halogen 

is expelled as a halide ion leaving group in both types of reactions. 

If the reacting alkyl halide has more than one type of B-hydrogen atom, then more 

than one £-elimination reaction is possible. It often happens that these different reactions 

occur at comparable rates so that more than one alkene product is formed, as in the 

following example. 
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(b) 

ae 

Hes C= briyey Nea On a 

CH, 

(a) 
Gr Uns 

CH,CH; aay 

Lee—@ ar G + "Na Bro + CoH.OH (9.5) 

: 1G rca 
CH 

loss of a hydrogen (a) loss of a hydrogen (b) 

9.2 What product(s) are expected in the ethoxide-promoted B-elimination reaction 

of each of the following compounds? 

*(a) 2-bromo-2,3-dimethylbutane (b) 1-chloro-1-methylcyclohexane 

SAE OCOD DBORRD OD OOO ODOUOOOONDOO DNOC DOOBODOO BUSS ODOB DD ODDOUDOOGOOO CODD CODOUOUOCOOCOCOCHOCUOCOUCUGOCOCCOOTOUDOOOCIO ODORS DORIC IOOOOOO MOCO OGOCG 0 CORIO U SS CO 

C. Competition between Nucleophilic 

Substitution and B-Elimination Reactions 

In the presence of a strong base such as ethoxide, the nucleophilic substitution reaction 

is a typical one for primary alkyl halides, and a B-elimination reaction is observed for 

tertiary alkyl halides. What about secondary alkyl halides? A typical secondary alkyl halide 

under the same conditions undergoes both reactions. 

Ce Gee CS 0) per Ciara Blieatah CH Chl Or ae 

i ethoxide OC>H; propene 
ae elimination product 

isopropyl bromide ethyl isopropyl ether (about 50%) 
substitution product 

(about 50%) 

In other words, some molecules of the alkyl halide undergo substitution, while others 

undergo elimination. This means that the two reactions occur at comparable rates; in 

other words, the reactions are in competition. In fact, nucleophilic substitution and base- 

promoted B-elimination reactions are in competition for all alkyl halides with B-hydro- 

gens, even primary and tertiary halides. It happens that in the presence of a strong 

Bronsted base, nucleophilic substitution is a faster reaction (it “wins the competition”) 

for many primary alkyl halides, and in most cases 6-elimination is a faster reaction for 

tertiary halides; that is why substitution predominates in the former case and elimination 

in the latter. However, under some conditions, the results of the competition can be 

changed. For example, under certain conditions even primary alkyl halides give mostly 

elimination products. 

In the following sections we'll focus first on nucleophilic substitution reactions, then 

on B-elimination reactions. We'll discuss the factors that govern the reactivities of alkyl 
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halides in each of these reaction types. Although each type of reaction is considered in 

isolation, keep in mind that substitutions and eliminations are always in competition. 

SEER R Eee eee eee Omran eee a sees sees ens as ee see eH EEE HEHEHE ESE EEHEH EEE H OHHH EEH EEE EEEEE EEE EEE HEHE SESE EEE EE EEEEESEEEE EES OSES OOH EEEEE ETE E REESE EEE E SEES 

9.3 What are the substitution and elimination products that might be obtained when 

each of the following alkyl halides is treated with sodium methoxide in methanol? 

*(a) 2-bromobutane (b) bromocyclopentane 

*(c) methyl iodide (d) trans-1-bromo-3-methylcyclohexane 
POOR eee eee eee eee EEE eee EH EHH HEE EEE EEE ESE HEHEHE HEHEHE EEE HEEEEEEHEEEEE EEE HEHE EHEHOEEHEEEEESEEEEEHEE SEES EE EE EEE ESE OEH EHTS HEHEHE EEEEEE EES EHE HEHEHE HEHEHE EES 

Equilibrium in Nucleophilic Substitution Reactions 
meee ee ee wee ewe eee eee eee ease ee eee EHH Hen HHH Hee EEE HEHEHE EE EEE SESE SEES EHET HEHEHE EEE EEE EE EEE SESE EEE EEHEEEEe 

Table 9.1 (p. 386) shows some of the many possible nucleophilic substitution reactions. 

How can you know whether the equilibrium for a given substitution is favorable? This 

problem is illustrated by the reaction of a cyanide ion with methyl iodide, which has an 

equilibrium constant that favors the product acetonitrile by many powers of ten. 

“:C==N: + CHjI: —» CH,C==N: + :I- (9.7) 

acetonitrile 

Other substitution reactions, however, are reversible or even unfavorable. 

‘1:7 + CH;—Br: <== CH3—I: + :Bri7 (9.8) 

Ape =F CH;—OH <— CH;—I: =F -:OH (does not proceed to the right) (9.9) 

Results such as these can be predicted by recognizing that each nucleophilic substitu- 

tion reaction is conceptually similar to a Bronsted acid-base reaction. That is, if the alkvl 

group of the alkyl halide is replaced with a hydrogen, the substitution looks like an acid- 

base reaction. 

~OH + HI —» H—OH +I (acid-base reaction) (9.10) 

~OH + CH;I — > CH;0H +1 (substitution reaction) (9.11) 

In the acid-base reaction, ~OH displaces I from the proton; in the substitution reaction, 

~OH displaces I~ from carbon. What makes this analogy particularly useful is that whether 

the equilibrium in a nucleophilic substitution reaction is favorable can be predicted from an 

analysis of the corresponding Bronsted acid-base reaction. Thus, if the Bronsted acid-base 

reaction 

Nig ares’ Na eee 5 Rad Baie ee (9.12a) 

strongly favors the right side of the equation, then the analogous substitution reaction 

Rea Ns au emame WY Rite (9.12b) 

likewise favors the right side of the equation. This means that the equilibrium in any 

nucleophilic substitution reaction, as in an acid-base reaction, favors release of the weaker 

base. This principle, for example, shows why I~ will not displace “OH from CH3OH in 

Eq. 9.9: I~ is a much weaker base than “OH (Table 3.1). In fact, just the opposite reaction 

occurs: ~OH readily displaces I~ from CH3I. This example illustrates how mastery of 
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the acid-base principles discussed in Chapter 3 can prove very useful in understanding 

nucleophilic substitution reactions. 

The analogy between nucleophilic substitution reactions and Bronsted acid-base 

reactions, as useful as it is, is not perfect, because in the former case we are dealing 

with bonds to carbon, whereas in the latter, we are dealing with bonds to hydrogen. 

Another deficiency in this analogy is that nucleophilic substitution reactions are 

sometimes run in solvents in which basicities are quite different from those in 

water (the solvent in which the pK, values in Table 3.1 apply). Nevertheless, in 

many cases the difference in the basicities of nucleophiles and leaving groups is so 

great that this analogy is very useful. 

Some equilibria that are not too unfavorable can be driven to completion by applying 

LeChatelier’s principle, a central principle of chemical equilibrium. LeChatelier’s princi- 

ple states that if an equilibrium is disturbed, the components of the equilibrium will react 

so as to offset the effect of the disturbance. For example, alkyl chlorides normally do not 

react to completion with iodide ion because iodide is a weaker base than chloride; the 

equilibrium favors the formation of the weaker base, iodide. However, in the solvent 

acetone, it happens that potassium iodide is relatively soluble and potassium chloride is 

relatively insoluble. Thus, when an alkyl chloride reacts with KI in acetone, KCl precipi- 

tates, and the equilibrium compensates for this disturbance—the loss of KC1—by forming 

more of it, along with, of course, more alkyl iodide. 

R—Cl + KI —» R—I+ KCl (precipitates in acetone) (9.13) 

ys a 9.4 Tell whether each of the following reactions favors reactants or products at 

‘ PROBLEM equilibrium. (Assume that all reactants and products are soluble.) 

i” oR Cla tig art Waals 

*(¢) CH;Cl + N3 —» CH3N3, 4+ Cl” (Hint: the pK, of HN; 1s 4.72.) 

(d) CH;Cl =f (OCs ae CH30CH; Ola 

The last section showed how to determine whether the equilibrium for a nucleophilic 

substitution reaction is favorable. Knowledge of the equilibrium constant for a reaction 

provides no information about the rate at which the reaction takes place (Sec. 4.8A). 

Although some substitution reactions with favorable equilibria proceed rapidly, others 

proceed slowly. For example, the reaction of methyl iodide with cyanide is a relatively 

fast reaction, whereas the reaction of cyanide with neopentyl iodide is so slow that it is 

virtually useless: 

--:C==N: + CH;—I: CH;—C==N: + 17 (9.14) 
(rapid) 

CH; CH; 

“:C==N: + CH; ‘ CH,—I: ————_» CH,—C—CH,—C=N: +:I:7 (9.15) 
(very slow) 

CH; Gia. 



9.3 Reaction Rates 391 

Why do reactions that are so similar conceptually differ so drastically in their rates? In 

other words, what determines the reactivity of a given alkyl halide in a nucleophilic 
substitution reaction? Because this question deals with reaction rates and the concept of 

the transition state, you should review the introduction to these subjects in Sec. 4.8. 

A. Definition of Reaction Rate 

The term rate implies that something is changing with time. For example, in the rate of 

travel, or the velocity, of a car, the “something” that is changing is the car’s position: 

change in position 
velocity = v = eee (9.16) 

corresponding change in time 

The quantities that change with time in a chemical reaction are the concentrations of the 

reactants and products. 

change in product concentration 

corresponding change in time 
reaction rate = (9.17a) 

change in reactant concentration 

corresponding change in time 
(9.17b) 

(The reason for the different signs is that the concentrations of the reactants decrease 

with time, and the concentrations of the products increase.) 

In mechanics, a rate has the dimensions of length per unit time, for example, meters 

per second. A reaction rate, by analogy, has the dimensions of concentration per unit 

time. When the concentration unit is the mole per liter (M), and if time is measured in 

seconds, then the unit of reaction rate is 

concentration _ mol/L 

time sec 
= M/sec = M-sec™} (9.18) 

Bb. The Rate Law 

In order for molecules to react with one another, they must “get together,” or collide. 

Because molecules at high concentration are more likely to collide than molecules at low 

concentration, the rate of a reaction should be a function of the concentrations of the 

reactants. The mathematical statement of how a reaction rate depends on concentration 

is called the rate law. A rate law is determined experimentally by varying the concentration 

of each reactant (including any catalysts) independently and measuring the resulting 

effect on the rate. Each reaction has its own characteristic rate law. For example, suppose 

that for the reaction A + B — C the reaction rate doubles if either [A] or [B] is doubled, 

and increases by a factor of four if both [A] and [B] are doubled. The rate law for this 

reaction is then 

rate = k[A][B] (9.19a) 

If in another reaction D + E — F, the rate doubles only if the concentration of D is 

doubled, and changing the concentration of E has no effect, the rate law is then 

rate = k[D] (9.19b) 
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The concentrations in the rate law are the concentrations of reactants at any time during 

the reaction, and the rate is the velocity of the reaction at that same time. The constant 

of proportionality, k, is called the rate constant. In general, the rate constant is different 

for every reaction, and it is a fundamental physical constant for a given reaction under 

particular conditions of temperature, pressure, solvent, and so on. As Eqs. 9.19a and b 

show, the rate constant is numerically equal to the rate of the reaction when all reactants 

are present at 1 M concentration; that is, the rate constant is the rate of the reaction 

under standard conditions of unit concentration. The rates of two reactions are compared 

by comparing their rate constants. 

An important aspect of a reaction is its kinetic order. The overall kinetic order for 

a reaction is the sum of the powers of all the concentrations in the rate law. For a reaction 

described by the rate law in Eq. 9.19a, the overall kinetic order is two; the reaction 

described by this rate law is said to be a second-order reaction. The overall kinetic order 

of a reaction having the rate law in Eq. 9.19b is one; such a reaction is thus a first-order 

reaction. The kinetic order in each reactant is the power to which its concentration is 

raised in the rate law. Thus, the reaction described by the rate law in Eq. 9.19a is said 

to be first order in each reactant. A reaction with the rate law in Eq. 9.19b is first order 

in D and zero order in E. 

The dimensions of the rate constant depend on the kinetic order of the reaction. 

With concentrations in moles/liter, and time in seconds, the rate of any reaction has the 

dimensions of M/sec (Eq. 9.18). For a second-order reaction, then, dimensional consis- 

tency requires that the rate constant have the dimensions of M~'sec™'. 

rate = k[A][B] 

eases 20 
= M'sec1- M-M = M/sec 

Similarly, the rate constant for a first-order reaction has dimensions of sec” '. 

C. Reaction Rate and the Standard 

Free Energy of Activation 

According to transition-state theory in Sec. 4.8, the standard free energy of activation, 

or energy barrier, determines the rate of a reaction under standard conditions. Because 

the rate constant is the reaction rate under standard conditions, it follows that the rate 

constant is related to the standard free energy of activation AG™. If AG** is large for a 

reaction, the reaction is relatively slow, and the rate constant is small. If AG is small, 

the reaction is relatively fast, and the rate constant is large. This relationship is shown in 

Fig. 9.1. The mathematical relationship between rate and AG™ is a logarithmic one, 
much like the relationship between AG® and equilibrium constant. That is, if the rates 

of two reactions A and B are compared, the relationship between their rate constants 

and their standard free energies of activation is 

AG? — AG? 
~2.3RT log (ka/kg) = (9.21) 

This equation says that the reaction rates of two reactions differ by a factor of 10 (that 

is, one log unit) for every increment of 2.3RT (5.7 kJ/mol or 1.4 kcal/mol at 298 K) 
difference in their standard free energies of activation. 
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Figure 9.1 Relationship between standard free energy of activation (. AG*), reaction rate, and rate constant, k. 

(a) A reaction with a larger AG** has a smaller rate and a smaller rate constant. (b) A reaction 

with a smaller AG° has a larger rate and a larger rate constant. 
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9.5 For each of the following reactions, (1) what is the overall kinetic order of the 

reaction, (2) what is the order in each reactant, and (3) what are the dimensions 

of the rate constant? 

*(a) an addition reaction of bromine to an alkene with the rate law 

rate = k{alkene] [Br]? 

(b) a substitution reaction of an alkyl halide with the rate law 

rate = k{alkyl halide] 

9.6 *(a) What is the ratio of rate constants k,/kp at 25 °C for two reactions A and 

B if the standard free energy of activation of reaction A is 14 kJ/mol (3.4 

kcal/mol) less than that of reaction B? 

(b) What is the difference in the standard free energies of activation at 25 °C 
of two reactions A and B if reaction B is 450 times as fast as reaction A? 

Which reaction has the greater AG??? 

noe7, What prediction does the rate law in Eq. 9.19a make about how the rate of 

the reaction changes as the reactants A and B are converted into C over time? 

Does the rate increase, decrease, or stay the same? Explain. Use your answer to 

sketch a plot of the concentrations of starting materials and products against 

time. 
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The rate law is important because it provides fundamental information about the mecha- 

nism of a reaction. For example, consider the nucleophilic substitution reaction of ethox- 

ide ion with methyl iodide in ethanol at 25°. 

GH:O 4) CHA—t CHO — CH, + (9.22) 

The following rate law for this reaction was experimentally determined: 

rane = k{(CH3 1] [C;H;O7 ] (9.23) 

with k = 6.0 X 1074 M~'sec7!. That is, this is a second-order reaction, first order in each 

reactant. 
The concentration terms of the rate law indicate what atoms are present in the 

transition state of the rate-limiting step. Hence, the transition state of reaction 9.22 consists 

of the elements of one methyl iodide molecule and one ethoxide ion. The rate law 

excludes some mechanisms from consideration. For example, any mechanism in which 

the transition state contains two molecules of ethoxide is ruled out by the rate law, because 

the rate law for such a mechanism would have to be second order in ethoxide. 

The simplest possible mechanism consistent with the rate law is one in which the 

ethoxide ion directly displaces the iodide ion from the methyl carbon: 

H + 
i 6— | 6- 

CHO: CHI C)H,0:---C---?I: C)HsO—CH; + #1: (9.24) 
7X 

lal Jal 

transition state 

Mechanisms like this account for many nucleophilic substitution reactions. A mechanism 

in which attack of a nucleophile on an atom (usually carbon) displaces a leaving group 

from the same atom in a concerted manner is called an S$y2 mechanism. Reactions that 

occur by Sy2 mechanisms are called Sy2 reactions. The meaning of the “nickname” Sy2 

is as follows: 

Rp) Sn2 

substitution we | Seg bimolecular 

nucleophilic 

(The word bimolecular means that the transition state of the reaction involves two species, 

in this case, one methyl iodide molecule and one ethoxide ion.) Notice that an Sy2 

reaction, because it is concerted, involves no reactive intermediates. 

The rate law does not reveal the exact mechanism of a reaction. Although the rate 

law indicates what atoms are present in the transition state, it provides no information about 

how they are arranged. Thus, the following two mechanisms for the Sy2 reaction of 

ethoxide ion with methyl iodide are equally consistent with the rate law. 
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frontside displacement backside displacement 

C As far as the rate law is concerned, either mechanism is acceptable. To decide between 

Stupy GuIDE LINK: these two possibilities, other types of experiments are needed (Sec. 9.4B). 

Meee Let’s summarize the relationship between the rate law and the mechanism of a 
Deducing . 

reaction. 
Mechanisms from 

Rate Laws 
1. The concentration terms of the rate law indicate what atoms are involved 

in the rate-limiting transition state. 

2. Mechanisms not consistent with the rate law are ruled out. 

3. Of the chemically reasonable mechanisms consistent with the rate law, the 

simplest one is provisionally adopted. 

4. The mechanism of a reaction is modified or refined if required by subse- 

quent experiments. 

Point (4) may seem disturbing; after all, it means that a mechanism can be changed 

at a later time. Perhaps it seems that an “absolutely true” mechanism should exist for 

every reaction. However, the value of a mechanism lies not in its absolute truth but rather 

in its validity as a conceptual framework, or theory, that generalizes the results of many 

experiments and predicts the outcome of others. Mechanisms allow us to place reactions 

into categories and thus impose a conceptual order on chemical observations. Thus, when 

someone observes an experimental result different from that predicted by a mechanism, 

then the mechanism must be modified to accommodate both the previously known facts 

and the new facts. The evolution of mechanisms is no different than the evolution of 

science in general. Knowledge is dynamic: theories (mechanisms) predict the results of 

experiments, a test of these theories may lead to new theories, and so on. 

Beer eee eee eee meee ORO EEE HH HEED EEE EEE E HEHEHE EEEEEEEEEEEEE SEE EE SESE SESE EEE SETHE EEE HEHE SEEDED EEEE ESSE HED EOEEEEEEEESESEE ESSE EEE E OEE E HEHEHE EEE EEE EEeEee 

*9.8 The reaction of acetic acid with ammonia is very rapid and follows the simple 

PROBLEMS rate law below. Propose a mechanism that is consistent with this rate law. 

i i 
GH GO Hy NH = GH @ =O aN 

acetic acid 

O 

rate = k[{CH,—C—OH]|NHs| 

9:9 What rate law would be expected for the reaction of cyanide ion (~:CN) with 

ethyl bromide by the Sy2 mechanism? 

eee eee meee ee ee ee eee eee Eee EEE EEE EEE EHE SESH EE EEEEEEEEHSHEFFEESESES ESE ESE EESESHEEET ESSE EO OHEESESEEESE HEH EEHEEEEEEEEEE ES EE HESS EE EEEESESESSEEESHH EEE HEE SESEESEEEEES 
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B. Stereochemistry of the Sy2 Reaction 
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The mechanism of the Sy2 reaction can be described in more detail by considering the 

stereochemistry of the reaction. The stereochemistry of a substitution reaction can be 

investigated only if the carbon at which substitution occurs is a stereocenter in both 

reactants and products (Sec. 7.9B). A substitution reaction can occur at a stereocenter 

in three stereochemically different ways: 

1. with retention of configuration at the stereocenter; 

2. with inversion of configuration at the stereocenter; or 

3. with a combination of (a) and (b); that is, mixed retention and inversion. 

If attack of the nucleophile Nuc:~ on an asymmetric carbon and departure of the 

leaving group X:~ occur from more or less the same direction (frontside attack), then a 

substitution reaction would result in a product with retention of configuration at the 

asymmetric carbon. 

transition state 

In contrast, if attack of the nucleophile and loss of the leaving group on an asymmetric 

carbon occur from opposite directions (backside attack), the other three groups on carbon 

must invert, or “turn inside out,” in order to maintain the tetrahedral bond angle. This 

mechanism would lead to a product with inversion of configuration at the asymmetric 

carbon. 

R! R! Be Re 

rsh (N 5- | = 
Nuc? ¢ —x Nuc oss tx NUCe GC) tees (9.26b) 

R3 R R3 R3 

transition state 

The products of Eqs. 9.26a and 9.26b are enantiomers. Thus, the two types of attack can 

be distinguished by subjecting one enantiomer of a chiral alkyl halide to the Sy2 reaction 

and determining which enantiomer of the product is formed. Of course, if both paths 

occur at equal rates, then the racemate will be formed. 

What are the experimental results? The reaction of hydroxide ion with 2-bromo- 

octane, a chiral alkyl halide, to give 2-octanol is a typical Sy2 reaction. The reaction 

shows second-order kinetics, first order in ~OH and first order in the alkyl halide. When 
(R)-2-bromooctane is used in the reaction, the product is (S)-2-octanol. 

CH; Chale 

: \ / 
OH + Oi ee ROE, sb By? > (9.27) 

Fy “ll 

(CH))5 CH; (CH2)5 CH3 

(R)-2-bromooctane (S)-2-octanol 
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Figure 9.2 Stereochemistry of the Sy2 reaction. The small colored arrows show how the various groups change 
position during the reaction. (Nuc:~ = a general nucleophile.) Notice that the configuration of the 
asymmetric carbon is inverted. 

The stereochemistry of this Sy2 reaction shows that it proceeds with inversion of configura- 

tion. Thus, the reaction occurs by backside attack of hydroxide ion on the alkyl halide. 

Recall that backside attack is also observed for the attack of bromide ion and other 

nucleophiles on the bromonium ion intermediate in the addition of bromine to alkenes 

(Sec. 7.9C). That reaction too is an Sy2 reaction. 

The stereochemistry of the Sy2 reaction calls to mind the inversion of amines (Fig. 

6.17, Sec. 6.10B). In both processes, the central atom is turned “inside out,” and is 

approximately sp*-hybridized at the transition state. In the transition state for amine 

inversion, the p orbital on the nitrogen contains an unshared electron pair. In the transi- 

tion state for an Sy2 reaction on carbon, the nucleophile and the leaving group are 

partially bonded to opposite lobes of the carbon p orbital. The stereochemistry of the 

Sn2 reaction is summarized in Fig. 9.2. 

Why is backside attack preferred? One reason is simply that the nucleophile and the 

leaving group stay out of each other’s way, whereas, in frontside attack, they would suffer 

severe van der Waals repulsions. In addition, consideration of the relationships between 

the molecular orbitals involved in the Sy2 reaction (beyond the scope of this text) shows 

that backside attack is preferred. No example of frontside attack in an Sy2 reaction has 

ever been discovered. 
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9.10 What is the expected substitution product (including its stereochemical configu- 

ration) in each of the following reactions? 

*(a) the reaction of potassium iodide with (S)-2-bromobutane 

(b) the reaction of NaOH with (R)-CH,—CHD—I 

CORR Reet meee eee ee meee Hee EEE HEHE HEE HEHEHE HEHEHE EHH ESEEEEE SEH ESESEEEEEEEEEE SEES HEHEHE SHEE EEE H HEHEHE HEHE EEE HE HEE HEHEHE EEE EEE EEE EEE ES 

PRA e eee e teem ee Hee eee EEE eee ee eH HHH HH see HEHEHE HH HHH HEHEHE HEHEHE H HOHE HEHEHE HEHE EHO E HEHE HEHEHE EEEHEHE TEESE HERS 

One of the most important aspects of the Sy2 reaction is how the reaction rate varies 

with the structure of the alkyl halide, that is, how alkyl halide reactivity varies with 
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Table 9.2 Effect of Branching in the 

Alkyl Halide on the Rate of a 

Typical S\2 Reaction 
Ron Brees acetone, 25° a egy Te 

R— Name of R Relative rate4 

Ghee methyl 145 

Increased branching at the B-carbon: 

CH3;CH,CH, — propyl 0.82 

(CH. Ci Cay isobutyl 0.036 

(GH), €6E5—— neopentyl 0.000012 

Increased branching at the a-carbon: 

(CH; )2.CH— isopropyl 0.0078 

(CHC tert-butyl ~0.00052 

@ All rates are relative to that of ethyl bromide. 

b Estimated from the rates of closely related reactions. 

structure. If an alkyl halide is very reactive, its Sy2 reactions occur rapidly under mild 

conditions. If an alkyl halide is relatively unreactive, then the severity of the reaction 

conditions (for example, the temperature) must be increased in order for the reaction to 

proceed at a reasonable rate. 

Alkyl halides differ, in some cases by many orders of magnitude, in the rates with 

which they undergo a given Sy2 reaction. Typical reactivity data are given in Table 9.2. 

To put these data in some perspective: if the reaction of a methyl halide takes about one 

minute, then the reaction of a neopentyl halide under the same conditions takes about 

23 years! 

The data in Table 9.2 show, first, that increased branching at the B-carbon retards an 

Sn2 reaction. As Fig. 9.3 shows, these data are consistent with a backside displacement 

mechanism. When a methyl halide undergoes substitution, approach of the nucleophile 

and departure of the leaving group are relatively unrestricted. However, when a neopentyl 

halide is attacked by a nucleophile, both the nucleophile and the leaving group experience 

severe van der Waals repulsions with hydrogens of the methyl branches. These van der 

Waals repulsions raise the energy of the transition state and therefore reduce the reaction 

rate. This is another example of a steric effect (Sec. 5.6D). Thus, Sx2 reactions of branched 

alkyl halides are retarded by a steric effect. Indeed, Sy2 reactions of neopentyl halides 
are so slow that they are not practically useful. 

Table 9.2 shows that branching at the a-carbon also decreases the rate of the Sy2 

reaction. Thus, the secondary alkyl halide, isopropyl bromide, reacts very slowly, and the 

tertiary alkyl halide, tert-butyl bromide, more slowly still. In general, secondary alkyl 

halides undergo Sy2 reactions much more slowly than typical primary alkyl halides, and 
tertiary alkyl halides are even less reactive. 
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(a) CH3Br + i (b) (Clie) Gra CH>Br ots i 

Transition states for Sy2 reactions. The upper panels show the transition states as ball-and-stick 
models, and the lower panels show them as space-filling models. (a) The reaction of methyl bromide 
with iodide ion. (b) The reaction of neopentyl bromide with iodide ion. The Sn2 reactions of neo- 
pentyl bromide are very slow because of the severe van der Waals repulsions of the nucleophile and 
the leaving group with the colored hydrogens of the methyl branches. These repulsions are indicated 
with double-headed colored arrows in the ball-and-stick models. 

The data in Table 9.2 help explain why elimination reactions compete with the Sy2 

reactions of secondary and tertiary alkyl halides (Sec. 9.1C): these halides react so slowly 

in Sy2 reactions that the rates of elimination reactions are competitive with the rates of 

substitution. The rates of the Sy2 reactions of tertiary alkyl halides are so slow that, except 

in certain very special cases, elimination is the only reaction observed. The competition 

between E2 and Sy2 reactions will be considered in more detail in Sec. 9.5F. 

D. Solvent Effects on Nucleophilicity in the Sy2 Reaction 

As Table 9.1 illustrates, the Sy2 reaction is especially useful because of the variety of 

nucleophiles that can be employed. However, nucleophiles differ significantly in their 

reactivities, and the reactivity of a given nucleophile in an Sy2 reaction can be significantly 

affected by the solvent used for the reaction. This section deals with nucleophilic reactivity 

in Sy2 reactions and the effect of solvents on nucleophilic reactivity. 
Nucleophilic reactivity is termed nucleophilicity. Thus, a more reactive nucleophile 

has greater nucleophilicity than a less reactive one. Notice that even though all nucleophiles 

are Lewis bases, nucleophilicity and basicity are somewhat different concepts. Basicity, 

or strength, of a base is determined by the magnitude of the equilibrium constant for its 
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Table 9.3 Solvent Effects on the Rates of Sy2 Reactions 

of Different Nucleophiles with Methyl Iodide 
= 

Sy 26 1.84 5.44 

9.4 Soe DS. Su 

4.76 =D) ii) G9) 

4.00 ho) =Itlt Dee, 

3) =o >0.4¢ 22 HE 

=2:5 negligible negligible — 

0 1 = 7 =e: 0.4 Be 

{3} 10) =O) =A 0.1 4.2 

9.5) 1 = NW 29 —0.4 Dell 

4 pK, values in aqueous solution. 

b DMF = N,N-dimethylformamide 

© € = solvent dielectric constant. Notice that the two solvents do not 

differ appreciably in polarity. 

4 th dimethyl sulfoxide (DMSO) (€ = 47); methoxide ion reacts with 

DMF. 

estimated 

reaction with a standard acid. In contrast, the nucleophilicity of a base is determined by 

the rate of its reaction with a standard Lewis acid. The standard Lewis acid used in this 

discussion will be methyl iodide. 
Some nucleophilicity data for the Sy2 reaction of methyl iodide with different nucleo- 

philes in two different solvents, methanol and N, N-dimethylformamide (DMF), are given 

in Table 9.3. Notice that because the rates of the Sy2 reactions in this table vary over 

many orders of magnitude, they are given in logarithmic form; the numbers are the 

logarithms of the Sy2 rate constants. For example, looking at the second entry (for ~CN), 

the log of the reaction rate in methanol is —3.2; this means that the rate constant is 

10°? or 6.3 X 107* M7'sec™!. The last column compares the rate of each reaction in 
DMF relative to its rate in methanol. For ~CN, the logarithm of this ratio is 5.7; in other 

words, the reaction of methyl iodide with cyanide ion is 10°’, or 5 X 10°, or 500,000 

times as fast in DMF as it is in methanol. 

What are the characteristics of a good nucleophile? First, when the attacking atom 

is the same, nucleophilicity correlates roughly with Bronsted basicity. Consider, for exam- 

ple, the relative rates of reaction of methyl iodide with the following three nucleophiles 
(in each case an oxygen is the nucleophilic atom): 

Relative rate of reaction with methyl iodide: 

CHO = OAc OCH. (9.28) 
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The rates increase in the same order as the Bronsted basicity of the nucleophiles. In fact, 

alcohols such as methanol are such poor nucleophiles that a primary alkyl halide such 

as methyl iodide or ethyl iodide dissolved in methanol solvent does not react at all unless 

it is left for several days, or the solution is heated strongly. Yet, if a strong base such as 

methoxide is added to the solution, the methyl iodide reacts at a convenient rate. Since 

Bronsted basicity and nucleophilicity both involve donation of an electron pair, the 

relationship between these two properties should not be surprising. 

When the data of Table 9.3 are examined for a more general relationship of nucleo- 

philicity and basicity, the result is that the relationship between nucleophilicity and basicity 

depends strongly on the solvent. Consider, for example, the reactivities of nucleophiles in 

methanol within a column of the periodic table. 

Nucleophilic reactivities of halide ions in methanol: 

Fe Cle Diese le (9.29a) 

Notice that the reactivities of these nucleophiles are exactly the opposite of their basicities. 

Fluoride, the most basic halide, is so unreactive that it is virtually useless as a nucleophile 

in methanol. In contrast, iodide, the least basic halide, is a good nucleophile. To generalize: 

In protic solvents nucleophilicity increases toward greater atomic number within a group of 

the periodic table. 

In DMF, however, the relative nucleophilic reactivities of the halides follow their 

relative basicities. 

Nucleophilic reactivities of halide ions in DMF: 

Bie Cleese Sale (9.29b) 

However, as Table 9.3 shows, the differences in their reactivities, in contrast to the 

differences in methanol, are not large. 

The most significant conclusion from Table 9.3 is that the reactivities of virtually 
all nucleophilic anions are significantly greater in DMF than in methanol. To generalize: 

The nucleophilicity of an anion is much greater in a polar aprotic solvent (such as acetone, 

DMF, or dimethyl sulfoxide) than in a protic solvent (such as water, methanol, or ethanol). 

To see just how dramatic this solvent effect is, consider that the reaction of cyanide ion 

(~CN) with methyl iodide in methanol solvent is 90% complete in about an hour. In 

DMF, with the same concentrations of reactants, the reaction is 90% complete in about 

0.01 second! 

Both of these trends have a common explanation. In a protic solvent, hydrogen 

bonding occurs between the protic solvent molecules (as hydrogen bond donors) and the 

nucleophilic anions (as hydrogen bond acceptors). The strongest Bronsted bases are the 

best hydrogen bond acceptors. For example, fluoride ion forms much stronger hydrogen 

bonds than iodide ion. When the electron pairs of a nucleophile are involved in hydrogen 
bonding, they are not available for donation to carbon in an Sy2 reaction. In order for 

the Sy2 reaction to take place, the hydrogen bonds between the solvent and the nucleophile 

must be broken (Fig. 9.4). More energy is required to break a strong hydrogen bond to 

fluoride ion than is required to break a relatively weak hydrogen bond to iodide ion. This 

extra energy is reflected in a greater free energy of activation—the energy barrier—and, as 

a result, the reaction of fluoride ion is slower. To use a football analogy, the attack of a 

strongly hydrogen-bonded anion on an alkyl halide is about as likely as a tackler bringing 

down a ball carrier when both of the tackler’s arms are being held by opposing linemen. 



402 Chapter 9 

< / 
ny 

Figure 9.4 

Chemistry of Alkyl Halides 

no hydrogen bond 

H H + 

ne hydrogen ‘s 
/ bonds / 

A Be 
O O 

a Sean eS oe 5 
H---:X:7-"H H+ CH,Br —>|H Hoh i See 

| ne 
ipl IN H 

\ 
O O 
i, /, 
H H 

transition state 

An Sy2 reaction involving a halide nucleophile (:X*~) in a protic solvent requires breaking a hydro- 

gen bond to the nucleophile. When X~ = F-, the hydrogen bond is strong, but when X” = I, it is 
weak. For this reason more energy is required to reach the transition state when X” = F-, and, as 
a result, the reaction is slower. 
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In aprotic solvents, there is no hydrogen bonding to reduce the nucleophilicity of 

dissolved anions; consequently, anions dissolved in such solvents are considerably more 

nucleophilic than they are in protic solvents. Realistically, the only aprotic solvents that 

can dissolve useful quantities of ionic compounds are the polar aprotics (Sec. 8.4B). This 

accounts for their utility as solvents in the Sy2 reaction. 

Because uncharged nucleophiles are much less strongly hydrogen-bonded than 

anionic ones, uncharged nucleophiles show a much weaker dependence on solvent. For 

example, the uncharged nucleophile dimethyl sulfide, (CH;).S, reacts only about three 

times faster with methyl bromide in a polar aprotic solvent than it does in methanol. 

In a practical sense, what are the best conditions for an Sy2 reaction? First, the 

solvent must be able to dissolve the nucleophile, which in many cases is the anion of an 

ionic compound. For this reason, water, alcohols, and mixtures of water and other solvents 

are frequently used, even though Sy2 reactions are relatively slow in these protic solvents. 

Part of the popularity of these solvents also derives from the fact that they are cheap, 

easy to handle, and easy to remove from products when the reaction is done. However, 

polar aprotic solvents are particularly useful provided that they dissolve the desired 

nucleophile. An alkyl halide-nucleophile combination that reacts sluggishly in a protic 

solvent can react rapidly in a polar aprotic solvent. The reactions of KBr and KI with alkyl 

chlorides in acetone (Eq. 9.13), for example, take advantage not only of the insolubility of 

the KCl product, but also of the enhanced nucleophilicity of bromide and iodide ions in 
acetone, a polar aprotic solvent. 
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9.11 In each pair, choose the species that reacts more rapidly with methyl bromide 
in ethanol solvent, and explain your choices. 

aca) n@ Gre or C,H;OH (b) le @ie 

9.12 In each pair, choose the combination of nucleophile and solvent that would give 

the faster Sy2 reaction with ethyl iodide. (Consult Table 8.2, if necessary.) 
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*(a) Nat ~OAc in formamide, or Nat ~OAc in DMF 

(b) Na* ~OAc in acetic acid, or Na* ~OAc in DME 
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In many cases, when an alkyl halide is to be used as a starting material in an Sy2 reaction, 

a choice of leaving group is possible. That is, an alkyl halide might be readily available 

as either an alkyl chloride, alkyl bromide, or alkyl iodide. In such a case, the halide that 

reacts most rapidly is usually preferred. The reactivities of alkyl halides can be predicted 

from the close analogy between Sy2 reactions and Bronsted acid-base reactions. Recall 

that the ease of dissociating an H— X bond within the series of hydrogen halides depends 
mostly on the H—X bond energy (Sec. 3.6A), and for this reason, H—I is the strongest 

acid among the hydrogen halides. Likewise, Sy2 reactivity depends primarily on the 

carbon-halogen bond energy, which follows the same trend: alkyl iodides are the most 

reactive alkyl halides, and alkyl fluorides are the least reactive. 

Relative reactivities in Sx2 reactions: 

Rea Fe Re Ol) eR bree (9.30) 

In other words, the best leaving group reacts to give the weakest base. Fluorides are useless 
as leaving groups in most Sy2 reactions, but chlorides, bromides, and iodides all have 

acceptable reactivities. Typically, an alkyl bromide is 50 times as reactive as an alkyl 

chloride, which is about 200 times as reactive as an alkyl fluoride. However, alkyl iodides 

are only 3 to 5 times as reactive as alkyl bromides. On a laboratory scale, alkyl bromides, 

which are in most cases less expensive than alkyl iodides, usually represent the best 

compromise between expense and reactivity. On a large scale, the lower cost of alkyl 

chlorides offsets the disadvantage of their lower reactivity. 

Halides are not the only groups that can be used as leaving groups in Sy2 reactions. 

The next chapter will introduce a variety of alcohol derivatives that can also be used as 

starting materials for Sy2 reactions. 

!. Summary of the S,2 Reaction 

Primary and some secondary alkyl halides undergo nucleophilic substitution by the Sy2 

mechanism. Let’s summarize six of the characteristic features of this mechanism. 

1. The reaction rate is second order overall: first order in the nucleophile 

and first order in the alkyl halide. 

2. The mechanism involves backside attack of the nucleophile on the alkyl 

halide and inversion of stereochemical configuration. 

3. The reaction rate is retarded by branching at both the a- and B-carbon 

atoms; neopentyl halides are virtually unreactive. 

4. The strongest bases are generally the most reactive nucleophiles; however, 

the reverse is true in protic solvents for attacking atoms within a group 

(column) of the periodic table. 
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5. The nucleophilicities of anionic nucleophiles are much greater in a polar 

aprotic solvent than in a protic solvent. 

6. The fastest Sy2 reactions involve leaving groups that have the weakest 

bonds to carbon—those that give the weakest bases as products. 

elo(eleieleielata/elaiaimjafalels n/blersl€-b.eleisle:sseie blniuiecp winiu o1a/8: 6(010/e)4/q:elelwie ace sin inielb ia) pieinie nie(Sleimieie\s'e\sis\di¢ialpiely(6.e/a/sid)s[eleje!8}G.e,0\@\9/@\s\4\s's\= a eipi@ie]0iei9\¢:010\2\n\2\0\0/6)0:0)¢\818.0.9:5,5 

This section discusses base-promoted B-elimination, which is a second important reaction 

of alkyl halides. An example of such a reaction is the elimination of the elements of HBr 

from tert-butyl bromide: 

CH; ae 

Ci, C— Br Nar CGHLOn oe PESO + GH.OH + Na’ Br G30) 
| ethanol Se 

(Clals 
CH; 

/ 

Recall (Sec. 9.1B) that this type of elimination is a dominant reaction of tertiary alkyl 

halides in the presence of a strong base, and it competes with the Sy2 reaction in the 

case of secondary and primary alkyl halides. 

A. Rate Law and Mechanism of the E2 Reaction 
eee eee eee rere reese eee e sees esse EEE ESSE E EEE HEHE EEE H EEE H HEHEHE e EE EEE ESEEEESES ESE EHSEEESEEESE SHEESH EESEOSEEEEE ESE EEEEEES 

Base-promoted B-elimination reactions typically follow a rate law that is second order 

overall and first order in each reactant: 

rate = k[(CH;),C— Br][C,H;O | (9,32) 

A mechanism consistent with this rate law is the following: 

wy H CE, C,H;OH CH; 
GH Ca Ch a CH,=C (9.33) 

| x 
Bp | See ae de 

This type of mechanism, involving concerted removal of a B-proton by a base and loss 

of a halide ion, is called an E2 mechanism. Reactions that occur by the E2 mechanism 

are called E2 reactions. The meaning of the “nickname” E2 is as follows: 

E2 

elimination a ne bimolecular 

C)H;O 

Bb. Leaving-Group Effects on the E2 Reaction 

In the mechanism of the E2 reaction, the role of the leaving halide is much the same as 

it is in the Sy2 reaction. Consequently, it should not be surprising to find that the rates 

of Sx2 and E2 reactions are affected in similar ways by changing the halide leaving group: 
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Relative reactivities in E2 reactions: 

R= Cl <3R Bra Ral (9,34) 

As in the Sy2 reaction, the reactivity difference between alkyl bromides and iodides is 

not great. Alkyl bromides are usually used in the laboratory for E2 reactions as the best 

compromise of reactivity and expense, and the less expensive alkyl chlorides are used in 

large-scale reactions. 

C. Deuterium Isotope Effects in the E2 Reaction 

The mechanism in Eq. 9.33 implies that a proton is removed in the transition state of 

the E2 reaction. This aspect of the mechanism can be tested in an interesting way. When 

a hydrogen is transferred in the rate-limiting step of a reaction, a compound in which 

that hydrogen is replaced by its isotope deuterium will react more slowly in the same 

reaction. This effect of isotopic substitution on reaction rates is called a primary deu- 

terium isotope effect. For example, suppose the rate constant for the following E2 reaction 

of 2-phenyl-1-bromoethane is ky, and the rate constant for the reaction of its B-deuterium 
analog is kp: 

PhCH Clr OHO gee ee Pha CH=—CHs Bree + GHOH (9.35a) 

rate constant ky, 

C,H;OH 
———— iC Sl ea ee Ph—CH=CH, + Br + C,H;OD —_(9.35b) 

rate constant kp 

The primary deuterium isotope effect is the ratio kj;/kp; typically such isotope effects are 

in the range 2.5—8. In fact, ky;/kp for the reactions in Eq. 9.35 is 7.1. The observation of 

a primary isotope effect of this magnitude shows that the bond to a B-hydrogen is broken 

in the rate-limiting step of this reaction. 

The theoretical basis for the primary isotope effect lies in the comparative strengths 

of C—H and C—D bonds. In the starting material, the bond to the heavier isotope D 

is stronger (and thus requires more energy to break; Sec. 5.6E) than the bond to the 

lighter isotope H. However, in the transition states for both reactions, the bond from H 

or D to carbon is partly broken, and the bond from H or D to the attacking group is 

partly formed. To a crude approximation, the isotope undergoing transfer is not bonded 

to anything—it is “in flight.” Because there is no bond, there is no bond-energy difference 

between the two isotopes. Therefore, the compound with the C—D bond starts out at 

a lower energy than the compound with the C—H bond, and requires more energy to 

achieve the transition state (Fig. 9.5). In other words, the energy barrier, or free energy 

of activation, for the compound with the C—D bond is greater; as a result, its rate of 

reaction is smaller. 

Be sure you understand that a primary deuterium isotope effect is observed only when 

the hydrogen that is transferred in the rate-determining step is substituted by deuterium. 

Substitution of other hydrogens with deuterium usually has little or no effect on the rate 

of the reaction. 
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£7 \ 5- ae 
6 -—P—0G iH; 

Se 

O77 H--- OCH 

Gut 

(smaller) 

C= Divs. =a 
bond energy 

STANDARD FREE ENERGY 

reaction coordinate ——»> 

Figure 9.5 The source of the primary deuterium isotope effect is the stronger carbon-deuterium bond. (The dif- 

ference between the bond energies of the C—H and C—D bonds is greatly exaggerated for pur- 

poses of illustration. ) 

USE OF THE PRIMARY DEUTERIUM 

IsoTOPE EFFECT IN DruG DESIGN 

An ingenious practical application of the primary deuterium isotope effect 

was used in the design of an experimental antibiotic, 3-fluoroalanine. It was 

suspected that the drug is destroyed in the body by a B-elimination reaction: 

COz CO7 

; | — Fat ye : 
Se H —-s CH,—C —> further reactions 

+ 

BING NH; 

3-fluoroalanine (9.36) 

On the possibility that such an elimination reaction might be retarded by a 

deuterium isotope effect (in the same sense that the E2 reaction of alkyl 

halides is retarded), a new drug was synthesized in which the hydrogen 

shown in color was replaced by deuterium. It was found that the isotopically 

substituted drug is much more effective as an antibiotic, presumably because 

its metabolic destruction is slower and it lasts longer in the body. 

9.13 In each of the following series, arrange the compounds in order of increasing 

reactivity in the E2 reaction with Na* C,H;O7. 
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*(a) nes ie CH; 

Cla —C— ibe CD,;—C—Cl CH,—C—Cl 

CH, CD: CH, 

A B G 

(b) CH, CH; 

*9.14 (a) The rate-limiting step in the hydration of styrene (Ph—CH—CH,) is the 

initial transfer of the proton from H;O* to the alkene (Sec. 4.9B). How 

would you expect the rate of the reaction to change if the reaction were 

run in D,0/D;O* instead of H,0/H;0*? Would the product be the same? 

(b) How would the rate of styrene hydration in H,O/H;O* differ from that of 

an isotopically substituted styrene Ph—CH—CD,? Explain. 

PRR eee enema eee eee eee Ee EE HEHE HHH HOES ESTEE EEO H OHHH EEE ESE O OOOH SHEESH EEE DESEO EEE EEEEEEEEEEEEE EEE HESS SEES EEE SESE EEE EEE EEE E HEHEHE EEE EEE 

PRR ee mee emma meee meee eee eee EEE eH Hee eee EE EEE E HEHEHE HEHE HEHEHE EEEEEEEEEE HEHE EEE EHH O HOES EEEEEEEEE EEE EEE E HEHE EEE E EEE EEE EERE EES 

An elimination reaction might occur in two stereochemically different ways, illustrated 

as follows for the elimination of H—X from a general alkyl halide: 

syn: base: 7 =S pe ae op Dase —— Hit 2X amemeo7a) 

‘ 
anti: base:~ ane ——>vane” @=—— Cee) base—— Tl ne (G27 b) 

/ \ a“ —~ 

In a syn elimination, H and X leave the alkyl halide molecule from the same side; in an 

anti elimination, H and X leave from opposite sides. 

Recall that the terms syn and anti were used in discussing the stereochemistry of 

additions to double bonds (Sec. 7.9A). Notice that sym elimination is conceptually 

the reverse of a syn addition, and anti elimination is conceptually the reverse of an 

anti addition. 

Investigation of the stereochemistry of an elimination reaction requires that the a- 

and B-carbons be stereocenters in both the starting alkyl halide and the product alkene. 
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In such cases, it is found experimentally that most E2 reactions are stereoselective anti 

eliminations, as in the following example. 

x 
Ph ie 

Ph H - 
eo C=C (9.38a) 

C,H;OH, 75 df 

Ph 
H3C H 

CH, 
Ye bil (Z)-a-methylstilbene 

(Fischer projection) (only product observed) 

cS To see that this is an anti elimination, draw the alkyl halide molecule in a conformation 

Srupy GuIpE LINK: in which the hydrogen and the halogen to be eliminated are anti, that is, situated at a 

79.2 dihedral angle of 180°. 
Reaction 

Stereochemistry and oe ‘ cece warn 

Fischer Projections C,Hs0: es C,H;0—H es 

A 2 Ph mae 
Ph" aH ane cacy (9.38b) 

H3C H 
CH; “Xs a 

De 
H and X groups are anti 

Notice that when the hydrogen and halogen are eliminated from these positions, the 

phenyl groups (Ph) are on the same side of the molecule, and therefore must end up in 

a cis relationship in the product alkene. Notice also that a syn elimination would give 

the other alkene stereoisomer: 

es % a 
C,Hs0: ras ro CHO =H **  phenyls are trans 

H ee 

Aa) 
iy es H (9.38c) 

CH; Ph (not observed) 
H and X groups are syn 

Anti elimination is preferred for three reasons. First, syn elimination occurs through 

a transition state that has an eclipsed conformation (Fig. 9.6a), whereas anti elimination 

occurs through a transition state that has a staggered conformation (Fig. 9.6b). Because 

eclipsed conformations are unstable, the transition state for syn elimination is less stable 

than that for anti elimination. As a consequence, anti elimination is faster. The second 

reason that anti elimination is preferred is that the base and leaving group are on opposite 

sides of the molecule, out of each other’s way. In syn elimination, they are on the same 

side of the molecule, and can interfere sterically with each other. Finally, quantum- 

mechanical calculations suggest that anti elimination is more favorable because anti 

elimination involves all-backside electronic displacements. In contrast, syn elimination 

requires a frontside electronic displacement on the carbon-halogen bond. (Recall that 
direct displacements occur by backside attack; Sec. 9.4B.) 
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this electron pair enters 
frontside to the leaving X group 

backside attack on C— X bond 

H / H ‘ 

base: — fo a — base: 7. i A 

X 

anti syn 

basea—ital :Xi- 

syn 
—_ 

transition state is in 
an eclipsed conformation 

(a) Syn elimination 

transition state is in 
a staggered conformation 

(b) Anti elimination 

Figure 9.6 Stereochemistry of B-elimination reactions. (a) In a syn elimination, the leaving group and base are 
situated on the same face of the molecule, and the transition state is in an eclipsed conformation. 
(b) In an anti elimination, the leaving group and base are situated on opposite faces, and the transt- 
tion state is in a staggered conformation. 
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Seen eee 
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1S Predict the products, including their stereochemistry, from the E2 reactions of the 

following diastereomers of stilbene dibromide with sodium ethoxide in ethanol. 

Assume that one equivalent of HBr is eliminated in each case. 

*(a) (+)-Ph—CHBr—CHBr— Ph (b) meso-Ph—CHBr—CHBr— Ph 

*9.16 Draw the structure of the starting material that would give the E isomer of the 

alkene product in the E2 reaction of Eq. 9.38a. 

BEER AE SRG AIROCOOCBOORCECHOONCOUNOOCACDUOCOCR OOOO COCOCMTIOCOCOCONOC COOL MNCCOCOUCUDCOCUUDUIEUD OUD OCMC OmOr Oc DOCCOMOC SLC CCN Li OUGGC OO OCC JOCK DOR ECI CUEI SGT Ii ses i 

Lfuluic\nletalelaleteie(ele’eia)hinca.w ulslesw a(bielsle(pie.e’s\sis pielainia\6\e/aid6/6\6.6 610. p:4|0'6,wialeieia'n)n\a.¥/6.6.0'5|0/4)01¢,9/01n/6(01n|m 1010 18(n10\8\810)91P 0,518.6 \818, 810191416) €.# 10 10/0]6\5 8.0 aie ip/nis\¢)¢/ 4-8 eiele sie Ama .e, 

When an alkyl halide has more than one type of 6-hydrogen, more than one alkene 

product can be formed (Sec. 9.1B). 

H=«—— £-hydrogens 

* elimination 
GH. —-G—— CH —— CH. Sacred 

= Br 

2-bromobutane 

H3C CH; H3C H 

C=C a ne + CH;CH,CH=CH), (9.39) 

H H H rete 1-butene 

cis-2-butene trans-2-butene 

This section focuses on which of the possible products is preferred and why. 

When simple alkoxide bases such as methoxide and ethoxide are used, the predomi- 

nant product of an E2 reaction is usually the most stable alkene isomer. Recall that the most 

stable alkene isomers are generally those with the most alkyl branches at the carbons of 

the double bond (Sec. 4.5B). These isomers, then, are the ones formed in greatest amount. 

ai, pie 

CHEGHIGieh. mee CH;CH=C(CH3), + CH;CH>C (9.40) 
| al (70%) \ 

Br CH; 

(30%) 

Notice that in this reaction, the alkene isomer formed in smaller amount would actually 
be favored on statistical grounds: six equivalent hydrogens can be lost to give this product, 

but only two can be lost to give the other product. In the absence of a structural effect 

on the product distribution, three times as much of the l-alkene would have been formed. 

The fact that the other alkene is the major one shows that some other factor is at work. 

Transition-state theory explains why the more stable alkene is formed. The transition 

state for the E2 reaction can be visualized as a structure that lies somewhere between 

alkyl halide and alkene (plus the other species present). To the extent that the transition 

state resembles alkene, it is stabilized by the same factors that stabilize alkenes—and one 
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such factor is branching at the double bond. A reaction that can give two alkene products 

is really two reactions in competition, each with its own transition state. The reaction 

with the transition state of lower energy—the one with more branching at the developing 

double bond—is the faster reaction. Hence, more product is formed through this transi- 

tion state. 

Could the predominance of the more stable alkene isomer be due to equilibration 

of the alkenes themselves, and have little or nothing to do with the structures of the 

transition states? The answer is no, and the reason is that the alkene products are stable 

under the conditions of the reaction. Because the product mixture, once formed, does not 

change, the distribution of products must reflect the relative energies of the competing 

transition states. 

SAYTZEFF’S RULE 

An elimination reaction that forms predominantly the most highly branched 
alkene isomers is sometimes called a Saytzeff elimination, after Alexander 

Saytzeff, a Russian chemist who observed this phenomenon in 1875. Just as 

the “Markownikoff rule” describes the regioselectivity of hydrogen halide 

addition to alkenes, the “Saytzeff rule” describes the regioselectivity of elimina- 

tion reactions. 

When an alkyl halide has more than one type of B-hydrogen, a mixture of alkenes 

is generally formed in its E2 reaction. The formation of a mixture means that the yield 

of the desired alkene isomer is reduced. Furthermore, since the alkenes in such mixtures 

are isomers of closely related structure, they generally have similar boiling points and are 

therefore difficult to separate. Consequently, the greatest use of the E2 elimination for 

the preparation of alkenes is when the alkyl halide has only one type of B-hydrogen, and 

only one alkene product is possible. 

'. Competition between the E2 

and S,2 Reactions: a Closer Look 

Nucleophilic substitution reactions and base-promoted elimination reactions are compet- 

ing processes (Sec 9.1C). In other words, whenever an Sy2 reaction is carried out, there 

is the possibility that an E2 reaction can also occur, and vice-versa. 

Sn2 reaction (substitution) 

alkyl halide with 

B-hydrogens (9.41) 

+ a base 

E2 reaction (elimination) 

This competition is a matter of relative rates: the reaction pathway that occurs most 

rapidly is the one that predominates. 

What determines which reaction—the S,2 reaction or the E2 reaction—will be the 

major process observed in a given case? Two variables affect this competition: 
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one B-branch —> CH, CH), 

CH. GH Cn Cree Cheer 

Chemistry of Alkyl Halides 

1. the structure of the alkyl halide; and 

2. the structure of the base. 

A structural effect in the alkyl halide that determines the amount of elimination vs. 

substitution is the degree of branching at both the a- and B-carbons. In order for the Sy2 

reaction to occur, the base (nucleophile) must attack a carbon atom. When attack at the 

a-carbon is retarded by unfavorable van der Waals repulsions, as in a tertiary alkyl halide, 

or in any alkyl halide with significant branching at the B-carbon, attack at a less hindered 

B-hydrogen—elimination—occurs instead. 

base: eh 
ak wy : 

7 = 

base H H 
H \ ve (9.42) 

Cen 
TEINS aS 

Vel Ol © lel) Jel C H 

\ | H 

attack at carbon is blocked; 
elimination occurs 

attack at carbon is unhindered; 
substitution occurs 

Another reason that branching promotes the E2 reaction is that the standard free 

energy of the E2 transition state, like that of an alkene, is lowered by branching (previous 

section). Consequently, the rate of the E2 reaction is increased by branching. Two effects 

of branching, then, favor the E2 reaction: the rate of the Sy2 reaction is decreased, and 

the rate of the E2 reaction is increased. 

These same effects can be seen not only in tertiary alkyl halides, but in secondary 

and even primary alkyl halides as well. Notice in the following examples that the alkyl 

halides with more B-branches show a greater proportion of elimination. 

Secondary alkyl halides: 

1s 
re 

B-carbons Cie CH Bn CO. > 

CH,—=CH—CH, ry Cre OH OCs re (9.43a) 

(about 55% elimination) (about 45% substitution) 

CH; 

Gi Bias C,H;,O7 ————< 

CH; 

ES  — 

(82% elimination) CH; 

(18% substitution) 
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Primary alkyl halides: 

B-carbon —> CH, -CH,—Br + C,H;07 ——~ 

CH,=CH, + CH;—CH,—OC,H;  (9.44a) 
(1% elimination) (99% substitution) 

one B-branch,—> CH,—-CH,—— CH, —Br'+ C,H;O7 = —> 

(10% elimination) (90% substitution) 

H3C 

two B-branches CH—CH,—Br + C,H;07 —~> 

H3C 

H3C H3C 
\ 

C=—CH, = 7 Anes ek (9.44c) 

HC EG 
(62% elimination) (38% substituion) 

The structure of the base is the second variable that determines whether the E2 

reaction or the Sy2 reaction is faster in a given case. First of all, a highly branched base 

such as tert-butoxide increases the proportion of elimination relative to substitution. 

(CH;),CHCH,—Br + ~OCH,CH, —C#9F, (CcH,),C—=CH, + (CH;),CHCH,—OCH,CH; 9.45) 
ethoxide (62% elimination) (38% substitution) 

(a primary, 
unbranched 

alkoxide base) 

ae Cs 

(CHa ACHCH = Bree Om Co Com a ete OH (CH, .C—=CHs 24 CH,). GHCH, OC era 
(92% elimination) 

CH; CH, 

tert-butoxide (8% substitution) 
(a tertiary, branched 

alkoxide base) (9.45b) 

When a highly branched base attacks the a-carbon to give a substitution product, the 

alkyl branches of the base suffer van der Waals repulsions with the hydrogens in the alkyl] 
halide molecule; these repulsions raise the energy of the transition state for substitution. 

When such a base attacks a B-proton to give the elimination product, the base is further 

removed from the offending hydrogens in the alkyl halide, and van der Waals repulsions 

are less severe, as shown in Eq. 9.42. Consequently, the Sy2 reaction is retarded more 

than the E2 reaction by branching in the base, and elimination becomes the predominant 

reaction. 
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This effect of base structure is significant enough that the E2 reaction is useful for 

the synthesis of alkenes from even primary alkyl halides if a highly branched strong base 

such as potassium tert-butoxide is used. This fact is particularly useful in the synthesis 

of alkenes, because only one alkene product is possible when a 1-haloalkane is used in 

the E2 reaction. 

A further effect of base structure on the E2-Sy2 competition has to do with its 

Bronsted basicity vs. its nucleophilicity. Recall that nucleophilicity, not Bronsted basicity, 

governs the rate of an Sy2 reaction (Sec. 9.4D). Recall also that within a group of 

the periodic table, species with attacking atoms of greater atomic number are excellent 

nucleophiles, even though they are weaker Bronsted bases than species with attacking 

atoms of smaller atomic number. Consequently, a greater fraction of Sy2 reaction 1s 

observed when the attacking atom is a good nucleophile but is a relatively weak base. 

For example, the reaction of potassium iodide with isobutyl bromide in acetone gives 

mostly substitution product and little elimination, because iodide is an excellent nucleo- 

phile and a weak base: 

CH; CH, 

CH=CH = Br Naw ae ae + Nat Br7J (9.46) 

Ose CH; 

Contrast this reaction with that in Eq. 9.44c, in which sodium ethoxide reacts with the 

same alkyl halide. Ethoxide, a strong Bronsted base, gives a significant percentage of 

alkene and a smaller percentage of substitution product. 

Let’s summarize the effects that govern the competition between the Sy2 and E2 

reactions. 

1. Structure of the alkyl halide: 

a. Alkyl halides with greater amounts of branching at the a-carbon give 

greater amounts of elimination. Consequently, tertiary alkyl halides give 

more elimination than secondary, which give more than primary. 

b. Alkyl halides with greater amounts of branching at the B-carbon give 

greater amounts of elimination. 

2. Structure of the base: 

a. More highly branched bases give a greater fraction of elimination than 

unbranched ones. 

b. Weaker bases that are good nucleophiles give a greater fraction of 

substitution. 

The application of these ideas is illustrated in the following study problem. 

eee eee ee eee eee eee eee eee TEE E EEE HEROS DEED OSES EELS EEE O SHEE EEEEESESESE SEE EESESESESHESESEEEES ES OCTEES ERED SSE E DEES ESEEEeeeees 

Which alkyl halide and what conditions should be used to prepare the following alkene 
in good yield by an E2 elimination? 

CH, 

Cy methylenecyclohexane 
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Solution If this alkene is to be produced in an E2 reaction from an alkyl halide, the 

halide must be located at one of the two carbons that eventually become carbons of the 

double bond. This means that there are two choices for the starting alkyl halide: 

Br 
CH,Br 

A B 

The advantage of alkyl halide A is that, because it is tertiary, it poses no significant 

competition from the Sy2 reaction. The disadvantage of alkyl halide A is that it contains 

more than one type of B-hydrogen, and consequently, more than one alkene product 

could be formed: 

B-hydrogens (a) 

Br 
CH; CH, 

CH; <—— B-hydrogens (b) B-elimination (ir ion re 

H 

H se B-hydrogens (a) 
Cc D 

yi loss of H(a) loss of H(b) 

= Product C is the more stable alkene because its double bond has three alkyl branches; 

Srupy GuipeE Link: hence, if A is used as the starting material, a major amount of this undesired alkene will 

 ¥93 be formed. If alkyl halide B is the starting material, then the desired product D is the 

ie only possible product of B-elimination. Because this alkyl halide is primary, however, it 
is possible that some by-product derived from the Sy2 reaction will be formed. The way 

to minimize the Sy2 reaction is to use a strong, highly branched base, such as tert- 

butoxide. In addition, the B-branching in alkyl halide B should also minimize the substitu- 

tion reaction. Hence, a reasonable preparation of the desired alkene is the following: 

CH,Br CH, 
K* (CH3)3C—O7 3 (9.48) 
(CH3)3C— OH 

Dee eee meme eee eee eee eH HEHEHE E EEE E HEHE HO EEEEEEESEEEHEEHEHEEEEEEEEESEEEE EES E EEE EEEHEEHEEEE EEE HEHEHE EEESSEEEEEEEE EEE HEHEHE HEHEHE EEE EEEEE EERE EEE EE EEE E HEHEHE HEE ES 

9.17 Suggest conditions (base or nucleophile) for conversion of isobutyl bromide in 

good yield into each of the following compounds. 

*(al) (CH,),CHCH,S (CH), ee (b) (CH3 ),»CHCH,SCH,CH; 

*(c) (CH3),C==CH) © 
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*9.18 Arrange the following four alkyl halides in descending order with respect to the 

ratio of E2 elimination to Sy2 substitution products expected in their reactions 

with sodium ethoxide in ethyl alcohol. Explain your answers. 

Chel (CH; |; CHCH, — Br (CH; ),;CCH,CH,CH,—Br (Giie), CHCGH abn 

A B G CHa 

D 

9.19 Arrange the following three alkoxide bases in descending order with respect to 

the ratio of E2 elimination to Sy2 substitution products expected when they 

react with isobutyl bromide. Explain your answers. 

(CH3);6H—O= CH307 (C,H;)3C—O7 

BAO SIOIOIIOIIOOIOOIOIISISOINIOIIOIIOIOIOOOOIOIOOOOOOIOOOOOIOOIOOOOIOOOOIOOOIOII OOOO SSCS OOOO OOOO OOOO OCCU aed 

eee eee eee eee eee eee eee ee eee eee EEE EE EEE EEO EE SE Eee Hee eee eeee sees Eee ESeeEEEEEESEEEEEEEEEEEE ESE EEEEEEEES EEE SSEEEE EE EEEEEEE ESS 

The E2 reaction is a B-elimination reaction of alkyl halides that is promoted by strong 

bases. To summarize the key points about this reaction: 

1. The rates of E2 reactions are second order overall: first order in base and 

first order in the alkyl halide. 

2. E2 reactions are normally anti eliminations. 

3. The best leaving groups give the weakest bases as products. 

4. The rates of E2 reactions show substantial primary deuterium isotope 

effects at the B-hydrogen atoms. 

5. When an alkyl halide has more than one type of B-hydrogen, more than 

one alkene product can be formed; the most stable alkenes (the alkenes 

with the greatest numbers of alkyl substituents at their double bonds) are 

formed in greatest amount. 

6. E2 reactions compete with Sy2 reactions. Elimination is favored by alkyl 

branches in the alkyl halide at the a- or B-carbon atoms, by alkyl 

branches in the base, and by stronger bases. 

The Sxl and E1 Reactions 
PRR e eee meee eee sees aes esse esses esas eeeEE Ease EE HEE eEEEEE EEE HEH HOSES EEE DEEDES SESE EEE SESSEEEE EES EEESES ESOS HESS EDO E EE Ee EeeseeEEees 

The discussion up to this point has stressed the reactions of alkyl halides with species 

that are either strong bases or good nucleophiles. When a primary alkyl halide is dissolved 

in an alcohol solvent with no added base, no reaction takes place. When a tertiary alkyl 

halide such as tert-butyl bromide is subjected to the same conditions, however, both 

substitution and elimination reactions are observed. 
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ive 
Che == Br HOC He 

tert-butyl bromide 

+ 

ClEb—=—C =O — Galle ol C— Crh Ir C,H;OH, Br_ (9.49) 

| (ionized form 
CH; CH; of HBr in 

ethanol) 

tert-butyl ethyl ether 2-methylpropene 
(72%) (28%) 

The reaction of an alkyl halide with a solvent in which no base or nucleophile has been 

added is termed a solvolysis (literally, bond breaking by solvent). The substitution that 

occurs in the solvolysis of tert-butyl bromide cannot involve an Sy2 mechanism, because 

chain branching at the a-carbon retards the Sy2 reaction. The elimination that occurs 

in this solvolysis cannot occur by an E2 mechanism because a strong base is not present. 

Because both substitution and elimination reactions occur readily, they must then involve 

mechanisms that are different from the Sy2 and E2 mechanisms. 

A. Rate Law and Mechanism of Sx1 and E1 Reactions 

The solvolysis of tert-butyl bromide follows a first-order rate law: 

rate = k[(CH;),C—Br] (9.50) 

Any involvement of solvent in the reaction cannot be detected in the rate law because 

the concentration of the solvent cannot be changed. However, the nature of the solvent 

does play a critical role in this reaction. The solvolysis reactions of tertiary alkyl halides 

are fastest in polar, protic, donor solvents such as alcohols, formic.acid, and mixtures of 

water with solvents in which the alkyl halide is soluble, for example, aqueous acetone. 

The occurrence of both substitution and elimination products shows that two compet- 

ing reactions are involved. The first step in both reactions involves the ionization of the 

alkyl halide to a carbocation and a halide ion: 

(CH,)C-CBr: === (GHs)e oo (rate-limiting step) (9.51a) 

carbocation 
intermediate 

This step, which is a Lewis acid-base dissociation (Sec. 3.1C), is the rate-limiting step of 

both the substitution and elimination reactions. In other words, when a tertiary alkyl 

halide is dissolved in a polar, protic solvent such as ethanol, it reacts by dissociating 

slowly into a carbocation and a halide ion; the carbocation then rapidly reacts to give 

both substitution and elimination products. Thus, substitution and elimination products 

arise from competing reactions of the carbocation. 

Consider first the formation of the substitution product. This product is formed by 

attack of a solvent molecule on the carbocation. Even though the solvent is a poor 
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nucleophile, the reaction occurs rapidly because the solvent is present in very high concen- 

tration, and because the carbocation is a very powerful Lewis acid. 

+ 

(GHC OG) war = (CH),C—OCiHs Br (9.51b) 

ier H 
Notice that the nucleophile which attacks the carbocation is not ethoxide ion; such a 

strong base is not present in a solvolysis reaction, and if significant amounts of such a 

base were added, the E2 reaction would be observed exclusively. 

The final step of the substitution reaction is loss of a proton to solvent from the 

product of Eq. 9.51b, the conjugate acid of an ether and a strong acid: 

H 

‘ 2 + 
seca OOH Be =e (CH; )3C— OC,Hs = HOC,Hs Sir (9.51c) 

(ionized form 

H = of HBr in ethanol) 

HOC,H; 

Again, the base involved in this step is ethanol, not ethoxide ion. 

A substitution mechanism that involves a carbocation intermediate is called an 

Swl mechanism. Substitution reactions that take place by the Sy1 mechanism are called 

Snl reactions. The meaning of the Syl “nickname” is as follows: 

Sn 

substitution pee | nS unimolecular 

nucleophilic 

The word unimolecular means that a single molecule—the alkyl halide—is involved in 

the rate-limiting step. 

Now consider the formation of the elimination product of Eq. 9.49, which involves 

a different reaction of the carbocation intermediate. Loss of a B-proton (a proton from 

the carbon adjacent to the electron-deficient carbon) gives the alkene. 

CH: CH, i 
iit ins, ¢ es : 

H—CH,—C :Br: a CL — ait O—C,H,; >Br- (9.52) 
B a| oe \ fai 

CH; CHs 

- (ionized form of 
H—O— ©Hs5 HBr in ethanol) 

The base that removes a B-proton from the carbocation is typically a solvent molecule. 

Although ethanol is a very weak base, the reaction occurs readily because ethanol, as the 

solvent, is present in very high concentration, and because the carbocation is a very strong 

Bronsted acid (its pK, has been estimated to be about —8). Notice that the base is not 

ethoxide ion. 
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An elimination mechanism that involves carbocation intermediates is termed an 

El mechanism; reactions that occur by El mechanisms are called El reactions. The 
meaning of the El “nickname” is as follows: 

El 

elimination et aS unimolecular 

Bb. Rate-Limiting and Product-Determining Steps 

The Syl and El reactions have a common rate-limiting step. That is, the rate at which 

the alkyl halide disappears as it undergoes both competing reactions is determined by its 

rate of 1onization—the rate at which it forms the carbocation. The relative amounts of 

substitution and elimination products are determined by the relative rates of the steps 
that follow the rate-limiting step: attack of the solvent as a nucleophile on the carbocation 

to give a substitution product, and loss of a B-proton to solvent from the carbocation 

to give the elimination product. For example, more substitution than elimination prod- 

uct is formed in Eq. 9.49. This means that the rate of formation of the substitution 

product from the carbocation is greater than the rate of formation of the elimination 

product. Because the relative rates of these steps determine the ratio of products, they 

are said to be the product-determining steps. Notice that the rates of the product- 

determining steps have nothing to do with the rate at which the alkyl halide reacts. 

CH; 
rate-limiting step: rate of this step is the 

rate at which alkyl halide disappears 

(CH3)3C == Bir 

9) oe = sO CH eo Gat OG HCE OL SEBr 

tT A 

CH= Ga Bre 
| CH, CH; 

C,H50H 
+ 

pee SP C,H;OH, Bia 

Gie 

product-determining steps: relative rates of these steps 
determine the relative amounts of different products (9.53) 

The reaction-free energy diagram in Fig. 9.7 summarizes these ideas. The first step, 

ionization of the alkyl halide to a carbocation, is the rate-limiting step and thus has the 

transition state of highest free energy. The rate of this step is the rate at which the alkyl 

halide reacts. The relative free-energy barriers for the product-determining steps deter- 

mine the relative amounts of products formed. 

ANALOGY FOR PRODUCT-DETERMINING STEPS 

Imagine a very slow toll collector on a very busy freeway near Chicago. 

Suppose that the rate at which cars pass through the toll station determines 

how rapidly the collector works. Toll-taking is thus the rate-limiting step in 

(continues) 
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Figure 9.7 

6+ (leo |e 

(CH3)3C --- Br 

+ C,H;0H 

rate-limiting 

two fates of carbocation 
(product-determining steps) 

‘ 
N +: = 

(CH3)3CBr Ss. (CH3)7C== CHa ae ae He 

= C,H;0H (CH3)3C— OCG3Hs+ CjHs50H> Br 

reaction coordinate 

Energetics of the reaction of (CH;);C—Br with ethanol. Notice that the rate-limiting step—the 

step with the transition state of highest free energy—is ionization of the alkyl halide. Because more 

substitution than elimination product is observed, the energy barrier leading to the substitution prod- 

uct is smaller, and the rate of substitution is greater than the rate of elimination. 

the progress of cars past the station. The relative numbers of drivers that take 

the turnoffs to Wisconsin and Indiana determine the relative numbers of cars 

that arrive at the two destinations. Entering a turnoff is analogous to a 

product-determining step. If more drivers turn off for Indiana, the rate at 

which cars arrive in Indiana is greater than the rate at which cars arrive in 

Wisconsin. However, the total rate at which cars reach both destinations is 

determined only by toll-taking—the rate-limiting step. 

The competition between the Syl and E1 reactions is somewhat different from the 

competition between the Sy2 and E2 reactions. The latter two reactions share nothing 
in common but starting materials; they follow completely separate reaction pathways 

with no common intermediates. 

‘ substitution 

alkyl halide ) >” _— product 
i 

(9.54) 
+ Lewis base £5 

alkene(s) 

In contrast, the Sy1 and EI reactions of an alkyl halide share not only common starting 

materials, but also a common rate-limiting step, and hence a common intermediate—the 

carbocation. 
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substitution 

product 

i ate-limiting ste 3 sgibbating. « 59 
Ey] 

In the El reaction, the proton is not removed from the alkyl halide, as it is in the E2 

reaction, but from the carbocation. Because the carbocation is a strong acid, a strong 

base is not required for the El reaction as it is for the E2 reaction. 

C. Reactivity and Product 

Distributions in Sy1-E1 Reactions 

Sy1-El reactions are most rapid with tertiary alkyl halides, they occur more slowly with 

secondary alkyl halides, and they are almost never observed with primary alkyl halides. 

Reactivity of alkyl halides in Sy1 or El reactions: 

tertiary > secondary >> primary (9.56) 

Notice that this reactivity order is expected from the relative stability of the corresponding 

carbocation intermediates. Hammond’s postulate (Sec. 4.8C) suggests that the rate- 

limiting transition state of an Sy] or El reaction should closely resemble a carbocation. 

The reactivity order of the alkyl halides in Sy1-El reactions is fluorides << 

chlorides < bromides < iodides. This is the same reactivity order observed in Sy2 and 

E2 reactions, and is expected because the leaving group in the Syl-E1 reaction has much 

the same role as it does in the E2 and Sy2 reactions. 

Sn1-E1 reactions are fastest in polar, protic, donor solvents. This is the result expected 

in a reaction for which the rate-limiting step is a dissociation of a neutral molecule into 

ions of opposite charge. Ionic dissociation is favored by solvents that separate ions (that 

is, polar solvents—solvents with a high dielectric constant), and by solvents that solvate 

ions (that is, protic, donor solvents). The rate-limiting step of an Sy1-E1 reaction is not 

very different conceptually from the dissolution of an ionic compound (Sec. 8.4B); both 

processes hinge on the stabilization of ionic species by the solvent. The critical role of 

solvent shows that Syl and El reactions cannot truly be unimolecular processes as 

suggested by their nicknames. In the transition states of these reactions, solvent molecules 

must be actively involved in solvating the developing ions. 
When an alkyl halide contains more than one type of B-hydrogen, more than one 

type of elimination product can be formed. As in the E2 reaction, the alkene with the 

greatest number of alkyl substituents at the double bond is usually formed in greatest 

amount; and the ratio of alkene (El) to substitution product (Sy1) is greater when the 

alkene formed contains more than two alkyl substituents at the double bond. The following 

examples illustrate both of these points. 
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two alkyl substituents 
on the double bond 

H3C CH; 
C.H;OH | Be C==CHn CH —G- OCG Hog C HOH abies) 

/ 
H3C CH; 

(19% elimination (81% substitution 
product) product) 

\ 
CH; 

CH, H3C CH; 

major isomer formed; 
has four alkyl substituents 

on the double bond 

learnt (62% elimination products) ett | 

CH; CH; CH; CH3; 

hak r 
CH. Chi © Ol = GH _CH—_-G.__OCG.H. ls C,H;OH, Br + jeer [Bie 

| 
Gre CH, 

eo a (38% substitution products) Ae | (9.57b) 

In Eq. 9.57a, relatively little alkene is formed. In Eq. 9.57b, a greater proportion of alkene 

is formed. In addition, in Eq. 9.57b, two alkenes are formed corresponding to loss of the 

two types of B-hydrogens in the alkyl halide starting material; and the alkene formed in 

major amount is the one with the greatest number of alkyl substituents on the double 

bond. 

Finally, rearrangements are observed in certain solvolysis reactions. 

CH, CH. 

other Cc] —C2HsOH, 80 
+ 

(GV SC = G8 i, 42 (ClBidOle, (CI => (9.58) 
products 

OC,H; 

Recall that rearrangements are a telltale sign of carbocation intermediates (Sec. 4.7D). For 

example, the secondary carbocation intermediate initially formed in Eq. 9.58 rearranges to 

a more stable tertiary carbocation; attack of solvent on this carbocation accounts for the 

product shown (Problem 9.21). 

The different products that can be formed in Sy1-E1 reactions reflect three reactions 

of carbocation intermediates that you have now studied: 

1. reaction with a nucleophile; 

2. loss of a B-proton; 

3. rearrangement to a new carbocation followed by (1) or (2). 

Although solvolysis reactions of alkyl halides and related compounds have been 

extensively studied because of their central role in the development of carbocation theory, 
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as a practical matter Sy1-E1 reactions of alkyl halides are not very useful for preparative 

purposes because mixtures of products are invariably formed (unless the alkyl halide has 

no B-hydrogens). However, an understanding of the Sy] and El mechanisms is important 

because these mechanisms occur in many reactions of alcohols, ethers, and amines that 

are very useful. 

SEPP e ee eee sete see eeee eres ee eseee essere sE sees EE HEE HE EE sess ESESEE HEHEHE OH HEHE HHH EEE EEEEESEEEEEEE EEE EE EE EE EEE EEE EEE TEESE EEEEEEEE SESE S ESSE EEE E EEE E HESS ES 

ss , 9.20 Give all the products that might be formed when each of the following alkyl 

PROBLEMS | halides undergoes solvolysis in aqueous ethanol. Of the alkenes formed, which 
Sere should be the major one(s)? 

*(a) 3-chloro-2,2-dimethylbutane (the alkyl halide in Eq. 9.58) 

(b) 2-bromo-2-methylbutane 

921 Write the mechanism for formation of the rearrangement product shown in Eq. 
9.58 using the curved-arrow formalism. 

POOR Reem meee meme esse esses ese esses ees EEE EEE EHH OHHH EEE EEE EH EEEHHEE EHD D EEE E OHH HEHEHE HHEHHEHEHEHEE HEHEHE ESSE HEE HHHEHEHHEHEEH EEE EEE E Ee EE ee eeeeeueeeeeeeesess 

SORE eee eee mee meee eee OEE EEE EEO E HOHE HEHEHE EHH EEH HEHEHE DE SESE DEES SEE SEH OHHH EHEHH EEE HEE EE EEE EEE EEE EEEEEEE EEE EEE EES 

Let’s summarize the important characteristics of the Syl and El reactions. 

1. Tertiary and secondary alkyl halides undergo solvolysis reactions by the 
Syl and El mechanisms; tertiary alkyl halides are more reactive. 

2. If an alkyl halide has B-hydrogens, elimination products formed by the El 

reaction accompany substitution products formed by the Syl mechanism. 

3. Both Syl and El reactions of a given alkyl halide share the same rate- 

limiting step: ionization of the alkyl halide to form a carbocation. 

4. The Syl and El reactions are first order in the alkyl halide. 

5. Syl and El reactions differ in their product-determining steps. The 

product-determining step in the Sy reaction is attack of a nucleophile on 

the carbocation intermediate, and in the El reaction, loss of a B-proton 

from the carbocation intermediate. 

6. Carbocation rearrangements occur when the initially formed carbocation 

intermediate can rearrange to a more stable carbocation. 

7. The best leaving groups give the weakest bases as products. 

8. The reactions are accelerated by polar, protic, donor solvents. 

Summary of Substitution and 

Elimination Reactions of Alkyl Halides 
Oem eee meee eter eee eee e ee Hee HHH Heat T Eee eH OO EOE EEH HEHE OEE EH EEE E EEE H HEE E HEE HEEHEHE EEE OHHH SHEE EE EEEEEEEEE HEHEHE EES 

This chapter has shown that substitution and elimination reactions of alkyl halides can 

occur by a variety of mechanisms. Although each type of reaction has been considered 

separately, a practical question to ask is what type of reaction is likely to occur when a 

given alkyl halide is subjected to a particular set of conditions. 
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Table 9.4 Predicting Substitution and 

Elimination Reactions of Alkyl Halides 
we ce cece see cees snes sees cer sesescesessecesscceseesesesesoreseeels 

cece rece ee beccccessesananccenceserecerececcccccceerccesennenscecsesseessesen
eceesesooseesee 

Entry Alkyl halide Good Strong Bronsted Type of Major reaction(s) 

no. structure nucleophile? base? solvent?4 expected 

1 Methyl Yes Yes or No ReTom Rs Sn2 

2 Primary, Yes No PR om Pa Sy2 

unbranched 

3 nies W@S, IDI one [RYAN Sn2 

unbranched 

4 Primary with Yes ess ee (oye Ia ID a2 Sez 

B-branching unbranched 

5 Any primary Yes Wes PR or PA 1s 

branched 

6 No No ee cone Lean no reaction 

Secondary Yes es IPAS) Oye lealeX E2; some Sy2 

with isopropyl 

halides; only 

E2 with a 

branched base 

8 Yes No PA Sn2 

9 No No PP Sn1/E1 

10 No No PA no reaction 

11 Tertiary Yes Yes IPP oir RA 132 

12 Yes No PP Swl/ Bl 

13 Yes No PA no reaction, or 

very slow Sy2 

14 No No Ie SnI1/E1 

15 No No PA no reaction 

4 Solvent types are PP = polar protic; PA = polar aprotic. The S,2, E2, 

Syl, and E1 reactions are rarely if ever run in apolar aprotic solvents 

except with the most reactive alkyl halides. In these cases, the results to 

be expected are similar to those above with polar aprotic (PA) solvents. 

When asked to predict how a given alkyl halide will react, you must first answer 

three major questions. 

1. Is the alkyl halide primary, secondary, or tertiary? If primary or secondary, is 

there a significant amount of B-branching? 

2. Is a Lewis base present? If so, is it a good nucleophile, a strong Bronsted base, 

or both? Remember that most strong Bronsted bases such as ethoxide are 

good nucleophiles; but some excellent nucleophiles, such as iodide ion, 

are relatively weak Bronsted bases. 

3. What is the solvent? Remember that the practical choices here are limited 

for the most part to polar protic solvents, polar aprotic solvents, or mix- 

tures of them. 
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Once these questions have been answered, a satisfactory prediction in most cases 

can be obtained from Table 9.4, which is in essence a summary of this chapter. Before 

using this table, you should consider each case and why the conclusions are reasonable, 

returning to review the material in this chapter when necessary. The following study problem 

illustrates the practical application of the table. 

PARR e ae meee eee e eee m ene ss ese ee eee De oes esse EH esses EEE HEHE HEHEHE HHSEHESEEEE EEE HEHEHE HEHEHE HEHE HEHEHE EEE SESE EEE E EHH EEHEEHHEEEEEEEEE EEE HE HHH EE OEEEE EEE EEE EES 

Br 

Greco CH= cl 

GHe 

What products are formed, and by what mechanisms, in each of the following cases? 

(a) methyl iodide and sodium cyanide (NaCN) in ethanol 

(b) 2-bromo-3-methylbutane in ethanol 

(c) 2-bromo-3-methylbutane in anhydrous acetone 

(d) 2-bromo-3-methylbutane in ethanol containing an excess of sodium ethoxide 

(e) 2-bromo-2-methylbutane in ethanol containing an excess of sodium iodide 

(f) neopentyl bromide in ethanol containing an excess of sodium ethoxide 

Solution 

(a) Methyl iodide and sodium cyanide (NaCN) in ethanol. This case corresponds to 

entry | in Table 9.4. Because a methyl halide has no B-hydrogens, it cannot undergo 

a B-elimination reaction. Consequently, the only possible reaction is an Sy2 reaction. 

Because a good nucleophile cyanide is present (see Table 9.3), the product is 

CH;—CN (acetonitrile), which is formed by the Sy2 mechanism. Although protic 

solvents are not as effective as polar aprotic ones for the Sy2 reaction, they are 

useful for reactive alkyl halides such as methyl iodide. Of course, the reaction would 

be faster if it were carried out in a polar aprotic solvent. 

(b) 2-Bromo-3-methylbutane in ethanol. This is a secondary alkyl halide. (Draw its 

structure if you have not done so!) The conditions involve no nucleophile or base 

other than the solvent, and a polar protic solvent. This situation is covered by entry 

9 in Table 9.4. Because the solvent ethanol is a poor nucleophile and a weak base, 

neither Sy2 nor E2 reactions can occur. Because polar protic solvents promote the 

Syl and El reactions, these will be the only reactions observed: 

OC3H; 

CHC GH CH. -e 

CH; 

Syl product 

C,H,OH 

OC;H; 

CH CH; CH; CH, 3 Z g 

Le eee ee ee El products pein ds | seine eft rearrangement products eee 

(Study Problem 9.2 continues ) 
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CH; 

Sabine + Nal 

CH; 

(f) 

Notice the rearrangement products. (You should show how these arise from the 

initially formed carbocation intermediate.) Any time the Syl or Fl reaction is 

expected, the possibility of rearrangements should be considered, especially when 

the initially formed carbocation is secondary. 

2-Bromo-3-methylbutane in anhydrous acetone. The alkyl halide from part (b) 1s 

subjected to conditions in which a good nucleophile is not present (no Sy2 possible), 

no strong base has been added (no E2 possible), and a polar aprotic solvent is used. 

In this type of solvent carbocations do not form; hence, the Sxl and El reactions 

cannot take place. Entry 10 in Table 9.4 predicts that no reaction will occur. 

2-Bromo-3-methylbutane in ethanol containing an excess of sodium ethoxide. The 

alkyl halide from parts (b) and (c) is subjected to a strong base in a protic solvent. 

This situation is covered by entry 7 in Table 9.4. The Sy2 reaction is retarded by 

both a- and B-branching, but the E2 reaction can take place. Although an Sy1-E1 

reaction is promoted by the protic solvent, the rate of the E2 reaction is greater 

because of the high base concentration (Eq. 9.32); the rates of the Syl and El 

reactions are unaffected by the base concentration (Eq. 9.50). The products are the 

following two alkenes: 

CH,=CH— CH— CH, + CH; —CH=C—CH, 

CIals CH3 

The second of these predominates because of the greater number of alkyl substituents 

at the double bond. 
2-Bromo-2-methylbutane in ethanol containing an excess of sodium iodide. This 

is a tertiary alkyl halide in a polar protic solvent containing a good nucleophile but 
a weak base (iodide ion). Entry 12 of Table 9.4 covers this situation. The polar 

protic solvent promotes carbocation formation, and hence the Sy1 and El reactions 

are observed. The Sy1 products are the following: 

CH; OF. 

C,H;OH | A 
ee se» “ite ClaRCIREC= OC alls ets C,H;OH, Bias 

| (ionized form of 
CH; CH; HBr in ethanol) 

A B 

Product A arises from attack of the nucleophile I~ on the carbocation intermediate, 

and product B is the solvolysis product that results from attack of the solvent on 

the same carbocation, with ionized HBr being formed as a byproduct. Which product 

(A or B) is formed in greater amount? It depends on how much iodide ion is 

present. The more iodide there is, the more effective it will be in competing with 

the solvent ethanol for the carbocation. Because the El reaction always accompanies 

the Syl reaction of an alkyl halide with B-hydrogens, some alkenes are also formed; 

you should draw their structures. No rearrangement products are predicted, because 

the carbocation intermediate is tertiary. 

Neopentyl bromide in ethanol containing an excess of sodium ethoxide. This is a 
primary alkyl halide with three B-branches [(CH3);C-—CH,—Br]. Without think- 

ing further about the structure of this alkyl halide, you might conclude that entry 

4 of Table 9.4 would cover this case. However, because there are no B-hydrogens, 
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STuDY GUIDE LINK: 

V9.4 

Diagnosing Reactivity 
Patterns in 

Substitution and 

Elimination Reactions 

DO en ii) 

eee eee meee teeter eeeweneees 

no elimination is possible. Neopentyl halides are essentially unreactive in S\2 reac- 

tions (Table 9.1), and, because primary alkyl halides do not form carbocations, 

neither an El nor an Sy] reaction is possible. Thus, this alkyl halide is essentially 

inert. If the reaction mixture were heated strongly, some Sy2 reaction might occur 

after a few days, but the correct prediction is “no reaction.” 

eee eee ee eee eee eee EET EEE EE EEE EOE E HEE E HEHE HHH EH HEE HEHE EEE EE EEE EEEEE SEES EEE EEE EEE EEE ESET SHEE HEE HH HEHE EEE HEHE SEES 

a2 Predict the products expected from each situation below, and show the mecha- 

nism of any reaction that takes place using the curved-arrow formalism. 

*(a) 1-bromobutane in ethanol containing a large excess of sodium methoxide 

(b) 2-bromobutane in tert-butyl alcohol containing a large excess of potassium 
tert-butoxide 

*(c) 2-bromo-1,1-dimethylcyclopentane in ethanol 

(d) bromocyclohexane in methanol 

Pee eee eee eee eee Eee HEE HEE HEHEHE EH EHH e HEHEHE HEHEHE EE HEHEHE HEHEHE HEHEHE EEE EEE EEE EEE EE HH HEHHEHHHH HEE ESSE EE EE EES 

Carbenes and Carbenoids 
eee eee ee eee eee eee eee eee eee ees ees esses eee EEE Eee eH eee ee es Eee eEE EEE Hee Hee Heese Hee EEH EEE HEHEHE HEHEHE EEE EE EES 

meee eee ee eee eee eee ee eee eee eee eee eee a Eee eee HEHEHE EEE EEE EEE EEE EEE REESE DESH EEE DE EESEEE EEE EESE SHEE OHHH HEHEHE EEE EEEES 

B-Elimination is one of the reactions that can occur when certain alkyl halides containing 

B-hydrogens are treated with base. 

H 

x Oo eae . 
a Seg ere + H—X: (-elimination) (9.59) 

X: 

When an alkyl halide contains no B-hydrogens but has an a-hydrogen, a different 

sort of base-promoted elimination is sometimes observed. Chloroform is an alkyl halide 

that undergoes such a reaction. When chloroform, a weak acid with pK, = 25, is treated 

with an alkoxide base such as potassium tert-butoxide, a small amount of its conjugate- 

base anion is formed. 

(CH3);C—O% » uc, =e (CH2).¢— OH st CCl (9.60a) 

tert-butoxide chloroform tert-butyl alcohol trichloromethyl 
anion 

This anion can lose a chloride ion to give a neutral species called dichloromethylene. 

y™ 

K Cl: Cl 
i i - 

aCe <*> :C OE © (9.60b) 

Cl Cl 

trichloromethyl dichloromethylene 
anion 
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Dichloromethylene is an example of a carbene—a species with a divalent carbon atom. 

Carbenes are unstable and highly reactive species. 

The formation of dichloromethylene shown in Eqs. 9.60a and 9.60b involves an 

elimination of the elements of HCI from the same carbon atom. An elimination of two 

groups from the same atom is termed an @-elimination. 

ee Re 
WW ie 
Cc — C: + H—X:  (a-elimination) (9.61) 

ema R 

Chloroform cannot undergo a B-elimination because it has no B-hydrogens. When 

an alkyl halide has B-hydrogens, B-elimination occurs in preference to a-elimination 

because alkenes, the products of B-elimination, are much more stable than carbenes, the 

products of a-elimination. For example, CH;CHCl, reacts with base to form the alkene 

CH,—CHCI rather than the carbene CH. —C Cl. 

The reactivity of dichloromethylene follows from its electronic structure. Including 

the unshared pair of electrons, the carbon atom of dichloromethylene bears three groups 

(two chlorines and the lone pair), and therefore has approximately trigonal-planar geome- 

try. Because trigonal-planar carbon atoms are sp*-hybridized, the C_—C— Cl bond angle 

is bent rather than linear, the unshared pair of electrons occupies an sp* orbital, and the 

p orbital is vacant: 
a aera vacant p orbital 

unshared electron pair 
in an sp? orbital 

Because dichloromethylene lacks an electronic octet, it is an electron-deficient com- 

pound and can accept an electron pair; in other words, dichloromethylene is a powerful 

electrophile. On the other hand, an atom with an unshared electron pair reacts as a Lewis 

base, or nucleophile. The divalent carbon of dichloromethylene, with its unshared electron 

pair, appears to fit into this category as well. Indeed, it seems that the divalent carbon 
of a carbene could act as a nucleophile and an electrophile at the same time! 

An important reaction of carbenes that fits this analysis is cyclopropane formation. 

When dichloromethylene is generated in the presence of an alkene, a cyclopropane is 

formed. 

HCCl; + (CH;);C—O: Kt + (CH;);C=CH, —> 

chloroform potassium 2-methylpropene 
tert-butoxide 

G ae IMGW SS (Olas AC ON a (9.62) 
VIN 

(Gey) © aes 

1,1-dichloro-2,2-dimethyl- 
cyclopropane 
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In general, reaction of a haloform with base in the presence of an alkene yields a 1,1- 

dihalocyclopropane. In the arrow formalism for cyclopropane formation, the 7 electrons 

of the alkene attack the empty orbital of the carbene (the carbene acts as a Lewis acid) 

while the unshared electron pair of the carbene attacks an alkene carbon (the carbene 

acts as a Lewis base.) 

Cl fal / 

G | ==> Ce | (9.63) 
ae Ye See 

As the formalism in Eq. 9.63 suggests, the addition of dichloromethylene to an 
alkene is a concerted reaction (Sec. 5.3B). The stereochemistry of the reaction is that 

expected for this type of mechanism: dichloromethylene addition to an alkene is a syn 

addition. That is, groups that are cis in the reacting alkene are also cis in the cyclopropane 

product. 

CH, 
ele _CH3 ‘a 

C oF 

:CCl + | Tae cis methyl groups (9.64a) 
Cl i 

Hoenn Cue 
CH; 

cis-2-butene 

: CH; 
H CH : 
ne Gl eee 

>CCl) + | Santa trans methyl groups _—_(9.64b) 
C Er oS CH, 

ene EI u 

trans-2-butene 

A concerted anti addition would require that the empty orbital of the divalent carbon 

and its unshared electron pair react simultaneously at opposite faces of the alkene, a 

stereochemically impossible situation. 

eee ee eee Hee He eee Heese Hees Se E SEE HEE EEE EE EE HEHEHE SEE ESE EEO HEHEHE ESE HHH HHH H HHH EEETEEEE HEHE HEHEHE EEE EERE EEE EEE EE EEE HEHEHE HEED 

9.23 What alkyl halide and alkene would yield each of the following cyclopropane 

derivatives in the presence of a strong base? 

*(a) Cl (b) ae 

Gl Br 

(Problem 9.23 continues ) 
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*(c) Ph H 

He CH; 

HC GH 

(Hint: The hydrogens on a carbon next to a benzene ring, or Ph group, are 

particularly acidic.) 

9.24 Predict the products when each of the following alkenes reacts with chloroform 

and potassium tert-butoxide. Give the structures of all product stereoisomers, 

and, if more than one stereoisomer is formed, indicate whether they are formed 

in the same or different amounts. 

*(a) cyclopentene (b) cis-2-pentene *(c) (R)-3-methylcyclohexene 

aie lala wletelalut elcielel6 4:iaieie 016 6.0.4.0 ©'b bieie,0 ole bie lb.elbislelele(olsiainjainialelelalu @!6|0'6.6,6\6:0,6|6,uie\s w'sie.e\uipie)ei0.6\0 eis eleleie'aimiain wn Uinia{6 6l6ise|9\a.a1eleivie ae|0{8/0e's/9/a\¢ e\cimine/wlciaiviele siee 

Cyclopropanes without halogen atoms can be prepared by allowing alkenes to react with 

methylene iodide (CH,I,) in the presence of a copper-activated zinc preparation called 

a zinc-copper couple. 

H 
\ 7 Cx 

CO) a CE ee 7a (9.65) 

cyclohexene methylene norcarane 
iodide (59% yield) 

This reaction is called the Simmons-Smith reaction in honor of the two Du Pont chemists 

who developed it in 1959, Howard E. Simmons and Ronald D. Smith. 
The active reagent in the Simmons-Smith reaction is believed to be an a-halo 

organometallic compound, a compound with halogen and a metal on the same carbon. 

This species can form by a reaction analogous to the formation of a Grignard reagent 

(Sec. 8.7A): 

Clablh ae Za == Cis j= Zi (9.66) 

Simmons-Smith 
reagent 

From the discussion of the reactivity of carbenes with alkenes in the last section, 

the cyclopropane product of the Simmons-Smith reaction is what would be expected if 

the parent carbene methylene (:CH,) were a reactive intermediate. Free methylene is not 

involved in the reaction, because free methylene generated in other ways gives not only 

cyclopropanes, but other products as well. However, the Simmons-Smith reagent can be 

conceptualized as methylene coordinated to the Zn atom. This view is reasonable, first, 
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because the carbon-zinc bond polarity is the same as the carbon-magnesium bond polarity 

in a Grignard reagent (Sec. 8.7B): 

aay 7 fe 
l—-@H—=/nl ereacts' as it it; were I Cle Zn) (9.67) 

an a-halo carbanion 

Second, an a-halo carbanion loses halide ion to give a carbene (see Eq. 9.60b): 

methylene 

P ie Nes n ee ‘: 
-T—CEG TBM ae Bg Sl Zul (9.68) 

ie coordinated 3 
to the Zn 

Reaction of this “coordinated methylene” with the alkene double bond gives a cyclopro- 

pane. Because they show carbenelike reactivity, a-halo organometallic compounds are 

sometimes termed carbenoids. A carbenoid is a reagent that is not a free carbene but 

has carbenelike reactivity. 

Addition reactions of methylene from Simmons-Smith reagents to alkenes, like the 

reactions of dichloromethylene, are syn additions. 

C,H; C,H, 

/ Zn-Cu OHS ols 

aT tei, 3S Ss (9.69a) 

H H methylene H H 

rica hevene folie cis-1, 2-diethyl-cyclopropane 

C,H; H 

\ i, Zn-Cu CoHs Hi 
Va ———(5 ae CHI, > \ % (9.69b) 

Panetherene methylene trans-1,2-diethyl-cyclopropane 
iodide 

Addition of carbenes or carbenoids to alkenes to yield cyclopropanes is a reaction that 

forms new carbon-carbon bonds. Reactions that form carbon-carbon bonds are especially 

important in organic chemistry because they can be used to build up larger carbon 

skeletons from smaller ones. 

PRR eee Ree eH HEHE HEHE EEE E HEHE HHO EEEEES ESE HEHEEEEHEEEEEE EEE E HEHE HEHEHE EEE HEHEHE OEEEEEEEEEE EEE HEHE EEE EHEEHE EEE ESET EEE E HEHE HHEEEEESESEE EEE EE EEE EES 

9.25 Give the structure of the organic product expected when CH)I, reacts with each 

of the following alkenes in the presence of a Zn-Cu couple: 

*(a) (Z)-3-methyl-2-pentene (b) cis-2-butene 

*(6) Seaman (d) (ci 

9.26 From which alkene could each of the following cyclopropane derivatives be 

prepared using the Simmons-Smith reaction? 
(Problem 9.26 continues ) 
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*(a) (b) CH; 

Key IDEAS IN CHAPTER 9 

eke of the most important types of alkyl halide reactions are nucleo- 

philic substitution and f-elimination. 

[\ Nucleophilic substitution reactions occur by two mechanisms. 

1. The Sy2 reaction occurs in a single step with inversion of stereo- 

chemical configuration, and is characterized by a second-order rate 

law. It occurs when an alkyl halide reacts with good nucleophiles, 

and is especially rapid in polar aprotic solvents. Branching in the 

alkyl halide at the a- or B-carbons retards the S\2 reaction and, if a 

good Bronsted base is present, favors competing elimination by the 

E2 mechanism. The Sx2 reaction is most commonly observed with 

methyl, primary, and unbranched secondary alkyl halides. 

2. The Syl reaction is characterized by a first-order rate law that con- 
tains only a term in alkyl halide concentration. This type of reaction 

occurs mostly in polar protic solvents. Because the reaction involves 

a carbocation intermediate, it is promoted by branching at the a-car- 

bon. Consequently, the Syl reaction is observed mostly with tertiary 

and secondary alkyl halides. 

{\ B-Elimination reactions also occur by two mechanisms. 

1. The E2 mechanism competes with the Sy2 mechanism, has a 

second-order rate law, and occurs with anti stereochemistry. It is 

favored both by use of a strong Bronsted base and by a- and B- 

branching in both the alkyl halide and the base. It is the major reac- 

tion of tertiary and secondary alkyl halides in the presence of a 

strong Bronsted base. When an alkyl halide has more than one type 

of B-hydrogen, more than one alkene product are generally 

obtained. The alkene with the most branching at the double bond is 

generally the predominant product. 

2. The El mechanism is an alternative product-determining step of 

the Syl mechanism in which a carbocation intermediate loses a 

‘B-proton to form an alkene. The alkene with the greatest number of 

alkyl substituents on the double bond predominates. 

{\ The rate law indicates the species involved in the rate-limiting transi- 

tion state of a reaction, but not how they are arranged. 
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A primary deuterium isotope effect indicates that a proton transfer 

takes place in the rate-limiting step of a reaction. 

A haloform reacts with base in an a-elimination reaction to give dihalo- 

methylene, a carbene. Carbenes are unstable species containing divalent 

carbon. Dihalomethylene undergoes syn additions with alkenes to give 

dihalocyclopropanes. 

Methylene iodide reacts with a zinc-copper couple to give a carbenoid 

organometallic reagent. This reagent undergoes syn additions with 
alkenes to give cyclopropanes. 

PRR eee eee eee eee eee eee E EEE EEE EEE HEHE HEHEHE HEHEHE EEE EEEEEEE ESE HEHE HEHEHE EEE SEES EEE EEE SESE SHEE EEE EEE EES 

Choose the alkyl halide(s) from the following list of CsH,3Br isomers that meet 

each criterion below. 

(1) 1-bromohexane (2) 3-bromo-3-methylpentane 

(3) 1-bromo-2,2-dimethylbutane (4) 3-bromo-2-methylpentane 

(5) 2-bromo-3-methylpentane 

*(a) the compound(s) that can exist as enantiomers 

(b) the compound(s) that can exist as diastereomers 

*(c) the compound that gives the fastest Sy2 reaction with sodium methoxide 

(d) the compound that is least reactive to sodium methoxide in methanol 

*(e) the compound(s) that give only one alkene in the E2 reaction 

(f) the compound(s) that give an E2 but no S,2 reaction with sodium methox- 

ide in methanol 

*(g) the compound(s) that undergo an Sy] reaction to give rearranged products 

(h) the compound that gives the fastest Sy1 reaction 

Give the products expected when isopentyl bromide (1-bromo-3-methylbutane) 

or the other substances indicated react with the following reagents. 

(a) KI in aqueous acetone (b) KOH in aqueous ethanol 

(c) K* (CH;);C—O7 in (CH;);C—OH (d) product of (c) + HBr 

(e) product of (c) + chloroform + potassium tert-butoxide 

(f) product of (c) + CH I, in the presence of a Zn-Cu couple 

(g) Li in hexane, then ethanol 

(h) sodium methoxide in methanol 

Give the products expected when 1-iodohexane or the other substances indicated 

react with each of the following reagents. 

(a) fluoride ion in DMF (b) KOH in aqueous ethanol 

(c) K* (CH3)3;C—O7 in (CH;);C—OH 

(d) product of (c) + bromoform + potassium tert-butoxide 

(e) product of (c) + CH)I, in the presence of a Zn-Cu couple 

(f) Mg and ether, then water 
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*9.30 Give the products expected when 2-bromo-2-methylhexane or the other sub- 

stances indicated react with the following reagents. 

(a) 1:1 ethanol-water (b) sodium ethoxide in ethanol 

(c) KI in aqueous acetone 

(d) product(s) of (b) + HBr in the presence of peroxides 

9.31 Give the products expected when 3-chloro-3-ethylpentane or the other sub- 

stances indicated react with the following reagents. 

(a) 1:1 methanol-water (b) sodium methoxide in methanol 

(c) aqueous acetone 

(d) product(s) of (b) + Hg(OAc)) in THF-water, followed by NaBH, 

2952 Rank the following compounds in order of increasing Sy2 reaction rate with KI 

in acetone. 

(CH; )3CCl (CH3)»CHCI (CH3),CHCH,Cl 

A B C 

CH, CH, CH. CH Br CH3CH,CH,CH,GI 

D iB 

9.33 Rank the following compounds in order of increasing Sy2 reaction rate with KI 

in acetone. 

methyl bromide sec-butyl bromide —_3-(bromomethy!)-3-methylpentane 

A B €. 

1-bromopentane 1-bromo-2-methylbutane 

D E 

9.34 Give the structure of the nucleophile that could be used to convert iodoethane 

into each of the following compounds in an Sy2 reaction. 

*(a) CH3CH,OCH,CH,CH,OCH; (b) CH;CH,O0CH,CH,CH; 

+ 

* (eV N(GH.). NCELCHs Ls (AGH Cl PPas ie 

re} : 

CH3CH2$ ~<] 

9.35 Give all the product(s) expected, including pertinent stereochemistry, when each 

of the following compounds reacts with sodium ethoxide in ethanol. 

aan H (b) (R)-2-bromopentane 

Gi. @E Gry Br 
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From the geometry of the reactive intermediate involved, predict the stereochem- 

istry of the alcohol product in the following solvolysis. 

CH; 

(MUR Oe wah SC, SS a acelone > 
| 

Cl 

Gr 

(CH;),CHCH,CH,CH, CGH. + HO ™cl eualkenes 

OH 

Tell which of the following alkyl halides can give only one alkene, and which 

can give a mixture of alkenes in the E2 reaction. 

*(a) ii (b) Br 

etree Ci 

CH: 

*(c) Br (d) CH;CH,CHCH,Br 

(y-enscen, crt 

Suppose that CH;I is added to a methanol solution containing an excess of both 

K* CH3;CH,;CH,07~ and K* CH3CH,CH,S~ in equimolar amounts. 

(a) What is the major product that will be isolated from the reaction? Explain. 

(b) How would your answer change (if at all) if the experiment were conducted 

in anhydrous DMSO, a polar aprotic solvent? 

In the Williamson ether synthesis, an alkoxide reacts with an alkyl halide to give 

an ether. 

R—O:- ++ R'—X: —_ R—O—R' ao es 

You are in charge of a research group for a large company, Ethers Unlimited, 

and you have been assigned the task of synthesizing tert-butyl methyl ether, 

(CH3)3C—O—CHs. You have decided to delegate this task to two of your staff 

chemists. One chemist, Ima Smart, allows (CH;);C—O:" to react with CH,—I 

and indeed obtains a good yield of the desired ether. The other chemist, Notso 

Bright, allows CH3;0:~ to react with (CH3);C—Br. To his surprise, no ether 

was obtained. Explain why Notso Bright’s reaction failed. 

Propose a synthesis of ethyl isopropyl ether using an Sy2 reaction of an alkyl 

halide and any other reagents. 



436 Chapter 9 Chemistry of Alkyl Halides 
Cs Peake Aa le te det er ee 

*9.41 When benzyl bromide (Ph—CH,—Br) is added to a suspension of potassium 

fluoride in benzene, no reaction occurs. However, when a catalytic amount of 

the crown ether [18]-crown-6 (Sec. 8.4C) is added to the solution, benzyl fluoride 

can be isolated in high yield. If lithium fluoride is substituted for potassium 

fluoride, there is no reaction even in the presence of the crown ether. Explain 

these observations. 

“9.42 Which of the following secondary alkyl halides reacts faster with ~CN in the 

Sn2 reaction? (Hint; Consider the hybridization and geometry of the Sy2 transi- 

tion state.) 

(a) 1 (b) (CH3;),CH—I 

*9.43 The insecticide chlordane is reported to lose some of its chlorine and to be 

converted into other compounds when exposed to alkaline conditions. Explain. 

GI G] 

Cl 

principal component 
// Cl of chlordane 

Cl 

9.44 *(a) Explain why the following compound reacts to give a mixture of alkene 

stereoisomers in which only the Z isomer contains deuterium. 

CH. 
: FEO B HG CH 

T 

()- a5 C,H;0:~ C,Hs0H C=C a C=C 

D / —— 
H Gan D H 

CH, 

(b) Explain why the following compound reacts to give a mixture of alkene 

stereoisomers in which only the E isomer contains deuterium. 

CH; 
H3C H H3C H 

SE = CoH;OH / nN Br 
(Ge + C,H50:~ _ C=C t- C=C 

H / \ 
D CH; H lal 

CH; 

*9.45 Tert-butyl chloride undergoes solvolysis in either acetic acid or formic acid. 

O O 
! 

CH;—C—OH H—C—OH 

acetic acid formic acid 
€=6 € = 59 
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Notice that both solvents are protic, donor solvents, but they differ substantially 

in their dielectric constants e. 

(a) What is the Sy1 solvolysis product in each solvent? 

(b) In one solvent the Syl reaction is 5000 times as fast as it is in the other. 

In which solvent is the reaction more rapid, and why? 

Consider the following equilibrium: 

oe AE 

(CH3),$: + CH;—Br: == (CH;),S—CH, + :Bri7 

In each case (a) and (b), choose the solvent in which the equilibrium would lie 

farther to the right. Explain. (Assume that the products are soluble in all solvents 

considered. ) 

(a) ethanol or diethyl ether 

(b) dimethylacetamide (a polar, aprotic solvent, € = 38) or a mixture of water 

and methanol that has the same dielectric constant 

Consider the following experiments with trityl chloride, Ph;C—Cl, a very reac- 

tive tertiary alkyl halide: 

(1) In aqueous acetone the reaction of trityl chloride follows a rate law that is 

first order in the alkyl halide, and the product is trityl alcohol, Ph; C—OH. 

(2) In another reaction, when one equivalent of sodium azide (Na* Nj) is 

added to a solution that is otherwise identical to that used in experiment 

(1), the reaction rate is virtually the same as in (1); however, the product 

isolated in good yield is trityl azide, Ph,C—Ns3. 

(3) Ina reaction mixture in which both sodium azide and sodium hydroxide 

are present in equal concentrations, trityl alcohol is the product, but the 

reaction rate is again unchanged. 

Explain why the reaction rate is the same but the products are different in these 

three experiments. (The pK, of HN; is 4.72, and the pK, of HO is 15.7.) 

In a laboratory has been found an optically active compound A that has the 

following elemental analysis: C, 50.81%; H, 6.93%; Br, 42.26%. Compound A 

gives no reaction with Br, in CCl, but it reacts with K* (CH;);C—O7 to give 

a single new compound B in good yield. Compound B decolorizes Br, in CCl, 

and takes up hydrogen over a catalyst. When compound B is treated with ozone 

followed by aqueous HO , dicarboxylic acid C is isolated in excellent yield; 

notice its cis stereochemistry. 

1 1 
Ho—C—{)—C—o1 

Identify compounds A and B and account for all observations. (If you need 

a refresher on how to solve this type of problem, see Study Guide Links 4.6 

andusson) 
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In a laboratory two liquids, A and B, were found in a box labeled only “isomeric 

alkyl halides C5H),Br.” You have been employed to deduce the structures of 

these compounds from the following data left in an accompanying laboratory 

notebook. Reaction of each compound with Mg in ether, followed by water, 

gives the same hydrocarbon. Compound A, when dissolved in ethanol, reacts to 

give an ethyl ether C and an acidic solution in a few minutes. Compound B 

reacts more slowly, but eventually gives the same ether C and an acidic solution 

under the same conditions. Both acidic solutions, when tested with AgNO; 

solution, give a light yellow precipitate of AgBr. Reaction of compound B with 

sodium ethoxide in ethanol gives an alkene that reacts with O3, then aqueous 

H,O), to give acetone (CH;),C—O as one product. Give the structures of A 

and B, and explain your reasoning. 

In the laboratories of the firm “Halides ’R’ Us” has been found a compound A 

in a vial labeled only “achiral alkyl halide C\)H,7Br.” The management feels that 

the compound might be useful as a pesticide, but they need to know its structure. 

You have been called in as a consultant at a handsome fee. Compound A, when 

treated with KOH in ethanol, yields two compounds B and C, each with the 

molecular formula C,)H;,.. Compound A rapidly reacts in aqueous ethanol to 

give an acidic solution which, in turn, gives a precipitate of AgBr when tested 

with AgNO; solution. Ozonolysis of A followed by treatment with (CHs;)2S 

affords (CH;),C—O (acetone) as one of the products plus unidentified halogen- 

containing material. Hydrogenation of either B or C gives a mixture of both 

trans- and cis-1-isopropyl-4-methylcyclohexane. Compound A reacts with one 

equivalent of Br, to give a mixture of two separable compounds, D and E, both 

of which can be shown to be achiral compounds. Finally, ozonolysis of compound 

B followed by treatment with aqueous HO) gives acetone and the diketone F. 

ae 
ei 

Propose structures for compounds A through E that best fit the data (and collect 

your fee). 

When menthyl chloride (see following structure) is treated with sodium ethoxide 

in ethanol, 2-menthene is the only alkene product observed. When neomenthyl 

chloride is subjected to the same conditions, the alkene products are mostly 

3-menthene (78%) along with some 2-menthene (22%). Explain why different 

alkene products are formed from the different alkyl halides, and why 3-menthene 

is the major product in the second reaction. (Hint: Remember the stereochemis- 

try of the E2 reaction, and don’t forget about the chair flip of cyclohexanes.) 

Ish <Clak, 
elt oe 
H 

C,Hs50 
‘ erotica cut) ve GH ics 

Cl Cake 8 “ 
H Gab, 

H 2-menthene 
(100%) 

menthyl chloride 
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H CH; CH, 

/ C,H507 / 
CH - CcOn a 2-menthene + CH; CH 

H3C N Pa (22%) \ 
H CH; CH, 

H 3-menthene 
Cl (78%) 

neomenthyl chloride 

9.52 Tell whether each of the following eliminations is syn or anti. 

aa) CH; 

H3C H 
Br H wea 

(23)s pi See | + I—Br + Br 
H Br G 

HG eH 
CH; 

(b) 

Ph 
dike XO ? 

CH, 6 
ce: ales l ORC OR On OLE 

H OAc C # 
H~ Ph 

Ph 

59:53 Explain why each alkyl halide stereoisomer gives a different alkene in the E2 

reactions shown. It will probably help to build models or draw conformational 

structures of the two starting materials. 

CH3 

O + CH30OH + Br7 

O + CH3OH + Br7 

*9.54 (a) The reagent tributyltin hydride, (CyHo);sn—H, brings about the rapid 

conversion of 1-bromo-1-methylcyclohexane into methylcyclohexane. The 

reaction is particularly fast in the presence of AIBN (Sec. 5.6C). Suggest a 

mechanism for this reaction. (Hint: The Sn—H bond is relatively weak.) 

(b) Suggest two other reaction sequences using other reagents that would bring 

about the same overall transformation. 
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5925 
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9.57 

The reaction of butylamine, CH;(CH>)3NH), with 1-bromobutane in 60% aque- 

ous ethanol follows the rate law 

rate = k{butylamine][1-bromobutane] 
+ 

The product of the reaction is (CH;CH,CH,CH;)2NH; Br7. The following very 

similar reaction, however, has a first-order rate law: 

+ 

( NE S Br- tate = k[A] 

Br 

A 

Give a mechanism for each reaction that is consistent with its rate law and with 

the other facts about nucleophilic substitution reactions. Use the curved-arrow 

formalism. 

The cis and trans stereoisomers of 4-chlorocyclohexanol give different products 

(shown below) when they react with OH. 

(a) Give a curved-arrow mechanism for the formation of each product. 

(b) Explain why the bicyclic material B is observed in the reaction of the trans 

isomer, but not in that of the cis isomer. 

O 

trans-4-chlorocyclohexanol + OH™ ——> (=o te ¢ 7 

A B 

Consider the following reaction sequence. 
(Bu— = butyl group = CH;CH,CH,CH;—) 

Bu Si(CH. 

ae a Bu er CH SCH eee 

H H Br Br 

A B 

7 
Coen +. CH3O0Si(CH;); sp lee 

i Br 
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*(a) Use what you know about the stereochemistry of bromine addition to 

propose the stereochemistry of compound B. 

*(b) Is the B > C reaction a syn or an anti elimination? 

(c) How would the stereochemistry of products change if the E isomer of 

compound A were carried through the same sequence of reactions? Explain. 

£9.58 Account for each of the following results with a mechanism: (Hint for (b): 

Organolithium reagents are strong bases, and the hydrogens on a carbon adjacent 

to a benzene ring are relatively acidic.) 

NaOH/H,O (Qe HiCCh = sNagel Aa HGCL lea Na we le 

(This reaction is not observed in the absence of NaOH.) 

(b) 

( + LiCl + CH,;CH,CH,CH; 

29:59 On standing, 2-bromo-3-methylbutane is converted into 2-bromo-2-methyl- 

butane. Propose a curved-arrow mechanism for this transformation. 





Chemistry of 

Alcohols, Glycols, 

and Thiols 

his chapter focuses on the reactions of alcohols, thiols, and glycols. Like alkyl 

halides, alcohols undergo substitution and elimination reactions. However, unlike 

alkyl halides, alcohols and thiols undergo oxidation reactions. This chapter explains 

how to recognize oxidations, and it presents some of the ways that oxidations of alcohols 

and thiols are carried out in the laboratory. A consideration of alcohol oxidation in 

nature leads to a discussion of stereochemical relationships of groups within molecules. 

Finally, the strategy used in planning organic syntheses is introduced. 

Dehydration of Alcohols 
Pee eee ee eee rome eee ease esses eee eee ee EE EEE SEO EEOEEEEEEEEEE TEESE EEE HHEEOHEEEEOEEES OSES ES EE EHH EHEOEEEESEEEESED ESSE DESO SESE EEE 

Strong acids such as H,SO, and H3PO, catalyze a B-elimination reaction in which water 

is lost from a secondary or tertiary alcohol to give an alkene: 

OH 
P 

a. + H,O (10.1) 

(79-84% yield) 

A reaction such as this, in which the elements of water are lost from the starting material, 

is called a dehydration. Lewis acids such as alumina (aluminum oxide, Al,O;) and/or 

heat can also be used to catalyze or promote dehydration reactions. 

443 
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Most acid-catalyzed dehydrations of alcohols are reversible reactions. However, these 

reactions can easily be driven toward the alkene products by applying LeChatelier’s 

principle (Sec. 9.2). For example, in Eq. 10.1, the equilibrium is driven toward the alkene 

product because the water that is formed complexes tightly with the strong acid H3POu, 

and the cyclohexene product is distilled from the reaction mixture. The dehydration of 

alcohols to alkenes is easily carried out in the laboratory and is an important procedure 

for the preparation of some alkenes. 

This reaction occurs by a three-step mechanism involving a carbocation intermediate. 

In the first step, the —OH group of the alcohol accepts a proton from the catalyzing 

acid in a Bronsted acid-base reaction: 

oa 

OH OH 

Thus, the basicity of alcohols (Sec. 8.6) is important to the success of the dehydration 

reaction. Next, the carbon-oxygen bond of the alcohol breaks in a Lewis acid-base dissocia- 

tion to give water and a carbocation: 

H 

aF ee 

Ce —_ S + HOH (10.2b) 

a carbocation 

Finally, water, the conjugate base of the catalyzing acid H;0", removes a B-proton from 

the carbocation in another Bronsted acid-base reaction: 

+ 
+ 

ies ii de Si @) oe ak H OH, 

any one of the four 
B-hydrogens 

This step generates the alkene product and regenerates the catalyzing acid H;O0*. 

We've discussed a mechanism like this twice before. First, alcohol dehydration is 

essentially an El reaction. Once the —OH group of the alcohol is protonated, it becomes 

a very good leaving group (water), and, like a halide leaving group in the El reaction, 

the protonated —OH departs to give a carbocation, which then loses a B-proton to give 

an alkene. 
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Alcohol dehydration: E1 reaction of an alkyl halide: 

OH leavi Bi :OH, eaving group ———> @:Br: 

Se) ae 
Sete sale a ea 

H H 

i j 
a Be te | bs 
Ge Oa OH Cg Omani bu 
SS fs 

H H 

(10.3) 

Second, the dehydration of alcohols is the reverse of the hydration of alkenes (Sec. 

4.9B). Hydration of alkenes and dehydration of alcohols are the forward and reverse of the 

same reaction. 

It is important to recognize that any reaction and its reverse proceed by the forward and 

reverse of the same mechanism. This statement is known as the principle of microscopic 

reversibility. It follows from this principle that forward and reverse reactions must 

have the same intermediates and the same rate-limiting transition states. Thus, because 

protonation of the alkene is the rate-limiting step in alkene hydration, the reverse of this 

step—loss of the proton from the carbocation intermediate (Eq. 10.2c)—is rate-limiting 

in alcohol dehydration. This principle also requires that any reaction catalyzed in one 

direction is also catalyzed in the other. Thus, both hydration of alkenes to alcohols and 

dehydration of alcohols to alkenes are catalyzed by acids. 

The involvement of carbocation intermediates explains several experimental facts 

about alcohol dehydration. First, the relative rates of alcohol dehydration are in the order 

tertiary > secondary > primary. Application of Hammond’s postulate (Sec. 4.8C) suggests 

that the transition state of a dehydration reaction closely resembles the corresponding 

carbocation intermediate. Because tertiary carbocations are the most stable carbocations, 
dehydration reactions involving tertiary carbocations should be faster than those involving 

either secondary or primary carbocations, as observed. In fact, dehydration of primary 

alcohols is generally not a useful laboratory procedure for the preparation of alkenes. 

(Primary alcohols react in other ways with H,SO,; see Problem 10.57.) 

Second, if the alcohol has more than one type of B-hydrogen, then a mixture of 

alkene products can be expected. As in the E1 reaction of alkyl halides, the most stable 

alkene—the one with the greatest number of branches at the double bond—is the alkene 

formed in greatest amount: 
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et a ede ie CT SS 

OH CH; 

ae acaeitteres #80, cH cH, + CHy=C—CH,CH; + 0 004) 

I ch, a 

2-methyl-2-butanol 2-methyl-2-butene 2-methyl-1-butene 
major product minor product 

Finally, alcohols that react to give rearrangement-prone carbocation intermediates 

yield rearranged alkenes: 

ra io ce CHs CH; 

CH CCH = cn = iL —C__ Gi CH, = pee 0 dos) 
| 

eh CH, CH; CH; 

3,3-dimethyl-2-butanol 2,3-dimethyl-1-butene 2,3-dimethyl-2-butene 
(29%) (71%) 

OH 
cS | OF. 

Stupy GuIDE LINK: CH——GH, 
410.2 me acid + H,0 ae) 

Rearrangements 
Involving Cyclic 

Carbon Skeletons 1-cyclobutylethanol 1-methylcyclopentene 

sere eee eeeeesccene BRR RISIIRRCIOIIOOOICIODIOOIOOOOOOOIOOIOIOOIOOIOOOOIOOICOIOOIOOIOIOIOOIOOIOOIOOOOIOIOGC COS CICO CONIC CIO CIO DIO OO OOOO COCO tk ni ees 

10.1 What alkene(s) are formed in the acid-catalyzed dehydration of each of the 

following alcohols? 

*(a) OH (b) 2-methyl-2-propanol 

PhCHCH,Ph 

*(c) 3-methyl-3-heptanol (d) 2-butanol 

10.2 Identify the major alkene product(s) in parts *(c) and (d) of the previous 

problem. 

10.3 Give the structures of two alcohols, one secondary and one tertiary, that could 

give each of the following alkenes as a major acid-catalyzed dehydration product. 

In each case, which alcohol would dehydrate most rapidly? 

*(a) 1-methylcyclohexene (b) 3-methyl-2-pentene 

*10.4 (a) Give a mechanism for the reaction in Eq. 10.5 using the curved-arrow 

formalism. 

(b) After reading Study Guide Link 10.2, explain why the rearrangement in 

Eq. 10.6 is favorable even though both of the carbocations involved are 
secondary. 

Deemer errr reser eee eee esses esse eee ESSE SEEDS SOO EEEEEEESE HODES EEE EH EO EEE SEE EES SEES TEESE EES EEEEEEE SHEE EEES EDDC CES ESRD OHSS EEE EESEODEeeeseD 
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Reactions of Alcohols with Hydrogen Halides 
PEPER e ream eee w ener Heese sees eeee Hee HEH Hee eee EE HEHE EHO H HEHE OHHH HEHE HHH HEHEHE HEHEHE EEE EH HEHEHE HEHE EEE E SHEE EHH HEHEHE HES 

Alcohols react with hydrogen halides to give alkyl halides: 

(CH, ),CHCH, Che OH = tibr a (CH,).;CHCHS CH — Brae ro) sic?) 

3-methyl-1-butanol 1-bromo-3-methylbutane 
(93% yield) 

(Gia). C—O =f HCl a _y (CH:);€— Cl am H,O (10.8) 
25°, 20 min 

tert-butyl alcohol tert-butyl chloride 
(almost 

quantitative) 

Because the equilibrium constant for formation of alkyl halides from alcohols is not 

very favorable, the successful preparation of alkyl halids from alcohols, like the dehydration 

of alcohols to alkenes, usually depends on the application of LeChatelier’s principle (Sec. 

9.2). For example, in both Eq. 10.7 and 10.8, the reactant alcohols are soluble in the 

reaction solvent, which is an aqueous acid, but the product alkyl halides are not. Separation 

of the alkyl halide products from the reaction mixture drives both reactions to completion. 

The mechanism of alkyl halide formation depends on the type of alcohol used as 

the starting material. In the reactions of tertiary alcohols, protonation of the alcohol 

oxygen is followed by carbocation formation. The carbocation reacts with the halide ion, 
which is present in great excess: 

H 

veo aN . 
(CH;);C—-OH + H—Cl: = (CH;);C—O—H + :Cl:7 (10.9a) 

ee Se ee oe 

ease <« (CH). Ga + H,O: (10.9b) 
a es 46 Snl reaction 

(CH3)3C% + #C1- a (CH) OC: (10.9¢) 

Notice that once the alcohol is protonated, the reaction is essentially an Sxl reaction with 

H,0 as the leaving group. 

When a primary alcohol is the starting material, the reaction occurs as a concerted 

displacement of water from the protonated alcohol by halide ion. 

(CH; )2»CHCH,CH,— OH aI ees 2S= (CH3)2CHCH,CH,— OH, ote *Bre~ (10.10a) 

+ ee oe 

(CH; ),CHCH,CH, — OH, See (CH3),CHCH,CH,— Br: a H,O: Sy2 reaction (10.10b) 

ip 
In other words, the reaction is an Sy2 reaction in which water is the leaving group. Notice 

that the initial step of both Syl and Sy2 mechanisms is protonation of the —OH group. 

Secondary alcohols can react by either the Syl or Sy2 mechanism, or both. 

The reactions of tertiary alcohols with hydrogen halides are much faster than the 

reactions of primary alcohols. Typically, tertiary alcohols react with hydrogen halides 
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rapidly at room temperature, whereas the reactions of primary alcohols require heating 

for several hours. The reactions of primary alcohols with HBr and HI are satisfactory, 

but their reactions with HCl are very slow. Although reactions of alcohols with HCl can 

be accelerated with certain catalysts, other methods for preparing primary alkyl chlorides 

(discussed in the following section) are better. 

When carbocation intermediates are involved in the reactions of alcohols with hydro- 

gen halides, rearrangements occur in appropriate cases: 

Reece cece meee eran e nea ee ea saeeeeeeeeee 

10.5 

*10.6 

10.7 

meee e tere reese eeeeeeeerenenaseseeee 

CH; CH; 

Ci = C=C Chae = Ber se (ce en set (10.11) 

isl = QUAL Br 

2-methyl-3-pentanol 2-bromo-2-methylpentane 

SURIRININIOIIOIIOIDIIDOIIOICOIOOOOIIOOIOIOOIOOIOICIOIOICICIOIOOIOUIOOOICIOOIOOOOOC OO CICIOOOOO OOOO OOOO OOOO OOOO OU nt kk LLCs a) 

Suggest an alcohol starting material and the conditions for the preparation of 

each of the following alkyl halides. 

‘(ai el CH, CE GH Cri,.Gha— 1 of 
Using the curved-arrow formalism, give a mechanism for the reaction in 

Eq. 10.11. 

Give the structure of the alkyl halide product expected (if any) in each of the 

following reactions. 

“a HOCH; ~CHjJOH 

cea evs + excess HBr an 

heat 
—_—_> (DIPHOCEH, CH Cro OHS excess dl 

(GC) Cleme@ rE 

| 
Cj = C= Cl Cla, FF @xaass InllBie phe 

CH; 

*(d) (CHa); CCHL OMe alge 

(Flint: see Figs Ors yoccmoi4 G) 

Pomme emcee cee reser eneeseeeeseeereesese PO eee Reem meee eee eee eee ee Ore EEE E ESO E EEE H EEE ES EEE HEHESEES OEE EEEEEEEE EEE HESS EEE H HET ES HOOD EEE EEE EE EEeD 



10.2 Reactions of Alcohols with Hydrogen Halides 449 

The dehydration of alcohols to alkenes and the reactions of alcohols with hydrogen 

halides have some important things in common. Both take place in very acidic solution; 

in both reactions the acid converts the —OH group into a good leaving group. If acid 

were not present, the halide ion would have to displace ~OH in order to form the alkyl 

halide. This reaction does not take place because ~OH is a much stronger base than any 

halide ion (Table 3.1 and Sec. 9.5B). 

Brit + CH,-COH S< :Br—CH; + -:0H (10.12a) 
strong base 

weak base (poor leaving group) 

H 

‘Brit + CH;S-O—H = :Br—CH; 4 HO: (10.12b) 
oe 36 oe 

weak base 
(good leaving group) 

This analysis shows that substitution and elimination reactions of alcohols are possible if 

the —OH group 1s first converted into a better leaving group. Other applications of this 

important point are presented in the following sections. 

Notice that the formation of secondary and tertiary alkyl halides and dehydration 

of secondary and tertiary alcohols have the same initial steps, protonation of the alcohol 
oxygen and formation of a carbocation: 

protonation formation of 
ofthe — OFT a carbocation 

oe + 

>OH >OH, 

a Pad ae . 
el oll heigioiege — oe ieee <— oe ee (10.13a) 

H H H 
X- 

The two reactions differ in the fate of this carbocation, which in turn is governed by the 
conditions of the reaction. In the presence of a hydrogen halide, the halide ion attacks 

the carbocation, and the conditions are designed to cause the alkyl halide to separate 

from the solution. A carbocation can also lose a B-proton to form an alkene (Sec. 9.6); 

however, if an alkene does form, it can react with the large excess of hydrogen halide 

present to give alkyl halide (Sec. 4.7). In dehydration, no halide ion is present, and when 

the alkene forms by loss of a B-proton from the carbocation, the conditions of the 

dehydration reaction force the removal of the alkene product and the water by-product 

from the reaction mixture. It follows, then, that alkyl halide formation and dehydration 

to alkenes are alternative branches of a common mechanism: 
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| 
C¢—C— 

|| 
H 

carbocation 

x7 

(halide ion) H20 

| d ant JER OR —_C— rs == 3 

or jf \ 

se alkene 

alkyl halide (10.13b) 

Notice that the principles developed for substitutions and eliminations of alkyl 

halides are valid for other functional groups, in this case, alcohols. 

Sulfonate and Inorganic Ester Derivatives of Alcohols 
OOD OOOO OOE COOOODOCRODODDOHODCDODOOCOOCUOCODOOCIOOOUCOUOUOCOCOROCOOCOOCON ODOC OUI CUOOCUOOUUUOUOOOD OOOO IOOCOO IUD U OIG R SO CHICO IO. 

When an alkyl halide is prepared from an alcohol and a hydrogen halide, protonation 

converts the —OH group into a good leaving group. However, if the alcohol molecule 

contains a group that might be sensitive to strongly acidic conditions, or if milder or 

even nonacidic conditions must be used for other reasons, different ways of converting 

the —OH group into a good leaving group are required. Methods for accomplishing 

this objective are the subject of this section. 

A. Sulfonate Ester Derivatives of Alcohols 
eee eee eee eee eee eee ame E EEE E HEHE HEEHESES EEE E EEE EEEESESES OSD EEEESESE EES EEEEEEES HEE E TEESE SEES SESE SSEEEEEEEEEES 

Structures of Sulfonate Esters An important method of activating alcohols toward 

nucleophilic substitution and B-elimination reactions is to convert them into sulfonate 

esters. Sulfonate esters are derivatives of sulfonic acids, which are compounds of the 

form R—SO:H. Some typical sulfonic acids are the following: 

( ) sou cy) S0uH 
CH; Ts SO3H 

methanesulfonic acid benzenesulfonic acid p-toluenesulfonic acid 

(The p in the name of the last compound stands for para, which indicates the relative 

positions of the two groups on the ring. This type of nomenclature is discussed in 
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Chapter 16.) A sulfonate ester is a compound in which the acidic hydrogen of a sulfonic 

acid is replaced by an alkyl or aryl group. Thus, in ethyl benzenesulfonate, the acidic 

hydrogen of benzenesulfonic acid is replaced by an ethyl group. 

O O 

c) O—H — acidic hydrogen C)- = OC 

| | 
benzenesulfonic acid ethyl benzenesulfonate 

(a sulfonate ester) 

Organic chemists use abbreviated structures and names for certain sulfonate esters. 

Esters of methanesulfonic acid are called mesylates (abbreviated R—OMs), and esters of 

p-toluenesulfonic acid are called tosylates (abbreviated R—OTs). 

i 
C,H;—O— S—CH,_ is the same as C,H;—OMs 

I ethyl mesylate 

ethyl methanesulfonate 

i 
Gig = — OS {nots is the same as ree 

| | 
C,H; O C,H; 

sec-butyl p-toluenesulfonate sec-butyl tosylate 

10.8 Draw the complete structure and give another name for each of the following 

compounds. 

*(a) isopropyl methanesulfonate 

) methyl p-toluenesulfonate 

*(c) phenyl tosylate 

(d) cyclohexyl mesylate 

Poem meme mee roan eee eee e eee sees E SEH ESSE OEE ESEEEEEEEE SEED E EEE EEEEEEEEE EEE DE EE ES EH EEE EEEEESE DEES ESSE ESOT EES EEEEEESEEEEE EEE EEEEDEEE EOE ESSE SEE ES EEE EEE EEE EEE EE EES 

Formation of Sulfonate Esters Sulfonate esters are prepared from alcohols and 
other sulfonic acid derivatives called sulfonyl chlorides. For example, p-toluenesulfonyl 

chloride, often known as tosyl chloride, and abbreviated TsCl, is the sulfonyl chloride 

used to prepare tosylate esters. 
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O 
S 

CH;(CH,)gOH + Cl—S CH, + || Sie-ce 

1-decanol I N 

pyridine 
p-toluenesulfonyl (used as solvent) 

chloride 
(tosyl chloride; a 
sulfonyl chloride) 

O 

! en 
CH; (GH,) Om 5 CH; + || ie 

N 
‘ | 

aac H ecyl tosylate 
(90% yield) (10.14) 

This is a nucleophilic substitution reaction in which the oxygen of the alcohol displaces 

chloride ion from the tosyl chloride. The pyridine used as the solvent is a base. Besides 

catalyzing the reaction, it also prevents HCl from forming in the reaction (color in 

Eq. 10.14). 

10.9 Suggest a preparation for each of the following compounds from the appropriate 

alcohol. 

*(a) isobutyl tosylate (b) cyclohexyl mesylate 

Reactivity of Sulfonate Esters The utility of sulfonate esters hinges on the fact 

that they have approximately the same reactivities as the corresponding alkyl bromides in 

substitution and elimination reactions. (In other words, you can think of a sulfonate ester 

as a “fat alkyl bromide.”) The reason for this similarity is that sulfonate anions, like 

bromide ions, are good leaving groups. Recall that, among the halides, the weakest bases, 

bromide and iodide, are the best leaving groups (Sec. 9.4E). In general, good leaving 

groups are weak bases. Sulfonate anions are weak bases; they are the conjugate bases of 

sulfonic acids, which are strong acids. 

O O 

ro ete Ps 
rn CH; a CHee orm: 1s 

O O 

p-toluenesulfonic acid: p-toluenesulfonate anion 
a strong acid (tosylate anion): 

a weak base 



10.3 Sulfonate and Inorganic Ester Derivatives of Alcohols 453 

Thus, sulfonate esters prepared from primary and secondary alcohols, like primary and 

secondary alkyl halides, undergo S,y2 reactions in which a sulfonate ion serves as the 

leaving group. 

_ 
aa ee 

Nuc: CH Oly = Nuc CH, 43 -Olls (10.15) 

ee: Ik 
nucleophile tocvlatie 

leaving group 

Similarly, secondary and tertiary sulfonate esters, like the corresponding alkyl halides, 

also undergo E2 reactions with strong bases, and Sy1-E1 solvolysis reactions in polar 
protic solvents. 

The use of sulfonate esters in Sy2 reactions is illustrated by the following study 
problem. 

Pee eee ee ee eee EEE EEE HEHE EEE EEE EE EEEEEEEESES EEE HEHE ETOH EEE E HOHE THEE EEEEEHEEEE HEHEHE H HEHE HEHEHE EHESEEEE EEE HEHEHE EEE HEHE HEHEHE EEEEE EEE EEE EE EE EEEEES 

Outline a sequence of reactions for the conversion of 3-pentanol into 3-bromopentane. 

Solution Before doing anything else, write the problem in terms of structures. 

OH Br 

CH CH CHEE CH me = CHLGEL GH GHGH: 

Alcohols can be converted into alkyl bromides using HBr and heat (Sec. 10.2). However, 

because secondary alcohols are prone to carbocation rearrangements, the HBr method 

is likely to give by-products. However, if conditions can be chosen so that the reaction 

will occur by the Sy2 mechanism, carbocation rearrangements will not be an issue. To 

accomplish this objective, first convert the alcohol into a tosylate or mesylate. 

ie OTs 

CH GHCHGH Ghjgp 2 rr er CH GHeH GH: (10.16a) 

Next, displace the tosylate group with bromide ion in a polar aprotic solvent such as 

DMSO. 

O 

OTs | Br 
CH SCH | 

(DMSO) 
CH;CH,>CHCHSCH,-- Na” Br= @GH{CH,CHCH CH.) Na, Ols (10.16b) 

Because secondary alkyl tosylates, like secondary alkyl halides, are not so reactive as 

primary ones in the Sy2 reaction, use of a polar aprotic solvent ensures a reasonable rate 

of reaction (Sec. 9.4D). This type of solvent also suppresses carbocation formation, which 

would be more likely to occur in a protic solvent. (The transformation in Eq. 10.16b is 

a known reaction that takes place in 85% yield.) 

mettre eee eee Hee ee EEE HEE HEE E HHH HHHEHEHEHEDEE ED REE EEEHEEOHEEEE HEHEHE EEE EEEE ETDS EOE EH MOH EHEE EER EERE E HOHE HEE EEES EEE EEE EEE HEHE SHE EEEHESEE EEE HEHEHE ES 
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The E2 reactions of sulfonate esters, like the analogous reactions of alkyl halides, 

can be used to prepare alkenes: 

OTs 

io INSMCER NODS see ee 6 + K+ -OTs + (CH;);COH 10.17) 
H 

(83% yield) 

This reaction is especially useful for cases in which the acidic conditions of alcohol 

dehydration lead to rearrangements or other side reactions, or for primary alcohols in 

which dehydration is not an option. 

To summarize: An alcohol can be made to undergo substitution and elimination 

reactions typical of the corresponding alkyl halides by converting it into a sulfonate ester. 

A AODDOUCOROOUOODOCOCOCOOOCOOCODOOOCOUOOOOOOODOODOO UOC OOOO OOO UGOOCOOUOO SOO OOOOOOC OCOD OOCOOOCUOOCOOCOOOOOCOOOUIIOO OOO CORUSOO OTTO TOOOL ICT RCT CIOn I SOIC AIIM) 

10.10 Design a preparation of each of the following compounds from an alcohol using 

sulfonate ester methodology. 

*(a) [> (b) eo ce 
CH,CH,CH, —OClal 

10.11 Give the product of each of the following sequences of reactions. 

*(a) OH —LHs802Cl pyridine K*(CH3),0—O7 
(Ci),c=Onms 

(b) OH 

CH. ©HCH, CH, TsCl, pyridine = NaCN 

ee eee eee ee ee teeter eee eee eee tees HEHEHE EEEEEE EEE H EEE E HEH H OHHH EHEEEE EEE E EHO HESEEEEEEEESESESOESSSSESSE SESE ESEEEEEE EEE ESESEEEE EEE EEEEEEE HEHEHE E HEE EES 

eee eee eee rete ee He eee ee Eee HaHa ee EHH HEHE HEHE HHH HEHEHE HEHE HHO OEE HEHEHE HOHE EHEEEES EEO EHEEHEEEEEEHOEEHE EEO EEHEEEE HEE HEE EE EOS 

As you've learned, alkyl halides, alkyl tosylates, and other sulfonate esters are reactive 

in nucleophilic substitution reactions. In a nucleophilic substitution, an alkyl group is 
transferred from the leaving group to the nucleophile. 

leaving group such as 
nucleophile a halide or sulfonate ester 

Nucs R—X —» Nuc—R + X™ (10.18) 

bw alkyl group (R) sil 
transferred from X to Nuc 

The nucleophile is said to be alkylated by the alkyl halide or the sulfonate ester in the 

same sense that a Bronsted base is protonated by a strong acid. For this reason, alkyl 
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halides, sulfonate esters, and related compounds are sometimes referred to as alkylating 

agents. To say that a compound is a good alkylating agent usually means that it reacts 

rapidly with nucleophiles in substitution reactions—that is, in Sy2 and Syl reactions. 

C. Ester Derivatives of Strong Inorganic Acids 

Esters of strong inorganic acids are well known compounds. The structure of such an 

ester is derived conceptually by replacing the acidic hydrogen(s) of a strong acid with 

alkyl or aryl group(s). For example, dimethyl sulfate is an ester in which the acidic 

hydrogens of sulfuric acid are replaced by methyl groups. 

acidic hydrogens 

sulfuric acid dimethyl sulfate 

Because dimethyl sulfate can be prepared from methanol, it can also be viewed as 

a methanol derivative. 

O O 

Ast Ola > MO Ole SS KOR SOS OSCR fe (10.19) 

O O 

Alkyl esters of strong inorganic acids are typically very potent alkylating agents, 

because they contain leaving groups that are very weak bases. For example, dimethyl 

sulfate is a very effective methylating agent, as shown in the following example. 

O O 

crease Pale ten VS a eee. 
(CHa CH=. 0 Cre —O- sO CH, (CH3)5CH —O] Chery O55 OCH. 

isopropoxide O isopropyl methyl O 
anion ether 

weak base; 
dimethyl sulfate good leaving group 

(10.20) 

Dimethyl sulfate and diethyl sulfate are available commercially. These reagents, like 

other reactive alkylating agents, are toxic because they react with nucleophilic functional 

groups on proteins and nucleic acids. 

Certain monoalkyl esters of phosphoric acid are utilized in nature as alkylating agents 

(Sec. 17.6B). DNA and RNA themselves are polymerized dialkyl esters of phosphoric acid 

(Sec. 27.11B). 

Along the same line, alkyl halides can be thought of as alkyl esters of the halogen acids. 

Methyl bromide, for example, is conceptually derived by replacing the acidic hydrogen of 

HBr with a methyl group. As you have learned, this “ester” is an effective alkylating agent. 



456 Chapter 10 Chemistry of Alcohols, Glycols, and Thiols 

ae 10.12 Phosphoric acid, H;PO,, has the following Lewis structure. 

PROBLEMS 3 
eiseacee ccs —- O Be a | 

Home OL 
OH 

*(a) Draw the structure of the monoethyl ester of phosphoric acid. 

(b) Draw the structure of trimethyl phosphate. 

10.13 Predict the products in the reaction of dimethyl] sulfate with each of the following 

nucleophiles. pe 

*(a) water (b) CH 3NH, (methylamine) 

*(c) sodium 1-propanethiolate (d) sodium ethoxide 

In most cases the preparation of primary alkyl chlorides from alcohols with HCl is not 

as satisfactory as the preparation of the analogous alkyl bromides with HBr (Sec. 10.2). 

A better method for the preparation of primary alkyl chlorides is the reaction of alcohols 

with thionyl chloride: 

CH,(CH,).CH,OH + soch =~ ci.(cH,).cH,O + S0,) + Hd (10.21) 

1-octanol thionyl] 1-chlorooctane : ea, e ie 
; 3 pyridine) 

chloride (80% yield) 

Thionyl chloride is a dense, fuming liquid (bp 75—76°). One advantage of using 

thionyl chloride for the preparation of alkyl chlorides is that the by-products of 

the reaction are HCl, which reacts with the base pyridine, and SO;, a gas. Conse- 

quently, there are no separation problems in the purification of the product alkyl 

chlorides. 

The preparation of an alkyl chloride from an alcohol with thionyl chloride, like the 

use of a sulfonate ester, involves the conversion of the alcohol —OH group into a 

good leaving group. When an alcohol reacts with thionyl chloride, a chlorosulfite ester 

intermediate is formed. (This reaction is analogous to that in Eq. 10.14.) 

: O 

! “Ss ! Ss 
INCEGOl a C=O) —> RCH,OSCI + || Ci 0.23} 

ZB Zz 
thionyl N a chlorosulfite N+ 
chloride ester | 

pyridine H 
(solvent) 
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The chlorosulfite ester reacts readily with nucleophiles because the chlorosulfite group, 
—O—SO—CI, is a very good leaving group. The chlorosulfite ester is usually not 

isolated, but reacts with the chloride ion formed in Eq. 10.22 to give the alkyl chloride. 

The displaced ~O—SO—Cl ion is unstable and decomposes to SO, and Cl. 

Ree eee eee REE eOO DOT eT EEE HEHE THEE OTTO TET H THEE HEH HOHE HEHEHE SESE HHO HHHEEHEEEEE ESE E OOS EEEEEEEEESEE EEE ESSE ES ES® 

Oi 4) 

3. I eauilie se Osa? are 
Re Oe Oe a RS Ca Oa Cl “Se Cle 03) i <P PS + 

Kin >Cl: 

oo 

Although the thionyl chloride method is most useful with primary alcohols, it can 

also be used with secondary alcohols, although rearrangements in such cases have been 

known to occur. Rearrangements are best avoided in the preparation of secondary alkyl 

halides by using the reaction of a halide ion with a sulfonate ester in a polar aprotic 

solvent (as in Study Problem 10.1). 

- ». *10.14 Give two methods that can be used to convert 1-butanol into 1-chlorobutane. 

( PROBLEMS 9} 

* if 10.15 According to the mechanism of the reaction of thionyl chloride with alcohols, 

what product, including its stereochemistry, should be obtained in the reaction 

of thionyl chloride with (S)-CH;CH,;CH,CHD— OH? 

*10.16 Phosphorus tribromide, PBr;, can be used to convert primary and secondary 

alcohols into alkyl bromides under mild conditions. 

Ro OMe PBin eR Dro Br 

Give a curved-arrow mechanism for this transformation. (Hint: The mechanism 
follows the same general pattern as the mechanism of the reaction of alcohols 

with thionyl chloride.) 

10.4 Conversion of Alcohols into Alkyl Halides: Summary 

You have now studied a variety of reactions that can be used to convert alcohols into 

alkyl halides. These are 

1. reaction with hydrogen halides 

2. formation of sulfonate esters and displacement with halide ions 

3. reaction with SOC. 

The method of choice depends on the structure of the alcohol and on the type of alkyl 

halide (chloride, bromide, iodide) to be prepared. 
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Primary Alcohols: Alkyl bromides are prepared from primary alcohols (for example, 

1-hexanol) by the reaction of the alcohol with concentrated HBr. Analogously, HI can 

be used to form primary alkyl iodides; the HI is usually supplied by mixing an iodide 

salt such as KI with a strong acid such as phosphoric acid. Thionyl chloride is the method 

of choice for the preparation of alkyl chlorides, unless the alcohol is unusually reactive, 

in which case concentrated HCl can be used. The sulfonate ester method works well with 

primary alcohols, but requires two separate reactions (formation of the sulfonate ester, 

then reaction of the ester with halide ion); hence, this method is less convenient than 

the other methods. Because all these methods have an Sy2 mechanism as their basis, 

alcohols with a large amount of B-branching, such as neopentyl alcohol, do not react 

under the usual conditions. 

Tertiary Alcohols: Tertiary alcohols (for example, tert-butyl alcohol) react rapidly 

with HCl or HBr under mild conditions to give the corresponding alkyl halide. The 

sulfonate ester method shown in Study Problem 10.1 is not used with tertiary alcohols 

because tertiary sulfonates do not undergo Sy2 reactions. Of course, if elimination is 

desired, such sulfonates readily undergo the E2 reaction with alkoxide bases. 

Secondary Alcohols: If the secondary alcohol has relatively little 6-branching, the 

thionyl chloride method can be used to prepare alkyl chlorides. To avoid rearrangements, 

the alcohol should be converted into a sulfonate ester which, in turn, should be treated 
with the appropriate halide ion (Cl~, Br~, or I) in a polar aprotic solvent. The HBr 

method can be used if the desired alkyl halide product is derived from a carbocation 

rearrangement; otherwise this method is not very satisfactory. Specialized methods that 

have not been discussed are required for primary and secondary alcohols that have 

significant B-branching. 
The discussion in this chapter has shown that alcohols and their derivatives can 

undergo substitution and elimination reactions. However, the —OH group itself cannot 

act as a leaving group; it is far too basic. In order to break the carbon-oxygen bond, the 

—OH group must first be converted into a good leaving group. Several strategies can 

be used for this purpose: 

1. Protonation: protonated alcohols are intermediates in both dehydration to 

alkenes and substitution to give alkyl halides. 

2. Conversion into sulfonate esters or inorganic esters: these esters, to a use- 

ful approximation, react like alkyl halides. 

3. Reaction with thionyl chloride: this reagent effects the conversion of alco- 

hols into chlorosulfite esters, which are converted within the reaction 

mixture into alkyl chlorides. 

Ree OO meme eee Hee e EEO ETEE EET EEE EEE ESE SEDO EEEEEEEES EEO EEEEEE EOE EODEEEEEHED ODES HEHEHE EEE EH EEHEEHHE SHEE SETHE EEE E ESET ESE H EEE EEE OSH E EEE EE EEO ED 

10.17 Suggest conditions for carrying out each of the following conversions to yield a 

product that is as free of isomers as possible. 

“(ai TAO OH Br Br 
mon —S= ier A eon 

CH, CH 

(b) (CH;)>CH( CH.) ,OH y= (CH3)sCH(CH;)4Cl 
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The previous sections have discussed substitution and elimination reactions of alcohols 

and their derivatives. These reactions have much in common with the analogous reactions 

of alkyl halides. Now we turn to a different class of reactions: oxidations. Oxidation is a 

reaction of alcohols that has no simple analogy in alkyl halide chemistry. 

A. Oxidation Numbers 

In organic chemistry, whether a transformation is an oxidation or a reduction is deter- 

mined by the oxidation numbers of the reactants and products. The calculation and use 
of oxidation numbers is a “bookkeeping” process that involves three steps. After glancing 

over these steps, read carefully through Study Problem 10.2, which gives an example of 

the entire process. 

1. Assign an oxidation level to each carbon that undergoes a change 

between reactant and product by the following method: 

a. For every bond from the carbon to a less electronegative element 

(including hydrogen), and for every negative charge on the carbon, 

assign a —1. 

b. For every bond from the carbon to another carbon atom, and for every 

unpaired electron on the carbon, assign a zero. 

c. For every bond from the carbon to a more electronegative element, 

and for every positive charge on the carbon, assign a +1. 

d. Add the numbers assigned under (a), (b), and (c) to obtain the oxida- 

tion level of the carbon under consideration. 

2. Determine the oxidation number N,, of both the reactant and product 

by adding, within each compound, the oxidation levels of all the carbons 

computed in Step 1. Remember: consider only the carbons that undergo a 

change in the reaction. 

3. Compute the difference N,,(product) — N, (reactant) to determine 

whether the transformation is an oxidation, reduction, or neither. 

a. If the difference is a positive number, the transformation is an 

oxidation. 

b. If the difference is a negative number, the transformation is a 

reduction. 

c. If the difference is zero, the transformation is neither an oxidation nor 

a reduction. 
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Decide whether the following transformation is an oxidation, a reduction, or neither. 

1 1 
CH,;—CH—cH, —#““*> cCH,—C—CH; (10.24) 

isopropyl alcohol acetone 

Solution 

Step 1 For both the reactant and the product, compute the oxidation level of each 

carbon that undergoes a change. Since the two methyl groups are unchanged, 

do not assign oxidation levels to these carbons. Only one carbon is changed. 

For this carbon, —1 is assigned for each bond to hydrogen (Rule 1a); 0 is assigned 

for each bond to another carbon (Rule 1b); and +1 is assigned for each bond 

to oxygen (Rule 1c). Add the resulting numbers (color). 

OH O 
| | — +1 || —— +2 

Reactant: CH, — CH Product: CHe. 2 Cu: eax ry Chen sl 
0 0 

Sum: 0+ 0 + (+1) + (-1) =0 Sum: 0 + 0 -++ (42) =+-2 

Notice that the C—O double bond in the product acetone is treated as two 

bonds, each receiving a +1 for a total of +2 for the double bond. 

Step 2 Add the oxidation levels for each carbon that changes to determine the oxidation 

number. Because only one carbon changes in Eq. 10.24, the oxidation level of 

this carbon, computed in Step 1, is the only one to be considered. Hence, 

N,x(reactant), the oxidation number of the reactant, isopropyl alcohol, is 0. 

Similarly, N,,(product), the oxidation number of the product, acetone, is +2. 

Step 3 Compute the difference N,,(product) — N,(reactant), which is +2 — 0 = +2. 

Because this difference is positive, the transformation of isopropyl alcohol to 

acetone is an oxidation. 
Pee eee eee teeta eee eee eee THEFT EEEE EEE S EEE OEEEEEEH ES SEE EEE EETEEEEEE TEES EEHESEE EE ESESSESES HOO SSE ESE SSE SEES EEE EE EEC EE EES 

Notice that oxidation numbers are calculated for only the organic starting material 

and the corresponding product. The other reactant(s) (HyCrO, in Study Problem 10.2) 
are not involved in the calculation. 

PRR eee RRR HHH E EERE EEE EOE SHEET OSE SDH H EEE E HOES ESO EEEH EEO E HEHEHE EEE EEESESE DOS SEEEES HEE HESE OOOOH SED EE EeEEES 

Verify that the acid-catalyzed hydration of 2-methylpropene is neither an oxidation nor 

a reduction. 
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Solution First, write the structures involved in the transformation: 

Eee CH; 

AEC OH 

2-methylpropene tert-butyl alcohol 

The oxidation number of the organic reactant, 2-methylpropene, is —2. 

0 =a 

© 
\ 
C=CH, Nx =0+ (-2) = -2 

1. 
H;C 

H3 

The oxidation number of the organic product, tert-butyl alcohol, is also —2: 

atpl =) 

See y. 

OH 

Notice that an oxidation level is computed for only the one methyl group that was formed 

as a result of the transformation. Because the oxidation numbers of the reactant and 

product are equal, the hydration reaction is neither an oxidation nor a reduction. The 

same conclusion, of course, applies to the reverse reaction, dehydration of the alcohol to 
the alkene. 

eee eee eee eee remem eee Hees HH EEE EEEEEEE EEE EEE EEE E HEHE EEHEEEHHEHHEEEEEEE EEE REESE SESE REESE EEE EE EE HEHEHE EEE ESSE EEE EE EE EEE EEEES 

Notice in Study Problem 10.3 that one of the carbons of 2-methylpropene is reduced 

and one is oxidized; however, the net change in oxidation number for the overall transfor- 
mation is zero. 

The methods described here show that the addition of Br, to an alkene is an oxidation 

(the change in oxidation number is +2): 

i is 

R=Clel==CisI——1K se Iie ==> IR (Cla = ClaI—=IR (10.25) 

Noe ee. Nox = 9 

Thus, whether a reaction is an oxidation or reduction does not necessarily depend on 

the introduction or loss of oxygen. However, in most oxidations of organic compounds, 

either a hydrogen in a C—H bond or a carbon in a C—C bond is replaced by a more 

electronegative element, which may be oxygen, but which may also be another element 

such as a halogen. 

Study Problem 10.3 shows that a process which involves introduction of an oxygen 

(or other electronegative element) at one carbon atom is not an oxidation if another 

carbon atom is reduced at the same time. That is, the oxidation state of a molecule is 

determined by the sum of the oxidation states of its individual carbon atoms. 
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The oxidation-number formalism can also be used to relate organic oxidations and 

reductions to the definition of oxidation and reduction that you may have learned in 

general chemistry: An oxidation is a transformation in which electrons are lost, and a 

reduction is a transformation in which electrons are gained. To see how oxidation numbers 

are related to the loss or gain of electrons, consider the transformation of ethanol to 

acetic acid. 

O 

| 
CH,—CH,—OH —*> CH;—C—OH (10.26) 

ethanol acetic acid 

The change in oxidation number for this transformation is +4 (confirm this!); hence, 

this is an oxidation. Let’s now view this transformation in another way by writing it as 

a balanced half-reaction that shows the loss of electrons. This process involves three steps: 

1. Use H,O to balance missing oxygens. 

2. Use protons (that is, H*) to balance missing hydrogens. 

3. Use “dummy electrons” to balance charges. 

This process is illustrated in Study Problem 10.4. 

Prrrrrrrrerrrrrrrrr rrr rrr rere ee eee eee eee eee eee eee eee 

Write the transformation of Eq. 10.26 as a balanced half-reaction. 

Solution First, balance the extra oxygen on the right with a water on the left: 

O 

GEE CE Once EO > CH;C—OH (oxygens are balanced) (10.27a) 

Next, balance the extra hydrogens on the left with four protons on the right: 

O 

CH3CH,OH + H,O => —CH;,C— OH + 4H" (hydrogens and oxygens are balanced) (10.27b) 

Finally, balance the extra positive charges on the right with “dummy electrons” so that 

the charges on both sides of the equation are equal: 

O 

CH;CH,OH + H,O —» CH;,;C—OH + 4H? + 4e7 (everything is balanced) (10.27c) 

eee meee nore near ee eeeeseeeeeae 

The result is the balanced half-reaction. 
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According to this half-reaction, four electrons are “lost” from the ethanol molecule when 

acetic acid is formed. Of course, electrons really aren't lost, because a corresponding 

number of electrons are “gained” by the species that brings about the oxidation. Neverthe- 

less, on the basis of this half-reaction, it can be said that the oxidation of ethanol to 

acetic acid is a four-electron oxidation. This type of terminology is frequently used in 
biochemistry. 
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Recall now that the change in oxidation number for the ethanol-to-acetic acid 
transformation is +4. Notice the correspondence between the change of oxidation number 

(+4) and the “electrons lost” (4) in the corresponding balanced half-reaction. This 

correspondence is general. That is, the change in oxidation number is equal to the number 

of electrons lost or gained in the corresponding half-reaction. 

SPREE eee eee eee eee eee meee ames eee eases eee sere HEHEHE HHEHEEHHEEEE EEE HEHE SHOE HEHEHE HTHEHHHEHHEEEH HEHE E HEHE EEE EEE EEE EEEEEEEEEEEEHHEEE HEHEHE HEHEHE EHHEEE SESE ESET EE EEE 

10.18 Classify each of the following transformations, some of which may be unfamiliar, 

as an oxidation, reduction, or neither. For those that are oxidations or reductions, 

tell how many electrons are gained or lost. 

ey Ca SZ. Cn. WS) O 
light | 

PhoeCHs satire Phe =O 

TOG EGLO GH lee er OH-CH GH ela 

(d) H Ph H Ph 

Sheers A Pa 
Gia a thse vaetoal 

H3C H OHO 

*(e) CH, O CH; 
/ O HO CDC. ao ee GHG One eae 

CH, CH; 

10.19 Write the transformations in *part (d) and part (b) of the previous problem as 

balanced half-reactions. 
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Like acid-base reactions, oxidations and reductions always occur in pairs. Therefore, 
whenever something is oxidized, something else is reduced. When an organic compound is 

oxidized, the reagent that brings about the transformation is called an oxidizing agent. 

Similarly, when an organic compound is reduced, the reagent that effects the transforma- 

tion is called a reducing agent. For example, suppose that chromate ion (CrO 47) is used 

to bring about the oxidation of ethanol to acetic acid in Eq. 10.27c; in this reaction, 

chromate ion is reduced to Cr°*. 
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The corresponding half-reaction for the reduction of chromate Is 

8H* + 3e7 + CrO?- — > Cr°* + 4H,0 (10.28) 

Three electrons are gained in the reduction of chromate to Cr°*. A complete, balanced 

reaction for the oxidation of ethanol to acetic acid by chromate is obtained by reconciling 

the “dummy electrons” in the half-reactions given by Eq. 10.27c and Eq. 10.28 and adding 

the two equations. This process is illustrated in the following study problem. 

Risivivie cieleicis: cide(u ale o/a.cle sie oS 1s'ele e'eleeelelG[ule'e a:n,c1n'n o's 6.6/6 \u[a\sie10/6 0/09 ©1919) 810 a 0 © 0.5 \p'8/Bi619.q'010(e/0'a © 8\e/b\u 0/018 '0|8 e'e)e]\0|0\n/0[0,0,0:9'6)010/919|6\8.6/eisieisin)s, &.0\8\ele Sle me ainisimiss 

Give a complete balanced equation for the oxidation of ethanol to acetic acid by chromate 

ion. 

Solution The two half-reactions are 

CH,CH,OH 4 HL0 —— > CH,CO,8 4Ht + 4e7 (10.29a) 

8H*+ + 3e— + CrO}77 — > Cr?t + 4H,O (10.29b) 

Multiply each equation by a factor that gives the same number of “dummy electrons” in 

both half-reactions. Thus, multiplying Eq. 10.29a by 3 and Eq. 10.29b by 4 gives twelve 

“dummy electrons” in both reactions: 

3CH,CH,OH + 3H,O —» 3CH;CO,H + 12H™ + 12e7 (10.30a) 

32H* + 12e° + 4CrO{77 — > 4Cr°t + 16H,O (10.30b) 

Add these equations, cancelling like terms on both sides. Thus, all “dummy electrons” 

cancel; the three water molecules on the left are cancelled by three of those on the right 

to leave thirteen water molecules on the right; and twelve protons on the right are 

cancelled by twelve of those on the left, leaving twenty protons on the left. Hence, the 

fully balanced equation is 

20H - 4CrO7~ + 3CH.CHLOH > ACr?* += 3CH;,CO,H + 13H50 (10.31) 

This equation shows that three ethanol molecules are oxidized for every four chromate 

ions reduced. 
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By considering the change in oxidation number for a transformation, you can tell 

whether an oxidizing or reducing agent is required to bring about the reaction. For 

example, the following unfamiliar transformation is neither an oxidation nor a reduction 

(verify this statement): 

Heels ol 
Cig @ OC ee lg Oe OC Cl. (10.32) 

Ones Or CH; 

Although one carbon is oxidized, another is reduced. Even though you might know 

nothing else about the reaction, it is clear that an oxidizing or reducing agent alone would 

not effect this transformation. (In fact, the reaction is brought about by strong acid.) 
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The oxidation-number concept can be used to organize organic compounds into 

functional groups with the same oxidation level, as shown in Table 10.1 on page 466. 

Compounds within a given box are generally interconverted by reagents that are neither 

oxidizing nor reducing agents. For example, alcohols can be converted into alkyl halides 

with HBr, which is neither an oxidizing nor a reducing agent. On the other hand, 

conversion of an alcohol into a carboxylic acid involves a change in oxidation level, and 

indeed this transformation requires an oxidizing agent. Notice also in Table 10.1 that 

carbons with larger numbers of hydrogens have a greater number of possible oxidation 

states. Thus, a tertiary alcohol cannot be oxidized at the a-carbon (without breaking 

carbon-carbon bonds) because this carbon bears no hydrogens. Methane, on the other 

hand, can be oxidized to CO;. (Of course, any hydrocarbon can be oxidized to CO) if 

carbon-carbon bonds are broken; Sec. 2.7.) 
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10.20 Indicate which of the following balanced reactions are oxidation-reduction reac- 

tions and which are not. For those involving oxidation-reduction, indicate which 

compound(s) are oxidized and which are reduced. (Hint: Consider the organic 

compounds in each reaction first.) 

cae G@HCH Bre lit Al ie CELCH. oti Brae oealets 

(iy Ciba ip iy aw oe 

Fo CH:- CH — Ch) Bre > Cle CH -=Cr. 

Br Br 

(d) CH; CH, 

Pi CH Or) Oe eh OO 

Or On 

*10.21 How many moles of permanganate are required to oxidize one mole of toluene 

to benzoic acid? 

Ph CH eNin© CO ee meen: 

toluene permanganate benzoic acid manganese 
dioxide 

10.22. How many moles of dichromate (Cr,03~) are required to oxidize one mole of 

ethanol to acetaldehyde? 

GHECE OMe Cr 0 =>) CLECH--© = Gr 

ethanol dichromate acetaldehyde 
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Table 10.1 Comparison of Oxidation States 

of Various Functional Groups 

All molecules in the same box have the same oxidation number. 

X = an electronegative group such as halogen, etc. 
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Methane increasing oxidation number > 

x 
OH 

Primary Carbon © ———--+¥~~—— increasing oxidation number ——————_L_> 

R—CH; 

Secondary Carbon increasing oxidation number ———____—_> 

Bar ies Sebi hes ie 

R R R 

Oe re R=—CX, 

R R 

Tertiary Carbon |# ———_ increasing oxidation number ————¥_ > 

R=€H=R i 

CH,R R= i OH 

R 

R 
| 

Ro 7 rae 

R 
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Oxidation of Alcohols 
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Primary and secondary alcohols are oxidized by reagents containing Cr(VI), that is, 

chromium in the +6 oxidation state, to give carbonyl compounds (compounds containing 

the carbonyl group, peo. For example, secondary alcohols are oxidized to ketones: 

OH O 

ee | 
CH CHCHCH, CH, CH;CH.CH, Neues GHs@CH,GH,CH,CH CH CH. amntloe.) 

aqueous H)SO, 

2-octanol ont 2-octanone 
(94% yield) 

OH O 

Ee; (10.34) 
pyridine 

(89% yield) 

Several forms of Cr(VI) can be used to convert secondary alcohols into ketones. 

Three of these are chromate (CrO4_), dichromate (Cr,03~), and chromic anhydride or 

chromium trioxide (CrO;). The first two reagents are customarily used under strongly 

acidic conditions; the last is often used in pyridine. 

Primary alcohols react with Cr(VI) reagents to give aldehydes, but if water is present, 

aldehydes are further oxidized to carboxylic acids: 

O 

| KCrO; m K3Cr,O; 
Agente Sy ClalCealClsei—= C5! ene tea —_ CELOH aqueous H,SO, 

CH; Gru 

2-methyl-1-butanol 2-methylbutanal 

O 

CEEGE> CH -— €—— On 

CH; 

2-methylbutanoic acid (10.35) 

For this reason, anhydrous preparations of Cr(VI) are generally used for the laboratory 

preparation of aldehydes from primary alcohols. One frequently used reagent of this type 

is a complex between chromium trioxide and two molecules of pyridine in methylene 

chloride solvent, commonly known as Collins’ reagent: 



468 Chapter 10 Chemistry of Alcohols, Glycols, and Thiols 

“( O 

(Collins’ nie 

1-decanol decanal 
(83% yield) 

Water promotes the transformation of aldehydes into carboxylic acids because, in 
water, aldehydes are in equilibrium with hydrates formed by addition of water 
across the C—O double bond. 

O OH O 
|| | || 

Rh Oe econ ee on (10.37) 
aldehyde an aldehyde hydrate carboxylic acid 

Aldehyde hydrates are really alcohols and therefore can be oxidized just like second- 
ary alcohols. Because of the absence of water in anhydrous reagents such as Collins’ 
reagent, no 1,1-diol forms, and the reaction stops at the aldehyde. 

Tertiary alcohols are not readily oxidized under the usual conditions. Notice that a 
carbon atom must bear a hydrogen atom in order for oxidation of an alcohol to an aldehyde, 
a ketone, or a carboxylic acid to occur. 

The mechanism of alcohol oxidation by Cr(VI) involves several steps that have close 
analogies to other reactions. Consider, for example, the oxidation of isopropyl alcohol 
to the ketone acetone by chromic acid (H,CrQ,). 

The first steps of the reaction involve an acid-catalyzed displacement of water from 
chromic acid by the alcohol to form a chromate ester. (This ester is analogous to ester 
derivatives of other strong acids; Sec. 10.3C.) 

CH; Oe CH; O Neen: os + 7 > ee Nae + HO (10.38a) 
CH; HO OH CH, he 

isopropyl alcohol chromic acid a chromate ester 

After protonation of the chromate ester (Eq. 10.38b), it decomposes in a B-elimination 
reaction (Eq. 10.38c). 

CH; me CH O [Fore : | : Sit OeniG HOH, <> H—O—Gr=OH + OH, (10.38) 
CH; OH CH, OH 
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| (eas Ran vali ae 
ae GRRE ENE —- yng AF ree oe Cle OH (10.38c) 

A | ee . 

H OH CH; OH OH 

H— ‘ . acetone Cr(IV) 

} chromium sen 

‘ accepts a H30 

electrons 

This last step is much like an E2 reaction, except that it does not involve a strong base. 

In this step, chromium accepts an electron pair and is thus reduced. In the resulting 

H,CrO; by-product, chromium is in a +4 oxidation state. The ultimate by-product is 

Cr** because, in subsequent reactions, Cr(IV) and Cr(VI) react to give two equivalents 

of a Cr(V) species, which then oxidizes an additional molecule of alcohol. 

Cr(IV) + Cr(VI) ——~ 2Cr(V) (10.39a) 

Cr(V) + (CH;),cH—OH —~> Cri(III) + (CH;),>C=O + 2H* (10.39) 

THE BREATHALYZER TEST 

The oxidation of alcohols by Cr(VI) is the chemical basis of the breathalyzer 

test used by law-enforcement personnel to determine whether a person is 

under the influence of alcohol. In the lungs, a known (small) fraction of 

ethanol in the blood escapes into the air that is subsequently expired. A 

sample of this air is collected and is allowed to react with acidic potassium 

dichromate (K,Cr,O7;), reducing the chromium to Cr**. The resulting change 

in color of the chromium from the yellow-orange of the Cr(VI) oxidation 

state to the blue-green of the Cr(III) oxidation state is detected by a simple 

spectrometer. The amount of Cr(VI) reduced is calibrated in terms of percent 

blood alcohol. (See Problem 10.45 at the end of this chapter.) 

6. Oxidation to Carboxylic Acids 

As noted in the previous section (Eq. 10.35), primary alcohols can be oxidized to carboxylic 

acids using aqueous solutions of Cr(VI) such as aqueous potassium dichromate (K,Cr.07) 

in acid. Another useful reagent for oxidizing primary alcohols to carboxylic acids is 

potassium permanganate (KMnO,) in basic solution: 

Te fag 

CH3CH,CH,CH,CHCH,OH S324» °°, CH,CH,CH,CH,CHCO,H (10.40) 

2-ethylhexanol 2-ethylhexanoic acid 
(74% yield) 
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Manganese in KMnQ, is in the Mn(VII) oxidation state; in this reaction, it is reduced 
to MnO;, a common form of Mn(IV). Because KMnQ, reacts with alkene double bonds 
(Sec. 5.5), Cr(VI) is preferred for the oxidation of alcohols that contain double or triple 
bonds (see Eq. 10.34). 

Potassium permanganate is not used for the oxidation of secondary alcohols to 
ketones because many ketones react further with the alkaline permanganate reagent. 

ea eb ta eo cia mie S 2 # SiBieainin ise 'siqini€iRiaisis-s a alainleieiaie)b. 6 minnie ipinis @iale le)8/>'v\0in/a|sie(a|a/a'6.asin\siaisieipreinveia(e sie OAc tgaain cie'p ib elptern s(nidia oiatalacniemietaple rae meine w eid acinis aetne demain ee ee meee 

10.23 Complete each of the following reactions by giving the major organic product. 

*(a) CH,CH,OH 
CrO3-pyridinez 

CH2Cly H;C 
OH 

Pa a CrO;-pyridine, De CHC OMe cae. 

10.24 = From which alcohol and by what method would each of the following compounds 
best be prepared by an oxidation? 

*(a) (CH;),CHCH,CH,CH,CO,H (b) O 

CH,CH,CCH,CH; 

*(c) OH (d) Ss 

CH; ! CH,CH,CH,CH=O CH=O 

a 
Be ERE ee eae og SPCR EREOT-OSOPT aGh R200 2 AER RS Ce 000 COC S SC SC600000 on nua arg ODACK ACH Gn OOUSE in dobro ioparoneennaaee Hea een Anonnuaded obecacue on 

Ss Aare cheba aces ety 2 cme sn tics iclceselzictels )¢lelo's!alse aie sei siejois|6elosia/sio/a'ollejs\sicielelolsifaioicielne'siatelaisielelein ciatnerr stole eae e eC RC eRe ETT 

The carbon-carbon bond between the —OH groups of a vicinal glycol can be cleaved 
with periodic acid to give two carbonyl compounds: 

OH OH 

H510, + Ph—CH—C—CH, —iilute HOAc 

periodic 
acid ey, CEE 

a vicinal glycol 

O 

Ph—C—H + CH;—C—CH, 4+.2H.0 + HIO3;*H,0 (10.41) 
(77-83% yield) 

ie carbonyl compounds eet 
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Periodic acid is the iodine analog of perchloric acid. 

HClO, HIO, 

perchloric acid periodic acid 

Periodic acid is commercially available as the dihydrate, HIO,-2H,O, often abbrevi- 

ated, as in Eq. 10.41, as H5;1O, (sometimes called para-periodic acid). Its sodium 

salt, NalO, (sodium metaperiodate), is sometimes also used. Periodic acid is a fairly 

strong acid (pK, = —1.6). Because periodate can be determined by titration, the 

periodate cleavage reaction has been used as a test for glycols as well as for synthe- 

sis. The formulas HIO, or Hs1O, are used interchangeably for periodic acid. 

The cleavage of glycols with periodic acid takes place through a cyclic periodate ester 

intermediate (Sec. 10.3C) that forms when the glycol displaces water from H5IOg¢. 

| OH OH / OH 
Sse Ss 
§ HOS |) OH CoN | OH 

Ar a I + 2H,0O (10.42a) SS SS - 

ye as sic Aime | We 
\ “OH OH \ OH 

glycol Hs510¢ cyclic periodate ester 

contains I(VII) contains I(VI1) 

The cyclic ester spontaneously breaks down by a cyclic flow of electrons in which the 

iodine accepts an electron pair. 

iodine accepts an 
electron pair 

iter SOO OH 
ro) dle | LOH 

Ms —- a Zee (10.42b) 
ue aN |e —=@©) SS 

aK OH Le OH 

H3104 (or HIO3 - HO) carbonyl compounds 
contains I(V) 

A glycol that cannot form a cyclic ester intermediate is not cleaved by periodic acid. 

For example, the following compound is not cleaved because it is impossible for both 

oxygens to be part of the same cyclic periodate ester. (If you can’t see why, build a model 

and try connecting the two oxygens with one other atom.) 

OH 

OH 

Do not confuse permanganate, osmium tetroxide, and periodate oxidations, all of 

which occur through cyclic ester intermediates (see Sec. 5.5). Periodate oxidizes glycols, 

but the other reagents oxidize alkenes to give glycols. In all of these reactions, oxidation 

occurs because an atom in a highly positive oxidation state can accept an additional pair 
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of electrons. In the periodate oxidation, the reduction of the iodine occurs during the 

breakdown of the cyclic ester; in the permanganate and osmium textroxide oxidations, 
the metals are reduced during the formation of the cyclic ester. 

10.25 Give the product(s) expected when each of the following compounds is treated 
with periodic acid: 

*(a) OH OH (b) OH 

CH— CH HO-€hj—CH—CrGPh 

*(c) : FOr (d) OH 

oH : OH 

10.26 In each pair below, one of the glycols is virtually inert to periodate oxidation. 
Which glycol is inert? Explain why. 

Oxidation and reduction reactions are extremely important in living systems. A typical 
biological oxidation is the conversion of ethanol into acetaldehyde, the principal reaction 
by which ethanol is removed from the bloodstream. 

CH,CH,OH biological oxidation =) ClCH =O (10.43) 

ethanol acetaldehyde 

The reaction is carried out in the liver and is catalyzed by an enzyme called alcohol 
dehydrogenase. (Recall from Sec. 4.9C that enzymes are biological catalysts.) The oxidizing 
agent is not the enzyme, but a complex-looking molecule called nicotinamide adenine 
dinucleotide, abbreviated NAD*; the structure of NAD+ and a convenient abbreviated 
structure for it are shown in Figure 10.1. When ethanol is oxidized, NAD* is reduced 
to a product called NADH. The hydrogen removed from carbon-1 of the ethanol ends 
up in the NADH; the —OH hydrogen is lost as a proton. 
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H ] H 

SM C—NH, << CONH, 

| ZB ee. | BZ 
Ni Ne 

| 
R 

oe O 

Onno ap el abbreviated structure 
Nw for NAD+ 
Pp H H 

5 NH, 

N ~ N 
© Vi 
\ /: cod \, ee 
fe 

AO). Lill s y6) 

HoH 

H H 

OH OH 

NADt 

Figure 10.1 Structure of NAD*. The portion of the structure in the colored area is abbreviated R. 

H 

4 CONH)? alcohol 
| = dehydrogenase CH;—C—OH + || SS Gr + H;0* 
| Z 2 . 

H ) u acetaldehyde 

ethanol R 

NAD* NADH (10.44) 

The compound NAD* is one of nature’s most important oxidizing agents. (It might 

be called “nature’s substitute for Cr(VI).”) NAD* is an example of a coenzyme. Coen- 

zymes are molecules required, along with enzymes, for certain biological reactions to 

occur. For example, ethanol cannot be oxidized by an enzyme unless the coenzyme NAD* 

is also present, because NAD* is one of the reactants. Thus, an ethanol molecule and an 

NAD* molecule are juxtaposed when they bind noncovalently to alcohol dehydrogenase, 

the enzyme that catalyzes ethanol oxidation. It is within the complex of these three 

molecules that ethanol is oxidized to acetaldehyde and NAD* is reduced to NADH. 

The coenzymes NAD* and NADH are derived from the vitamin niacin, a deficiency 

of which is associated with the disease pellagra (black tongue). Many biochemical processes 

employ the NAD* @ NADH interconversion, some of which reoxidize the NADH formed 

in ethanol oxidation back to NAD*. 
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FERMENTATION 

The human body uses the ethanol-to-acetaldehyde reaction of Eq. 10.44 to 

remove ethanol, but yeast cells use the reaction in reverse as the last step in 

the production of ethanol. Thus, yeast added to dough produces ethanol by 

the reduction of acetaldehyde, which, in turn, is produced in other reactions 

from sugars in the dough. Ethanol vapors, wafted away from the bread by 

CO, produced in other reactions, give rising bread its pleasant odor. Special 

strains of yeast ferment the sugars in corn syrup, grape juice, or malt and 
barley to whiskey, wine, or beer. In order for the fermentation reaction to 
take place, the reaction must occur in the absence of oxygen. Otherwise, acetic 
acid, CH;CO)H (vinegar, or “spoiled wine”), is formed instead by other 
reactions. In winemaking, air is excluded by trapping the CO, formed during 
fermentation as a blanket in the fermentation vessel. Because the production 
of alcohol by yeast occurs in the absence of air, it is called anaerobic fermenta- 
tion. This is one of the oldest chemical reactions known to civilization. 

How does NAD* work as an oxidizing agent? The resonance structure of NAD+ 
shows that it has the character of a carbocation: 

carbocation resonance form 

CONH, 

(10.45) 

The electron-deficient carbon of NAD* and an a-hydrogen of ethanol (color) are held 
in proximity by the enzyme. The carbocation removes a hydride (a hydrogen with two 
electrons) from the a-carbon of ethanol: 

H H 

(ese + 
CH; —C— OH <—> CHa GO 

(10.46a) 

Although this reaction may initially look strange, it is really just like a carbocation 
rearrangement involving the migration of a hydride (Sec. 4.7D), except that in this case 
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the hydride moves to a different molecule. As a result, NADH and a new carbocation 

are formed. By loss of the proton bound to oxygen, acetaldehyde is formed. 

H H 

| +) na ws cE 

Clee OH OLD ge Cem G —— OF a0: (10.46b) 

The acetaldehyde and NADH dissociate from the enzyme, which is then ready for another 
round of catalysis. 

Despite the fact that the NAD* molecule looks large and complicated, the chemical 

changes that occur when it serves as an oxidizing agent take place in a relatively small 

part of the molecule. A number of other coenzymes also have complex structures but 

undergo simple reactions. The part of the molecule abbreviated by “R” in Fig. 10.1 

provides the groups that cause it to bind tightly to the enzyme catalyst, but this part of 

the molecule remains unchanged in the oxidation reaction. 

This section has shown that the chemical changes which occur in NAD*-promoted 

oxidations have analogies in common laboratory reactions. Most other biochemical reac- 

tions have common laboratory analogies as well. Even though the molecules involved 

may be complex, their chemical transformations are in most cases relatively simple. Thus, 

an understanding of the fundamental types of organic reactions and their mechanisms is 

useful in the study of biochemical processes. 

OPPO m mmm meme eee ee ee Hee EEE EEE EEE EEE H EEE ESSE ESSE OHHH EHO E EEE H HEHEHE HOHE EEE EEEEEEE EEE EEE HEHEHE EEE EHEHE HEHE EH EEE HEHEHE EEE SHEE HEHEHE EEE EEES 

*10.27 Give a curved-arrow mechanism for the following oxidation of 2-heptanol, which 

proceeds in 82% yield. 

OH 

CHEGHEH CL CH CE He =F PieGa BF, ae 

a relatively 
2-heptanol stable carbocation 

O 

! 
CH;CCH,CH,CH,CH,CH; + HBF, + Ph;CH 

2-heptanone 

Ree e eee eee ema seem eens e eee Heese esses EHH E eee Es ETEHEHEEHEH HEHE EHEEEEEEEE EEE E HEHE HEHEHE EEE ESE HEH HEHE EEEEE EEE HEH HEHHSHEEEHE HEHE OSES EEEEEEEEEE EOE EEE EHHE EEE EE EES 

Chemical and Stereochemical Group Equivalence 
eee eee eee eee eee eee Hee E EEE E DERE BESET EEE TESTO HEHEHE ESSE EEE HEHEHE E EE HEHEHE EEEE EEE E EEE HEHEHEHEEHEEE HEHE EEE EEE EES 

Different molecules with the same molecular formula—isomers—can have various rela- 

tionships: they can be constitutional isomers, or they can be stereoisomers, which in turn 

can be diastereomers or enantiomers (Chapter 6). The subject of this section is the 

relationships that groups within molecules can have. This subject is particularly important 

in two areas. First, it is important in understanding the stereochemical aspects of enzyme 

catalysis. Second, the subject of group relationships is important in spectroscopy, particu- 

larly nuclear magnetic resonance spectroscopy, which is discussed in Chapter 13. 
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\. Chemical Equivalence and Nonequivalence = 

It is sometimes important to know when two groups in a molecule are chemically 

equivalent. That is, when do two groups behave in exactly the same way towards a 
chemical reagent? 

An understanding of chemical equivalence hinges, first, on the concept of constitu- 

tional equivalence. Groups within a molecule are constitutionally equivalent when they 

have the same connectivity relationship to all other atoms in the molecule. Thus, within 
each of the following molecules, the hydrogens shown in color are constitutionally 
equivalent: 

For example, in compound C, each of the colored hydrogens is connected to a carbon 
that is connected to a chlorine and a CH;CHCI— group. Each of these hydrogens has 
the same connectivity relationship to the other atoms in the molecule. On the other hand, 
the CH;— and —-CH,— hydrogens in the ethanol molecule B are constitutionally 
nonequivalent. The CH;— hydrogens are connected to a carbon that is connected to 
a —~CH,OH, but the —CH,— hydrogens are connected to a carbon that is connected 
to an —OH and a —CH3. However, the two —CH,— hydrogens of ethanol (color) 
are constitutionally equivalent, as are the three CH;— hydrogens. 

In general, constitutionally nonequivalent groups are chemically nonequivalent. This 
means that constitutionally nonequivalent groups have different chemical behavior. Thus, 
the CH;— and —CH,— hydrogens of ethyl alcohol, which are constitutionally non- 
equivalent, have different reactivities toward chemical reagents. A reagent that reacts with 
one type of hydrogens will in general have a different reactivity (or perhaps none at all) 
with the other type. For example, oxidation of ethanol with Cr(VI) reagents causes the 
loss of a —CH,— hydrogen, but the CH;— hydrogens are unaffected. Consequently, 
the two types of hydrogens have very different reactivities with the oxidizing agent. 

Constitutional nonequivalence is a sufficient but not a necessary condition for chemi- 
cal nonequivalence. That is, some constitutionally equivalent groups are chemically non- 
equivalent. Whether two constitutionally equivalent groups are chemically equivalent depends 
on their stereochemical relationship. The stereochemical relationship between constitution- 
ally equivalent groups is revealed by a substitution test. Substitute each constitutionally 
equivalent group in turn with a fictitious circled group and compare the resulting mole- 
cules. Their stereochemical relationship determines the relationship of the circled groups. 
This process is best illustrated by example, starting with the molecules A, B, and C above. 
Substitute each hydrogen of molecule A with a circled hydrogen: 

ibe 4 i i ae pe wasnieean G ‘G e (10.47) HY Nai in turn HY Sei @/ ~c om el 

H H H 

A Al A2 A3 
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Each of these “new” molecules is congruent to the other. For example, the identity of 

Al and A2 is shown in the following way: 

4 H 

stay len | (10.48) [ C rotate molecule 120° C 48) 

Ey / XC] about C— Cl bond Q/ El 

Le 
call H 

Al identical A2 

When the substitution test gives identical molecules, as in this example, the constitution- 

ally equivalent groups are said to be homotopic. Homotopic groups are chemically equiva- 

lent and indistinguishable under all circumstances. Thus, the homotopic hydrogens of 

methyl chloride all have the the same reactivity toward any chemical reagent; there is no 

way to distinguish among these protons, or to tell them apart. 

Substitution of each of the constitutionally equivalent hydrogens in molecule B 

(ethanol) gives enantiomers: 

ie 
CH; CHs CH; 
| | 

oC we C,,, 
@/ ~ou Bd | ~OH HOW \Y@ 
H | H 

rotate molecule 180° (10.49) 

Bl B2 B2 

(AP en lee enantiomers f 

When the substitution test gives enantiomers, the constitutionally equivalent groups are 

said to be enantiotopic. Enantiotopic groups are chemically nonequivalent toward chiral 

reagents, but are chemically equivalent toward achiral reagents. 

Because enzymes are chiral, they can generally distinguish between enantiotopic 

groups within a molecule. For example, in the enzyme-catalyzed oxidation of ethanol, 

one of the two enantiotopic a-hydrogens is selectively removed. (This is further described 

in the next section.) Achiral reagents, however, cannot distinguish between enantiotopic 

groups. Thus, in the oxidation of ethanol to acetaldehyde by chromic acid, an achiral 

reagent, the a-hydrogens of ethanol are removed indiscriminately. 

Finally, substitution of each of the constitutionally equivalent —-CH,— hydrogens 

in molecule C gives diastereomers. 

Cl Cl 

H——CH; H CH; 

@—-H H——@) 

Cl cl 

Cl C2 
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When the substitution test gives diastereomers, the constitutionally equivalent groups are 

said to be diastereotopic. Diastereotopic groups are chemically nonequivalent under all 

conditions. For example, the hydrogens labeled H* and H? in 2-bromobutane (Eq. 10.50) 

are diastereotopic. In the E2 reaction of this compound, anti elimination of H’ and Br 

gives cis-2-butene, and anti elimination of H“ and Br gives trans-2-butene. (Verify these 

statements using models, if necessary.) 

diastereotopic 
hydrogens 
| 
| CH, : 

a 

ee giteceney il eee li apse € 
| anti elimination anti elimination l 

C (9 loss of H? and Br H Br loss of H“ and Br oe ee 

Hg CH: ic H 
CH, 

cis-2-butene trans-2-butene 

2-bromobutane 

reactions occur at different rates (10.50) 

Different amounts of these two alkenes are formed in the elimination reaction precisely 
because the two diastereotopic hydrogens are removed at different rates—that is, these 
hydrogens are distinguished by the base that promotes the elimination. 

Diastereotopic groups are easily recognized at a glance in two situations. The first 
occurs when two constitutionally equivalent groups are present in a molecule that contains 
an asymmetric carbon: 

asymmetric carbon H Cl CH; 

CH;— CH—C—C) diastereotopic Gh €n cH diastereotopic 
3 ~ | | hydrogens methyl groups 

Cl H CH, 

The second situation occurs when two groups on one carbon of a double bond are the 
same and the two groups on the other carbon are different: 

H. Gl 

diastereotopic hydrogens C=C 

Dees 

As you should readily verify, the substitution test on the colored hydrogens gives E,Z 
isomers, which are diastereomers. 

Just as Fig. 6.11 can be used to summarize the relationships between isomeric 
molecules, Fig. 10.2 can be used to summarize the relationships of groups within a 
molecule. Notice the close analogy between the relationships between different molecules 
and the relationships between groups within a molecule. Just as two broad classes of 
isomers are based on connectivity—constitutional isomers (isomers with different con- 
nectivities) and stereoisomers (isomers with the same connectivities) —the two broad 
classes of groups within a molecule are also based on connectivity: constitutionally equiva- 
lent groups and constitutionally nonequivalent groups. Just as two different structures 
can be identical, two constitutionally equivalent groups within the same molecule can be 

C=N: 
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Given: Two or more groups within a molecule 
Problem: What is their relationship? 

4 
vo Are the groups 

constitutionally equivalent? 

MAKE SUBSTITUTION TEST The groups are chemically 
nonequivalent under all conditions. (END) 

Are the resulting compounds 
diastereomers? =} 

The groups are diastereotopic; 
they are chemically nonequivalent 

under all conditions. (END) 

Are the resulting compounds 
enantiomers? 2 a] 

The groups are enantiotopic; The resulting compounds 
they are chemically must be identical (only 

equivalent towards achiral remaining possibility). 
reagents and chemically The groups are homotopic 

nonequivalent towards chiral and are chemically equivalent 
reagents. (END) under all conditions. (END) 

esac 

Figure 10.2 A flowchart for classifying groups within molecules. 

homotopic. Just as there are classes of stereoisomeric relationships between molecules— 

enantiomers and diastereomers—there are corresponding relationships between constitu- 

tionally equivalent groups within molecules—enantiotopic and diastereotopic relationships. 

Just as enantiomers have different reactivities only with chiral reagents, enantiotopic groups 

also have different reactivities only with chiral reagents. Just as diastereomers have different 

reativities with any reagent, diastereotopic groups have different reactivities with any 

reagent. 

Let’s summarize the answer to the question posed at the beginning of this section: 

When are two groups in a molecule chemically equivalent? 



480 Chapter 10 Chemistry of Alcohols, Glycols, and Thiols 

1. Constitutionally nonequivalent groups are chemically nonequivalent. 

c 2. Homotopic groups are chemically equivalent in all situations. 

Stupy Guipe Link: 3. Enantiotopic groups are chemically equivalent towards achiral reagents, 
ae but are chemically nonequivalent towards chiral reagents (such as 

Relationships Among enzymes). 

Constitutionally 4. Diastereotopic groups are chemically nonequivalent. 
Equivalent Groups 
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10.28 For each of the following molecules state whether the groups indicated by italic 
letters are constitutionally equivalent or nonequivalent. If they are constitution- 
ally equivalent, classify them as homotopic, enantiotopic, or diastereotopic. 

Te ei CH, 
\ 
_ classify each pair of methyl groups 

€ b 

H3C CH; 

(b) 4 =) H 

CH: = (CBr 

| H 
by b 

(d) ‘ Onn 1) Oli, sgt 

Ph—C—CH oH ee 
[ey Yes 

bp Ge °H He 

CH; 

(f) (eee carbon 2 

aH—— Hb 

Classify both the hydrogen relationships 
HO — COrH and the relationship between carbon-2 

and carbon-4. 
cH ele: Hd 

COH carbon 4 

OUD OOO SOO TID OS GOUO COD CORT OC ORO CSOD UROL CONDO CHD DOODUOOOCOOCOOECOnAD CIS Ciric oat ie Ce) sieyalateleiele:eieleiaielalelsralefeieia’e\elule\erelarern: e's olo/s\elutalalelstwidislaele’a.einlelsfole/stpieieie eieielsinisisaisnee metaec eer 

5. Stereochemistry of the Alcohol 
Dehydrogenase Reaction 

The alcohol dehydrogenase reaction provides an example which demonstrates not only 
that a chiral reagent can distinguish between enantiotopic groups, but also how this 
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discrimination can be detected. Suppose each of the enantiotopic a-hydrogens of ethanol 

is replaced in turn with the isotope deuterium (*H, or D). Replacing one hydrogen, called 

the pro-(R)-hydrogen, with deuterium, gives (R)-1-deuterioethanol; replacing the other, 

called the pro-(S)-hydrogen, gives (S)-1-deuterioethanol. Although ethanol itself is not 

chiral, the deuterium-substituted analogs are chiral; they are a pair of enantiomers: 

H <—— pro-(R)-hydrogen 

(ClAls OH ethanol (Fischer projection) 

H «— pro-(S)-hydrogen 

H 

D 

(R)-(+)-1-deuterioethanol (S)-(—)-1-deuterioethanol 

The deuterium isotope, then, provides a subtle way for the experimentalist to “label” the 

enantiotopic a-hydrogens of ethanol, and thus distinguish between them. 

If the alcohol dehydrogenase reaction is carried out with (R)-1-deuterioethanol, only 

the deuterium is transferred from the alcohol to the NAD*: 

H 

CONH, D CONH, ] 
enzyme 

| + CH, OH ho ————— 2B (els CS sh eno) 
ZA 
1 H acetaldehyde 

R (R)-(+)-1-deuterioethanol 

NADt NADD (10.51) 

However, if the alcohol dehydrogenase reaction is carried out on (S)-1-deuterioethanol, 

only the hydrogen is transferred. 

H 
O 

CONH, H CONH, 
= enzyme 4 

| + CH; OH Maer EO =P (Clg 16 18) si F1XO) 
Zé 
1" D 1-deuterioacetaldehyde 

R (S)-(—)-1-deuterioethanol 

NADt NADH (10.52) 

These two experiments show that the enzyme distinguishes between the two a-hydrogens 

of ethanol. These results cannot be attributed to a primary deuterium isotope effect (Sec. 

9.5C), because an isotope effect would cause the enzyme to transfer the hydrogen in 

preference to the deuterium in both cases. Although the isotope is used to see the 



482 Chapter 10 Chemistry of Alcohols, Glycols, and Thiols 

preference for transfer of one hydrogen and not the other, this experiment requires that 

even in the absence of the isotope the enzyme transfers the pro-(R)-hydrogen of ethanol. 

The enzyme can distinguish between the two a-hydrogens of ethanol because the 

enzyme is chiral, and the two a-hydrogens are enantiotopic. Enantiotopic groups react 

differently with chiral reagents (Sec. 10.8A). 

Another interesting stereochemical point about the alcohol dehydrogenase reaction 

is shown in Eqs. 10.51 and 10.52: the deuterium (or hydrogen) that is removed from the 

isotopically substituted ethanol molecule is transferred specifically to one particular face, 

or side, of the NAD* molecule. That is, the deuterium in the product NADD (color) 

occupies the position above the plane of the page. This result and the principle of 

microscopic reversibility suggest that if acetaldehyde and the NADD stereoisomer shown 

on the right of Eq. 10.51 were used as starting materials and the reaction run in reverse, 

only the deuterium should be transferred to the acetaldehyde, and (R)-1-deuterioethanol 

should be formed. Indeed, Eq. 10.51 can be run in reverse, and the experimental result 

is as predicted. No matter how many times the reaction runs back and forth, the H and 

the D on both the ethanol and the NADD molecules are never “scrambled”; they maintain 

their respective stereochemical positions. The two CH, hydrogens in NADH are in fact 

diastereotopic; they are distinguished not only by the enzyme, but would in principle be 

distinguished even without the chiral enzyme present (although without the enzyme they 
might not be distinguished as effectively). 

DOD DOOD CUOOOUCUCOUCODOOUCOCOOC OOOO OUDOCUOUOUCUOOUOUUOO OOOO ODOC OOO OOOO UR OOCOUOU UGE ODOOOOOCOOOOOOOCUOOOOOOUROUCOCCOUOOOBOOOOOOOOD TOOT OOOOOCCOOOMOCOAAOOODOOAO CG 

10.29 In each of the following cases, imagine that the two reactants shown are allowed 
to react in the presence of alcohol dehydrogenase. Tell whether the ethanol 

formed is chiral. If the ethanol is chiral, draw a Fischer projection of the enanti- 
omer that is formed. 

4) DaeeD (b) a O @ rn I ><_CONH, i ><" _CONH, 

, N 
| 

R R 

Much of the chemistry of thiols is closely analogous to the chemistry of alcohols, because 
sulfur and oxygen are in the same group of the periodic table. For oxidation reactions, 
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2(@¥8 

| 
ResaW he 

sulfenic sulfinic 
acid acid 

sulfonic 
acid 

increasing sulfur oxidation level 

R—S—S—R 

disulfide 

Figure 10.3 Oxidation of thiols can give several possible products. Of these, disulfides and sulfonic acids (boxed) 
are the most common. 

however, this similarity disappears. Oxidation of an alcohol (Sec. 10.6) occurs at the 
carbon atom bearing the —OH group. However, oxidation of a thiol takes place not at 

the carbon, but at the sulfur. Although sulfur analogs of aldehydes, ketones, and acids 

are known, they are not obtained by simple oxidation of thiols: 

ROH OH mee een RCH = Ome eR CO (10.53) 

S 
| i Ss 

RCH,SH ee Rous 2a, Ro G_-=SH Ro @— OF mee 

Some oxidation products of thiols are given in Fig. 10.3. The most commonly 

occurring oxidation products of thiols are disulfides and sulfonic acids (boxed in the 

figure). The same oxidation-number formalism used for carbon (Sec. 10.5A) can be 

applied to oxidation at sulfur. 

Pee eee eee eee eee meee ee eee eee ames eee eee eae eeEsE HEHEHE HEHE EHH EEE E EEE E EEE E EEF EEE ESSE SESE HEHE EEE EEE EES EEE EEEESESES SEES DESH HHEEEEEEEE EEE SHEE EEE EEE SESE SEES 

10.30 How many electrons are involved in the oxidation of 1-propanethiol to each of 

the following compounds? (See Fig. 10.3 for a more detailed description of the 

bonding at sulfur in the oxidation products.) 

*(a) 1-propanesulfonic acid, CH;CH;CH,SO;H 

(b) 1-propanesulfinic acid, CH;CH,CH,SO,H 

ARERR eee Ree EERO eee eee OEE EEE HEHEHE HEHEHE E HEHEHE HEHEHE EEEEEEEE EEE EE EHEEHEHEEEE HEHE HEHEHE HEEEEES EEE HHEEEESEEEEE EEE HEHE HEHEHE EEE EEE EEE SESE EES ESEEEEES 

a eer ese 

Multiple oxidation states are common for elements in periods of the periodic table 

beyond the second. The various oxidation products of thiols exemplify the multiple 
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oxidation states available to sulfur. The Lewis structures of these derivatives require either 

violation of the octet rule or separation of formal charge: 

Duss “ 
Re oe Od LSS sr =O )a| (10.54) 

a O 

octet structure has charge uncharged structure 
separation violates octet rule; 

12 electrons around sulfur 

Sulfur can accommodate more than eight valence electrons because, in addition to its 3s 

and 3p orbitals, it has unfilled 3d orbitals of relatively low energy (Fig. 1.12). The overlap 

of an oxygen electron pair in a sulfonic acid with a sulfur d orbital is shown in Fig. 10.4; 

this is essentially an orbital picture of the SO double bond. 

Sulfonic acids are formed by vigorous oxidation of thiols or disulfides with KMnO, 
or nitric acid (HNO;). 

GELCH-UCELCE— SH, aan CH3;CH,CH,CH,—SO3H (10.55) 

1-butanethiol 1-butanesulfonic acid 

(72-96% yield) 

Recall that sulfonate esters (Sec. 10.3) are derivatives of sulfonic acids; other sulfonic acid 
chemistry is considered in Chapters 16 and 20. 

Many thiols spontaneously oxidize to disulfides merely on standing in air (O5). 
Thiols can also be converted into disulfides by mild oxidants such as I, in base or Br in 
CCL: 

CH;(CH,),SH a I, + 2NaOH Tee GHG (CH) 49 = o( CH .CH. ae ZINell se 2H,O (10.56) 

(70% yield) 

2C,H5SH == Br aaa Grebo —— CAs + 2HBr (10.57) 

ethanethiol diethyl disulfide 
(nearly quantitative yield) 

oxygen 2p orbital 

sulfur 3d orbital 

Figure 10.4 Bonding in the higher oxidation states of sulfur involves sulfur d orbitals. In a sulfonic acid 
(RSO3H), an electron pair on oxygen overlaps with one of several sulfur 3d orbitals. 
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These reactions can be viewed as a series of Sy2 reactions in which halogen and sulfur 

are attacked by thiolate-anion nucleophiles. 

Rey ete pe OF eRe eel: (10.58a) 

Ree ll: — > Rea eeL: ae 2[e7 (10.58b) 

Rs RSC: SR SSR (10.58c) 

When thiols and disulfides are present together in the same solution, an equilibrum 

among them is rapidly established. For example, if ethanethiol and dipropy! disulfide are 

combined, they react to give a mixture of all possible thiols and disulfides: 

CH;CH.SH + CH;CH,CHj,S—SCH,CH,CH; == 

ethanethiol dipropyl! disulfide 

CH; CH>s—=SCH)CH>CH, + CH.CH .CHoH (10.59a) 

ethyl propyl disulfide propanethiol 

CH.@H>SH) + CH3CH,5—SCH,CH CH» ==) CH,CH55— SCH) CHs + CH.CH{CH SH (10.59b) 

ethanethiol ethyl propyl disulfide diethyl disulfide propanethiol 

Because the compounds on both sides of these equilibria have very similar structures, 

the equilibrium constants for these reactions are close to 1.0. 

Thiols and sulfides are very important in biology. Thiol groups in many enzymes 

have catalytically essential functions, and disulfide bonds help to stabilize protein three- 

dimensional structures (Sec. 26.8A). 

Seem meee ee eee eee eee eee eee eee EEE EEEEE HEHEHE EEE EEEEEESEE EEE EEE EEEEEEEEES SEES EEE E EEE EE TEESE SESE HEHEHE EEE EE ESSE SESE DEH HEHEHE EEEEE EEE EE EEE EHEEEEEEEE EES 

*10.31 The rates of the reactions in Eqs. 10.59 are increased when the thiol is ionized, 

that is, in the presence of a base such as sodium ethoxide. Suggest a mechanism 

for Eq. 10.59a that is consistent with this observation, and explain why the 

presence of base makes the reaction faster. 

eee ee meme eee eee eee eee eee RE eee HEHE EEEEE EEE HHEEEEEEEEEE EEE EEEHEEEEEEE DESO EEE HEEEEEE ESET SESE ESHEETS EE EEE E EEE E HEHEHE EEE SHEE EHH HEHEHE EEE E HEHEHE HEHEHE EE ES 

Synthesis of Alcohols and Glycols 
Dee e ema e ee eee eee er ere HOH Hear ast EHH HHH ese sss EE HEHEHE HEHEHE HEHE EHH HH HEHEHE EEE EOE HHH HHH HaH HE sE SHEE EH Heese seEE EEE EEE eeeene 

The preparation of organic compounds from other organic compounds by the use of 

one or more reactions is called organic synthesis. This section reviews the methods 

presented in earlier chapters for the synthesis of alcohols and glycols. All of these methods 

begin with alkene starting materials: 

1. Hydroboration-oxidation of alkenes (Sec. 5.3B). 

Maus 

3RCH=CH, + BH; —“=». (RCH,CH2);B_ 32 3RCH,CH,OH (10.60) 
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2. Oxymercuration-reduction of alkenes (Sec. 5.3A). 

OH OH 

HO R—CH=CH, + Hg(OAc), = R--CH— CH —HeOAc —( > RCH CH, oe) 

10.11 

Acid-catalyzed hydration of alkenes (Sec. 4.9B) is used industrially to prepare certain 
alcohols, but this is not an important laboratory method. In principle, the Sy2 reaction 
of “OH with alkyl halides can also be used to prepare alcohols from alkyl halides. This 
method is of little practical importance, however, because alkyl halides are generally 
prepared from alcohols themselves. 

Some of the most important methods for the synthesis of alcohols involve the 
reduction of carbonyl compounds (aldehydes, ketones, or carboxylic acids and their 
derivatives), as well as the reactions of carbonyl compounds with Grignard or organolith- 
ium reagents. These methods are presented in Chapters 19, 20, and 21. A summary of 
methods used to prepare alcohols is found in Appendix IV. 

Only one method for preparing glycols has been presented, namely, oxidation of 
alkenes with either OsO, or KMnO, (Sec. 5.5): 

/ 
3. C=C + 2KMnO, + 4H,0 —»> 3—C—C—+ 2Mn0,+ 2KOH (10.2) 
ames 

OH "OH 

/ 
C=C So EF Chea wey ging (10.63) 

\ NaHSO, | | 

OH OH 

Glycols can also be prepared from epoxides; this reaction is discussed in Sec. 11.4B. 

Design of Organic Synthesis 

Although many useful organic syntheses consist of only one reaction, more typically 
several reactions are required for the transformation of one organic compound into 
another. Let’s examine the logic used in planning such a multistep synthesis. 

The molecule to be synthesized is called the target molecule. In order to assess the 
best route to the target molecule from the starting material, you should take the same 
approach that a military officer might take in planning the assault on an objective, namely, 
work backward from the target towards the starting material. Just as the officer considers 
secondary objectives—a hill here, a tree there—from which the final assault on the target 
can be launched, in planning a synthesis you should first assess what compound can be 
used as the immediate precursor of the target. You should then continue to work backward 
from this precursor step-by-step until the route from the starting material becomes clear. 
Sometimes more than one synthetic route will be possible. In such a case, each synthesis 
is evaluated in terms of yield, limitations, expense, and so on. It is not unusual to find 
(both in practice and on examinations) that one synthesis is as good as another. 

The following study problem illustrates this strategy. 
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Dd hdd UCCCCUICIOCICICICOCCIC OOOO OOCOICINICICICCICOOIO NOOO COSCO OOOO OOOOIOOOONIOOINOOIOOOOOOOOOOOINONOIOOOOOOOOOOOOO OI mOOnOOOO OO mcrninnrnnn 

Outline a synthesis of hexanal from 1-hexene. 

CH;CH,CH,CH,CH = CH, > CH;CH,CH,CH,CH,CH=O 

1-hexene hexanal 

Solution To “outline a synthesis” means to suggest the reagents and conditions required 

for each step of the synthesis, along with the structures of each intermediate compound. 

Begin by working backward from hexanal, the target molecule. First, ask whether aldehydes 

can be directly prepared from alkenes. The answer is yes. Ozonolysis (Sec. 5.4) can be 

used to transform alkenes into aldehydes and ketones. However, ozonolysis breaks a 

carbon-carbon double bond, and certainly would not work for preparing an aldehyde 

from an alkene with the same number of carbon atoms, because at least one carbon is lost 

when the double bond is broken. No other ways of preparing aldehydes directly from 

alkenes have been covered. The next step is to ask how aldehydes can be prepared from 

other starting materials. Two ways have been presented: cleavage of glycols (Sec. 10.6C), 

and oxidation of primary alcohols (Sec. 10.6A). The cleavage of a glycol, like ozonolysis 

of an alkene, breaks a carbon-carbon bond, and is unsatisfactory for the present objective 

because it requires the loss of at least one carbon atom. However, the oxidation of a 

primary alcohol could be a final step in a satisfactory synthesis: 

CH,CH.CH,CH.CHjCH.— OF ees CH CH, CH, @H, CH, GH Ouro. 

1-hexanol hexanal 

Now ask whether it is possible to prepare 1-hexanol from 1-hexene; the answer is yes. 

Hydroboration-oxidation will convert 1-hexene into 1-hexanol. The synthesis is now 

complete: 

CH.CH,CH.CH,CH—CH Bee Oe CH, CH CH CH CECH Or 3 2 2 2 2 THE NaOH 3 2 2 2 Dy 2 

1-hexene 1-hexanol 

CrO3-pyridine, 

CH3CH,CH,CH,CH,CH (0) 

hexanal (10.65) 

Notice carefully the process of working backward from the target molecule one step at 

a time. 

Working problems in organic synthesis is one of the best ways to master organic 

chemistry. It is akin to mastering a language: it is relatively easy to learn to read a language 

(be it a foreign language, English, or even a computer language), but writing it requires 

a more thorough understanding. Similarly, it is relatively easy to follow individual organic 

reactions, but to integrate them and use them out of context requires more understanding. 

One way to bring together organic reactions and study them systematically is to go back 

through the text and write a representative reaction for each of the methods used for 

preparing each functional group. For example, which reactions can be used to prepare 

alkanes? Carboxylic acids? Jot down some notes describing the stereochemistry of each 

reaction (if known) as well as its limitations—that is, the situations in which the reaction 
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would not be expected to work. For example, dehydration of tertiary and secondary 

alcohols is a good laboratory method for preparking alkenes, but dehydration of primary 

alochols is not. (Do you understand the reason for this limitation?) This process should 

be continued throughout future chapters. 

The summary in Appendix IV can be a starting point for this type of study. In 

Appendix IV are presented lists of reactions, in the order that they occur in the text, 

which can be used to prepare compounds containing each functional group. It is very 
important to integrate what you have learned about organic chemistry, and problems in 
organic synthesis will help you achieve that. goal. 

10.32 Outline a synthesis of each of the following compounds from the indicated 
starting material. 

*(a) 2-methyl-3-pentanol from 2-methyl-2-pentanol 
(b) hexane from 1-hexanol 

We) 
CO,H from CH, 

(d) SH Geant from Eero e sey: 

CH, CH; 

“10.33 The reaction of alkyl chlorides with KI in acetone is one way to prepare alkyl 
iodides. What is the stereochemistry of this reaction? What is one limitation on 
the structure of the alkyl chloride that can be used in this reaction? Explain the 
reasons for your answers to both of these questions. 

Key IDEAS IN CHAPTER 10 

[\ Several reactions of alcohols involve breaking the C—O bond. 
1. In dehydration and the reaction with hydrogen halides, the —OH 

group of an alcohol is converted by protonation into a good leaving 
group. The protonated —OH is eliminated as water (in dehydra- 
tion) to give an alkene, or displaced by halide (in reaction with 
hydrogen halides) to give an alkyl halide. 

2. In the reaction of an alcohol with SOCI,, the reagent itself converts 
the —OH into a good leaving group, which is displaced in a subse- 
quent substitution reaction to form an alkyl halide. 

3. In the reaction with a sulfonyl chloride, the alcohol is converted 
into a sulfonate ester, such as a tosylate or a mesylate. The sulfonate 
group serves as an excellent leaving group in substitution or elimina- 
tion reactions. 
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(aa oxidation in organic chemistry is a reaction in which the product 

has a greater (more positive, less negative) oxidation number than the 

reactant. A reduction is a reaction in which the product has a smaller 

(less positive, more negative) oxidation number than the reactant. The 

change in oxidation number is the same as the number of electrons 

lost or gained in the corresponding half-reaction. 

[\ Alcohols can be oxidized to carbonyl compounds with Cr(VI). Primary 

alcohols are oxidized to aldehydes (in the absence of water) or carbox- 

ylic acids (in the presence of water), secondary alcohols are oxidized to 

ketones, and tertiary alcohols are not oxidized. Primary alcohols are oxi- 

dized to carboxylic acids with KMnQOg,. Vicinal glycols react with peri- 

odic acid to give aldehydes or ketones derived from cleavage of the 

carbon-carbon bond between the —OH groups. 

my Thiols are oxidized at sulfur, rather than at the a-carbon. Disulfides 

and sulfonic acids are two common oxidation products of thiols. 

ogee example of a naturally occurring oxidation is the conversion of etha- 

nol into acetaldehyde by NAD*; this reaction is catalyzed by the 

enzyme alcohol dehydrogenase. 

my Just as two isomeric molecules can be classified as constitutional iso- 

mers or stereoisomers depending on their connectivities, two groups 

within a molecule can be classified as constitutionally equivalent or con- 

stitutionally nonequivalent. In general, constitutionally nonequivalent 

groups are chemically distinguishable. Constitutionally equivalent 

groups are of three types. 

1. Homotopic groups, which are chemically equivalent under all 

conditions. 
2. Enantiotopic groups, which are chemically nonequivalent in reac- 

tions with chiral reagents such as enzymes, but chemically equiva- 

lent in reactions with achiral reagents. 

3. Diastereotopic groups, which are chemically nonequivalent under all 

conditions. 

ees useful strategy for organic synthesis is to work backward from the 

target compound systematically one step at a time. 

*10.34 Give the product expected, if any, when 1-butanol (or other compound indi- 

cated) reacts with each of the following reagents. 

(a) concentrated aqueous HBr, heat (b) aqueous H3SO,, cold 

(c) CrO3-pyridine, complex in CH,Cl, (d) NaH 

, (Problem 10.34 continues ) 

DDITIONA 
PROBLEMS 
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e) product of (d) + CH3I in DMSO 

f) p-toluenesulfonyl chloride in pyridine 

g) CH ;CH,CH,MgBr in anhydrous ether 
h) SOCI, in pyridine 

) product of (a) + Mg in dry ether 

}) product of (f) + K* (CH;);C—O7 in (CH;);COH 

k) product of (j) + OsO,, then aqueous NaHSO, 

10.35 Give the product expected, if any, when 2-methyl-2-propanol (or other com- 
pound indicated) reacts with each of the following reagents. 
(a) conc. aqueous HCl (b) CrO3; in pyridine 

(c) H,SOx,, heat (d) Brs in CHCl (dark) 

(e) potassium metal (f) methanesulfonyl chloride in pyridine 
(g) product of (f) + NaOH in DMSO 
(h) product of (e) + product of (a) 

(i) product of (g) + alkaline KMnO, 

(j) product of (i) + periodic acid 

10.36 Give the structure of a compound that satisfies the criterion given in each case. 
(There may be more than one correct answer.) 

*(a) a seven-carbon tertiary alcohol that yields a single alkene after acid-catalyzed 
dehydration 

(b) an eight-carbon secondary alcohol that yields a single alkene after acid- 
catalyzed dehydration 

*(c) an alcohol, which, after acid-catalyzed dehydration, yields an alkene that in 
turn, upon ozonolysis and treatment with (CH3),S, gives only benzaldehyde, 
Ph—CH=O 

(d) an optically active glycol that yields two equivalents of acetaldehyde on 
treatment with periodic acid 

*(e) an alcohol that gives the same product when it reacts with KMn0O, as is 
obtained from the ozonolysis of trans-3,6-dimethyl-4-octene followed by 
treatment with H,O, 

“10.37 The following ester is a powerful explosive, but is also a medication for angina 
pectoris (chest pain). From what inorganic acid and what alcohol is it derived? 

neue ONO, ONO, 

| | 
CH, CH CH, 

10.38 In each compound, identify (1) the diastereotopic fluorines, (2) the enantiotopic 
fluorines, (3) the homotopic fluorines, and (4) the constitutionally nonequivalent 
fluorines. 

*(a) FF (b) F F *(c) FF 

He. ‘ & FC 6-1 = H—C—C—H 
ie aa Pe 
FB 3 le WOE 
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10.39 How many sets of chemically equivalent hydrogens are in each of the following 

structures? 

“(ay Clie H (b) sede H 

C6 CG 

i \ 
H CH,CH, H H 

e(c) Cl (d) ‘ 

5G | 
@) 

*(e) OCH,CH; 

GSO shO le CH— CH, 

*10.40 When tert-butyl alcohol is treated with H,'*O (water containing the heavy oxygen 

isotope '*O) in the presence of a small amount of acid, and the tert-butyl alcohol 

is reisolated, it is found to contain '"O. Write a curved-arrow mechanism that 

explains how the isotope is incorporated into the alcohol. 

10.41 = Indicate whether each of the following transformations is an oxidation, a reduc- 

tion, or neither, and how many electrons are involved in each oxidation or 

reduction process. 

*(a) OCHS O 

(b) OH O 

CH;CH,CHCH=O —» CH;CH,CCH,OH 

CH; CHa CH; 

*(e)n(GH,).€—Cl => s"(CHs),C> 4 Cle 

10.42 Outline a synthesis for the conversion of enantiomerically pure (R)- 

CH;CH,CHD— OH into each of the following isotopically labeled compounds. 

Assume that Na!®OH or H,'8O is available as needed. 

*(a) (R)-CH,CH,CHD—'!*OH_ (Hint: two inversions of configuration corre- 

spond to a retention of configuration. ) 

(6) (S)-CH.CH,CHD—“oH 
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10.43 Outline a synthesis for each of the following compounds from the indicated 

starting material and any other reagents. 

*(a) CH3;— CH—CH,CH,CH; from 1-pentanol 

| 
D 

(b) D—CH,CH,CH,CH,CH; from 1-pentanol 

. [ -cx:con from C- CH=CH, _ (cyclopentylethylene) 

(d) 
CH,CH = O from cyclopentylethylene 

*(e) 
CO,H from cyclopentylethylene 

(f) ethylcyclopentane from cyclopentylethylene 
*(g) CH3CH,CH,CH,—CN from 1-butene (Hint: See Table 9.1) 

(h) H;C, (OH 
OH from 1-methylcyclohexene 

10.44 Tell which of the two sulfonate esters in each of the following pairs reacts more 
rapidly in an Sy2 reaction with sodium methoxide in methanol and explain your 
reasoning. 

a) 0 Br 0 

! 
casa: cos) 

O O 
Br 

methyl 3, 5-dibromobenzenesulfonate methyl benzenesulfonate 

(b) O O 

eon cca en 

| | 
ethyl mesylate ethyl triflate 

10.45 A police officer, Lawin Order, has detained a driver, Bobbin Weaver, after observ- 
ing erratic driving behavior. Administering a breathalyzer test, Officer Order 
collects 52.5 mL of expired air from Weaver and finds that the air reduces 
0.507 X 10~° mole of K,Cr,O, to Cr3*. Assuming that 2100 mL of air con- 
tain the same amount of ethanol as 1 mL of blood, calculate the “percent blood 
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*10.47 

*10.48 

*10.49 

10.50 

*10.51 
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alcohol content” (BAC), expressed as (grams of ethanol per mL of blood) x 

100. If 0.10% BAC is the lower limit of legal intoxication, should Officer Order 
make an arrest? 

How many grams of CrO; are required to oxidize 10 g of 2-heptanol to the 

corresponding ketone? 

The primary alcohol 2-methoxyethanol, CH;0—CH,CH,—OH, can be oxi- 

dized to the corresponding carboxylic acid with aqueous nitric acid (HNO;). 
The by-product of the oxidation is nitric oxide, NO. How many moles of HNO, 

are required to oxidize 0.1 mole of the alcohol? 

Chemist Stench Thiall, intending to prepare the disulfide A, has mixed one mole 

each of 1-butanethiol and 2-octanethiol with I, and base. Stench is surprised at 

the low yield of the desired compound and has come to you for an explanation. 

Explain why Stench should not have expected a good yield in this reaction. 

A CH;CH,CH,CH,—S een ue as 

CH; 

Compound A, C;H,,4, decolorizes Br; in CH,Cl, and reacts with BH; in THF 

followed by H,O;/OH™ to yield a compound B. When treated with KMnO,, B 

is oxidized to a carboxylic acid C that can be resolved into enantiomers. Com- 

pound A, after ozonolysis and workup with H,O;, yields the same compound 

D formed by oxidation of 3-hexanol with chromic acid. Identify compounds A, 

BaGrandeD: 

A certain hydrocarbon A (CgH,,4) undergoes a reaction with OsO,, followed by 

aqueous NaHSO;, to give a glycol B, which, when treated with periodic acid, 

gives cyclopentanone and acetone. Propose a structure for compounds A and B. 

O O 
| 

Gh © Ore 

cyclopentanone acetone 

Match each of the structures below with one of the compounds A—D on the 

basis of the following experimental facts. Compounds A, B, and C are optically 

active, but compound D is not. Compound C gives the same products as com- 

pound D on treatment with periodic acid, but compound B gives a different 

product. Compound A does not react with periodic acid. 

Tigers CH,O0CH; CH,OCH; CH,OCH; 

CHa OCLs H OH H OH CH— OCH, 

CHO H OH HO H (Cle l@) a 

ClAj = OC Ely : . CH,OCH; CH,OCH, Gripe © ll 

(1) (2) (3) (4) 
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*10.52 

10.53 

In a laboratory are found two different compounds, A (melting point —4.7°) 

and B (melting point — 1°). Both compounds have the same molecular formula 

(C;H,4O) and both can be resolved into enantiomers. Both compounds give off 

a gas when treated with NaH. Treatment of either A or B with tosyl chloride in 

pyridine yields a tosylate ester, and treatment of either tosylate with potassium 

tert-butoxide gives a mixture of the same two alkenes, C and D. However, 

reaction of the tosylate of A with potassium tert-butoxide to give these alkenes 

is noticeably slower than the corresponding reaction of the tosylate of B. When 

either optically active A or optically active B is subjected to the same treatment, 

both alkene products C and D are optically active. Treatment of either C or D 

with H; over a catalyst yields methylcyclohexane. Identify all unknown com- 
pounds and explain your reasoning. 

Complete each of the following reactions by giving the principal organic prod- 
uct(s) formed in each case. 

*(a) CH,OH 
Cr tosyl chloride NaBr 

a Ss 
pyridine DMSO 

(b) H;PO 

CH;0H dimethy! sulfate 
> > (OMG, CH — ole CH.Os 

| 

H3PO, 
heat 

(f) OH 
or cone, HBr K*(CH3)3CO™ 

—$— >> > 

(CH3);COH 

*(g) 

oH Ome 

CH; 

(h) (CH; ),6He— CH=CH, OsO,, then aqueous NaHSO, a NalO, 

*Gi) 3-methyl-1-butanethiol + C,H; —S—S—C,H, —OH (catalyst) 
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*10.54 (a) When the rate of oxidation of isopropyl alcohol to acetone is compared 

with the rate of oxidation of a deuterated derivative, an isotope effect is 

observed. 

fae CH; 

oi ae LO} he relative rate = 6.6 

H CH, 

au Cle 

CH,— C— OH ney €=—O relative rate = 1.0 

Which step in the mechanism of Eq. 10.38 is rate-limiting? 

(b) When either (S)- or (R)-1-deuterioethanol is oxidized with CrO;-pyridine, 

in CH,Cl,, the same product mixture results and it contains significantly 

more of the deuterated aldehyde A than the undeuterated aldehyde B. 

H 

GH = CON ee CH Op ae 6 6 
CH,Cl, | 

D D H 
A B 

1-deuterioethanol (mostly) 

Explain why the deuterated aldehyde is the major product. 

(c) Explain why, in the oxidation of (R)-1-deuterioethanol with alcohol dehy- 

drogenase and NAD*, none of the deuterated aldehyde is obtained. 

10.55 When the hydration of fumarate is catalyzed by the enzyme fumarase in D,O, 

only (2S,3R)-3-deuteriomalate is formed as the product. 

COR 

“OWE H 
Hea DO 

| DO fumarase 

UL SS 2 
H COn 

COn 
fumarate : 

(2S,3R)-3-deuteriomalate 

This reaction can also be run in reverse. By applying the principle of microscopic 

reversibility, predict the product (if any) when each of the following compounds 

is treated with fumarase in H,O: 

(Problem 10.55 continues ) 
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*10.56 

*10.57 

10.58 

*(a) CO; (b) CO *(¢) CO; 

HO D HO lal H OH 

CO; CO; CO; 

Buster Bluelip, a student repeating organic chemistry for the fifth time, has 

observed that alcohols can be converted into alkyl bromides by treatment with 

concentrated HBr, and has proposed that, by analogy, alcohols should be con- 

verted into nitriles (organic cyanides, R—CN) by treatment with concentrated 

HCN. Upon running the reaction, Bluelip finds that the alcohol does not react. 
Another student has suggested that the reason the reaction failed is the absence 
of an acid catalyst. Following this suggestion, Bluelip runs the reaction in the 
presence of H,SO,, and again observes no reaction of the alcohol. Explain the 
difference in the reaction of alcohols with HBr and HCN, that is, why the latter 
fails but the former succeeds. (Hint: see Table 3.1.) 

Primary alcohols, when treated with H,SO,, do not dehydrate to alkenes under 
the usual conditions. However, they do undergo another type of “dehydration” 
to form ethers if heated strongly in the presence of H»SO,. The reaction of ethyl 
alcohol to give diethyl ether is typical: 

H,SO,4 
2 CH CEeOr SG CrHeCE5 —O—_- Ci CH. ar H,O0 

Using the curved-arrow formalism, show mechanistically how this reaction takes 
place. 

Using the curved-arrow formalism, give a mechanism for each of the following 
known conversions. (If necessary, re-read Study Guide Link 10.2.) 

a(a)erisC a GH. H;C CH, 

OH ae HBr 20° - 30", Br (74% yield) 

dilute H)SO,4 LO 
od 

2, 

(one of several 
alkene products) 

Geet tiniehe acgumcncis cic! arkeansn sn iciake eyez ojeiPicle=)8ie\e'eie/s{e)s,¥\e)e{e|e{es\9ioieinle(a)a(eie/s\einle,s/s[a67ale/aisie’e\a,e\s\eis ejeieieisieleisleleveetelvainciaieiersatctcre Dae aD OOO UOUC OCI OCUDOCOD DOOD DOD OSUC TOC OUC OUCOO UDO CUOOACODCGOAOOOO CbOGgda 



Chemistry of 

Ethers, Epoxides, 

and Sulfides 

A E Yhe chemistry of ethers is closely related to the chemistry of alkyl halides, alcohols, 

and alkenes. Ethers, however, are considerably less reactive than these other types 

of compounds. This chapter covers the synthesis of ethers and shows why the 

ether linkage is relatively unreactive. 

Epoxides are heterocyclic compounds in which the ether linkage is part of a three- 

membered ring. Unlike ordinary ethers, epoxides are very reactive because of the great 

degree of strain in the epoxide ring. This chapter also presents the synthesis and reactions 

of epoxides. 

Sulfides (thioethers), sulfur analogs of ethers, are also discussed briefly in this chapter. 

Although sulfides share some chemistry with their ether counterparts, they differ from 

ethers in the way they react in oxidation reactions, just as thiols differ from alcohols. 

Finally, the strategy of organic synthesis will be revisited with a classification of 

reactions according to the way they are used in synthesis, and a further discussion of 

how to plan multistep syntheses. 

Synthesis of Ethers and Sulfides 

Some ethers can be prepared by the reaction of alkoxides with methyl halides, primary 

alkyl halides, or the corresponding sulfonate esters. 

O7 Na™ OCH 

Ph—CH—CH,; + CH;—I —» Ph—CH—CH; + Nat I- (11.1) 

an alkoxide (90% yield) 

Some sulfides can be prepared in a similar manner from thiolates, the conjugate bases 

of thiols. 

497 
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CH;(CH))3—SH 

1-butanethiol 

STUDY 
PROBLEM 

11.1 

a CHACH 3—s7 UG OD CH, (CH), $C Hare ane 

1-butanethiolate butyl ethyl sulfide, or 
(1-ethylthio)butane 

(78% yield) (11.2) 

Both of these reactions are examples of the Williamson ether synthesis, named for 

Alexander William Williamson (1824-1904), Professor of Chemistry at the University of 

London. (Williamson’s synthesis of diethyl ether and ethyl methyl ether in 1850 settled 

a controversy over the structures and relationship of alcohols and ethers.) The Williamson 

ether synthesis is an important practical example of the Sy2 reaction (Table 9.1). In this 

reaction the conjugate base of an alcohol or thiol acts as a nucleophile; an ether is formed 

by displacement of a halide or other leaving group. 

ig WN ce Ae Lf ee 
Roe © Ree Rae RO Rae |: (11.3) 

Tertiary and many secondary alkyl halides cannot be used in this reaction. (Why?) 
In principle, two different Williamson syntheses are possible for any ether with two 

different alkyl groups. 

Ae gl Cai 
R'—O:" + R?—xX iy, 

3 — > R'—O—R’?+ X7 (11.4) 
R= Oe 4b RI —— 3 ie 

Or NS 

The preferred synthesis is usually the one that involves the alkyl halide with the greater 
Sy2 reactivity. This point is illustrated by the following study problem. 

i a maha che neicnn oo eum creie)Pieiejele}a(s)siaielsialeiaje}s\0i6le/eiejs(eais\eielelejsieie's\e\s[es\einlee\<{ale{e's{n\eia)a/mie)v\b's\a(nls{ai¢i6je\e olel=iaiucn\s|s\afalo|eialelslejcieisiaisis(aie(aievele(s Bleieietaicielare eietelelaata cre 

Outline a Williamson ether synthesis for tert-butyl methyl ether. 

CH; 

Cee =O Css 

CH; 

tert-butyl methyl ether 

Solution From Eq. 11.4, two possibilities for preparing this compound are the reaction 
of methyl bromide with potassium tert-butoxide and the reaction of tert-butyl bromide 
with sodium methoxide. Only the former combination will work. 

(CH;);6 OF Ke =) GE Br GHEOm Natt (GH. =r, 
satisfactory / does not 
reaction occur, why? 

(CH;),;C —O—CH, (11.5) 

Do you know why sodium methoxide and tert-butyl bromide would not work? (See 
SEG SF) 

sieieia/0\0\0)e'e)e\eie\0\eie/e\eie'aie cisieis/a\n\o/s\e ven seleieee 6.010 oeisssssicesiosiceeecace Shicveisicisleis/Sieleisielelsiele!e\eis\e,v:elsje/e{e}0}8\nie:alela{ele[e{6injereleferejelsiaiossis(a\sis\s|sle(ole\sins\sialetelale\etelelsieiefsine siniereiarertcrere 
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blll ld OIC OOOOOOOO UOC OOOO OOOO OOOO OO OOOOOOOOOOOOOOOOOOOOOOOOOOUOOOOOOOOOOOCCrr ir 

11.1 Complete the following reactions. 

*(a) (CH3),CHOH + Na, then CH;—I —SoProryl 
alcohol 

(ORCHSHe Crise CH CH a Glagee e 
CH30H 

*(O\m CHzOe Nat +.(CHa.C— Br CH,0H 

(eG Omk -5(CH).CGH.— O's a 

Suggest a Williamson ether synthesis, if one is possible, for each of the following 

compounds. If no Williamson ether synthesis is possible, explain why. 

*(a) (b) (CH;),CH—S—CH, 
CH,CH,— O—CH,CH; 

Another method for the preparation of ethers is a variation on a synthesis of alcohols, 
which can be prepared from alkenes by oxymercuration-reduction in aqueous solution 

(Sec. 5.3A). If the reaction is carried out with an alcohol solvent, an ether is formed 

instead. This process is called alkoxymercuration-reduction: 

CH,==CHCH,CH,CH,CH; + Hg(OAc), + (CH;),CHOH ——> 
1-hexene (solvent) 

Saas asia pra de ee ccies +i OAc 

OO CECCEE)> 

1-acetoxymercuri-2-isopropoxyhexane (11.6a) 

ere nearer ge Ste NaBH, a CH3CH CH,CH,CH,>CH; = Hg + borates 

[ 

Stupy GuIDE LINK: 

Y11.1 

Learning New 
Reactions from 

Earlier Reactions 

O—CH(CH;)> OR CH GHa)s 

2-isopropoxyhexane 
(91% yield) (11.6b) 

The mechanism of the reaction in Eq. 11.6a is completely analogous to the mecha- 

nism of oxymercuration, except that an alcohol instead of water is the nucleophile that 

attacks the mercurinium ion intermediate. Notice that the ether product of Eq. 11.6b 

could not have been prepared by a Williamson ether synthesis (Problem 11.3). 
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POR eee eee eee eee ee eee eee eee eee eee eee eee eee sees eee eee eees ees sseseeseeesesessseees 

(a) Give the mechanism of Eq. 11.6a and account for the regioselectivity of the 
reaction. 

(b) Explain what would happen in an attempt to synthesize the ether product 

of Eq. 11.6b by a Williamson ether synthesis. 

11.4 Complete the following reactions. 

*(a) CH3;CH==CHC;H; + CH;OH + Hg(OAc), ——~> NaBH, 5 

(b) (GHis Gti —- HCl + C,H;0OH ah Hg(OAc), NaBH, 

11.5 Outline a synthesis of each of the following ethers using alkoxymercuration- 
reduction: 

*(a) dicyclohexyl ether (b) tert-butyl isobutyl ether 

savin sncntel micereiamiensioisiniaipy a1rieleieie/aceiein/elnieis\s/sle/a)e|e\¢\e/e{als\ais|s\0\e/5(s{ei6[s1016\ein\ejale)eisin(a(ele(6is(ald/a\eiuls/a'a\s\a\e\e.6;6/e{8\eie\a(u\n\ais/ajalelale’e/sieia/atniciatelsieveiss eleva hetero oie aie eiaree 

In some cases, two molecules of an alcohol can undergo dehydration to give an ether. 

H,SO4 

140° 

ethanol diethyl ether 

P} C,H;OH Cie Os Ok. (eZ) 

This method is used industrially for the preparation of diethyl ether, and it can be used 
in the laboratory. However, it is generally restricted to the preparation of symmetrical 
ethers derived from primary alcohols. (A symmetrical ether is one in which both alkyl 
groups are the same.) Secondary and tertiary alcohols cannot be used because they 
undergo dehydration to alkenes (Sec. 10.1). 

The formation of ethers from primary alcohols is an Sy2 reaction in which one 
alcohol displaces water from another molecule of protonated alcohol: 

ok 

CH;CH,— OH HO—CH,CH, —> 
IV 

i 
i HOCH>CH; 

(solvent) 
yy e 

CH3;CH, — O— CH,CE 13 = CH; Ch O-— CH GH, 

+e ahs 
+ H,0 + H,OCH,CH; 

(protonated solvent 
molecule) (11.8) 

(See Problem 10.57, Chapter 10.) 
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Tertiary alcohols can be converted into unsymmetrical ethers by treating them with 
dilute mineral acids in an alcohol solvent. For example, tert-butyl ethyl ether can be 

prepared when tert-butyl alcohol is treated with dilute sulfuric acid in ethanol solvent: 

CH; CH; 

| dilute H,SO, 
——————SS Chee Co Ole te CoH-OH CH, —C——OC pis (11.9) 

CH; ethanol Gre 
(excess, solvent) 

tert-butyl alcohol tert-butyl ethyl ether 
(95% yield) 

The key to this reaction is that only one of the alcohol starting materials, in this case, 
tert-butyl alcohol, can readily lose water after protonation to form a relatively stable 

carbocation. The alcohol that is used in excess, in this case, ethanol, must be one that 

either cannot lose water after protonation to give a carbocation or should form a carbocat- 

ion much less readily. 

oe H>SO oe 

(CH3);C—OH ===> cH,),c-L6n 

H 

*. HSO “ 
cc 6 = CHC OH 

H 

oe + ee 

HO + (CH3)3C+ CH;CH, + H,0 
tertiary primary 

carbocation carbocation 
(does not form) (11.10) 

When the carbocation derived from the tertiary alcohol is formed, it reacts rapidly with 

ethanol, which is present in large excess because it is the solvent. 

es: fi 
(CH;),C* HO—CH,CH; > (CH;)3C Tages (11.11) 

H 

(loses a proton to solvent to give the product) 

There is an important relationship between this reaction and alcohol dehydration. 

Alcohols, especially tertiary alcohols, undergo dehydration to alkenes in the presence of 

mineral acids (Sec. 10.1). Ether formation from tertiary alcohols and the dehydration of 

tertiary alcohols are alternative branches of a common mechanism. Both ether formation 

and alkene formation involve carbocation intermediates; the conditions dictate which 

product is obtained. The dehydration of alcohols to alkenes involves relatively high 

temperatures and removal of the alkene and water products as they are formed. Ether 

formation from tertiary alcohols involves milder conditions under which alkenes are not 

removed from the reaction mixture. In addition, a large excess of the second alcohol 

(ethanol in Eq. 11.9) is used as the solvent, so that the major reaction of the carbocation 

intermediate is with this alcohol. Any alkene that does form is not removed but is 

reprotonated to give back the same carbocation, which eventually reacts with the alcohol 

solvent: 
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| H,SO,, —H,0 

: CH, 
2a) ee CH;CH,OH | 

H,SO solvent) = = = c—or ee Ca SE Cy CO CiCr aa 
ee ye HSOZ : | 

CH; CH; CH; 

carbocation 
intermediate 

< This analysis suggests that treatment of an alkene with a large excess of alcohol in 
Stupy Gurpe Linx: the presence of an acid catalyst should also give an ether, provided that a relatively stable 

¥11.2 carbocation intermediate is involved. Indeed, such is the case; for example, the acid- 
Common 

Intermediates from 
Different Starting 

Materials 

catalyzed additions of methyl and ethyl alcohols to 2-methylpropene to give, respectively, 
tert-butyl methyl ether and tert-butyl ethyl ether are important industrial processes for 
the synthesis of these important gasoline additives (Sec. 2.8). 

Gee 
dilute H,SO, | 
= > C—— CE Om ONE CH,— C—OCH:, (11.13) 

CH; methanol 
CH; 

2-methylpropene tert-butyl methyl ether 
(MTBE) 

Eqs. 11.9, 11.12, and 11.13 show that for the preparation of tertiary ethers, it makes 
no difference in principle whether the starting material from which the tertiary group is 
derived is an alkene or a tertiary alcohol. 

11.6 Complete each of the following reactions by giving the major organic product. 
*(a) OH 

Ph—C—CH; + CH,OH —Hilute H:80s 
(solvent) 

CH; 

(b) OH 

CH; + CH;CH,OH —SitteH280s 
(solvent) 

11.7 *(a) Give the structure of an alkene which, when treated with dilute H,SO, and 
methanol, will give the same ether product as the reaction in Problem 11.6a. 

(b) Give the structure of two alkenes, either of which, when treated with dilute 
H,SO, and ethanol, will give the same ether product as the reaction in 
Problem 11.6b. 
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11.8 Outline a synthesis of each ether using either alcohol dehydration or alkene 

addition, as appropriate. 

*(a) CICH,CH,0CH>CH,Cl (b) dibutyl ether 

*(c) tert-butyl isopropyl ether (d) 2-methoxy-2-methylbutane 

SHPO ee were rere erere see ses esse esse EEE EEEE EOE E HEHE EEEESEEESESEEE ESOS OES ESESESESESESESE SEES EEE EEEEEEEEEESEEEEEEEE SEES EES ESESESES ESE EE EEEEESES ESSE SESE EEEEEEEES 

Synthesis of Epoxides 
TERRE e ee eee eae THEE EEE EEE EE EEE EETEE EEE E OOOH EEE EEEEEEEEEESEHEE THEE EEEEHEEEHEHEEEEEEEEEEE SEES SHEE EHH HEHE EEE EEEEED 

TERROR eee eee ee EEE THEE EE EEE HEHEHE EHESEEE EEE TEESE HEHEHE EEE E EEE E HEHEHE EEE EEE ESE EES ESE SESE HEHEHE EEE EE EES 

One of the best laboratory preparations of epoxides involves the direct oxidation of 

alkenes with peroxycarboxylic acids. 

O O 

i SOO ies Ps Oa OH CHAGH,) CH=CH) oh —Pezene S  CH3(CH,);CH—CH) + re 

1-octene 2-hexyloxirane abe 
Cl (81% yield) Cl nic, 

meta-chloroperoxybenzoic acid meta-chlorobenzoic 
(mCPBA, a peroxycarboxylic acid) acid 

The use of alkenes as starting materials for epoxide synthesis is one reason that certain 

epoxides are named traditionally as oxidation products of the corresponding alkenes 

(Sec. 8.1C). 

The oxidizing agent in Eq. 11.14, meta-chloroperoxybenzoic acid (abbreviated 

mCPBA), is an example of a peroxycarboxylic acid. A peroxycarboxylic acid is a carboxylic 

acid that contains an —O—O—H (hydroperoxy) group rather than an —OH 

(hydroxy) group. 

O O hydroperoxy group 

RG OH wor RCOoH ee or RCO3H 

a carboxylic acid a peroxycarboxylic acid 

(Note that the terms peroxyacid or peracid are sometimes used instead of peroxycarboxylic 

acid. These are actually more general terms that refer not only to peroxycarboxylic acids, 

but also to any acid containing an —O—OW—H group instead of an —OH group.) 

Many peroxycarboxylic acids are unstable, but they can be formed just prior to use 

by mixing a carboxylic acid and hydrogen peroxide. In principle, any one of several 

peroxycarboxylic acids can be used for epoxidation of alkenes. The peroxyacid used in 
Eq. 11.14, mCPBA, has been popular because it is a crystalline solid that can be shipped 

commercially and stored in the laboratory. However, mCPBA, like most other peroxides, 

can be detonated if not handled carefully. A less hazardous peroxycarboxylic acid that 

has essentially the same reactivity is the magnesium salt of monoperoxyphthalic acid, 

abbreviated MMPP. . 
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O 

I 

a O—O—-H 
| O- Mgt? magnesium monoperoxyphthalate 

— C wee (MMPP) 

O 2 

The formation of an epoxide from an alkene and a peroxycarboxylic acid is a 

concerted addition reaction. 

OS Tk 7 Os 

| T carboxylic acid 

Hs 0) A Y (11.15) 

. ( ee ze: x 
= < es 

Vo Cae 
epoxide 

[ This mechanism is very similar to that for the formation of a bromonium ion in bromine 
Srupy GuipE Link: addition to alkenes (Sec. 5.1A). 

411.3 

Mechanism of sy 
Epoxide Formation oO Br: ie 

:Br:  °Br: 

\! ( u ee z i (11.16) 
ae = 

oe Ss EX pe 

bromonium ion 

The formation of epoxides with peroxycarboxylic acids is a stereoselective reaction; 
it takes place with complete retention of the alkene stereochemistry. That is, a cis-alkene 

rc gives a cis-substituted epoxide, and a trans-alkene gives a trans-substituted epoxide. 
STuDY GuIpDE LINK: 

: 11.4 Ph H O 

ae C=C ee : He tea o (11.174) benzene; 25 Ph \ lial 

lal Ph H Ph 

trans-stilbene oxide 
(55% yield) 

IN ve O 

es PhCO3H a x jee: "heures Dae Ph" Ca Orne Ph (11.17b) 

+ . jf oN 
H lal 

cis-stilbene cis-stilbene oxide 

(52% yield) 
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This is the result expected from a concerted reaction. The oxygen from the peroxycar- 

boxylic acid must bond to both alkene carbons at the same face, since it cannot bridge 

both upper and lower faces simultaneously. 

ee ot reer ree rr rrr rrr rrr rrr rrr rrr rere rere reer errr rrr re ree ee ee ee eee 

OSCR ET Sarre 
oft = 11.9 Give the structure of the alkene that would react with mCPBA to give each of 

Do the following epoxides. a PROBLEMS — 

: *(a) (b) HG O 
(Be v/a 

C— CH, 

Nein th cecal ma ret cael 

/ 
IBL{C 

cc) O (d) O 
: As us 

[nies ye) ee Chal ne are H 
/ a ie / 

H H H CH; 

11.10 Give the product expected when each of the following alkenes is treated with 

MMPP. 
(ay) (b) trans-3-hexene 

CH, 

OH FeO 

60°C wes : 
CH;—C—CH,—Br + Na* OH7> ——~> C—CH, + Nat Br + H—OH (11.18) 

| 
CH; she 

1-bromo-2-methyl-2-propanol 2,2-dimethyloxirane 

(a halohydrin) (81% yield) 

This reaction is an intramolecular variation of the Williamson ether synthesis (Sec. 11.1A); 

in this case, the alcohol and the alkyl halide are part of the same molecule. The alkoxide 

anion, formed reversibly by reaction of the alcohol with NaOH, displaces halide ion from 

the neighboring carbon: 

(70H non 

AOA! ui) lnEKC 8S 

| ti | . We iG 
CH;—C—CH,—Br: == CH; i CH, c. —> C— Chi: Br: (11.19) 

CH; ClAls H3C 

Like other Sy2 reactions, this reaction takes place by backside attack of the nucleo- 

philic oxygen anion at the halide-bearing carbon (Sec. 9.4B). Such a backside attack 
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requires that the attacking oxygen and the leaving halide assume an anti relationship in 

the transition state of the reaction. For noncyclic halohydrins, this relationship can 

generally be achieved through a simple bond rotation. 

:0 i= et. ; O = H sOs 

< \ CH Br: internal ‘ ae — H rae ae 

ice 1 \ ‘ rotation H3C yi ey H3C 7 Ne 

S CH; H CH, ‘Br? CH; H (11.20a) 

= Os :O:x 

H Br H ) H \ 
internal oe 

rotation H H *Br : 
H3C CH; H3C ae Ge H3C CH; 

IBre 

O, Br gauche; O, Br anti; 
backside attack backside attack 
not possible possible (11.20b) 

Halohydrins derived from cyclic compounds must be able to assume the required 
anti relationship through a conformational change if epoxide formation is to succeed. 
The cyclohexane derivative below, for example, must undergo the chair flip before epoxide 
formation can occur. 

s6R= 

Br: > TON ——— a =Briz 

diaxial 

conformation (11.21) 

diequatorial 
conformation 

Even though the diaxial conformation of the halohydrin is less stable than the diequatorial 
conformation, the two conformations are in rapid equilibrium. As the diaxial conforma- 
tion reacts to give epoxide, it is replenished by the rapidly established conformational 
equilibrium. 

Nn inchs ashe ges ar cin ns IGIEL® soleetle/rlelese{e)stnialeTajeia)]s\efejeie'shsls\ejo/eisiejeinisisleie cielo meso sislela(aise\sinld/afelbj\ers(alnia/sisieialsiols/elele saaisieedeheldsisisemercamencnccine semeesiseneececceserenente 

“11.11 From models of the transition states for their reactions, predict which of the two 
following stereoisomers (shown in Fischer projection) should form an epoxide at 
the greater rate when treated with base. Explain. 

OH OH 

Br Br 
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11.12. The chlorohydrin trans-2-chlorocyclohexanol reacts rapidly in base to form an 

epoxide. The cis stereoisomer, however, is relatively unreactive and does not give 

an epoxide. Explain why the two stereoisomers behave so differently. 

Pere eee tere eee e eee e reer e eee EEE EEE O HOE HHS EE EEE EEE SESE SESE SESE SESE E SEES EEE SHEE EE EEE EEE E HESS EEEEEE EEE OES 

The ether linkage is relatively unreactive to many reagents. This is one reason ethers are 

widely used as solvents; that is, a great many reactions can be carried out in ether solvents 

without affecting the ether linkage. One reaction of ethers that does occur is the cleavage 

of the ether linkage by HI and HBr to give alcohols and alkyl halides. 

When the ether contains only primary alkyl groups, strong acid and relatively harsh 

conditions are required to bring about ether cleavage. 

diethyl ether ethanol ethyl iodide 

The alcohol formed in the cleavage of an ether (ethanol in Eq. 11.22) can go on to react 

with HI to give a second molecule of alkyl halide (Sec. 10.2). 

The mechanism of ether cleavage involves, first, protonation of the ether oxygen: 

(+ Sth 
Hei le H “[: 

| 
CH;CH,—O—CH,CH,; === CH;CH;—O=—CH,CH; (11.23a) 

Then the iodide ion, which is a good nucleophile (Sec. 9.4D), attacks the protonated 

ether in an Sy2 reaction to form an alkyl halide and liberate an alcohol as a leaving 

group. 

H I? iT: 
| . 

CHsCH»—Q5 CH,CH; —» CH;CH,—OH + CH,CH,; (11.236) 

If the ether contains secondary or tertiary alkyl groups, the cleavage occurs under 

milder conditions (lower temperatures, more dilute acid). The first step of the mechanism 

is the same—protonation of the ether linkage: 

(Co. & 

CH; aes CH, H 
: | 

Ca O—€HCia == oe a ape dae (11.24a) 

CH; CH; 

The formation of the alkyl iodide occurs by an Syl mechanism. A carbocation is formed 

by loss of the alcohol leaving group, and the carbocation is attacked by iodide ion. 
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haem 
CHa = Gon Gh 

GH rT 

CH; CH; 

<= CH;—Ct© “IF —» CH;—C—I: (11.246) 

CH; CH; 

carbocation 

+ HO—CH,CH; 

Notice that the tertiary alkyl halide is formed along with the primary alcohol. Because 

the Syl reaction is faster than competing Sy2 processes, none of the primary alkyl iodide 
is formed. 

Notice also the great similarity in the reactions of ethers and alcohols with halogen 

acids (Sec. 10.2). In the reaction of an alcohol, water acts as the leaving group. In the 

reaction of an ether, an alcohol acts as the leaving group. Otherwise the reactions are 
essentially the same. 
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Methyl or primary ether: 
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Although the cleavage of alkyl ethers gives alkyl halides and alcohols as products, 

this reaction is rarely used to prepare these compounds because ethers themselves are 

most often prepared from alkyl halides or alcohols. 
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*11.13 Explain the following facts with a mechanistic argument. 

(a) When butyl methyl ether (1-methoxybutane) is treated with HI and heat, 

the initially formed products are mainly methyl iodide and 1-butanol; little 

or no methanol and butyl iodide are formed. 

(b) When tert-butyl methyl ether is treated with HI, the products formed are 
tert-butyl iodide and methanol. 

(c) When tert-butyl methyl ether is heated with sulfuric acid, methanol and 2- 

methylpropene distill from solution. 

(d) Tert-butyl methyl ether cleaves much faster in HBr than its sulfur analog, 

tert-butyl methyl sulfide. (Hint: See Sec. 8.6.) 

PROBLEMS — 
sue 

11.14 What products are formed when each of the following ethers reacts with concen- 

trated aqueous HI? 

*(a) 2-ethoxypropane (b) diisopropyl ether 

*(c) 2-ethoxy-2,3-dimethylbutane (d) 1-methoxy-1-methylcyclohexane 
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Nucleophilic Substitution Reactions of Epoxides 
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Epoxides readily undergo reactions in which the epoxide ring is opened by nucleophiles. 
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A reaction of this type is essentially an Sy2 reaction in which the epoxide oxygen serves as 

the leaving group. Of course, in this reaction, the leaving group does not depart as a 

separate entity, but rather remains within the same molecule. 
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In an unsymmetrical epoxide, two ring-opening products could be formed corre- 

sponding to attack of the nucleophile at the two different carbons of the ring. As Eq. 

11.28 illustrates, nucleophiles typically attack unsymmetrical epoxides at the carbon with 

fewer branches. This regioselectivity is expected from the effect of branching on the rates 

of Sy2 reactions (Sec. 9.4C). Branching retards the rate of attack; hence, attack at the 

unbranched carbon is faster and leads to the observed product. 

Like other Sy2 reactions, the ring opening of epoxides by bases involves backside 

attack of the nucleophile on the epoxide carbon. When this carbon is a stereocenter, 

inversion of configuration occurs, as illustrated by the following study problem. 
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What is the stereochemistry of the 2,3-butanediol formed when meso-2,3-dimethyloxirane 
reacts with aqueous sodium hydroxide? 

Solution First draw the structure of the epoxide. The meso stereoisomer of 2,3-dimeth- 

yloxirane has an internal plane of symmetry, and its two asymmetric carbons have opposite 
configurations. 
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meso-2,3-dimethyloxirane 

Because the two different carbons of the epoxide ring are substituted with the same 
groups, the hydroxide ion can attack either one. Backside attack on each carbon should 
occur with inversion of configuration. 
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The product shown is the 25,38 stereoisomer. Attack at the other carbon gives the 2R,3R 
stereoisomer. (Verify this point!) Because the starting materials are achiral, the two 
enantiomers of the product must be formed in equal amounts (Sec. 7.8A). Hence, the 
product of the reaction is racemic 2,3-butanediol. (This predicted result is observed in 
the laboratory.) 
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Because an epoxide is a type of ether, the ring opening of epoxides is an ether 
cleavage. However, ordinary ethers do not undergo cleavage in base. 

CH; CH, — OCH CH CH On m= Olean (11.30) 

(Contrast this with the reaction in Eq. 11.27). 
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Why are epoxides so reactive? Epoxides, like their carbon analogs, the cyclopropanes, 

possess significant ring strain (Sec. 7.5B). Because of this strain, the bonds of an epoxide 

are weaker than those of an ordinary ether, and thus more easily broken. The opening 

of an epoxide relieves the strain of the three-membered ring just as the snapping of a 

twig relieves the strain of its bending. 
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11.15 Predict the products of the following reactions. 
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11.16 From what epoxide and what nucleophile could each of the following compounds 

be prepared? (Assume each is racemic.) 

*(a) OH i (b) es 

CH:(CH,),CHCH,CN ae 
SCH; 
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Ring-opening reactions of epoxides, like those of ordinary ethers, are catalyzed by acids. 

However, as might be expected from the previous section, epoxides are much more 

reactive than ethers under acidic conditions because of their ring strain. 

aS Q CH; 
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H3C methanol OCH; 

2,2-dimethyloxirane Harleys allt wctuwnlt HEED 1 

(isobutylene oxide) PS ©7606 yield) yee 

This reaction requires only a trace of the acid catalyst to proceed at a convenient rate. 

The regioselectivity of the ring-opening reaction is different under acidic and basic 

conditions. The structure of the product in Eq. 11.31 shows that the nucleophile methanol 

reacts at the more branched carbon of the epoxide. Contrast this with the result in Eq. 

11.27, in which the nucleophile reacts at the less branched carbon under basic conditions. 

In general, if one of the carbons of an unsymmetrical epoxide is tertiary, nucleophiles 

react at this carbon under acidic conditions. 



512 Chapter 11 Chemistry of Ethers, Epoxides, and Sulfides 

Some insight into why different regioselectivities are observed under different condi- 

tions comes from mechanistic considerations. The first step in the mechanism of Eq. 

11.31, like the first step of ether cleavage, is protonation of the oxygen. 

protons come from 
protonated solvent molecule 
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Eye Ow ay al HCN On mie FOGH: 
Wa 
at ee Ca Or, (11.32a) 

H3C H3C 

protonated epoxide 

Bonds to tertiary carbon atoms are weaker than bonds to primary carbon atoms (Table 
5.3), and the protonated oxygen is a good leaving group. Consequently, the bond to the 
tertiary carbon in the protonated epoxide is very weak. In other words, the tertiary carbon 
has a great deal of carbocation character. A solvent molecule attacks this carbon as it 
would a carbocation to give the product after loss of a proton. 
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If the tertiary carbon in the protonated epoxide has substantial carbocation character, 
then this carbon is essentially sp*-hybridized and has nearly planar geometry. If so, the 
branches at this carbon are flattened and impede attack of the nucleophile much less 
than they would in an ordinary Sy2 reaction. 

When the carbons of an unsymmetrical epoxide are secondary or primary, there is 
much less carbocation character at either carbon in the protonated epoxide, and acid- 
catalyzed ring opening reactions tend to give mixtures of products; the exact compositions 
of the mixtures vary from case to case. 

5 OCH: OH 
0.8% | | 

CH, CH— CH) > CHOH — > CH= cher on CH;— CH—CH,—OC,H, 
f t é 37% of product 63% of product 

secondary primary 
(lae33)) 

The mixture reflects the balance between opening of the weaker bond, which favors attack 
at the more branched carbon, and steric hindrance to nucleophilic attack, which favors 
attack at the less branched carbon. 
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Notice that the regioselectivities of acid-catalyzed epoxide ring opening and attack 

on bromonium ions are very similar (Sec. 5.1B). This is not surprising, since both types 

of reactions involve the opening of strained rings containing very electronegative leaving 

groups. 

Acid-catalyzed ring-opening reactions of epoxides, like base-catalyzed ring-opening 

reactions, occur with inversion of stereochemical configuration. 

ial H 
& 2 OH 

( Be J Gales! HSOzj catalyst ios (11.34) 

nee inversion of configuration ___/ och, 

cyclohexene oxide (+)-trans-2-methoxycyclohexanol 
(82% yield) 

When water is used as a nucleophile in acid-catalyzed epoxide ring opening, the 

product is a 1,2-diol, or glycol. Acid-catalyzed epoxide hydrolysis is generally a useful 

way to prepare glycols. 

- 
: HClO ac 

O + H,O NS (11.35) 
30 min 

H 

cyclohexene oxide (+)-trans-1,2-cyclohexanediol 
(80% yield) 

Although base-catalyzed hydrolysis of epoxides also gives glycols (see Study Problem 

11.2), polymerization sometimes occurs as a side reaction under the basic conditions (see 

Problem 11.48). Consequently, acid-catalyzed hydrolysis of epoxides is generally preferred 

for the preparation of glycols. 

The acid-catalyzed hydrolysis of epoxides can be used as part of a second and 

complementary method for the preparation of glycols from alkenes, as shown by the 

following study problem. 
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Outline preparations of cis-1,2-cyclohexanediol and (+ )-trans-1,2-cyclohexanediol from 

cyclohexene. 

Solution The direct oxidation of cyclohexene by KMnO, in NaOH solution, or by OsO, 

followed by hydrolysis, yields the cis-diol through a syn-addition (Sec. 5.5). 

OH 

| ec (11.36) 
NaOH 

OH 

cyclohexene cis-1,2-cyclohexanediol 

In contrast, conversion of cyclohexene into the epoxide with a peroxycarboxylic acid (see 

Problem 11.9a), followed by acid-catalyzed hydrolysis (Eq. 11.35), gives the trans-diol. 
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Although epoxide formation is a syn-addition, epoxide hydrolysis gives the trans-diol 

because it occurs with inversion of configuration. 
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11.17 Predict the major product(s) of each of the following transformations. 

a H2SO4 
CHS" Con py + CH30H (trace) 

H C,Hs 

(optically active) 

(b) The enantiomer of the epoxide in (a) + CH,;0H i 
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Let’s summarize the facts about the regioselectivity and stereoselectivity of epoxide 
ring-opening reactions: 

1. Nucleophiles attack unsymmetrical epoxides under basic conditions at the 

less branched carbon, and inversion of configuration is observed if attack 
occurs at a stereocenter. 

2. Nucleophiles attack unsymmetrical epoxides under acidic conditions at the 

tertiary carbon. If neither carbon is tertiary, a mixture of products is 

formed in most cases. Inversion of configuration is observed if attack 
occurs at a stereocenter. 

These facts are used in the following study problem. 
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Predict the major product in each case that would be obtained when the following epoxide 
is hydrolyzed under (a) basic conditions; (b) acidic conditions. (The epoxide carbons are 
numbered for reference in the solution.) 

(CH3)3C 

Solution As the summary above suggests, when attempting to predict the products of 
an epoxide ring-opening reaction, first decide whether the conditions of the reaction are 
basic or acidic. If basic, the nucleophile attacks the less branched carbon of the epoxide; 
if acidic, the nucleophile attacks the tertiary carbon of the epoxide. Then determine 
whether the carbon at which attack occurs is a stereocenter. If so, make sure to predict 
the product that results from inversion of configuration. 
(a) Under basic conditions, the hydroxide ion nucleophile will attack the less branched 

carbon of the epoxide—carbon-1. (If you have difficulty seeing why this is the less 
branched carbon, please read Study Guide Link 9.3.) Because this carbon is not a 
stereocenter, the stereochemistry of attack does not matter. Consequently, the reac- 
tion is 
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~ on CH,OH 
(CH;)3C ne a LO) eres OGEEIAG 

(11.37) 

Under acidic conditions, the nucleophile is water, which attacks the protonated 

epoxide at the more branched carbon (carbon-2). Notice that carbon-2 is a 

stereocenter (even though it is not an asymmetric carbon); nucleophilic attack at 

carbon-2 occurs with inversion of configuration. Consequently, the product of 

the reaction under acidic conditions is a diastereomer of the product obtained under 
basic conditions. 

CH,OH 

IN 
CH) : HSOq 

(CH3)3C . + HO (catalyst) (CH3)3C 
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(11.38) 

*11.18 (a) Suppose 2,2-dimethyloxirane is hydrolyzed in water that has been enriched 

with the oxygen isotope '*O. Indicate how the hydrolysis product would 

differ under acidic and basic conditions. 

(b) Suppose you have carried out the reaction in (a) and want to test your 

prediction. Given that you can isolate any compound and have a way to 

determine its '$O content, propose a scheme for analyzing the position of 
the isotope in your products. (Hint: What reaction of your products could 

be used to partition the two oxygens into separate compounds?) 

Peer emer e eee ee ee ee meee ee Hees HOHE HO HOHE ETH SHEHEESED EEE E SEES OSES EEE ESEEEEEEEEEE EEE EE EE EEE HEED HEE ESSE EE HEEHEEEHEESEEEDEEEE EEE EEE EEE EEE EE eee Eee EE EEEEESS 

Pee eee meme meme mmm e eee eee EEE TEED EEE EEE E EEE H HEHEHE EES EEEEE EEE EEE SHEE HEHE EEEEESESEEEEEEE EEE EEE EEE EE Eee Ee eeesEEEEEeS 

Grignard reagents react with ethylene oxide to give, after a protonation step, primary 

alcohols: 

O 

1) ether, heat 

DD) VtKOer 

hexylmagnesium bromide ethylene oxide 1-octanol 
(a Grignard reagent) (71% yield) (11.39) 

/ \ 
CH;CH»,CH»CH,CH,CH,MgBr {= HG CHs CH3CH,CH,CH,CH,CH,CH,CH,OH 

This reaction is another epoxide ring-opening reaction. To understand this reaction, 

recall that the carbon in the C— Mg bond of the Grignard reagent has carbanion character 

and is therefore a very basic carbon (Sec. 8.7B). This carbon attacks the epoxide as a 
nucleophile. At the same time, the magnesium of the Grignard reagent, which is a Lewis 

acid, coordinates to the epoxide oxygen. (Recall that Grignard reagents coordinate strongly 

to ether oxygens; see Eq. 8.18.) Just as protonation of an oxygen makes it a better leaving 

group, coordination of an oxygen to a Lewis acid also makes it a better leaving group. 

Consequently, this coordination assists the ring opening of the epoxide in much the same 

way that Bronsted acids catalyze ring opening (Sec. 11.4B). 
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Br Moa 

Cs Br 

va | 
CH,—CH, —» R—CH,—CH,—O:-----Mg—R == — 

R-MgBr +MgBr 

R—CH,— CH,—O:-----+MgBr + RMgBr (11.40) 

a bromomagnesium alkoxide 

As Eq. 11.40 shows, this reaction yields an alkoxide, which is the conjugate base of an 

alcohol (Sec. 8.5A). After the Grignard reagent has reacted, the alkoxide is converted into 

the alcohol product in a separate step by the addition of water or dilute acid: 

+ 

R—CH,CH;—O: MgBr “H--OH, —» R—CH,CH,—OH + H,0 + Mg’ + Br-  (a.4u) 

Although Grignard reagents react with other epoxides, these reactions are unsatisfac- 

tory because they yield mixtures of products caused by rearrangements and other side 
reactions. 

The reaction of Grignard reagents with ethylene oxide is another method for the 
synthesis of alcohols that can be added to the list in Sec. 10.10. What are the limitations 
on the types of alcohols that can be prepared by each method? 
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“11.19 From what Grignard reagent can 3-methyl-1-pentanol be prepared by reaction 
with ethylene oxide, then aqueous acid? 

11.20 = What alcohol is formed when bromocyclopentane is treated with magnesium in 
dry ether, and the resulting solution is allowed to react with ethylene oxide, then 
aqueous acid? 
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Oxonium and Sulfonium Salts 
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If the acidic hydrogen of a protonated ether is replaced with an alkyl group, the resulting 
compound is called an oxonium salt. The sulfur analog of an oxonium salt is a sulfonium 
salt: 

i | CH; 

Or HB” -O" BEY 
PX Las jes 
Ren In IR 3G ©6°CH3 

protonated trialkyloxonium trimethyloxonium 
ether ion fluoroborate 

(an oxonium salt) 
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| | ie 
oon Age ‘SN Os 

7X 7 
RK R R H;C CH; 

protonated trialkylsulfonium trimethylsulfonium 
sulfide ion nitrate 

(a sulfonium salt) 

Oxonium and sulfonium salts react with nucleophiles in S,2 reactions: 

CH; 

0 ae ae we 7 

i ee a. —> HOCH, ae ROB OE + BF, (11.42) 

(89% yield) 
CH; 

Ph—cH— $9. Ci ‘Bree PhCH 6 Grae Cheer ree 

CH; CH; CH; 

(GHa)N 2 (CHa),S* NOsue = (CH NONOs (CHL): ae 

Oxonium salts are among the most reactive alkylating agents known, and they react 

very rapidly with most nucleophiles. Because of their reactivity, oxonium salts must be 

stored in the absence of moisture. For the same reason, these salts are stable only when 

they contain nonnucleophilic counter-ions, such as fluoroborate (~BF,). (Fluoroborate 

ion is not nucleophilic because the boron has no unshared electron pairs.) Sulfonium 

salts are considerably less reactive and therefore are handled more easily. Sulfonium salts 
are somewhat less reactive than the corresponding alkyl chlorides in Sy2 reactions. 
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*11.21. Explain why all attempts to isolate trimethyloxonium iodide lead instead to 
‘ 5 Prosiems methyl iodide and dimethyl ether. 

11.22 Complete the following reactions. 
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LE 
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(b) (CHy):8 + (CH3);0 BFy_ —> 
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A sulfonium salt, S-adenosylmethionine (SAM), is important in biological systems as a 

methylating agent for biological nucleophiles. The structure of SAM is shown in Figure 

11.1. Although this structure seems complex, the chemistry of SAM arises solely from its 

sulfonium salt functional group. Like the sulfonium salts in Eqs. 11.43—11.44, SAM reacts 

with nucleophiles at the methyl carbon, liberating a sulfide leaving group: 
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Figure 11.1 

Chemistry of Ethers, Epoxides, and Sulfides 

H;N+ O 
\ VA 
CH—C 
ea ws 
i O 

H 
cH Me R! 

| ee - M CH,;—S* H;— ; i ’ 
Me R? 

CH, .O 
H H 

H H 

HO OH 

S-adenosylmethionine (SAM). The boxed parts of the structure are abbreviated R' and R? in the 
text. 

R! R! 
o aaN nf P ie 

RO see <=> R’—O—CH, +:S: (11.45) 
a biological \ , 5 
nucleophile R R 

SAM sulfide 
leaving group 

SAM is stable enough to survive in aqueous solution, but it is reactive enough to undergo 
enzyme-catalyzed Sy2 reactions. Evidence for an Sy2 mechanism in methylation reactions 
involving SAM was obtained by a very elegant experiment. The methyl carbon of SAM 
was made asymmetric by using the two hydrogen isotopes deuterium (D, or 7H) and 
tritium (T, or °H). It was found that substitutions on this methyl group proceed with 
inversion of configuration, exactly as expected for the $y2 mechanism. 

O!sig tH R! H 
je es SarS/ oe 

R° ee: SS Oe aS (11.46) 
n/a I | 
D R’ R® Dee 

inverted configuration 

The compound S-adenosylmethionine, like NAD+ (Sec. 10.7), is another example 
of a complex biological molecule that undergoes transformations which are readily under- 
stood in terms of common analogies from organic chemistry. 
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An interesting phenomenon is the remarkable difference in the rates of the following two 
substitution reactions, which are superficially very similar: 
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CIBL (CHC FAC IG ECS 0) Eig (0), = Sees 
100° 

hexyl chloride relative rate: 
(1-chlorohexane) 

CHsCH CH CH Gh GrHj = Ob) 44H) ] (11.47a) 

1-hexanol 

CH3CH,SCH,CH; Cl + H,O eee CH;CH,SCH,CH,— OH + HCl 3200 (11.47) 

B-chloroethyl 2-(ethylthio)ethanol 
ethyl sulfide 

At first sight, both reactions appear to be simple Sy2 reactions in which chloride is 

displaced as a leaving group by water. In fact, this is the mechanism by which hexyl 

chloride reacts: 

cHcH.cu,cu,cu,cu, Ld: eee CENOMERHONCR CRE Che 

:OH; H 

>OH, 

CH3CH,CH,CH,CH,CH,— OH a H;,0+ (11.48) 

This reaction requires high temperature because water is such a poor nucleophile in the 

Sy2 reaction that the reaction is extremely slow at lower temperatures. The presence of 

sulfur in the alkyl halide molecule should have little effect on the rate of the Sy2 reaction, 

because the Sy2 mechanism is not very sensitive to the electronegativities of substituent 

groups. (In fact, electronegative substituents are known to retard Sy2 reactions slightly.) 

Yet the reaction in Eq. 11.47b is thousands of times as fast as the reaction in Eq. 11.47a—all 

because of the presence of sulfur in the molecule. 

The rate of Eq. 11.47b is unusually large because a special mechanism facilitates the 

reaction, a mechanism not available to hexyl chloride. In the first step of the mechanism, 

the nearby sulfur displaces the chloride within the same molecule: 

C,H; 

Oe 

ge SS tie® 
C,H; Ss CH2CH—Cl === lkKC—CH, Clr (11.49a) 

an episulfonium salt 

The intermediate episulfonium ion that results from from this internal nucleophilic 

substitution reaction is structurally similar to a protonated epoxide (Sec. 11.4B) or a 

bromonium ion (Sec. 5.1A, 7.9C). It is very reactive because it contains a strained three- 

membered ring and a good leaving group. Water attacks this intermediate as it would a 

protonated epoxide or bromonium ion to give the observed substitution product. 

Sh 
/? ‘ Hovey Me) : : 

ELC Cly ee G,H3;—S— CH,CH;— OH, > CoH; —S— CECH — OH oF EOn 

:OH, (11.49b) 



520 Chapter 11 

c= 

Stupy GurpDE LInk: 

711.5 
Neighboring-Group 

Participation 

Chemistry of Ethers, Epoxides, and Sulfides 

Notice that this product is identical to the one that would have been formed in an 

ordinary Sy2 reaction in which the sulfur played no active role. Thus, the role of the 

sulfur is not apparent from the identity of the product. Only the rate of the reaction 

suggests that the sulfur has a special role in the mechanism. 

The covalent involvement of neighboring groups in chemical reactions has been 

termed neighboring-group participation or anchimeric assistance (from the Greek 

ancht, “near”). The neighboring-group mechanism of Eq. 11.49 is in competition with an 

ordinary Sy2 mechanism in which water attacks the alkyl halide directly. Because nature 

always seeks pathways of lowest energy, any compound reacts through the transition state 

of lowest energy, in other words, by the mechanism that gives the fastest reaction. Hence, 

in order for the neighboring-group mechanism to operate, it must give a faster reaction 

than other competing mechanisms. The rate of the reaction in Eq. 11.47a provides the 

basis of comparison, that is, a rough idea of what rate to expect for a reaction that occurs 

by direct substitution of water in the absence of neighboring-group participation. A large 
rate acceleration, such as the one in Eq. 11.47b, is typical of the experimental evidence 
used to diagnose the involvement of a neighboring group in a chemical reaction. Professor 
Saul Winstein (1912-1969) of the University of California, Los Angeles, discovered 
numerous examples of neighboring-group participation and showed that all of these are 
associated with significant rate accelerations. (Problems 11.23 and 11.24 illustrate other 
types of evidence used to support neighboring-group mechanisms.) 

Why should a neighboring-group mechanism accelerate a reaction? Of course, the 
nucleophiles in Eqs. 11.48 and 11.49 are different—an oxygen atom in one case, and a 
sulfur in the other. But careful studies have shown that the large difference in the rates 
of these reactions cannot be attributed solely to the difference in the nucleophilic groups. 
Rather, the difference has to do with the fact that the neighboring-group mechanism, 
Eq. 11.49, is an intramolecular reaction—a reaction of groups within the same mole- 
cule—but the mechanism shown in Eq. 11.48 is an intermolecular reaction—a reaction 
between different molecules. Let’s, then, rephrase the question: Why should an intramolec- 
ular reaction be faster than an intermolecular reaction? 

Part of the answer has to do with the probability that a reaction will occur. Other 
things being equal, reactions that occur with greater probability have larger rates. What 
governs this probability? In order for two groups to react, they must “get together,” or 
collide. When the reacting groups are in different molecules, they must find each other 
in solution by random diffusion. It is relatively improbable that two groups will diffuse 
together and collide in just the right way for a reaction to occur. However, when the two 
groups are present in the same molecule, they are already together; the only prerequisite 
for the reaction in Eq. 11.49a is that the C—S bond bend toward the back side of the 
carbon in the C—ClI bond. Thus the intramolecular reaction of the sulfide group with 
the alkyl halide group has a greater probabilility of occurring, and thus a larger rate, than 
the reaction of water with the same alkyl halide: 

C,H; Ss CIBixC! 1, Cl: more probable than C,H, S Gi 1,CI 1, Cl: 

intramolecular reaction 
SOE . 2 

intermolecular reaction 

Consider the following analogy to reaction probability: Suppose you are left in a 
crowded airport and told to find a particular person and shake hands. This would 
take you a very long time if you had to search at random throughout the terminal. 
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However, this “reaction” would be very rapid if the person you are looking for 

were tied to you by a very short rope! 

The reaction probability is not the only factor that determines the reaction rate. The 

probability of an intramolecular reaction is balanced against the instability of the cyclic 

intermediate that is formed. Thus, ring strain raises the energy of the transition state for 

an intramolecular process that forms a three- or four-membered ring. Nevertheless, the 

reaction in Eq. 11.49a is so probable that it occurs despite the strain in the intermediate 

episulfonium salt. In fact, the strain in this three-membered ring is the reason that this 

salt does not survive, but reacts rapidly with water in Eq. 11.49b. However, when a four- 

membered ring is formed, the reaction is less probable (the intramolecular nucleophile is 

further away—on a longer tether), and the four-membered product contains a significant 
amount of ring strain. Although there are exceptions, instances of neighboring-group 

participation involving four-membered rings are rare. Reactions involving five- and six- 

membered rings are still less probable, but the rings thus formed are so stable that 

they have relatively low energy. Consequently, cases of neighboring-group participation 

involving five- and six-membered rings are quite common. (See, for example, Eq. 9.3.) 

Reactions involving rings larger than six members are so improbable that neighboring- 

group participation is generally not observed in such cases. 

In summary: neighboring-group participation in nucleophilic substitution reactions 

is common for cases involving three-, five-, and six-membered rings. 

eee eee eee eH EEEE EE EE EE EEE EEE EEE EEE EEE ESHEETS EEE EEE SEES HEHEHE EH EE EeEEEEEeeseeEeEsseses 

*11.23 In the reaction of the following radioactively labeled compound with water, what 

labeling pattern should be observed in the product (a) if the neighboring-group 

participation does not occur and (b) if neighboring-group participation does 

occur? 

(GAsic Osea C= eG 

11.24 Explain why the following two alcohols each react with HCl to give the same 

alkyl chloride. 

si HCl 

operas CH, — OH (81% yield) Cl 

CH; C,H; — CH, CH—CH; + H,0 

ue HCl C)Hs§ Ge Sea 

CH, 

*11.25 Give the structure of an intramolecular substitution product and an intermolecular 

substitution product that would be obtained from each of the following com- 

pounds in the presence of water and NaOH. 

(a) HO—CH,CH,CH,CH, — Br 

(b) HO—CH,CH,CH,CH,CH,CH,CH,— Br 
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“11.26 =Which of the two compounds in the previous problem would give the highest 

percentage of intermolecular reaction product, that is, would show the least 

amount of neighboring-group participation? Explain. 
S910) S1210' 2/919) 019) 9)0) 80) *) 0/9: 0/0'n/ainsera)aia9e:9'0)9'¢:6/o O/a\o[g\e'm eiaie\aiG\a 010, Uiee.qie 0/6 cere ¥iWisicaebieeieinia ne 0's 6:0. 0:0 e'clbeeeosieed og clue.0 ¥i0ole0 €608's 060 68 clube sie henna tc babesens a6.00.¢vieebesviesebebavesicesio’ 

Oxidation of Ethers and Sulfides 
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Ethers are relatively inert toward many of the common oxidants used in organic chemistry 
if the reaction conditions are not too vigorous. For example, diethyl ether can be used 
as a solvent for oxidations with Cr(VI). On standing in air, however, ethers undergo the 
slow autoxidation discussed in Section 8.8D that leads to the formation of dangerously 
explosive peroxide contaminants. 

The sulfur analogs of peroxides are disulfides, which are R—S—-S—R oxidation 
products of thiols (Sec. 10.9). Disulfides are not explosive. 

Like thiols, sulfides oxidize at sulfur rather than carbon when they react with common 
oxidizing agents. Sulfides can be oxidized to sulfoxides and sulfones: 

oF i =(@)2 is 

R>S—R a |R-S—R => R—S—R] See |p oR SR ae 
+ | | 

ROE Oe 

a sulfoxide a sulfone 

(11.50) 

Dimethyl sulfoxide (DMSO) and sulfolane are well-known examples of a sulfoxide 
and a sulfone, respectively. (Both compounds are excellent dipolar aprotic solvents; see 
Table 8.2.) 

1 fey) 
Clea —=—S— Cla S 

Or =0 
DMSO tetramethylenesulfone, or 

sulfolane 

Notice that nonionic Lewis structures for sulfoxides and sulfones cannot be written 
without violating the octet rule. The bonding at sulfur in such situations was discussed 
in Sec. 10.9. 

Sulfoxides and sulfones can be prepared by the direct oxidation of sulfides with one 
and two equivalents, respectively, of hydrogen peroxide, H,Q3: 

1 equiv H30> 

< HO/acetone . (88% yield) 

25°, 48 hr I 

é O 
2 equiv HO; 

heat, 4 hr 
(LS) 

(97% yield) 
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Other common oxidizing agents such as KMnO,, HNOs, and peroxyacids (Sec. 11.2A) 

readily oxidize sulfides. 

The Three Fundamental Operations of Organic Synthesis 
REE e Hee eee eee EEE EEE HEHEHE H EEE EE EEEEEEEE HEHEHE EEEEEEEEH HEHE HEHEHE HEHEHE EHHEHEHEHEH HEHEHE ES EEE EEE EEEEE 

Section 10.11 introduced organic synthesis with a systematic approach to solving synthesis 

problems. This section continues this approach by classifying the types of operations 

involved in a typical synthesis. Most reactions used in organic synthesis involve one or 

more of three fundamental operations. 

1. Functional-group transformation 

2. Control of stereochemistry 

3. Formation of carbon-carbon bonds 

Functional-group transformation—the conversion of one functional group into 

another—is the most common type of synthetic operation. Most of the reactions you’ve 

studied so far involve functional-group transformation. For example, hydrolysis of epox- 

ides transforms epoxides into glycols; hydroboration-oxidation converts alkenes into 

alcohols. 

Control of stereochemistry is accomplished with stereoselective reactions. Whenever 

you have to prepare a compound that can exist as several stereoisomers you should think 

in terms of these reactions. Examples of stereoselective reactions include hydroboration- 

oxidation, which is a syn addition, and S,2 reactions, which occur with inversion of 

configuration. 

Reactions that bring about the formation of carbon-carbon bonds are particularly 

important, because these reactions must be used to add carbon atoms, and thus “grow” 

larger carbon chains from smaller ones. Only two reactions of this type have been 

presented: 

1. Cyclopropane formation from carbenes or carbenoids and alkenes (Sec. 9.8) 

2. Reaction of Grignard reagents with ethylene oxide (Sec. 11.4C) 

Most reactions involve combinations of at least two of the three fundamental opera- 

tions. For example, hydroboration-oxidation is a functional-group transformation that 

also allows control of stereochemistry; two operations can be accomplished at once with 

this reagent. The reaction of ethylene oxide with Grignard reagents effects both carbon- 

carbon bond formation and the transformation of an epoxide into an alcohol. 

The following two study problems demonstrate how to use the three fundamental 

operations in planning an organic synthesis. 

eee eee ee eee eee eee EEE ERE R RHEE EEE E EEE HEHEHE HEHEHE HEHEHE EHEEEEEEEEEEE ESTEE HEE HEHEHE ESE H HEHE HEHEHE EEE E HEHEHE EE HEHE EEE E EEE E HEHEHE EERE EEE ES 

Outline a synthesis of 1-hexanol from 1-butanol and any other reagents. 

Solution As usual, first write the problem in terms of structures: 

GH. CL Crh Ciba Ol eid Gre@h, Gi Chi Ci Grp a Ol 

Next, analyze the types of operations needed. Two carbons must be added, but no issues 

of stereochemistry are involved. You should not assume that because both the starting 
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material and final product are alcohols no functional group transformations will be 

necessary. As shown below, the alcohol group is involved in elongating the carbon chain. 

Now work backwards from the product. The reaction of a Grignard reagent with 

ethylene oxide would add the required two carbon atoms and would form the desired 
alcohol: 

CH;CH,CH,CH, — MgBr ais H,C Cl 1, ee 3 > Gh. CH Gr Cry Cr, Chip —— © El 

R—OH —» R—Br — > RMgBr 

Next, decide how to prepare the Grignard reagent. There is only one way: 

CH;,CH,CH,CH,—Br + Mg —®> CH,CH,CH,CH,—MeBr 

Because the alkyl halide required for this step has the same number of carbons as the 
starting alcohol, one functional-group transformation remains to complete the synthesis. 
A primary alcohol can be converted into the required primary alkyl halide with concen- 
trated HBr. Summarizing the completed synthesis: 

GH, CH,CH Cy — OF eae CH CH.CHLCEO Br eects 
O 

Vax 
CHjCH|CH,CH,—Mepr m= EEOC a.CELCH.CILCH CH= On 

BEE ORO OOO. IC UIDO CO CS OCUTCOUCIOORC OCC Os UOC OU CULO OO OOC UCC OOOO. GSO OOOO TOOU. nt ODO ODOC OOOO AUINOCA CRE OBOOCBCHOONC oOAB Can 

Notice that the sequence used in Study Problem 11.5 is a general one for the net 
two-carbon chain extension of a primary alcohol. 

O 

H»C—CH, HO ae 2 
> R—CH,CH,—OH (11.52) 

net chain extension by two carbons | 
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Outline a synthesis of (+)-trans-2-methoxycyclohexanol from cyclohexene. 

OH 

(I+ CT 
OC, 

Solution Notice that no new carbon-carbon bonds are joined to the cyclohexene ring; 
so reactions that form carbon-carbon bonds are not likely to be useful. There is, however, 
a stereochemical problem: the two oxygens must be introduced in a trans arrangement. 
Finally, notice. that a net addition of CH;0— and HO— to the carbon-carbon double 
bond is required. Such an addition cannot be completed in one step. However, in the 
opening of epoxides, the epoxide oxygen becomes an —OH group, and this transforma- 
tion occurs with inversion of stereochemistry at the broken bond so that the resulting 
groups end up trans. Opening an epoxide with CH;O7 in CH3OH, or with CH;OH and 
an acid catalyst is thus a good last step to the synthesis. 
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Completion of the synthesis requires only the preparation of the epoxide from cyclohex- 

ene. (How is this accomplished? See Problem 11.9a.) 

HHH H HEHEHE EEE EEE HEHEHE HEHEHE HEHEHE EE EEE HEHE HEHEHE EEE ESHER EEEEEEEESEEEESEEEHEEEEEHEEEEHEEEHE EHH HEE EEEEEEEE EEE EEE EEEHEEEEEE HEHE EES 

anne Lait Saat 
a? 

11.27 

b) (CH3),CHCO>H from 2-methylpropene 

c) dibutylsulfone from 1-butanethiol 

d) trans-1-ethoxy-2-methoxycyclopentane from cyclopentene 

Outline a synthesis for each of the following compounds from the indicated 

starting materials and any other reagents: 

*(a) (CH3)2CHCH,CH,CO3H from (CH; ),C—=CH), (2-methylpropene) 

TORR e eee eee Ree eee Hee eee eee EEE HEHE HEHEHE HEEEEEEEEEEE EEE SESE HESS HEHEHE EEE EEEEEEESEE EEE EEE EEE HEHEHE H HHH HE EEE E EEE EEE EEE E EEE E EEE E ES 

Key IDEAS IN CHAPTER 11 

Ethers can be synthesized by the Williamson ether synthesis (an Sy2 

reaction); by alkoxymercuration-reduction; or by the dehydration of 

alcohols or the related acid-catalyzed addition of alcohols to alkenes. 

Epoxides can be synthesized by the oxidation of alkenes with peroxycar- 

boxylic acids, or by the cyclization of halohydrins. 

Ethers are relatively unreactive compounds. The major reaction of 

ethers is cleavage, which occurs under strongly acidic conditions. The 

cleavage of tertiary ethers occurs more readily than cleavage of primary 

or methyl ethers because tertiary carbocation intermediates can be 

formed. 

Because of their ring strain, epoxides undergo ring-opening reactions 

with ease. For example, epoxides react with water to give glycols, and 

ethylene oxide reacts with Grignard reagents to give primary alcohols. 

In acid, a protonated epoxide is preferentially attacked at the tertiary 

carbon by nucleophiles. Bases attack an epoxide at the less branched 

carbon. 

Ring-opening reactions of epoxides in either acid or base occur with 

inversion of configuration at carbon stereocenters. 

(continues) 
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[\ Reactions involving the covalent participation of neighboring groups 

are said to occur with anchimeric assistance, or neighboring-group par- 

ticipation. Such reactions are generally faster than analogous reactions 

that do not involve neighboring-group participation. Neighboring- 

group mechanisms in nucleophilic substitution reactions tend to occur 

most readily when participation of a neighboring group results in a 

three-, five-, or six-membered ring. 

(\ | Oxonium and sulfonium salts react with nucleophiles in substitution 

and elimination reactions; oxonium salts are more reactive than sulfo- 

nium salts. S-Adenosylmethionine (SAM) is a sulfonium salt used in 

nature as a methylating agent. 

(\ Except for peroxide formation, which occurs on standing in air, ethers 

are relatively inert toward oxidizing conditions. 

[\  Sulfides are readily oxidized to sulfoxides and sulfones. 

[\ The three fundamental operations of organic synthesis are (1) func- 
tional-group transformation, (2) control of stereochemistry, and (3) car- 
bon-carbon bond formation. The reactions of carbenes and carbenoids 
with alkenes and the reactions of Grignard reagents with ethylene oxide 
are examples of reactions used for carbon-carbon bond formation. 
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“11.28 Draw the structure of each of the following. 
*(a) a nine-carbon ether that cannot be prepared by the Williamson synthesis 
(b) a nine-carbon ether that can be prepared by the Williamson synthesis 

*(c) a four-carbon ether that would yield 1,4-diiodobutane after heating with 
an excess of HI 

(d) an ether that would react with HBr to give propyl bromide as the only alkyl 
halide 

*(e) a four-carbon alkene that would give different glycols after treatment either 
with alkaline KMnQO, or with meta-chloroperoxybenzoic acid followed by 
dilute aqueous acid 

(f) a four-carbon alkene that would give the same glycol as a result of the 
different reaction conditions in (e) 

“(g) an alkene C,H, that can form only one mono-epoxide and two di-epoxides 
(counting stereoisomers) 

11.29 Give the products of the reaction of 2-ethyl-2-methyloxirane (or other compound 
indicated) with each of the following reagents. 

“(ae water, 1,0: (b) water, NaOH, heat 
*(c) Na* CH;0O7 in CH,0H 
(d) CH3OH anda catalytic amount of H,SO, 
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et TIBreZbe product of (c 

d) + excess HBr, 25° 

c 

d 

€) ( 
f) product of ( 

g) product of (c) + NaH, then CH;] 

h) product of (d) + NaH, then CH;CH,1 

) product of (a) + periodic acid 

) product of (e) + Mg in dry ether 

*(k) product of (j) + ethylene oxide, then H;0t 

Which of the following ring-opening reactions should occur most readily? 
Explain. 

Gee 

GueCH Oem O-—Clmeee = GH OGL Glo —oHs 

O 

Ov Gin nic — iy, SEE oe CC or 

8 
Xx CHZOF (ACH OL Oe. GH a GHO=- 6H Csr 

Which of the following ring-opening reactions should occur more rapidly? 

Explain. 

O 

a, eeersest weet CH.0—CH{CH, on 

2 ChZOe 

O 

Explain how you could differentiate between the compounds in each of the 

following pairs by using simple physical or chemical tests that give readily observ- 

able results, such as obvious solubility differences, color changes, evolution of 

gases, or formation of precipitates. 

*(a) 3-ethoxypropene and 1-ethoxypropane 

(b) 1-pentanol and 1-methoxybutane 

*(c) 1-methoxy-2-methylpropane and 1-methoxy-2-chloro-2-methylpropane 

An HCl by-product is usually removed from reaction mixtures by neutralization 

with aqueous base. At times, however, the use of base is not compatible with 

the conditions of a reaction. It has been found that propylene oxide (2-methylox- 

irane) can be used to remove HCl quantitatively. Explain why this procedure 

works. 

Suggest a synthesis of 4,4-dimethyl-1-pentanol from ethylene oxide and any 

other reagents. 
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11.35 

*11.36 

Which of the following compounds cannot be prepared by the reaction of a 

Grignard reagent with ethylene oxide? Explain. 

(1) 2-pentanol (2) 1-pentanol 

A student has run the following reactions and is disappointed to find that each 

has given none of the desired product. Explain why each reaction failed. 

Pa OGH Grn CHe ree ene 

(CH; ),CHCH,CH,0C;H; 

(b) O 
+ 

HOCH,CH,Br —“&> a es HOCH, CH,CU,CHLOH 

“11.37 The (+) stereoisomer of 2-methyloxirane reacts with aqueous NaOH to give the 
(R)-(—)-stereoisomer of 1,2-propanediol. Use this observation to propose the 
absolute stereochemical configuration of (+)-2-methyloxirane. 

11.38 Predict the absolute configuration of the major diol product formed by treatment 
of (S)-2-ethyl-2-methyloxirane with water in the presence of an acid catalyst. 

“11.39 Keeping in mind that many intramolecular reactions that form six-membered 
rings are faster than competing intermolecular reactions, predict the product of 
the following reaction. 

i 
HOCH,CH, CCH CH=CH, ee SGU a compound with the formula CsH,,O THE/water 

CH, 

11.40 When (3S,4S)-4-methoxy-3-methyl-1-pentene is treated with mercuric acetate in 

11.41 

*11.42 

methanol solvent, then with NaBHy, two isomeric compounds with the formula 
CsgHjsO> are isolated. One, compound A, is optically inactive, but the other, 
compound B, is optically active. Give the structures and absolute configurations 
of both compounds. (See Study Guide Link 7.4.) 

Give the structures of all epoxides that could in principle be formed when each 
of the following alkenes reacts with meta-chloroperoxybenzoic acid (mCPBA) 
Which epoxide should predominate in each case? Why? 

*(a) cis-4,5-dimethylcyclohexene (b) CH; 

H 

You are a manager for a company, Weighty Matters, that specializes in the 
manufacture of organic compounds containing '*O, a heavy isotope of oxygen. 
You have assigned the task of preparing ether B to a team of two staff experts, 
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and have stipulated that alcohol A must be used as a starting material 

(*O = ¥0): 

SO, 
A 

A member of your staff, Homer Flaskclamper, has proposed two possible 
syntheses: 

(1) CH; 

OH _CHOH OCH 
~ HS0; (race trace) ; 

(2) CH; 

You now must decide which synthesis to use. Which would you choose and 
why? 

Complete the following reactions by giving the principal organic products: 

(a) CH,;CH,CH,—Br + Nat C,H;07 —CASOR, 

(b) CH; 

CH;—C—Br + (CH;);C—O7 Kt EC 0H 

C,H; 

(C) CEL 

C=CH—CH,; + (CH;),;CH—OH __Hg(OAc), | __NaBHy 

ere (solvent) 

(d) Cl 

H 

ce | ~ SBOE 
ZA 

a er CO;H 

H 

(NCH CH=CH, LO Bo 
pyridine 

i x HO (ff) BrCHCH,CH, —HC--CH, + HIO, ==" > 

(Hint: Periodic acid, HIOg, is a fairly strong acid.) 

(Problem 11.43 continues ) 
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*11.44 

11.45 

(g) ” 
O a NaN; es 

CICH.C ECHL GH GleaNas DME (ao : a compound with the 
a polar aprotic 

res formula C,4HS 
(h) 

(Hint: Think of Na,S as Se) 

(1) OHS OH 

| | a . 
CH. = CH CH cH aa on) —so,c SNPs eI 

(1 equiv) 

Outline a synthesis for each of the following compounds from the indicated 
starting material and any other reagents. (All chiral compounds should be pre- 
pared as racemates.) 
(a) 2-ethoxy-3-methylbutane from 3-methyl-1-butene 
(b) 2-ethoxy-2-methylbutane from 2-methyl-2-butanol 

(c) 1 

C,H;— S— CH3CH,CH,CH; from compounds containing <2 carbons 

(d) Oy H 

X, * from an alkene 

“OH 

(e) cyclohexyl isopropyl ether from cyclohexene 

(f) (CH3;),CHCH,CH,CH,CH—O from 3-methyl-1-butene 

CHCCH,0CH; from 3-methyl-1-pentene 

ye. 

(h) OCH,CH, 

(Ciske— c— CH=O from 2-methylpropene 

CH; 

Outline a synthesis for each of the following compounds from (2R,3R)-2,3- 
dimethyloxirane: 

*(a) (2R,3S)-3-methoxy-2-butanol (b) 
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11.47 
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CH; CH; 

Compound A, CgHj., undergoes catalytic hydrogenation to give octane. When 

treated with meta-chloroperoxybenzoic acid, A gives an epoxide B, which, when 

treated with aqueous acid, gives a compound C, CgH)gO3;, that can be resolved 

into enantiomers. When A is treated with OsO,, an achiral compound D, a 

stereoisomer of C, forms. Identify all compounds, including stereochemistry 
where appropriate. 

When CH,CH,— $— CH,CH,—$— CH,CH; reacts with two equivalents of 

CH3I, the following double sulfonium salt precipitates: 

CH, CH; 

| 
CH,CH,;— $ —CH,CH,— $—CH>CH; 217 

+ + 

(a) Give a curved-arrow mechanism for the formation of this salt. 

(b) Upon closer examination, this compound is found to be a mixture of two 

isomers with melting points of 123-124° and 154°, respectively. Explain 

why two compounds of this structure are formed. What is the relationship 
between these isomers? (Hint: Unlike amines, sulfonium salts do not 

undergo rapid inversion at sulfur.) 

One of the side reactions that take place when epoxides react with ~OH is the 

formation of polymers. Propose a mechanism for the following polymerization 

reaction, using the curved-arrow formalism. 

Ves. 4 
AGH CH CH, Ou 

Account for the following observations with a mechanism: 

(1) In 80% aqueous ethanol compound A reacts to give compound B. Notice 

that trans-B is the only stereoisomer of this compound that is formed. 

(2) Optically active A gives completely racemic B. 

(3) The reaction of A is about 10° times as fast as the analogous substitution 

reactions of both its stereoisomer C and chlorocyclohexane. 

SPh SPh SPh 

Cl OCH; 

Cl 

A B C 
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11.50 

“11.51 

11.52 

The drug mechloramine is used in antitumor therapy. 

CH; 

Cl— CH,CH, —N— CH;CH,— Cl mechloramine 

It is one of a family of compounds called nitrogen mustards, which includes the 
antitumor drugs cyclophosphamide and chlorambucil. 

(a) Mechloramine reacts with water several thousand times as fast as 1,5- 

dichloropentane. Give the produet of this reaction and the mechanism for 
its formation. 

(b) It is theorized that the antitumor effects of mechloramine are due to its 

reaction with certain nucleophiles in the body. What product would you 
expect from the reaction of mechloramine and a general amine R,N:? 

One of the following reactions is about 2,000 times as fast in pure water as it is 
in pure ethanol. Another is about 20,000 times as fast in pure ethanol as it is 
in pure water. The rate of the third changes very little when the solvent composi- 
tion is changed from ethanol to water. Which of the reactions is faster in ethanol, 
which is faster in water, and which has a rate that is solvent-invariant? Explain. 
(Hint: Notice the difference in dielectric constants for ethanol and water in 
Table 8.2.) 

(1) ROH 
(CE Sa tOh ee a on cn a ee 

Qe(CHs).C—- Cl -ar=- one ae] a 
Cle (solvent) 

(Syl reaction) 

+ 

(3) (CH3)3C—S(CH;), + ROH —* [(CH,),;Ct] —> 
(solvent) am Sl (Olney), 

(CHG = CReaROED 
(Syl reaction) 

Give a curved-arrow mechanism for each of the following conversions. 
*(a) Ca, O 

BO a a os (CH), G=GH—@n.B: 

Gai, 

(b) O 
aa 

See CH, trace OH™ oe —___—__» 

OH O CH,OH 



Additional Problems 533 

“\¢) H 5 

br OTs NENG OT ey + CH,OH + Nat “OTs 

ital 

Hint: The structure of the product can be redrawn as follows: 

CF 

(d) 

s 
CH;—CH—C(CH,;), RCO Gi uss + eas tee itr 

OH OKs {Cine 

(80%) (15%) 

() a 

i oO, Cha > er 

(a strong acid) S 

S S0SO, Gr 

(f) 

Ph@Hj——s CH; S—CHPh 

CH;0H 
CH; | CH, ie CH; NaHCO, CH; 7 (Cla CSI SOsk, 

CH; OWS OCH; 

(57% yield) 

*11.53 Each of three bottles, labeled respectively A, B, and C, contains one of the 

following compounds: 

OH OH OH 

(GE eS 3 al (CHSC » > Oly CHING S | 

(1) (2) (3) 

On treatment with KOH in methanol compound A gives no epoxide; compound 

B gives epoxide D and compound C gives epoxide E. Epoxides D and E are 

stereoisomers. Under identical conditions, C gives E much more slowly than B 

gives D. Identify A, B, and C, and explain all observations. 

11.54 Account for the stereochemical results in each of the following reactions. (Hint: 

See Sec. 11.6.) 

(Problem 11.54 continues ) 
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(a) OH 

lalaC. H 
HBr 

H CH; 

Br 

(optically active) 

(b) OH 

CHs HBr 
——— 

CH; 

Br 

Br Br 

H3C H H CH; 

+ ald ©) 

H CH; H3C H 

Br Br 

(racemate) 

Br 

CH; 

+ H,O 

CH, 

SO e cree ease sees eeeeeererereessssssseesssseesesesessssssene 



Infrared 

Spectroscopy and 

Mass Spectrometry 

p to this point in your study of organic chemistry it has been taken for granted 

that when a product of unknown structure is isolated from a reaction, it is possible 

somehow to determine its structure. At one time the structure determinations of 

many organic compounds required elaborate chemical degradation studies. Although 

many of these proofs were ingenious, they were also very time-consuming, required 

relatively large amounts of compounds, and were subject to a variety of errors. In relatively 

recent years, however, physical methods have become available that allow chemists to 

determine molecular structures rapidly and nondestructively using very small quantities 

of material. With these methods it is not unusual for a chemist to do in thirty minutes 

or less a proof of structure that once took a year or more to perform! This and the 

following chapter are devoted to a study of some of these methods. 

Introduction to Spectroscopy 

Fundamental to modern techniques of structure determination is the field of spectros- 

copy: the study of the interaction of matter and light (or other electromagnetic radiation). 

Spectroscopy has been immensely important to many areas of chemistry and physics. 

For example, much of what is known about orbitals and bonding comes from spectros- 

copy. But spectroscopy is also important to the laboratory organic chemist because it 

can be used to determine unknown molecular structures. Although this presentation of 

spectroscopy will focus largely on its applications, some fundamentals of spectroscopy 

theory must be considered first. 

A. Electromagnetic Radiation 
Reema ee eee eee eee eee meee eee eee EEE H EEE EEO O EEE EEE EEEEE HEHE EEEHEEEHEEEEE EEE HES HEHEHE HEHEHE EEE EE EEE HEHE DHE E HEHEHE HEHEHE EEE ES 

Visible light is one form of energy generally known as electromagnetic radiation. Other 

common forms of electromagnetic radiation are X-rays; ultraviolet radiation (UV, the 

radiation from a sun lamp); infrared radiation (IR, the radiation from a heat lamp); 

535 
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Figure 12.1 

Infrared Spectroscopy and Mass Spectrometry 

distance 

Definition of wavelength. The wavelength d is the distance between successive peaks or successive 
troughs of a wave. 

PROBLEM 

Pee em eee eee ewer eee e sees esses 

microwaves (used in radar and in the microwave oven); and radio waves (used to carry 
AM and FM radio and television signals). All these forms of electromagnetic radiation 
are different manifestations of the same basic phenomenon. 

Because electromagnetic radiation has wave characteristics, some definitions associ- 
ated with waves are important to an understanding of spectroscopy. Electromagnetic 
radiation can be characterized by its wavelength, A (Fig. 12.1). The wavelength of a 
conventional sine or cosine wave is the distance between successive peaks or succes- 
sive troughs in the wave. For example, red light has A = 6800 A and blue light has 
A = 4800 A. The frequency of a wave is the number of wavelengths that pass a point 
per unit time when the wave is propagated through space. If the wave propagates at the 
velocity of light, the frequency v of the wave is given by the equation 

y= ¢/Ar (20 

in which c = the velocity of light = 3 X 10° m/sec. Since A has the dimensions of length, 
v has the dimensions of sec~', a unit more often called cycles per second (cps), or hertz 
(Hz). For example, the frequency of red light is 

= (? x wr aiisec)( 0X) 
y= lO 

6800 A Bay 

= 4:41 KX 104 sec) = 441 x 10!4.Hz (12.2) 

Thus, 4.41 x 10! wavelengths of red light pass a given point in one second. 

Pimbe demon mh + aia te sieipielelneness eisia\sleigleSisieisielaieieleie/e,e)sinieielain'aleisieia'¢]e.aiq)ajafe\s/s\e{ale]sikie(as/a\elele(alsiaieine/ainlsieleie(sia/otnisials(alstayeteleiiele eta eleisteeaieciers ee nee 

12a Calculate the frequency of 
*(a) infrared light with A = 9 X 107° m 
(b) blue light with A = 4800 A 

EELS LOS IIS IIPS eile ei al pin aefeis, ciate /s)a]ais)e)olsie) die inisiniste(ais als ialeisto\elvie[s ete afe'al¥seidals)ofete\e[o\ois ale ia’sle(aisis\s\s afele’a/niniaie siareetersinie meister cisietee 

Although light can be described as a wave, it also shows particlelike behavior. The 
light particle is called a photon. The relationship between the energy of a photon and 
the wavelength or frequency of light is a fundamental law of physics: 
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023 

real + 10-4 
1 cosmic rays 

a : 5 10° 10¢> ie 
x + 107 

10+ 
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=| | 

10918 

X-rays i io! 
10!7 = 

aa = 107 
10!6 —— ultraviolet radiation 103 Pa 

10 & ieee e “ie visible light | 104 Ss 

MY infrared radiation C = 10° v 
1013 ae 3 

410° 
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microwaves, radar 4 108 

10910 = 
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i short-wave radio ST oul 
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12 ie a 10 

Figure 12.2 The electromagnetic spectrum. The lines across the figure correspond to the frequency scale; the ticks 
along the right vertical axis correspond to the wavelength scale; and the ticks along the left vertical 
axis correspond to the energy scale. 

he 
E = hy = — 12.3 1V 1 (12.3) 

In this equation, h is Planck’s constant, a universal constant that has the value 

h = 6.625 X 107” erg sec = 6.625 X 107** J sec (12.4) 

For a mole of photons, Planck’s constant has the value 

h=13.99 100 kiiseomola yor 9/530 0s -kcallse@molas (12.5) 

Equation 12.3 shows that the energy, frequency, and wavelength of electromagnetic 

radiation are interrelated. Thus, when the frequency or wavelength of electromagnetic 

radiation is known, its energy is also known. 

The total range of electromagnetic radiation is called the electromagnetic spectrum. 

The types of radiation within the electromagnetic spectrum are shown in Fig. 12.2. Note 

that the frequency and energy increase as the wavelength decreases, in accordance with 

Eqs. 12.1 and 12.3. All electromagnetic radiation is fundamentally the same; the various 

forms differ only in energy. 

42.2 Calculate the energy in kJ/mol of the light described in 

*(a) Problem 12.1(a) (b) Problem 12.1(b) 
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12.3 Use Figure 12.2 to answer the following questions. 

*(a) How does the energy of X-rays compare with that of blue light (greater or 

smaller)? 

(b) How does the energy of radar waves compare with that of red light (greater 
or smaller)? 

FREER Ree EEE EEE EEE HEHEHE HEE E EEE E HEHEHE SESES ESET SESE HEHE ESEEE SEES OH EEEEEESESE DEE ES EEEEEEE EES EEE EEEEEE SEES EEEES 

The most common type of spectroscopy used for structure determination is absorption 

spectroscopy. The basis of absorption spectroscopy is that matter can absorb energy from 

certain wavelengths of electromagnetic radiation. In an absorption spectroscopy experiment, 

this absorption is determined as a function of wavelength, frequency, or energy in an 

instrument called a spectrophotometer or spectrometer. The rudiments of an absorption 

spectroscopy experiment are shown schematically in Fig. 12.3. The experiment requires, 

first, a source of electromagnetic radiation. (If the experiment measures the absorption 

of visible light, the source could be a common light bulb.) The material to be examined, 

the sample, is placed in the radiation beam. A detector measures the intensity of the 
radiation that passes through the sample unabsorbed; when this intensity is subtracted 
from the intensity of the source, the amount of radiation absorbed by the sample is 
known. The wavelength of the radiation falling on the sample is then varied, and the 
radiation absorbed at each wavelength is recorded as a graph of either radiation transmit- 
ted or radiation absorbed vs. wavelength or frequency. This graph is commonly called a 
spectrum of the sample. 

The infrared spectrum of nonane shown in Figure 12.4 is an example of such a graph. 
It shows the radiation transmitted by a sample of nonane over a range of wavelengths in 
the infrared. (You'll learn how to read such a spectrum in more detail in the next section.) 

Figure 12.3 

electromagnetic radiation (light) 

radiation 
source detector 

A A 

sample 

incident electromagnetic 
electromagnetic radiation 

radiation not absorbed 
by sample 

The spectroscopy experiment. Electromagnetic radiation of a certain frequency from a source is 
passed through the sample and onto a detector. If radiation is absorbed by the sample, the radiation 
emerging from the sample has a lower intensity than the incident radiation. The intensity of the inci- 
dent radiation is measured independently. Comparison of the intensity of the incident radiation and 
the radiation emerging from the sample tells how much radiation is absorbed by the sample. The 
spectrum is a plot of radiation absorbed or transmitted vs. wavelength or frequency of the radiation. 
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Figure 12.4 Infrared spectrum of nonane. The light transmitted through a sample of nonane is plotted as a func- 
tion of wavelength (upper horizontal axis) or wavenumber (lower horizontal axis). Absorptions are 
indicated by the inverted peaks. 

AN EvERYDAY ANALOGY TO A SPECTROSCOPY EXPERIMENT 

You do not need experience with a spectrophotometer to appreciate the basic 

idea of a spectroscopy experiment. Imagine holding a piece of green glass up 

to the white light of the sun. The sun is the source, the glass is the sample, 

your eyes are the detector, and your brain provides the spectrum. White light 

is a mixture of all wavelengths. The glass appears green because only green 

light is transmitted through the glass; the other colors (wavelengths) in white 

light are absorbed. If you hold the same green glass up to red light, no light 

is transmitted to your eyes—the glass looks black—because the glass absorbs 

the red light. 

The spectrum of a compound is determined by its structure. For this reason, spectros- 

copy can be used for structure determination. Chemists use many types of spectroscopy 

for this purpose. The three types of greatest use, and the general type of information 

each provides, are as follows: 

1. Infrared (IR) spectroscopy provides information about what functional 

groups are present. 

2. Nuclear magnetic resonance (NMR) spectroscopy provides information on 

the connectivity of carbons and hydrogens. 

3. Ultraviolet-visible (UV-VIS) spectroscopy (often called simply UV spec- 

troscopy) provides information about the types of -electron systems that 

are present. 

These types of spectroscopy differ conceptually only in the frequency of radiation used, 

although the instruments required for each are quite different. A fourth physical technique, 

mass spectrometry, which allows us to determine molecular masses, is also widely used 
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for structure determination. It is not a type of absorption spectroscopy, and is thus 

fundamentally different from NMR, IR, and UV spectroscopy. 

The remainder of this chapter is devoted to a description of IR spectroscopy and 

mass spectrometry. NMR spectroscopy is covered in Chapter 13 and UV spectroscopy in 

Chapter 15. 

Infrared Spectroscopy 
STE e eee eee eee eH ewes anes sees eeE EEE EE EEE ESE EEEEEEEEEEE ESTEE SHEE HE EEEEEESE SES EEEEEEEEE EEE EEEEEE EEE EEEEEES ED ESEEEES EES 

An infrared spectrum, like any absorption spectrum, is a record of the light absorbed by 

a substance as a function of wavelength. The IR spectrum is measured in an instrument 

called an infrared spectrophotometer, described briefly in Sec. 12.5. In practice, the 
absorption of infrared radiation with wavelengths between 2.5 X 107° to 20 X 107° 
meters is of greatest interest to organic chemists. Let’s consider the details of an IR 
spectrum by returning to the spectrum of nonane in Fig. 12.4. 

The quantity plotted on the lower horizontal axis is the wavenumber ? of the light. 
The wavenumber, in units of reciprocal centimeters or inverse centimeters (cms!) ts simply 
another way to express the wavelength or frequency of the radiation. Physically, the 
wavenumber is the number of wavelengths contained in one centimeter. Wavenumber 
is inversely proportional to the wavelength A. 

ee Os 
p= Fe (12.6a) 

ie (A in micrometers, vy in cm7!) 

A =— (12.6b) v 

In these equations the wavelength is in micrometers. A micrometer is 107° meter, and 
is abbreviated xm. Thus, according to Eq. 12.6a, a wavelength of 10 jum corresponds to 
a wavenumber of 1000 cm™’. In Fig. 12.4, wavenumber, across the bottom of the spectrum, 
increases to the left; wavelength, across the top of the spectrum, increases to the right. 
Notice that the wavenumber scale is divided into three distinct regions in which the 
linear scale is different. 

You may see older spectra that are calibrated in wavelength. In most cases, such 
spectra have a wavenumber scale as well, but if not, conversion between wavelengths and 
wavenumbers is a simple matter with Eq. 12.6b. 

The relationship between wavenumber, energy, and frequency can be derived by 
combining Eqs. 12.1 and 12.3 with the definition of wavenumber. 

he 
E = — y (7a) 

v= cv (12.7b) 

(When applying these equations, be sure to use consistent units, for example, A in m, v 
inm™', hin kJ sec mol™!, c in m/sec, and E in kJ/mol.) Notice that energy, wavenumber, 
and frequency are proportional. Because of this proportionality, the wavenumber is 
sometimes loosely referred to as a frequency. 
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Referring again to the IR spectrum in Fig. 12.4, note that the quantity plotted on 

its vertical axis is percent transmittance. This is the percent of the radiation falling on the 

sample that is transmitted to the detector. If the sample absorbs all the radiation, then 

none is transmitted, and the sample has 0% transmittance. If the sample absorbs no 

radiation, then all of the radiation is transmitted, and the sample has 100% transmittance. 

Thus, absorptions in the IR spectrum are registered as downward deflections, that is, 

“upside-down peaks.” Thus, absorptions in the spectrum of nonane occur at about 2920, 

1470, 1380, and 720 cm’. 
Sometimes an IR spectrum is not presented in graphical form, but is summarized 

completely or in part using descriptions of peak positions. Intensities are often expressed 

qualitatively using the designations vs (very strong), s (strong), m (moderate), or w 

(weak). Some peaks are sharp (narrow), whereas others are broad (wide). The spectrum 

of nonane can be summarized as follows: 

py (cm7'): 2920 (vs); 1470 (s); 1380 (m); 720 (w) 

BRE Ree eee eRe eee EEE EHH HEHEHE EEE EEE EEE E HEHE DEES EEEEEEEESEEEE EEE SOS E SEH EEEEEEEEEEEEES EEE EEE EEE E EEE E HEHE EEE EEEEEEEEES EE EEE EE EEE SHEE HEHEHE EERE EEE EES 

12.4 *(a) What is the wavenumber of light with a wavelength of 6.0 um? 

(b) What is the wavelength of light with a wavenumber of 1720 cm7'? 

2125 Show that Eq. 12.7b follows from Eqs. 12.7a and 12.1. 

RRR eee em eee eee eee eee eee eee meee eee e eee eee eee eee ssE HEHEHE EEE EE EEH HEHEHE EEE E HEHEHE HEHEHE EH HEHEHE HEHEHE HE EES 

Interpretation of an IR spectrum in terms of structure requires some understanding of 

why molecules absorb infrared radiation. The absorptions observed in an IR spectrum 

are the result of vibrations within a molecule. Atoms within a molecule are not stationary, 

but are constantly in motion. Consider, for example, the C—H bonds in a typical organic 

compound. The bonds undergo various stretching and bending motions. A useful analogy 

to the C—H stretching motion is the stretching and compression of a spring (Fig. 12.5). 

This vibration takes place with a certain frequency v; that is, it occurs a certain number 

of times per second. Suppose that a C—H bond has a stretching frequency of 9 X 10!° 

times per second; this means that it undergoes a vibration every 1/(9 X 10!°) second or 

1.1 X 10~™ second. 
The colored line in Fig. 12.5 shows that the stretching of the C—H bond over time 

describes a wave motion. A wave of electromagnetic radiation can transfer its energy to 

the vibrational wave motion of the C—H bond only if there is an exact match between 

the frequency of the radiation and the frequency of the vibration. Thus, if a C—H vibration 

has a frequency of 9 X 10! sec™', then it will absorb energy from radiation with the 
same frequency. From the relationship A = c/v (Eq. 12.1), the radiation must have a 

wavelength of 

Nao 02 emmsecme (92s 10 isece) 

= 13.33°% 109m = 3.33, wm 
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bond 
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Figure 12.5 Chemical bonds undergo a variety of vibrations. The one illustrated here is a stretching vibration. 
The bond, represented as a spring, is shown at various times. The bond stretches and compresses 
over time. The time required for one complete cycle of vibration is the reciprocal of the vibrational 
frequency. 

The corresponding wavenumber of this radiation (Eq. 12.6a) is 3000 cm7!. When radia- 
tion of this wavelength interacts with a vibrating C—H bond, energy is absorbed and 
the intensity of the bond vibration increases. That is, after absorbing energy, the bond 
vibrates with the same wavelength but with a larger amplitude (a larger stretch and tighter 
compression; Fig. 12.6). This absorption gives rise to the peak in the IR spectrum. 

vibration of 
A @w pas frequency v 

@ wm ap ei pals 
frequency v 

@w ee A 

amplitude amplitude 

Figure 12.6 Light absorption by a bond vibration causes the bond (spring) to vibrate with a larger amplitude at 
the same frequency. The frequency of the light must exactly match the frequency of the bond vibra- 
tion for absorption to occur. 
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AN ANALOGY TO ENERGY ABSORPTION 

BY A VIBRATING BOND 

Imagine a weight suspended from your finger by a rubber band. (An unopened 
twelve-ounce can of soda suspended by its pull-tab works nicely in this 

demonstration.) If you move your finger up and down very slowly the soda 

can scarcely moves. However, if you increase the rate of oscillation of your 

finger gradually, at some point the soda can will start to move up and down 

vigorously. The motion of your finger is analogous to electromagnetic radia- 
tion, and the rubber band-soda can combination is analogous to the vibrating 

bond. Energy is absorbed from the motion of your finger by the rubber band- 

soda can oscillator only when its natural oscillation frequency matches the 

oscillation frequency of your finger. Likewise, a vibrating bond absorbs energy 

from electromagnetic radiation only when there is a frequency match between 

the two oscillating systems. 

In summary: 

1. Bonds vibrate with characteristic frequencies. 

2. Absorption of energy from infrared radiation can occur only when there 

is a match between the wavelength of the radiation and the wavelength of 
the bond vibration. 

eee meme eee meee ee ee eee eee eee nesses esses ses sees esse EES HEED SEES EE EEEEEEEEEEEEESEEE EEE E ESE D DEES HEE E EEE HEHEHE EES O EEE SEES HEHE EE EEE HEHE EEEEEES EEE EE EEseee 

*12.6 Given that the stretching vibration of a typical C—H bond has a frequency of 

about 9 X 101° sec~', which peak(s) in the IR spectrum of nonane (Fig. 12.4) 
would you assign to the C—H stretching vibrations? 

eee ee eee ee eee meee Hee eee eee ee eee eee ee EEE HEHE EEO E EE HEHEHET EEE EEE H EEE SEE HEHEHE HEHEHE EEE HEHEHE HHO H EHH EE EEE EHH EHeeesseeeeEEEEEeene 

infrared Absorption and Chemical Structure 

Each peak in the IR spectrum of a molecule corresponds to absorption of energy by the 

vibration of a particular bond or group of bonds. The utility of IR spectroscopy for the 

chemist is that in all compounds, a given type of functional group absorbs in the same 

general region of the IR spectrum. The major regions of the IR spectrum are shown in 

ables! 2c 

The IR spectra of most compounds contain many more absorptions than can be 

readily interpreted. A major part of mastering IR spectroscopy is to learn which absorp- 

tions are important. Certain absorptions are diagnostic; that is, they indicate with reason- 

able certainty that a particular functional group is present. For example, an intense peak 

in the 1700-1750 cm™' region is almost like a voice saying, “This molecule contains a 

carbonyl (C—O) group.” Other peaks are confirmatory; that is, similar peaks can be 

found in other types of molecules, but their presence confirms a structural diagnosis 

made in other ways. For example, absorptions in the 1050-1200 cm™' region of the IR 

spectrum due to a C—O bond could indicate the presence of an alcohol, an ether, an 

ester, or a carboxylic acid, among other things. However, if other evidence (perhaps 
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Table 12.1 Regions of the Infrared Spectrum 

Wavenumber Name of 

range, cm™ | Type of Absorptions region 

3400-2800 Oat, INSSlal, C==Isl saad mine 

2250-2100 C€==N,, C= C stretching Functional group 

1850—1600 C=O, C=N, C=C stretching 

1600-1000 Ca CC On Ga Nestictenmns: | : ‘ 
: : ; Fingerprint 

various bending absorptions 

1000—600 C—H bending C—H bending 
Bee eee eee eee reer essa sen usseeese esses esse eeeeEesEEE Ee EEE EEE EEE EEESeES ESSE ED eeeeEsseeseseesesesese 

obtained from other types of spectroscopy) suggests that the unknown molecule is, say, 
an ether, a peak in this region can serve to support this diagnosis. In the sections 
that follow, you'll learn about the relatively few absorptions that are important in IR 
spectroscopy. 

Rarely if ever does an IR spectrum completely define a structure; rather, it provides 
information that restricts the possible structures under consideration. Once the structure 
for an unknown compound has been deduced, a comparison of its IR spectrum with 
that of an authentic sample can be used as a criterion of identity. Even subtle differences 
in structure generally give discernible differences in the IR spectrum, particularly in the 
region between 1000 cm™! and 1600 cm7!. Even though most of the absorptions in this 
region of the spectrum are generally not interpreted in detail, they serve as a valuable 
“molecular fingerprint.” That is why this region of the spectrum is called the “fingerprint 
region” in Table 12.1. 

A. Factors That Determine IR Absorption Position 

One approach to the use of IR spectroscopy is simply to memorize the positions at which 
characteristic functional group absorbances appear, and look for peaks at these positions 
in the determination of unknown structures. However, you can use IR spectroscopy 
much more intelligently and learn the important peak positions much more easily if you 
understand a little more about the physical basis of IR spectroscopy. Two aspects of IR 
absorption peaks are particularly important. First is the position of the peak, that is, the 
wavenumber or wavelength at which it occurs. Second is the intensity of the peak, that 
is, how strong it is. Let’s consider each of these aspects in turn. 

What factors govern the position of IR absorption? Three considerations are most 
important. 

1. Strength of the bond 

2. Masses of the atoms involved in the bond 

3. The type of vibration being observed 

Focus for the moment on the first two of these factors, and think of the vibrating bond 
as a mechanical spring. How should bond strength affect the vibrational frequency? 
Intuitively, a stronger bond corresponds to a tighter spring. Objects connected by a tighter 
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spring vibrate more rapidly, that is, with a higher frequency or wavenumber. Likewise, 

atoms connected by a stronger bond also vibrate at higher frequency. A simple measure 

of bond strength is the energy required to break the bond, that is, the bond dissociation 

energy (Table 5.3). The higher the bond dissociation energy, the stronger the bond. Thus: 

the IR absorptions of stronger bonds—bonds with greater bond dissociation energies—occur 

at higher wavenumber. The effect of bond strength is particularly clear from a comparison 

of the vibration frequencies of single, double, and triple bonds between the same atoms. 

As intuition and the bond dissociation energies in Table 5.3 dictate, C=C bonds are 

stronger than C==C bonds, which, in turn, are stronger than C—C bonds. Thus, the 

wavenumbers for the IR absorptions of these stretching motions are in the order C=C > 

C=C C—G 
What about the mass effect? You may have observed that a heavier weight connected 

to a spring of a given tightness vibrates more slowly (with a lower frequency) than lighter 

weights connected to an identical spring. This effect is also evident in IR spectroscopy: 

vibrations of heavier atoms occur at lower wavenumbers than vibrations of lighter atoms. 

This effect is best illustrated by isotopic replacement. For example, the C—H and C—D 

bonds have nearly identical bond dissociation energies. However, the C—D stretching 

absorption occurs at considerably lower wavenumber (about 2250 cm7!) than the C—H 

stretching absorption (about 3000 cm7'). 

Another important effect of atomic mass is that when the two atoms in a bond 

differ significantly in mass, the stretching frequency is governed primarily by the mass 

of the lighter atom. The importance of this idea is apparent from Table 12.1. All of the 

hydrogen stretching absorptions occur in the same general region of the IR spectrum; 

this is exactly what would be expected if the vibrational frequency is determined predomi- 

nantly by the smaller atom. Similarly, all of the single-bond stretching absorptions between 

first-row atoms (C—C, C—O, C—N) also occur in the same general region of the IR 

spectrum. 

AN ANALOGY FOR THE MaAsSs EFFECT 

An analogy is useful to show that the lighter atom has the major influence 

on the vibrational frequency. Imagine three situations: two identical light 

rubber balls connected by a spring; an identical rubber ball connected to a 

heavy cannonball with an identical spring; and an identical rubber ball con- 

nected to the Empire State Building by an identical spring. When the spring 

connecting the two rubber balls is stretched and released, both balls oscillate. 

That is, both masses are involved in the vibration. When the spring connecting 

the rubber ball and the cannonball is stretched and released, the rubber ball 

oscillates, and the cannonball remains almost stationary. When the spring 

connecting the rubber ball and the Empire State Building is stretched and 

released, only the rubber ball appears to oscillate; the motion of the building 

is imperceptible. In the last two cases, the vibrational frequencies are virtually 

identical, even though the masses attached to them differ by orders of magni- 

tude. Consequently, for a given spring, the oscillation frequency of two con- 

nected objects of different mass depends more on the mass of the lighter 

object than on the mass of the heavier object. 
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*12.7. Which effect is more important in determining the absorption position in the 

following series, bond strength or atomic mass? How do you know? 

bond: H—C Ha © H—F 

wavenumber: 3000 cm! 3600 cm7! 4000 cm7! 

The third factor that affects the absorption frequency is the type of vibration. A 

stretching vibration occurs along the line of the chemical bond. A bending vibration is 

any vibration that does not occur along the line of the chemical bond. A bending vibration 

can be envisioned as a ball hanging on a spring and swinging side-to-side. In general, 

bending vibrations occur at lower frequencies (higher wavelengths) than stretching vibrations 
of the same groups. 

AN ANALOGY FOR BENDING VIBRATIONS 

Imagine a ball attached to a stiff spring hanging from the ceiling. A gentle 

tap makes it swing back and forth. It takes considerably more energy to 

stretch the spring. Because the energy required to set the spring in motion is 

proportional to its frequency, then the swinging (bending) motion has a lower 
frequency than the stretching motion. 

The only possible type of vibration in a diatomic molecule (for example, H—F) is a 
stretching vibration. However, when a molecule contains more than two atoms, then 
both stretching and bending vibrations are possible. The allowed vibrations of a molecule 
are termed its normal vibrational modes. The normal vibrational modes for a —CH,— 
group are shown in Fig. 12.7. They serve as models for the kinds of vibrations that can 
be expected for other groups in organic molecules. The bending vibrations can be such 
that the hydrogens move in the plane of the —CH,— group, or out of the plane of the 
— CH,— group. Furthermore, stretching and bending vibrations can be symmetrical or 
unsymmetrical with respect to a plane between the two vibrating hydrogens. The bending 
motions have been given very graphic names (scissoring, wagging, and so on) that describe 
the type of motion involved. Each of these motions occurs with a particular frequency 
and can have an associated peak in the IR spectrum (although some peaks are weak or 
absent for reasons to be considered later). A—CH,— group ina typical organic molecule 
undergoes all of these motions simultaneously. That is, while the C—H bonds are 
stretching, they are also bending. The IR spectrum of nonane (Fig. 12.4) shows absorptions 
for both C—H stretching and C—H bending vibrations. The peak at 2920 cm! is due 
to the C—H stretching vibrations; the peaks at 1470 and 1380 cm7! are due to various 
bending modes of both —CH,— and CH;— groups; and the peak at 720 cm™! is due 
to a different bending mode, the —CH,— rocking vibration. Notice that all of the 
bending vibrations absorb at lower wavenumber (and therefore lower energy) than the 
stretching vibrations. 
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symmetrical stretch 

unsymmetrical stretch 

unsymmetrical 
in-plane bend (rock) 

symmetrical 
in-plane bend (scissor) 

symmetrical 
out-of-plane bend (wag) 

unsymmetrical 
out-of-plane bend (twist) 

Normal vibrational modes of a typical —CH,— group in an organic compound. Start at the center 
figure in each case and move left and right to see how the bonds change with time. The white atoms 
are hydrogens, the black atoms are carbons, and the gray groups are the other groups attached to 
carbon. 

6B. Factors That Determine IR Absorption Intensity 
Ome meee eee eee eee EH EHH HEHEHE O EES ESE MEOH HEHEHE HEHEHE HEHEHE HH Heeeeeeee 

The different peaks in an IR spectrum typically have very different intensities. Several 

factors affect absorption intensity. First, a greater number of molecules in the sample 

and more absorbing groups within a molecule give a more intense spectrum. Thus, a 
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more concentrated sample gives a stronger spectrum than a less concentrated one, other 

things being equal. Similarly, at a given concentration, a compound such as nonane, 

which is rich in C—H bonds, has a stronger absorption for its C— H stretching vibrations 

than a compound of similar molecular mass with relatively few C—H bonds. 

The dipole moment of a molecule also affects the intensity of an IR absorption. 

Spectroscopy theory shows that absorptions can be expected only for vibrations that cause 

a change in the molecular dipole moment. This explains why certain symmetrical (or 

nearly symmetrical) molecules lack IR absorptions that we otherwise might expect to 

observe. For example, the alkene 2,3-dimethyl-2-butene has a dipole moment of zero, 

and stretching the C=C bond does not impart a dipole moment to the molecule: 

CH, HG GE: 
C=C stretching \ 7 no IR absorption for the 

ri C C C=C stretching vibration 

He HC Cia 

2,3-dimethyl-2-butene: “stretched” 2,3-dimethyl-2-butene: 
zero dipole moment zero dipole moment 

Consequently, this alkene has no absorption in the 1600-1700 cm™! region of the IR 

spectrum, the region in which C=C stretching absorptions occur for many other alkenes. 

(This compound does have other IR absorptions.) Note carefully that the C=C stretching 

vibration occurs; it is simply not observed in the IR spectrum. Molecular vibrations that 
occur but do not give rise to IR absorptions are said to be infrared inactive. (IR- 
inactive vibrations can be observed by a less common type of spectroscopy called Raman 
spectroscopy.) In contrast, any vibration that gives rise to an IR absorption is said to be 
infrared active. 

Because the intensity of an IR absorption depends on the size of the dipole moment 
change that accompanies the corresponding vibration, IR absorptions differ widely in 
intensity. Chemists do not try to predict intensities; rather, they rely on collective experi- 
ence to know which absorptions are weaker and which are stronger. Nevertheless, for 
symmetrical molecules with a zero dipole moment, we must be particularly aware of the 
possibility of IR-inactive vibrations that would be observed in less symmetrical molecules 
containing the same functional groups. 

Set ER SILC OR OLDE LOROC UD ODA BO OOOO OCOOUCOCOCHOOCOGOOUD Con COOD OOO CCDTDCOCCCOCROODD OOD TOC CSOCUN CC OOCOUC OAD OO UUOCONA ONO SOOO UH OBOOOEDOOTONA DAOAOSEOCOnGrcr 

Which one of the following molecular vibrations is infrared inactive? (ay the C=O 
symmetrical stretch of CO, (b) the C=O unsymmetrical stretch of CO). (See Pig 71277.) 

Solution — First be sure you understand what is meant by the terms “symmetrical stretch” 
and “unsymmetrical stretch.” These are defined by analogy to the C—H stretching 
vibrations in Fig. 12.7. In the symmetrical stretch, the two C=O bonds lengthen (or 
shorten) at the same time so that the molecule maintains its symmetry (the plane of 
symmetry is indicated by the dashed line): 

| | 

O=¢C=0 == 0=—¢=—=0 

symmetrical stretch: maintains 
the molecular symmetry 



12.4 Functional-Group Infrared Absorptions 549 

In the unsymmetrical stretch, one C=O bond shortens when the other lengthens: 

C=O O=C=O = O 

unsymmetrical stretch 

Which of these vibrational modes results in a change of dipole moment? Since the CO, 

molecule is linear, the two C=O bond dipoles exactly oppose each other. Stretching a 

bond increases its bond dipole because the size of a bond dipole is proportional not only 

to the magnitudes of the partial charges at each end of the bond but also to the distance 

by which the charges are separated. Consequently, after the symmetrical stretch, both bond 

dipoles are increased; but since they exactly oppose each other, the dipole moment 

remains zero. Hence, the symmetrical stretching vibration is IR inactive. 

In an unsymmetrical stretch, one C—O bond is reduced in length while the other 

is increased. Since the “long” C==O bond has a greater bond dipole than the “short” 

C=O bond, the two bond dipoles no longer cancel. Thus, the unsymmetrical stretch 

imparts a dipole moment to the CO, molecule. Consequently, this vibration is infrared 

active—it gives rise to an IR absorption. 
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12.8 Which of the following vibrations should be infrared active and which should 
PROBLEM & be infrared inactive (or nearly so)? 

Sissi *(a) CH;CH,CH,CH,—C=C—H C=C stretch 
(b) (CH3),C C—O siretcn 

(0) cyclohexane ring “breathing” 

(simultaneous stretch of all C—C bonds) 

(d) Gis C=C — CH. @q— Gerireten 

*(e) 

CH ms symmetrical N—O stretch 

; Se (note resonance structures; p. 20) 

Oe 

(f) \ 
(@inEy, Gal ee stretch 

*(g) trans-3-hexene (G— Gacinerchy) 
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The obvious structural features of alkanes are the carbon-carbon and carbon-hydrogen 

single bonds. The stretching of the carbon-carbon single bond is infrared inactive (or 

nearly so) because this vibration is associated with little or no change of the dipole 
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moment. The stretching absorptions of alkyl C—H bonds are typically observed in the 

2850-2960 cm™! region. The peaks near 2920 cm™' in the IR spectrum of nonane (Fig. 

12.4) are examples of such absorptions. Various bending vibrations are also observed in 

the fingerprint region (1380 and 1470 cm7! in nonane) and in the C—H bending region 

(720 cm™! in nonane). Absorptions in these general regions can be expected for not only 

alkanes, but also any compounds that contain CH;— and —-CH,— groups. Conse- 

quently, these absorptions are not often useful, but it is important to be aware of them 

so that they are not mistakenly attributed to other functional groups. 

6B. IR Spectra of Alkyl Halides 

The carbon-halogen stretching absorption of alkyl chlorides, bromides, and iodides appear 

in the low-wavenumber end of the spectrum, but there are many interfering absorptions 

in this region. NMR spectroscopy and mass spectrometry are more useful than IR spectros- 

copy for determining the structures of alkyl halides. 

C. IR Spectra of Alkenes 

Unlike the spectra of alkanes and alkyl halides, the infrared spectra of alkenes are very 
useful and can help determine not only whether a carbon-carbon double bond is present, 
but also the branching pattern at the double bond. Typical alkene absorptions are given 
in Table 12.2. These fall into three categories: C—C stretching absorptions, —=C—H 
stretching absorptions, and ==C—H bending absorptions. The stretching vibration of 
the carbon-carbon double bond occurs in the 1640-1675 cm7! range; the frequency of 
this absorption tends to be greater, and its intensity smaller, with increased branching at 
the double bond. The reason is the dipole moment effect discussed in the previous section. 
Thus, the C=C stretching absorption is clearly evident in the IR spectrum of 1-octene 
at 1642 cm™' (Fig. 12.8a), but is virtually absent in the spectrum of the symmetrical 
alkene trans-3-hexene. The C=C stretching vibration is weak or absent even in unsym- 
metrical alkenes that have the same number of alkyl groups on each carbon of the double 
bond. 

NMR spectroscopy is particularly useful for observing alkene hydrogens (Chapter 
13). Nevertheless, a =C—H stretching absorption can often be used for confirmation 
of an alkene functional group. In general, the stretching absorptions of C—H bonds 
involving sp*-hybridized carbons occur at wavenumbers greater than 3000 cm™', and 
the stretching absorptions of C—H bonds involving sp’-hybridized carbons occur at 
wavenumbers less than 3000 cm™~!. Thus, 1-octene has a =C—H stretching absorption 
at 3080 cm™' (Fig. 12.8a), and trans-3-hexene has a similar absorption which is barely 
discernible at 3030 cm™! (Fig. 12.8b). The higher frequency of =C—H stretching 
absorptions is a manifestation of the bond-strength effect: bonds to sp--hybridized carbons 
are stronger (Table 5.3), and stronger bonds vibrate at higher frequencies. 

The alkene =C—H bending absorptions that appear in the low-wavenumber region 
of the IR spectrum are in many cases very strong and can be used to determine the 
branching pattern at the double bond. The first three of these absorptions in Table 
12.2—the ones for terminal vinyl, terminal methylene, and trans-alkene—are the most 
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Table 12.2 Important Infrared 

Absorptions of Alkenes 
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Functional group Absorption 

C= K stretching absorptions 

— CH=CH, (terminal vinyl) 1640 cm™! (m) 
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gh 
ce C=C 

\ 
H H H 1660-1675 cm! (w) 

(absent in some compounds) 
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—=C—H bending absorptions 
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H 
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reliable. The 910 and 990 cm™! terminal vinyl absorptions are illustrated in the IR 

spectrum of l-octene (Fig. 12.8a), and the trans-alkene absorption is illustrated by the 

965 cm7! peak in the IR spectrum of trans-3-hexene (Fig. 12.8b). 
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IR spectra of (a) 1-octene and (b) trans-3-hexene. 

Each of three alkenes, A, B, and C, has the molecular formula C5Hjo, and each undergoes 
catalytic hydrogenation to yield pentane. Alkene A has IR absorptions at 1642, 990, and 
911 cm™'; alkene B has an IR absorption at 964 cm, and no absorption in the 1600-1700 
cm™' region; and alkene C has absorptions at 1658 and 695 cm7!. Identify the three 
alkenes. 

Solution In this problem, you can write out all the possibilities and then use the IR 
spectra to decide between them. The molecular formulas and the hydrogenation data 
show that the carbon chains of all the alkenes are unbranched and that all are isomeric 
pentenes. Hence, the only possibilities for compounds A, B, and C are the following: 

H,C CH,CH; Hee H 
jf; Dor 

CH,—=CHCH,CH;CH, C=C C=C 
EN / 

1-pentene H H H CH, CH: 

cis-2-pentene trans-2-pentene 

The IR absorptions of A clearly indicate that it is a 1-alkene; thus, it must be 1-pentene. 
The 964 cm~' C—H bending absorption of B shows that it is trans-2-pentene. (Why is 
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the C=C stretching vibration absent?) The remaining alkene C must be cis-2-pentene; 

the 1658 cm~' C=C stretching absorption and the 695 cm~' C—H bending absorption 

are consistent with this assignment. 

Notice that you do not need the complete IR spectrum of each compound, but only 

the key absorptions, to solve this problem. 

12.9 One of the spectra in Fig. 12.9 is that of trans-2-heptene and the other is that 

of 2-methyl-1-hexene. Which is which? Explain. 

When O—H groups are not hydrogen-bonded to other groups, the O—H stretching 

absorption occurs near 3600 cm~'. However, in most typical samples, O—H groups 

are strongly hydrogen-bonded and give a broad peak of moderate to strong intensity in 

Figure 12.9 
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IR spectra for Problem 12.9. 
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IR spectrum of 1-hexanol. 

the 3200-3400 cm~" region of the IR spectrum. Such an absorption, an important 
spectroscopic identifier for alcohols, is clearly evident in the IR spectrum of 1-hexanol 
(Fig. 12.10). 

The other characteristic absorption of alcohols is a strong C—O stretching peak 
that occurs in the 1050-1200 cm™' region of the spectrum; primary alcohols absorb near 
the low end of this range and tertiary alcohols near the high end. For example, this 
absorption occurs at about 1060 cm7! in the spectrum of 1-hexanol. Because other 
functional groups (ethers, esters, carboxylic acids) also show C—O stretching absorptions 
in the same general region of the spectrum, the C—O stretching absorption is mainly 
used to support or confirm the presence of an alcohol diagnosed from the O—H 
absorption or from other spectroscopic evidence. 

The most characteristic infrared absorption of ethers is the C—O stretching absorp- 
tion, which, for the reasons just stated, is not very useful except for confirmation when 
an ether is already suspected from other data. For example, both dipropyl ether and an 
isomer 1-hexanol have strong C—O stretching absorptions near 1100 cm7!, 

The important IR absorptions of other functional groups are discussed in the respec- 
tive chapters that cover these groups. In addition, a summary of key IR absorptions is 
given in Appendix II. 
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*12.10 Match the IR spectrum in Fig. 12.11 to one of the following three compounds: 
2-methyl-1-octene, butyl methyl ether, or 1-pentanol. 

12.11 Explain why the IR spectra of some ethers have two C—O stretching absorptions. 
(Hint: See Fig. 12.7.) 

“12.12 Explain why the O—H stretching absorption of the hydrogen-bonded —OH 
group is observed in the IR spectrum of an alcohol in concentrated solution, 
and why the O—H stretching absorption of the non-hydrogen-bonded —OH 
group is observed for an alcohol in dilute solution. 
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Figure 12.12 

The Infrared Spectrometer 

Infrared spectrometers, the instruments with which IR spectra are obtained, are available 

in most chemical laboratories. A schematic diagram and description of an IR spectrometer 

are given in Fig. 12.12. In a conventional IR spectrometer, the slow scanning of wave- 

lengths through the range of interest takes several minutes. In a newer type of IR spectrom- 

eter, called a Fourier-transform infrared spectrometer (FTIR spectrometer), the IR spectrum 

can be obtained in just a few seconds. The IR spectra in this text were obtained by FTIR. 
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source | ye 
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Schematic diagram of an IR spectrometer. Infrared radiation, provided by the source, is split by a 
mirror into sample (S) and reference (R) beams. Beam S is passed through the sample, and beam R 
through a reference cell containing the same solvent as the sample cell. Each beam is transmitted to 
the monochromator, which can be a prism or grating. The monochromator sorts the transmitted radia- 
tion into separate wavelengths, and is slowly turned so that the detector receives light of varying wave- 
length over time. The detector measures the intensity of the radiation at each wavelength, and the 
signal from beam R is subtracted from that of beam S. This subtraction in principle removes interfer- 
ing solvent or air absorptions, The chart recorder and the monochromator movement are synchro- 
nized so that the chart or pen moves along the horizontal axis as the wavelength changes. The detector 
output is sent to the pen and registered as a vertical deflection. The resulting trace 1s the IR spectrum. 



556 Chapter 12 Infrared Spectroscopy and Mass Spectrometry 

Introduction to Mass Spectrometry 

In contrast to other spectroscopic techniques, mass spectrometry does not involve the 

absorption of electromagnetic radiation, but operates on a completely different principle. 

As the name implies, mass spectrometry is used to determine molecular masses, and it 

is the most important technique used for this purpose. It also has some use in determining 
molecular structure. 

A. Production of a Mass Spectrum 

The instrument used to obtain a mass spectrum is called a mass spectrometer. In this 

instrument a compound is vaporized in a vacuum and bombarded with an electron beam 

of high energy—typically, 70 electron-volts (more than 6,700 kJ/mol or 1,600 kcal/mol). 

Since this energy is much greater than the bond energies of chemical bonds, some fairly 

drastic things happen when a molecule is subjected to such conditions. One thing that 
happens is that an electron is ejected from the molecule. For example, if methane is 
treated in this manner, it loses an electron from one of the C—H bonds. 

BC eg Oc cece (12.8) 
H H 

The product of this reaction is sometimes abbreviated as follows: 

H 

H:C*H abbreviated as CH,* 

H 

The symbol * means that the molecule is both a radical (a species with an unpaired 
electron) and a cation—a radical cation. The species CH," is called the methane radical 
cation. 

Following its formation, the methane radical cation decomposes in a series of reac- 
tions called fragmentation reactions. In one such reaction, it loses a hydrogen atom to 
generate the methyl cation, a carbocation. 

+ 

CH Olle eee (12.9) 
mass = 16 

methyl cation 
mass = 15 

The hydrogen atom carries the unpaired electron, and the methyl cation carries the 
charge. The process can be represented with the free-radical (fishhook) arrow formalism 
as follows: 

; H 

| 
: Hewes => ae ar al (12.10) 

H H 

Alternatively, the unpaired electron may remain associated with the carbon atom; in this 
case, the products of the fragmentation are a methyl radical and a proton. 
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CH,? ==> ACI ale ap EL? cea) 

mass = 16 methyl radical mass = 1 

Further decomposition reactions give fragments of progressively smaller mass. (Show 

how these occur by using the fishhook formalism.) 

CH+ > CH, + H- (12.12a 
mass = 14 

CH,* > CH*+ + H:- (12.12b 
mass = 13 

Cee === ee 4 ie (12.12c 

mass = 12 

Thus methane undergoes fragmentation in the mass spectrometer to give several 

positively charged fragment ions of differing mass: CHy*, CH, CH,*, CH*, C*, and 

H*. In the mass spectrometer, these fragment ions are separated according to their mass- 

to-charge ratio, m/z (m = mass, z = the charge of the fragment). Since most ions formed 

in the mass spectrometer have unit charge, the m/z value can generally be taken as the 

mass of the ion. A mass spectrum is a graph of the relative amount of each ion (called 

the relative abundance) as a function of the ionic mass (or m/z). The mass spectrum 

of methane is shown in Figure 12.13. Note that only ions are detected by the mass 

spectrometer—neutral molecules and radicals do not appear as peaks in the mass spec- 

trum. The mass spectrum of methane shows peaks at m/z = 16, 15, 14, 13, 12, and 1, 

corresponding to the various ionic species that are produced from methane by electron 

ejection and fragmentation, as shown in Eqs. 12.8—12.12. 

The mass spectrum can be determined for any molecule that can be vaporized in a 

high vacuum, and this includes most organic compounds. The utility of mass spectrometry 

is that (a) it can be used to determine the molecular mass of an unknown compound, 

and (b) it can be used to determine the structure (or a partial structure) of an unknown 

compound by an analysis of the fragment ions in the spectrum. 

The ion derived from electron ejection before any fragmentation takes place is known 

as the molecular ion, and abbreviated M. The molecular ion occurs at an m/z value equal 

to the molecular mass of the sample molecule. Thus, in the mass spectrum of methane, the 

Figure 12.13 
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Mass spectrum of decane. 

molecular ion occurs at m/z = 16. In the mass spectrum of decane (Fig. 12.14), the 
molecular ion occurs at m/z = 142. Except for peaks due to isotopes, discussed in Sec. 
12.6B, the molecular ion peak is the peak of highest m/z in any ordinary mass spectrum. 

The base peak is the ion of greatest relative abundance. The base peak is arbitrarily 
assigned a relative abundance of 100%, and the other peaks in the mass spectrum are 
scaled relative to it. In the mass spectrum of methane, the base peak is the same as the 
molecular ion, but in the mass spectrum of decane the base peak occurs at m/z = 43. 
In the latter spectrum and most others, the molecular ion and the base peak are different. 

6b. Isotopic Peaks 

The mass spectrum of methane (Fig. 12.13) shows a small but real peak at m/z = 17,a 
mass one unit higher than the molecular mass. This peak is termed an M + 1 peak, 
because it occurs one mass unit higher than the molecular ion (M). This ion occurs 
because chemically pure methane is really a mixture of compounds containing the various 
isotopes of carbon and hydrogen. 

methane = "GH, “CH, '2CDH,, ete: 

m/z = 16 17 IW, 

The isotopes of several elements and their natural abundances are given in Table 12.3. 
Possible sources of the m/z = 17 peak for methane are '*CH, and '*CDH3. Each 

isotopic compound contributes a peak with a relative abundance in proportion to its amount. 
In turn, the amount of each isotopic compound is directly related to the natural abundance 
of the isotope involved. The relative abundance of a peak due to '2C methane and the 
peak due to the presence of a '°C isotope is then given by the following equation: 

abundance of '°C peat 
abundance of '*C peak 

relative abundance = ( (12.13a) 

= (number of carbons) X (natural abundance of =e) 
natural abundance of !2C 

0.01 i) 
0.9890 

= (number of carbons) X 0.0111 

= (number of carbons) ( 

(12.13b) 
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Table 12.3 Exact Masses and Isotopic 

Abundances of Several Isotopes 

Important in Mass Spectrometry 
POPP e meee m mm meme eee eee EEE E HEHEHE HEHE HEED HEH eH H ee HEHEHE HEHEHE EEE EEEE EEE EEE EEE EE EEE REESE 

Element Isotope Exact mass Abundance, % 

hydrogen 7H 1.007825 99.985 

deuterium 2H 2.0140 0.015 

carbon ZG 12.0000 98.90 

3 @ 13.00335 1.10 

nitrogen '4N 14.00307 99.63 
ISN 15.00011 0.37 

oxygen 18) 15.99491 99.759 
176) 16.99913 0.037 

© 17.99916 0.204 

fluorine 1OR 18.99840 100. 

silicon 8S) 27.97693 92.21 

Si 28.97649 4.67 

2oSi 29.97377 3.10 

phosphorus 31p 30.97376 100. 

sulfur AS 31.97207 95.0 

23S 32.97146 0.75 

oS 33.96787 4.22 

chlorine Cl 34.96885 PIT 

7G 36.96590 24.23 

bromine Br 78.91834 50.69 

S1Br 80.91629 49.31 

iodine 127] 126.90447 100. 
SATE Rem mmm meee eee eee H HEHE HEE HOO HH eH HEHEHE EEE EEE Ore tee Hse HHH Hee eeee sees sess eee eeneeee 

Since methane has only one carbon, the m/z = 17 (M + 1) peak due to '°CH, is about 

1.1% of the m/z = 16, or M, peak. A similar calculation can be made for deuterium. 

| natural abundance of | 
(12.14) relative abundance = (number of hydrogens) X (2a Ana CPR, 

(4) x Geer 
= 0.0006 

0.99985 

Thus, the CDH; naturally present in methane contributes 0.06% to the isotopic peak. 

Because the contribution of deuterium is negligible, '°C is the major isotopic contributor 

to the M + 1 peak. 
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Mass spectrum of cyclohexane. 

In a compound containing more than one carbon, the M + 1 peak is larger relative 
to the M peak because there is a 1.1% probability that each carbon in the molecule will 
be present as '°C. For example, cyclohexane has six carbons, and the abundance of its 
M + 1 ion relative to that of its molecular ion should be 6(1.1) = 6.6%. In the mass 
spectrum of cyclohexane (Fig. 12.15), the molecular ion has a relative abundance of about 
70%; that of the M + 1 ion is calculated to be (0.066)(70%) = 4.6%, which corresponds 
closely to the value observed. (With careful measurement, it is possible to use these 
isotopic peaks to estimate the number of carbons in an unknown compound; see Problem 
12.37.) Not only the molecular ion peak, but also every other peak in the mass spectrum 
has isotopic peaks. 

Several elements of importance in organic chemistry have isotopes with significant 
natural abundances. Table 12.3 shows that silicon has significant M + 1 and M + 2 
contributions; sulfur has an M + 2 contribution; and the halogens chlorine and bromine 
have very important M + 2 contributions. In fact, the naturally occurring form of the 
element bromine consists of about equal amounts of ”’Br and *'Br. The mixture of 
isotopes leaves a characteristic trail in the mass spectrum that can be used to diagnose 
the presence of the element. 

Consider, for’‘example, the mass spectrum of bromomethane, shown in Eo male. 
The peaks at m/z = 94 and 96 result from the contributions of the two bromine isotopes 
to the molecular ion. They are in the relative abundance ratio 100 : 98 = 1.02, which is 

Figure 12.16 
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Mass spectrum of bromomethane. Notice the two molecular ions of nearly equal abundance that 
result from the presence of the two isotopes Br and ®'Br. 
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in good agreement with the ratio of the relative natural abundances of the bromine 

isotopes (Table 12.2). This double molecular ion is a dead giveaway for a compound 

containing a single bromine. Notice that along with each major isotopic peak is a smaller 

isotopic peak one mass unit higher. These peaks are due to the isotope '’C present 

naturally in bromomethane. For example, the m/z = 95 peak corresponds to bromometh- 

ane containing only “Br and one '°C. The m/z = 97 peak arises from methyl bromide 

that contains only *'Br and one °C. 
Although isotopes such as '°C and '*O are normally present in small amounts in 

organic compounds, it is possible to synthesize compounds that are selectively enriched 

with these and other isotopes. Isotopes are especially useful because they provide specific 

labels at particular atoms without changing their chemical properties. One use of such 

compounds is to determine the fate of specific atoms in deciding between two mechanisms. 

(See, for example, Problem 11.18, Chapter 11.) Another use is to provide nonradioactive 

isotopes for biological metabolic studies (studies that deal with the fates of chemical 

compounds when they react in biological systems). When a compound has been isotopi- 

cally enriched, isotopic peaks are much larger than they are normally. Mass spectrometry is 

used to measure quantitatively the amount of such isotopes present in labeled compounds. 

*12.13 The mass spectrum of tetramethylsilane, (CH;),Si, has a base peak at m/z = 73. 

Calculate the relative abundances of the isotopic peaks at m/z = 74 and 75. 

12.14 From the information in Table 12.3, predict the appearance of the molecular 

ion peak(s) in the mass spectrum of chloromethane. (Assume that the molecular 

ion is the base peak.) 

The molecular ion is formed by loss of an electron. If this ion is stable, it decomposes 

slowly and is detected by the mass spectrometer as a peak of large relative abundance. If 

this ion is less stable, it decomposes, in some cases completely, into smaller pieces, which 

are then detected as smaller ions, called fragment ions. The relative abundances of the 

various fragments in a mass spectrum depend on their relative lifetimes, that is, the 

relative rates at which they break apart into smaller fragments. Typically the most stable 

ions have the longest lifetimes, and are detected as the largest peaks in a mass spectrum. 

The fragment ions produced in the mass spectrometer are literally pieces of the 

whole molecule. Just as a picture can be reconstructed from a jigsaw puzzle, the structure 

of a molecule can in principle be reconstructed from its mass spectrum. 
The simplest way to analyze a mass spectrum is to think of fragment ions as coherent 

pieces that result from the breaking of chemical bonds in the molecular ion. This approach 

successfully accounts for the mass spectrum of methane, analyzed in Sec. 12.6A, as well 

as the mass spectrum of decane (Fig. 12.14). Decane undergoes fragmentation at several 

of its carbon-carbon bonds. — 
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CH;— CH,--CH,—-CH,+ CH,-++ CH,-+ CH, — CH, — CH, — CH; 

m/z = 29 el 

m/z = 43 

m/z = 57 

m/z = 71 

m/z = 85 

For example, the m/z = 71 fragment is formed in the following way: 

Electron ejection to yield molecular ion: 

Fragmentation: 

Peete meee era reeee 

CH3(CH,);— CH: CH,— (CH,),CH; Lee CH;(CH,);— CH,* CH, — (CH,)3CH3 (WA ey) 

CH, (CH,);— CH, CH;— (CH,),CH, a CH3(CH,)3— CH} aig ‘Ch —— (CH,),CH. (12.15b) 

e m/z = 71 

(Write a mechanism for formation of one or two other fragments.) Notice that the 
different fragments are not formed with the same relative abundances. Furthermore, some 
possible fragment peaks are weak or missing. Thus, there is no m/z = 15 fragment for 
*CHs, and the peaks corresponding to fragments at m/z greater than 85 are very weak. 
As illustrated by the following study problem, the reason for the predominance of certain 
fragments follows from their relative stabilities. 

Gos PAGO Siccl ie e's cals aeisiele.<.e-e.2sicla pla\e/e(ele]eis/ei6is{e) s\els{a/a\s}e) sieis)¢ie\9isisiejeie/si= e/e{sie\e[6(01e(a/¢\e\$1bJe\u\e\n\0\ein\00101016\a|6\0/e/wia|a[iaip[elele/elaie d/ais\n'ajursiateieisie)aisiolsisisieixisinte @vlelsie eialatiacic 

The base peak in the mass spectrum of 2,2,5,5-tetramethylhexane is at m/z = 57, which 
corresponds to a composition C4Hp. (a) Suggest a structure for the fragment that accounts 
for this peak. (b) Offer a reason why this fragment is so abundant. (c) Give a fragmentation 
mechanism that shows the formation of this fragment. 

Solution The first step is to draw the structure of 2,2,5,5-tetramethylhexane: 
(CH; );C— CH,CH,— C(CH3)3. 
(a) A fragment with the composition C,H, could be a tert-butyl cation formed by 

splitting the compound at the bond to either of the tert-butyl groups: 

(b) The most-abundant peaks in the mass spectrum result from the most stable cationic 
fragments. Because a tert-butyl cation is a relatively stable carbocation (it is tertiary) 
it is formed in relatively high abundance. 

(c) To form this cation, one electron is ejected from the C—C bond, and the compound 
fragments so that the remaining electron remains on the methylene carbon (see 
Baw 2nloa,o): 

b) 
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Gils CH, 

Gh G== CH == Cn" Gee GH: electron ejection GE He? SE 

CH; CH, 

| fragmentation 

CHC CH =CH Ne tC — cr 

(Oe: 

563 

(12.16) 

Notice that fragmentation might have occurred at the same bond so that the unpaired 

electron remains associated with the tert-butyl group and a primary carbocation is formed. 

(In other words, a more stable free radical and a less stable carbocation would be formed.) 

That this is not the major mode of fragmentation demonstrates that carbocation stability 
is more important than free-radical stability in determining fragmentation patterns. 

The mass spectrum of sec-butyl isopropyl ether, shown in Fig. 12.17, illustrates two 

other important modes of fragmentation. The peaks at m/z = 57 and m/z = 43 come 

from obvious pieces of the molecule: 

m/z = 57 — | — m/z = 43 

GH Ghee © Cruel. 

C2Hs 

Notice that the fragmentations that give these peaks occur at the ether oxygen. The first 

step of the fragmentation mechanism is loss of an electron from one of the unshared 

pairs on oxygen: 

Figure 12.17 
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z e 
CH;— CH—O— CH(CH;), ——» CH;—CH—O—CH(CH;), (12.17) 

C,H, C,H; 

It takes less energy to eject an electron from unshared pairs than from a a bond, because 

unshared electrons are held less tightly than o electrons. In the second step of the 

fragmentation, the electron pair in one of the bonds to oxygen is attracted to the positively 

charged oxygen because of its electronegativity. For example, the m/z = 57 fragment is 

formed by the following mechanism: 

. 
O—CH(CH;))_ —> fo + :Q—CH(CH3). —(12.17b) 

CoHs CoHs 
m/z = 57 

CH, i. 

(A similar process at the other bond to oxygen accounts for the m/z = 43 fragment; see 
Problem 12.16.) This type of cleavage, called inductive cleavage, is very common in 
ethers, alkyl halides, and other compounds containing a very electronegative element. 

Another common fragmentation mechanism can also be illustrated by the mass 
spectrum in Fig. 12.17. Since the molecular weight of sec-butyl isopropyl ether is 116, 
the peak at m/z = 87 corresponds to a loss of 29 mass units; this corresponds to an ethyl 
radical, *CH>CHs. 

m/z = 87 

CH. -—_CH-—-@ —__CH(CH.), 

CH,CH; 

This peak is due to fragmentation of the same parent ion by the following mechanism: 

+ 

+ 

ree ole ACCES) a { + +CH,CH; 
=f 36 

(CH,CH, GH CHa OC H(Ghi), 

iO (12.18) 

This type of cleavage, called @-cleavage, is important in secondary and tertiary ethers, 
alcohols, alkenes, and several other types of compounds. This type of cleavage is also 
known by a different name: B-scission (Sec. 5.7B). Notice that another a-cleavage, giving 
a different cation, is also possible. 

A pis 
a ae 

a mee > CH,— CH— O—CH — GH, = CH, 

CECH (cH, CH>CH, 

m/z = 101 (M~—15) (12.19) 

Yet this ion is almost undetectable in the mass spectrum. This should not be surprising, 
for the fragmentation shown in Eq. 12.18 results in the formation of the ethyl radical, 
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and Eq. 12.19 results in the formation of the methyl radical. As shown in Sec. 5.6D, the 

more branched free radical is more stable and thus should be formed more easily. 

Notice that the mass of fragments lost as well as the mass of the fragments observed 

can be used to postulate the structures of fragment ions. The mass of the fragment lost 

(29 in the example above) is obtained merely by subtracting the mass of the observed 

fragment ion from the mass of the parent compound. Be careful not to confuse each 

type of fragment, however. The fragment observed in the spectrum must be charged, 

because the mass spectrometer detects only charged particles; the fragment lost is 

uncharged. (It is a free radical in the example above.) 

These few examples show that fragmentation is not random, but in many cases is 

a consequence of the rules of carbocation or free-radical stability that you learned from 

your study of chemical reactions. The important point here is that you should not expect 

to see every possible fragment in the mass spectrum of any compound; there are good 

reasons why some fragments predominate and others are missing. 

PPE Remar e eee een e eee e esse EEE EEE EEE SESE HESEEEEEEEEEEEE TEES THESE HESS EOE H HHT EEESEEEEEE EES ESEEEHEES HEHE HEHEHE ESSEEESEEE SEEDER EEE EEEEEEEE 

12.15 Suggest a structure for each of the following ions in the mass spectrum of 

2-methyl-2-pentanol, and the mechanism by which each is formed. 

*(a) m/z = 59 (b) m/z = 87 

*12.16 Account for the m/z = 43 peak in the mass spectrum of sec-butyl isopropyl 

ether(Eig. 12-17): 

Bee eee meme eee meee EEE EEE EEE HEHE EEE EEEEE EEE EE HEH ESHEETS EEE HEHE SOHO EEE ESEEEEEEESEEE SD EEE SEES SEES SESS HES E SHEE HEELS EEE EEE EE EE EEE EEE EEE EEE E EEE EEEEES 

ERR Oe eee eee eee He Hee Eee EEE ET EEE E EES ES OOOH OHHH SESEEEEEEES ESSE OEE OES EEE H EEE EEE EEE EEE EEE E EEE EEE EEE E EEE EE SEES 

Notice that most of the fragment ions observed in the mass spectra of Figs. 12.14 and 

12.17 have odd molecular masses. The reason for this is very simple. When an organic 

compound contains only C, H, and O (as the ones in these figures do), it has an even 

mass. When such a compound undergoes fragmentation to give separate radical and 

cation species, each of these must have an odd mass. 
+ 

CH;— CH;*CH; > CH;—CH, + :CH; (12.20) 
molecular ion m/z = 29 mass = 15 

m/z = 44 (even) (both odd) 

Furthermore, since the unpaired electron is carried off in the radical fragment, the 

carbocation fragment detected by the mass spectrometer must have no unpaired electrons. 

Ions with no unpaired electrons are called even-electron ions. On the other hand, molecu- 

lar ions derived from compounds of even mass, as well as some fragment ions produced 

in other ways, have even mass. Such ions contain an unpaired electron, and therefore 

must be radical cations, or odd-electron ions. Thus, the mass of the ion conveys informa- 
tion about its electronic structure. To summarize: when a compound contains only C, H, 

and O, its fragment ions of odd mass must be even-electron ions and its fragment ions of even 

mass must be odd-electron ions. (There are corresponding generalizations for compounds 

containing other elements, such as nitrogen; see Problem 12.39.) 

An example of a mass spectrum containing odd-electron fragments is that of 

1-heptanol (Fig. 12.18). The fragment at m/z = 98 has even mass and is therefore an 

odd-electron ion. This corresponds to a loss of 18 mass units from the molecular ion, 
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Mass spectrum of 1-heptanol. 

and can be accounted for by the loss of water. A mechanism for this fragmentation begins 
with loss of an electron from one of the unshared pairs of oxygen. A hydrogen (color) 
then migrates from the B-carbon to this oxygen, and water leaves the molecule. 

ap = (12.21) 
H on OH HOH 
( | : | —H,0: : fi 

Cha (CH, )7— Chi CH, ae CH3(CH)), CH Claly = a CECH) Cli Git 

odd-electron ion, m/z = 98 
(undergoes further fragmentation) 

Hydrogen-atom transfer followed by loss of a stable neutral molecule is a very common 
mechanism for the formation of odd-electron ions. This mode of fragmentation, for 
example, is common in primary alcohols, alkyl halides, and other compounds. 

“12.17 The mass spectrum of 2-chlorobutane shows large and almost equally intense 
peaks at m/z = 57 and m/z = 56. 
(a) Which of these fragments is an even-electron ion? (The presence of chlorine 

in the molecular ion does not affect the generalizations above.) 
(b) What stable neutral molecule can be lost to give the odd-electron ion? 
(c) Suggest a mechanism for the origin of each of these fragments. 

Barnes cg eg a cca cuesernie’o Pn Sle cisis\cieseleleice\ojels)sialeldjeleleieieiejs:sisiae(olr/sleje(ese elaine siisisieteiainieinieo:sioisieve aisialsi sie sieidieleiais(aretean eicemeianeninaee cee ce aaa moore aaee eee eae 

Peik patible Sic gi "Ib Sis o1Sia Sia Siaileis.0)eleisicisjsiaie/e\6/e/8ieis)s\s/eia\a)e,9\eieievie,s)aa(e\6\e/el0ieiniejn\e\ai¥iereleiwia\s(aiae,9 olelsiels)fa/ela\sinis alsicia einiele/cleieee's ele mes eeiarnatentane 

The molecular ion is the most important peak in the mass spectrum because it provides 
the molecular mass of the molecule under study and thus is the basis for calculating the 
losses involved-in fragmentation. However, in some mass spectra, the abundance of the 
molecular ion is so small that it is undetectable. Thus there is a problem: suppose you 
are dealing with a compound of unknown molecular mass. How do you know whether 
the peak of highest mass is due to the molecular ion or a fragment ion? Although there 
is no general answer to this question, some simple considerations can provide useful 
clues. 

/ 
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All compounds containing only the elements C, H, and O have even molecular 

masses, since carbon and oxygen have even atomic masses and there must be an even 

number of hydrogen atoms. Such compounds must therefore have a molecular ion of 

even mass. (Corresponding generalizations are possible for compounds containing other 

elements.) For example, suppose an alcohol A of unknown structure contains only C, H, 

and O, and has a peak of highest mass in its mass spectrum at m/z = 87. This peak 

cannot qualify as the molecular ion because of its odd mass. 

Another test for the molecular ion involves the observed losses that are calculated 

from the candidate peak under the assumption that it is the molecular ion. Mass losses 

of 4-14, 21-25, 33, 37, and 38 from the molecular ion are relatively rare because combina- 

tions of atoms that give these losses simply do not exist. For example, in the mass spectrum 

of alcohol A in the previous paragraph, the base peak occurs at m/z = 73, fourteen mass 

units below the peak of highest mass at m/z = 87. Even if you did not know that this 
compound contains only C, H, and O, the loss of 14 mass units would cast serious doubt 

that the peak at m/z = 87 is the molecular ion. 

Another way to determine the mass of the molecular ion is by chemical derivatization. 

For example, if the mass spectrum of an alcohol shows no molecular ion, a methyl] ether 

that could be readily prepared from the alcohol might give one. 

Yet another method of determining the mass of the molecular ion is to use a different 

ionization technique. The mass spectra discussed in this chapter were all obtained using 

the electron-bombardment technique discussed in Sec. 12.6A. Such spectra are termed 

EI spectra. (EI means “electron-impact.”) Another ionization technique involves treating 

a sample in the gas phase with a proton source. In this technique, the sample molecule 

is protonated at its most basic site to give a conjugate-acid cation. Because a proton is 

added, the molecular ion appears at one mass unit higher than the molecular mass. This 

technique is called chemical ionization, and the resulting spectra are termed CI spectra. 

Much higher percentages of molecular ions, as well as different fragmentation patterns 

containing fewer peaks, are observed in CI spectra. 

Pee e ee meee eee eee eee ee Hee Eee eee EEE ETE E EEE EEE TEED EHH HO EESEEEEEEEEE EEE EEE EEE ESSE EERE EEE EEE E EEE H EE EEEEHEEEH EEE HEH EH EHH HEHEHE EEE EEE EEE Eee aaseeeee 

*12.18 The alcohol A used as an example in this section gives a methyl ether with a 

strong M + 1 peak in its CI spectrum at m/z = 117. Compound A, known 

from other evidence to be a tertiary alcohol, has prominent fragments in its EI 

mass spectrum at m/z = 87 and m/z = 73 (base peak). Propose a structure for 

alcohol A. 
eee teem e He Oe Hee eH HEHE OEE eee Eee HEHEHE EEE DEH E HEHEHE EEEE ESE SEEDS EES ES ESSE OEE EEEEESE EEO E EES OEEEEEEES ESSE HEE E EEO EH EESESEESE EEE HEHEHE EEE TEESE ED 

A diagram of a conventional mass spectrometer is shown in Fig. 12.19. The sample is 

ionized and the fragment ions are formed, detected, and analyzed within the instrument. 

A modern mass spectrometer is an extremely sensitive instrument and can readily produce 

a mass spectrum from amounts of material in the range of micrograms (107° g) to 

picograms (10~'* g). For this reason the instrument is very useful for the analysis of 

materials available in only trace quantities. It has played a key role in such projects as 

the analysis of drug levels in blood serum and the elucidation of the structures of insect 

pheromones (Sec. 14.9) that are available only in minuscule amounts. 



568 Chapter 12 

Figure 12.19 

Infrared Spectroscopy and Mass Spectrometry 

ane ion source 

(ions formed and 
accelerated here) 

@) 
te: to vacuum pump 

wal 

6208 Geos 
0 Oéy. 

OO ¢' magnet 

magnetic field 
direction 

pee 
low mass ions 

separated ion beam 

ion collector 

high mass ions 
analyzer tube 

10n exit slit 

Diagram of a mass spectrometer. After ionization of the sample by electron bombardment, the ions 
are accelerated by a high voltage and are passed into a magnetic field H along a path perpendicular 
to the field. The field bends the paths of the ions; the paths of lower-mass ions are bent more than 
those of higher-mass ions. As the field is progressively increased, ions of increasingly higher mass 
attain exactly the correct path to enter the detection slit. 

One of the operating characteristics of a mass spectrometer is its resolution, that is, 
how well it separates ions of different mass. A relatively simple mass spectrometer readily 
distinguishes, over a total m/z range of several hundred, ions that differ in mass by one 
unit. More complex mass spectrometers, called high-resolution mass spectrometers, can 
resolve ions that are separated in mass by only a few thousandths of a mass unit. Why 
is such high resolution useful? Suppose an unknown compound has a molecular ion at 
m/z = 124, Two possible formulas for this ion are CsgH,.0 and CyH,.. Both formulas 
have the same nominal mass (mass to the nearest whole number). However, if the exact 
mass (the mass to four or more decimal places) is calculated for each formula (using the 
values of the most abundant isotopes in Table 12.2), then different results are obtained: 

CgH,,0, exact mass: 124.0888 

Coli, exact mass: 124.1752 

The difference of 0.0364 mass units is easily resolved by a high-resolution mass spectrome- 
ter. Computers used with such instruments can be programmed to work backwards from 
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the exact mass and provide an elemental analysis of the molecular ion (and therefore the 

compound of interest) as well as the elemental analysis of each fragment in the mass 

spectrum! Because a high-resolution mass spectrometer and its associated computer and 

other accessories can cost more than $500,000, it is generally shared by a large number 

of researchers. 

Before a compound can be analyzed by mass spectrometry, it must be vaporized. 

This presents a difficult problem for large molecules that have negligible vapor pressure. 

Research in mass spectrometry has focused on novel ways to produce ions in the gas 

phase from large nonvolatile molecules, many of which are of biological interest. In one 

technique, called fast-atom bombardment (FAB), compounds in solution are converted 

directly into gas-phase ions by subjecting them to a beam of heavy atoms (such as xenon, 

argon, or cesium) that have been accelerated to high velocities. Ions with molecular 

masses up to about 5,000 can be produced by this technique. A method developed even 

more recently, called electrospray mass spectrometry, involves atomizing a solution of the 

sample within highly charged droplets. Samples treated in this way take on more than 

one charge. Since the resolution of a mass spectrometer is based not on mass alone, but 

on m/z, the mass-to-charge ratio, increasing the sample charge (z) increases the mass 

(m) that can be resolved. Electrospray mass spectrometry has been used to analyze 

molecules with molecular masses greater than 100,000. 

Key IDEAS IN CHAPTER 12 

[\ Spectroscopy deals with the interaction of matter and electromagnetic 

radiation. Electromagnetic radiation is characterized by its energy, wave- 

length, and frequency, which are interrelated by Eqs. 12.1, 12.3, and 

ete 

{\ Infrared spectroscopy deals with the absorption of infrared radiation by 

molecular vibrations. An infrared spectrum is a plot of the infrared 

radiation transmitted through a sample as a function of the wave- 

number or wavelength of the radiation. 

[\ | The wavenumber of an absorption is greater for vibrations involving 
stronger bonds and smaller atomic masses. 

[\ The intensity of an absorption increases with the number of absorbing 

groups in the sample and the size of the dipole moment change that 

occurs in the molecule when the vibration occurs. Absorptions that 

result in no dipole moment change are infrared inactive. 

{\ The infrared spectrum provides information about the functional 

groups present in a molecule. The =C—H stretching and bending 

absorptions and the C=C stretching absorption are very useful for the 

identification of alkenes. The O—H stretching absorption is diagnostic 

for alcohols. 
(continues) 
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(i In electron-impact mass spectrometry, a molecule loses an electron to 

form a radical cation called the molecular ion, which then decomposes 

to fragment ions. The relative abundances of the fragment ions are 

recorded as a function of their mass-to-charge ratios m/z, which, for 

most ions, equal their masses. Both molecular masses and partial struc- 
tures can be derived from the masses of these ionic fragments. 

[\ Associated with each peak in a mass spectrum are other peaks at higher 

mass that arise from the presence of isotopes at their natural abun- 

dance. Such isotopic peaks are particularly useful for diagnosing the 

presence of elements that consist of more than one isotope with high 

natural abundance, such as chlorine and bromine. 

iy Ionic fragments are of two types: even-electron ions, which contain no 

unpaired electrons; and odd-electron ions, which contain an unpaired 

electron. Even-electron ions are formed by such processes as a cleavage, 

inductive cleavage, and direct fragmentation at a o bond. An important 
pathway for the formation of odd-electron ions is hydrogen transfer fol- 

lowed by loss of a small molecule such as water or hydrogen halide. 

ME = *12.19 List the factors that determine the wavenumber of an infrared absorption. 
| ADDITIONAL Bs 
te PROBLEMS 12.20 

ee 
List two factors that determine the intensity of an infrared absorption. 

12.21 Indicate how you would carry out each of the following chemical transformations. 
What are some of the changes in the infrared spectrum that could be used to 
indicate whether the reaction has proceeded as indicated? (Your answer can 
include disappearance as well as appearance of IR absorptions.) 

CH,Br gt CH, 

(b) 1-methylcyclohexene > methylcyclohexane 
*(c) 1-hexanol > hexyl methyl ether (d) ethylene oxide > 1-butanol 

“12.22 Which of the molecules in each of the following pairs should have identical IR 
spectra, and which should have different IR spectra (if only slightly different)? 
Explain your reasoning carefully. 

(a) 3-pentanol and (+)-2-pentanol 

(b) (R)-2-pentanol and (S)-2-pentanol 

(©) OH 

and ioe I eet bits: 
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*12.23 Match each of the IR spectra in Fig. 12.20 to one of the following compounds. 

(Notice that there is no spectrum for two of the compounds.) 

(a) 1,5-hexadiene (b) 1-methylcyclopentene (c) 1-hexen-3-ol 

(d) dipropyl ether (e) trans-4-octene (f) cyclohexane 

(g) 3-hexanol 

12.24 A former theological student, Heavn Hardley, has turned to chemistry and, 

during his eighth year of graduate study, has carried out the following reaction: 

CJ Hp, catalyst CJ 
Reel 

O 

Figure 12.20 

O 

A B 

(Problem 12.24 continues ) 
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IR spectra for Problem 12.23. (Figure continues on next page.) 
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IR spectra for Problem 12.23 (continued). 

Unfortunately, Hardley thinks he may have mislabeled his samples of A and B, but has 
wisely decided to take an IR spectrum of each sample. The spectra are reproduced in 
Fig. 12.21. Which sample goes with which spectrum? How do you know? 
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Figure 12.21 IR spectra for Problem 12.24. 

p12 

12.26 

p27 

Given the stretching frequencies for the C—H bonds shown in color below, 

arrange the corresponding bonds in order of increasing strength. Explain your 

reasoning. 

H H 

| | 
RGpi— Cla RCH, RC=C—H 

3080 cm7! = 2850 cm7! 3300 cm! 

Arrange the following bonds in order of increasing stretching frequencies, and 

explain your reasoning. 

Give an upper and lower limit on the wavenumber range in which you would 

expect to find the C—F stretching absorption. Explain your reasoning carefully. 
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IR spectra for Problem 12.28. 

“12.28 (a) Explain why the S—H stretching absorption in the IR spectrum of a thiol 
is less intense and occurs at lower frequency (2550 cm7!) than the O—H 
stretching absorption of an alcohol. 

(b) Two unlabeled bottles A and B contain liquids. Laboratory notes suggest 
that one compound is (HSCH,CH,),0 and the other is (HOCH. CH.)5S: 
The IR spectra of the two compounds are given in Fig. 12.22. Identify A 
and B. 

12.29 (a) You have found in the laboratory two liquids C and D in unlabeled bottles 
that both smell like chloroform, but you suspect that one is deuterated 
chloroform (CDCl, ) and the other is ordinary chloroform (CHCI,). Unfor- 
tunately, the mass spectrometer is not operating because the same person 
who failed to label the bottles has been recently using the mass spectrometer! 
From the IR spectra of the two compounds, shown in Fig. 12.23, indicate 
which compound is which. Explain. 

(b) How would these compounds be distinguished by mass spectrometry? 
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IR spectra for Problem 12.29. 

12.30 Suppose a time machine were to take you back to the earliest days of IR spectros- 

copy. Imagine that you are the very first person to measure the IR spectrum of 

a |-alkene, in this case, 2-methyl-1-pentene. From theory, you suspect that the 

sharp absorption peak at 3090 cm™! is the —=C—H stretching absorption, but 

you wish to gather experimental evidence to support your idea. Assuming you 

could prepare the necessary compounds, what isotopically substituted analog(s) 

of 2-methyl-1-pentene could be used to prove your point? Explain your answer. 

12.31 _Rationalize the indicated fragments in the mass spectrum of each of the following 

molecules by proposing a structure of the fragment and a mechanism by which 

it is produced. 

*(a) 3-methyl-3-hexanol, m/z = 73 

(Problem 12.31 continues ) 
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Mass spectra for Problem 12.33. 

(b) CH; 

CH;CH,CH,— C—NH,, m/z = 72 

CHCH, 

*(c) neopentane, m/z = 57 *(d) 1-pentanol, m/z = 70 

12.32 Suggest structures for the following neutral molecules commonly lost in mass 
spectral fragmentation. 

*(a) mass = 28 from a compound containing only C and H 
(b) mass = 18 from a compound containing oxygen 

*(c) mass = 36 from a compound with an M + 2 peak about one-third the 
size of the molecular ion. 

*12.33 A chemist, Ilov Boronin, carried out a reaction of trans-2-pentene with BH; in 
THF followed by treatment with H,O,/OH™~. Two products were separated and 
isolated. Desperate to know their structures, [lov took his compounds to the 
spectroscopy laboratory and found that only the mass spectrometer was operat- 
ing. The mass spectra of the two products are given in Fig. 12.24. Suggest 



Additional Problems SWF! 

structures for the compounds, and indicate which mass spectrum goes with 

which compound. 

Figure 12.25 

spectrum | 

spectrum 2 

12.34 Figure 12.25 shows the mass spectra of two isomeric ethers, 2-methoxybutane 

and 1-methoxybutane. Match each compound with its spectrum. 

*12.35 Predict the relative intensities of the three peaks in the mass spectrum of dichloro- 

methane at m/z = 84, 86, and 88. 

12.36 Explain why the mass spectrum of dibromomethane has three peaks at m/z = 

172, 174, and 176 in the approximate relative abundances 1:2: 1. 

12.37 From the molecular masses and the relative intensities of their M and M + 1 

peaks, suggest molecular formulas for the following compounds. (Hint: Assume 

the major contributor to the M + 1 peak is '°C, and use the relative abundance 

of the M + 1 peak to calculate the number of carbons.) 

*(a) M (m/z = 86; 19%), M + 1 (1.06%); contains C, H, and O. 

(b) M (m/z = 82; 37%), M + 1 (2.5%); contains C and H. 

100 
45 

vo 80 
1S) 
(= 
& 

2 60 
3) 

a 
o 40 
a2 

= 0 nee | 56 
0 ae A poten heer Are sas v8 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140m/z 

100 
59) 

vo 80 
1S) 
S 

BS 3 60 
S) 

a 
vo 40 
de 
3 
S 20 

73 
0 ele | ole: reeset Seren Ki satis 

0 iO 2 30 40 0) @ DW 80 SO 100 110 120 1X0 lAOinZ 

Mass spectra for Problem 12.34. 
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Suggest a structure for each of the ions corresponding to the following peaks in 

the mass spectrum of ethyl bromide, and give a mechanism for the formation 

of each ion. (The numbers in parentheses are the relative abundances. ) 

*(a) m/z = 110 (98%) (b) m/z = 108 (100%) *(c) m/z = 81 (5%) 

(d) m/z = 79 (5%) *(e) m/z = 29 (61%) (f) m/z = 28 (25%) 

*(g) m/z = 27 (53%) 

A compound contains carbon, hydrogen, oxygen, and one nitrogen. Classify each 

of the following fragment ions derived from this compound as an odd-electron 

or an even-electron ion. Explain. 

*(a) the molecular ion 

*(b) a fragment ion of even mass containing nitrogen 

(c) a fragment ion of odd mass containing nitrogen 

(a) Explain why ionization of a 7 electron requires less energy than ionization 

of a o electron. 

(b) Using the ionization of a 7 electron to begin your fragmentation mecha- 

nism, account for the presence of a base peak at m/z = 41 in the mass 
spectrum of 1-heptene. 

(c) Compare the molecular ion of 1-heptene with the ion formed by the loss 

of water from 1-heptanol (Fig. 12.18, Eq. 12.21). Explain why the mass 

spectra of 1-heptanol and 1-heptene are nearly identical. 

FPR e ee eee emma nessa ese esses eee eee eee eee s see EeEsEE HEE Eee Eee eEEEEEEESEESESESEEESEEE EEE eeeeeEeEEEeeEseesseesssseseses 
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nfrared spectroscopy can be used to determine the functional groups present in a 

compound, and mass spectrometry provides the masses of a molecule and its coherent 

fragments. With rare exceptions, however, neither of these techniques gives enough 

information to define a complete structure. Another form of spectroscopy, nuclear mag- 

netic resonance (NMR) spectroscopy, enables the chemist to probe molecular structure 

in much greater detail. Using NMR, sometimes in conjunction with other forms of 

spectroscopy, but often by itself, a chemist can usually determine a complete molecular 

structure in a very short time. In the period since its introduction in the late 1950s, 

NMR spectroscopy has revolutionized organic chemistry. This chapter presents the basic 

principles of NMR spectroscopy and shows how it is used in structure determination. 

Introduction to NMR Spectroscopy 

One of the most important uses of NMR spectroscopy is to examine the hydrogens in 

organic compounds. This type of NMR spectroscopy is based on the magnetic properties 

of the hydrogen nucleus that result from its nuclear spin. 

Just as electrons have two allowed spin states, designated by the quantum numbers 

+5 and —5, some nuclei also have spin. The hydrogen nucleus 'H, that is, the proton, 

has a nuclear spin that also can assume either of two values, designated by quantum 

numbers +3 and —3. 
The physical significance of nuclear spin is that the nucleus acts like a tiny magnet. 

This means that hydrogen nuclei, whether alone or in a compound, respond to a magnetic 

field. When a compound containing hydrogens is placed in a magnetic field, its hydrogen 

nuclei become magnetized. 

To see what causes this magnetization, let’s represent the hydrogen nuclei in a 

chemical sample with arrows indicating their magnetic (“north-south”) polarity. In the 

absence of a magnetic field, the nuclear magnetic poles are oriented randomly. After a 

579 
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magnetic field is applied, the magnetic poles of nuclei with spin of +5 are oriented 

parallel to the magnetic field, and those of nuclei with spin of —5 are oriented antiparallel 

to the field. 

| cs 
. Gaae eNeNRENY 

magnetic field 

2 
| | | spin —4 (antiparallel to field) 

| spin + (parallel to field) 

no field magnetic field 

The most important effect of the magnetic field for NMR is how it affects the energies 

of the two spin states. In the absence of a field, the two spin states have the same energy. 

But when a magnetic field is applied, the two spin states have different energies: the 

+ spin state has lower energy than the —}4 spin state. In addition, the populations of 

the two spin states are in rapid equilibrium. The spin equilibrium, like a chemical 

equilibrium, favors the state with lower energy (Eq. 3.30). Thus, after the field is applied, 

more protons have spin +5 than spin —4. For every million protons in a sample, the 

state with spin + 5 typically contains an excess of only ten to twenty protons—certainly 

not a large difference, but enough to be detected. Because the magnetic poles of the 

nuclei with spin +4 are aligned with the magnetic field, and because there are more of 
these nuclei, the sample has a small net magnetization in the direction of the field. 

The energy difference AE between the two spin states for a given proton depends 
on the intensity of the magnetic field H, at the proton. The larger the field, the greater 
is AE. This idea, an important one for NMR spectroscopy, is illustrated in Fig. 13.1. 

Here is where things stand: Molecules of a sample are situated in a magnetic field; 
each nucleus is in one of two spin states that differ in energy by an amount AE; and 

Figure 13.1 
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Effect of increasing magnetic field at a proton on the energy difference between its +4 and —+ spin 
states. Notice that the two spin states have identical energies when the field is absent, and that the 
energy difference between the two spin states grows with increasing field. 
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more nuclei have spin +4. If the sample is now subjected to electromagnetic radiation 

of energy Ey exactly equal to AE, this energy is absorbed by some of the nuclei in the 

+} spin state. The absorbed energy causes these nuclei to invert or “flip” their spins and 

assume a more energetic state with spin — 1 7° 

oo 
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This energy absorption by nuclei in a magnetic field is termed nuclear magnetic resonance 

and can be detected in a type of absorption spectrophotometer called a nuclear magnetic 

resonance spectrometer, or NMR spectrometer (Sec. 13.10). The study of this absorption 

is called NMR spectroscopy. (Note that the resonance phenomenon in NMR has nothing 

whatsoever to do with resonance structures discussed in Sec. 1.4.) 

To summarize: for nuclei to absorb energy, they must have a nuclear spin and must 

be situated in a magnetic field. Once these two conditions are met, then the nuclei can 

be examined by an absorption spectroscopy experiment that is conceptually the same as 

the simple experiment shown in Fig. 12.3. The absorption of energy corresponds physically 

to the “flipping” of nuclear spins from the +5 to the —5 spin state. 

Even with the large magnetic fields conventionally used in NMR spectroscopy, the 

energy of the radiation required for the absorption experiment is very small—on the order 

of 0.02 J/mol or 0.005 cal/mol (that’s joules and calories, not kilojoules or kilocalories!). It 

follows from Eq. 12.3 and Fig. 12.2 that electromagnetic radiation with this energy lies 

in the FM area of the radiofrequency, or “rf,” region of the electromagnetic spectrum. 

Consequently, FM radio waves are the radiation used in NMR spectroscopy. Typical 

values of the frequency used in NMR experiments are between 60 X 10° and 500 X 10° 

sec_', or between 60 and 500 megahertz (MHz). Indeed, an ordinary FM radio receiver 

located near an NMR spectrometer and tuned to the appropriate frequency can produce 

audible sounds associated with an NMR experiment. 

Any nucleus with a spin can be detected by NMR. Since protons have nuclear spin, 

NMR can be used to detect and study the hydrogen nuclei in any compound. '°C, 

however, has no nuclear spin and therefore does not give an NMR signal. Other nuclei 

with spin are '’F, *'P, and the carbon isotope '’C. These nuclei all have spins of +5 and 

can be observed with NMR. Some nuclei also have spin values other than 

+4. 'N and deuterium (°H), for example, also can be detected by NMR, but these nuclei 
have three allowed spin states of +1 and 0. This chapter considers only the NMR 

spectroscopy of nuclei with spin of +4, and mostly the NMR spectroscopy of the hydrogen 

nucleus—the proton. Because almost all organic compounds contain hydrogens, proton 

NMR spectroscopy is especially useful to the organic chemist. We'll return in Sec. 13.8 to 

a discussion of the NMR of other nuclei, particularly '°C. Despite the low abundance of 
this isotope, advances in instrumental techniques have made '’C NMR a tool of major 

importance for the organic chemist. 
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The NMR Spectrum: Chemical Shift and Integral 
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In a typical NMR experiment, radiation with a frequency of 60 MHz is applied to the 

sample. This is called the operating frequency, or applied frequency, and is symbolized 

by v. Then the magnetic field of the instrument is applied and slowly increased over 

time. This increases the energy separation between the spin energy levels (Fig. 13.1). 

Now, remember that energy and frequency are related by E = hv (Eq. 12.3). When the 

energy separation between the spin energy levels exactly corresponds to a frequency of 

60 MHz, energy is absorbed from the applied frequency. This absorption is registered as 

a peak on the spectrum. Consequently, an NMR spectrum is a plot of energy absorption 

vs. magnetic field strength. (Alternatively, the magnetic field could be fixed and the applied 

frequency varied to get the proper match.) 

When a chemical compound is subjected to a high magnetic field in an NMR 

spectrometer, the field H, at a given proton within the compound is not the same as the 

field provided by the spectrometer, Ho. The reason for this difference is that electrons 

circulating in the vicinity of a proton provide their own magnetic fields that oppose the 

external field. The external field Ho has to be strong enough to overcome the fields of 
the circulating electrons in order to make H, large enough for absorption to occur. (You 
might say that the external magnetic field has to “fight through” the field of the circulating 
electrons.) In addition, the field provided by the circulating electrons is different for 
protons in different chemical environments. This means, in turn, that the magnetic field 
strength required for NMR absorption depends on the chemical environment of the proton. 
Turning this idea around, the strength of the field at which a proton absorbs energy gives 
information about its chemical environment. 

B. Chemical Shift Scales 
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Keeping the ideas of the previous section in mind, let’s examine an actual NMR spectrum. 
The NMR spectrum of CH;0 —CH,— OCH, (dimethoxymethane) is shown in Fig. 13.2. 
Absorption is plotted on the vertical axis in arbitrary units, increasing from bottom to 
top; that is, absorption peaks are registered as upward deflections in the spectrum. 
Absorption peaks are termed absorptions, lines, or resonances. The two lines near the 
middle of the spectrum are the NMR absorptions of dimethoxymethane. Notice that 
dimethoxymethane contains two distinguishable types of protons: the OCH; protons (six 
of them) and the CH) protons; consequently, the NMR spectrum of dimethoxymethane 
consists of two absorptions. Because more protons contribute to the CH, absorption, it 
is the larger of the two. 

The small peak on the far right of the spectrum is the NMR absorption of another 
compound, tetramethylsilane (TMS; [CH;]4Si), which is added to the sample to provide 
an internal reference absorption from which the positions of all other absorptions are 
measured. 

The strength of the applied field Hp is plotted on the horizontal axis of an NMR 
spectrum, and increases to the right, or to the upfield direction. Notice in Figs 13:2) that 
both absorptions of dimethoxymethane occur at lower field than the absorption for TMS. 
These absorptions are thus said to be downfield from TMS. 
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NMR spectrum of dimethoxymethane. 

Absorption positions are always cited by their chemical shifts. If the absorption 

frequency for a proton of interest is v, and that of the standard TMS is vyys, then the 

chemical shift of the proton is defined as the difference between its absorption position 

and that of TMS: 

chemical shift (Gn Hz) = v — vpys (13.2a) 

Notice that when v = vyys the chemical shift is zero. That is, the chemical shift of TMS 

is set to zero by definition. The chemical shift scale is shown on the upper horizontal 

axis of the spectrum in units of hertz (Hz). This scale defines the horizontal spacing of 

the grid within the spectrum; each small space in this grid equals 5 Hz. Thus, in Fig. 

13.2, the chemical shift of the CH; protons is 194 Hz downfield from TMS, and that of 

the CH, protons is 265 Hz downfield from TMS. 

Although Hz is a unit of frequency, it can also be used as a unit of field strength 

because the energy difference between spin energy levels is proportional to the field 

strength (Fig. 13.1). Remember that the energy of the radiation required to “flip” nuclear 

spins is equal to this energy difference (Eq. 13.1), and that the energy and frequency of 

this radiation are proportional according to E = hv. 

The spectrum in Fig. 13.2 as well as most of the spectra in this text were taken with 

an operating frequency (1%) of sixty million Hz (60 megahertz, or 60 MHz). The use of 

larger operating frequencies (and correspondingly larger magnetic fields) is common. The 

chemical shift in Hz is proportional to the operating frequency. 

chemical shift (in Hz) = v — vyys = OV (13.2b) 

In this equation, the frequencies v and yyy are in Hz, and vp is in MHz. Each proton 

has a characteristic 6 value that is independent of the operating frequency. This equation 

says, for example, that if vp is tripled, then the chemical shifts of all protons are also tripled. 

Thus, at an operating frequency of 180 MHz, the chemical shifts of both absorptions in 

Fig. 13.2 would be three times as great as they are at an operating frequency of 60 MHz. 
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For example, the chemical shift of the larger resonance in Fig. 13.2 at vy) = 180 MHz 

would be (3 X 194), or 582, Hz downfield from TMS. 

The interpretation of NMR spectra often requires the use of tables of chemical shift 

data. Such tables are most useful when chemical shifts are presented in a form that is 

independent of the operating frequency. The quantity 6 in Eq. 13.2b is used for this 

purpose. Dividing both sides of Eg. 13.2b by vp gives 

V— Vrys _ chemical shift in Hz 
6= : 

VY operating frequency in MHz 
(laze) 

Because the units of the numerator are Hz and the units of the denominator are MHz, 
the units of 6 are parts per million, abbreviated ppm. The ppm scale is shown on the 
lower horizontal axis of the spectrum in Fig. 13.2. Notice that the ppm scale increases 
in the downfield direction, that is, toward lower magnetic field. Thus, the absorption of 
the CH; protons occurs at 6 3.23, or 3.23 ppm downfield from TMS. The absorption 
of the CH, protons occurs at 6 4.42, or 4.42 ppm downfield from TMS. NMR spectra 
taken at different operating frequencies have the same chemical shift scale in ppm but a 
different chemical shift scale in Hz. Thus, the chemical shift of the CH, protons of 
dimethoxymethane is 194 Hz at v) = 60 MHz, 970 Hz at % = 300 MHz, but is 5 3.23 
at any value of 1%. 

In most organic molecules, protons give NMR absorptions over a chemical shift 
range of about 0-10 ppm downfield from TMS. Indeed, TMS was chosen as a standard 
not only because it is volatile and inert, but also because its NMR absorption occurs at 
a higher field than the absorptions of most common organic compounds. (The rare 
absorptions that occur at higher field than TMS are assigned negative 6 values.) 

icles ie ica clean cin inse es suese halve ato=sciml®sulelg|nlojalcla/al=:Se;s\e,e\<is'a}e/>7a{ols(s]stalefelo|oleleta si wis)s(eleimielels ele eteisie(a'scnjnia\e'a|si6le/s\e\n)5, (sie sie\gie[e){alais\aisiaisjsinigigtelaieisicie sisia'sin telnet ania marine eater 

Wel What is the chemical shift, in Hz downfield from TMS, of the CH, protons of 
dimethoxymethane (Fig. 13.2) in a spectrum taken at the following operating 
frequencies? 

*(a) 90 MHz (b) 360 MHz 

13.2 What is the chemical-shift difference in ppm of two signals separated by 45 Hz 
at each of the following operating frequencies? 

*(a) 60 MHz (b) 300 MHz 
hada Gaui criterias oo yd wc cis Sic slclascialc cisicicieicleizie icisieLnislersloisis sisic/s/oisisis'a/n/nisieieleie'« x ~inlain'sigle(slold(ora's:0/0/e)s’s\ele/siciviais s\s{4is sls s(als aiaio(ejo/ejeiaisisain’sisletente melo siete ae eames eee PEE 

situndaa pete chumiiririie cuvette mocin 7 = 2 cS cic Sisiaie # 8:0) 9i8.2)siclsja,ejpieieinta:s{eislejsialu, sn 4in/nis nieiole)s sini sini élolole.wistniaisiciaisisie)elsicle sictelere cieide mietsine ctr eee ee EEE 

Chemically nonequivalent protons in principle have different chemical shifts. (The qualifier 
“in principle” is used because it is possible for chemical-shift differences to be so small 
that they are not detectable.) For example, in dimethoxymethane (Fig. 13.2), the set of 
CH) protons has a different chemical shift from the set of CH; protons because the two 
sets of protons-are chemically nonequivalent. 

Chemically equivalent protons have identical chemical shifts. The two CH, protons of 
dimethoxymethane are chemically equivalent; one proton is indistinguishable from the 
other. Thus, these protons have the same chemical shift, 5 4.40. Likewise, the six protons 
comprising the two CH; groups are chemically equivalent, and all have the same chemical 
shitter dis28; 
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The foregoing discussion shows that predicting chemical shift nonequivalence is 

essentially the same as recognizing chemical nonequivalence. Because chemically non- 

equivalent protons have different chemical shifts, the minimum number of chemically 

nonequivalent sets of protons in a compound of unknown structure can be determined by 

counting the number of different resonances in its NMR spectrum. (The “minimum” qualifier 

is used because of the possibility that the resonances of chemically different groups might 

accidentally overlap. ) 

In most cases, it is not difficult to determine whether protons are chemically equiva- 

lent or nonequivalent. However, in some cases, determining chemical equivalence requires 

application of the concepts introduced in Sec. 10.8A. Recall that for two protons to be 

chemically equivalent, they first must have the same connectivity relationship to the rest 

of the molecule; that is, they must be constitutionally equivalent. You can tell whether 

two protons are constitutionally equivalent by tracing their connectivity relationships 

to the rest of the molecule. For example, the CH; protons and the CH, protons of 

dimethoxymethane (Fig. 13.2) have a different connectivity relationship; consequently, 

they are chemically nonequivalent, and have different chemical shifts. 

Recall also (Sec. 10.8A) that constitutional equivalence is necessary but not sufficient 

for chemical equivalence. Thus, diastereotopic groups are constitutionally equivalent but 

are chemically nonequivalent. It follows, then, that diastereotopic protons in principle have 

different chemical shifts. 

In contrast, enantiotopic protons are chemically equivalent as long as they are in an 

achiral environment. Thus, in an achiral solvent such as CCl, or chloroform, enantiotopic 

protons have identical chemical shifts; but in an enantiomerically pure chiral solvent, 

enantiotopic protons in principle have different chemical shifts. 

Finally, homotopic protons are chemically equivalent. Thus, homotopic protons have 

identical chemical shifts under all circumstances. 

The following study problem illustrates how to use chemical equivalence to determine 

whether two protons should have different chemical shifts. 

POR meee ee eee Hee eee EEE OOH ODER O REESE EEEEE SEES SEES SETHE EEE EEE EES ESSE ESSERE ESSE SEE ESSE EEE EEEEE EEE EE EE EEE HEHEHE EEE EEE EEE HEHE REESE EEES ESE SESE REE E EES 

Determine whether the labeled protons in each of the following cases are expected to 

have identical or different chemical shifts. 

(a) a Cl (b) H¢ 

ra either 

H? CHa I, 

G H* Cl (d) H’ 

CH; : es CH; CH;0—C— OCH; 

H? H? 

Solution Apply the principles of Sec. 10.8A to determine whether the protons in ques- 

tion are chemically equivalent. If the two protons are chemically equivalent, they have 

the same chemical shift. If not, their chemical shifts are different in principle. 

The first step in each case is to ask whether the protons of interest are constitutionally 

equivalent. If not, they cannot be chemically equivalent. If so, then further analysis is 

required. 
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(a) 

(c) 

Protons H“ and H? are constitutionally equivalent, because they are both attached 

to the same carbon. Perform the substitution test (Sec. 10.8A) on protons H*% and 

H’; that is, replace H* and H? in turn with a circled proton, and examine the 

relationship between the resulting compounds: 

He Cl 
\ A 
C=C 

Ie 
He CH; 

replace i ne He? 

2 C Cl 
i 

] lal 

C=C <a diast cc ye = lastereomers = 

ip \ \ 
H CH CH. 

Remember to think of an “H” and a “circled H” as different atoms. The two 
compounds that result are E,Z isomers, and are therefore diastereomers. Conse- 
quently, H® and H? are diastereotopic, and are therefore chemically nonequivalent. 
They are expected to have different chemical shifts. 
Let’s use Fischer projections to do the substitution test for the two a-protons of 
ethanol. 

replace ve ae HP 

CH; 
CH; 

@--H << enantiomers >> HL@) 

On OH 

Thus, these two hydrogens are enantiotopic, and have the same chemical shift (in 
an ordinary achiral solvent). 
Using Fischer projections, you should be able to show that, in this example, protons 
H* and H? are diastereotopic, and hence chemically nonequivalent. These protons 
should have different chemical shifts. 
This is dimethoxymethane (Fig. 13.2). The two protons H“ and H? are constitution- 
ally equivalent, because they are connected to the same carbon. A substitution test 
shows that these two protons are homotopic. (Do this test!) Thus, they have identical 
chemical shifts. That is why a single resonance is observed for these protons in the 
NMR spectrum of dimethoxymethane (Fig. 13.2). Likewise, the two CH; groups 
are homotopic, and, within each of these groups, the three protons are also homo- 
topic. Thus, a single resonance is observed for all six CH; protons. 

LIES LION BEEN UID S IIS el gseie *ir.0 8)s/2)0/ci)eie\«)sie/8\ee\e\sls/nis'ole/isininloinine)s(e.c)sisie'n slsieluis'eisie nslele selolsrasialsta(etslee a aeieiaiaiteiste Rett eres eeee ee Ree Eee eee 
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Two of the most common situations in which diastereotopic protons are encountered 

are diastereotopic protons on a double bond, as in part (a) of Study Problem 13.1; and 

diastereotopic protons of methylene groups within a molecule containing an asymmetric 

carbon, as in part (c) of Study Problem 13.1. Unless you are particularly alert to these 

situations, it is easy to regard such groups mistakenly as chemically equivalent. 

TEETER Hee eee eee eee eee e sees eee eH ee eH EEE EEE TEESE HEHEHE HEEEHEEEEEEEES HEHEHE EEE E HEHE SHEE HEHEHE EEE EEE EEE HEHE EEE EE EEE H HEHEHE EEEE EEO E HOHE HEHEHE EE ES 

13.3 Specify whether the labeled protons in each of the structures below would be 

expected to have the same or different chemical shifts. 

*(a) H CH; (b) se CH; 

ee a if b 
H3C CH; H3C CH; 

*(c) H* (d) ‘i 

He CH C== cis = C1 
ih 

POR eee momma wees eee eee eres eee H HHH E EEE E ESSE HHH EEE EEEEHSEEEE SEES EHS E SEES EEEEES EEE EEE HEHE HEHE HEHEHE EEE E SHEE DEES EEE EEEE EEE HEHEHE HEED EEES 

SEER Reem ee meee meee eee eee eee eee EEE EEE EEE E EEE EEEHEEH HEHEHE EHH EHEHEEEHHHEHHEEESEEEEEEEEHEHEHEHEHEHEHEHEEEEEEEEEE HEHE SEE EEE 

Let’s now return to the point with which Sec. 13.1A concluded: the chemical shift of a 

proton provides information about nearby groups. One of the most important factors 

that affects a proton chemical shift is the electronegativities of nearby groups. Some data 

that illustrate this idea are presented in Table 13.1. Examine these data using Problem 

13.4 as your guide. 

Table 13.1 Effect of Electronegativity 

on Proton Chemical Shift 
PAR e eee eee m meee eee eee ee ee EE HEHEHE EEE REEDS EEE EEE E HEHEHE TESTES EHH HEHEHE OHHH OEE EEE EEE EES 

Entry Compound Chemical Electronegativity 

number — ; _ shift, 6 (Table 1.1) 

1 CHE 4.26 F: 3.98 
2 CHCl 3.05 Ch: 3.16 
3 CH;Br 2.68 Br: 2.96 
4 CH; 1 2.16 1: 2.66 
5 CHCl 5.30 
6 CHCI, D5) 
v CH;3CCl1, 2.70 

8 (CHE) ,€ 0.86 Ce 25S 

9 (CH3)4Si 0.004 Si: 1.90 
TELE ET TET nnn 

4 By definition. 
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TO ee eee meee R Eee EEE REESE EEE SESE HEEFT EE EEE EES ESSE SESE SEH EEEEEEEEEEE THEE EEE EEE E SE EEEEEEESE SOOO ESE EEETEE SHEESH ETES ESOS SES EEEEES SEES EES ES ESOS EEE ESOS EES 

*13.4 (a) Consider entries 1 through 4 of Table 13.1. How does the chemical shift 

of a proton vary with the electronegativity of the neighboring halogen? 

(b) Compare entries 2, 5, and 6 of Table 13.1. How does chemical shift vary 

with number of neighboring halogens? 

(c) Compare entries 6 and 7. How is the chemical shift of a proton affected 

by its distance from an electronegative group? 

(d) Explain why (CH;),Si absorbs at higher field (lower chemical shift) than 

the other molecules in the table. Can you think of a molecule with protons 

that would have a smaller chemical shift than TMS (that is, a negative 6 
value)? 

Ga Dit ee BUCO OR OOOO COICO CO OC CIC OR OCOCOC OCT C CO OCC OOOO COON OCUOCOO COCO COS COURIC OCC OOOO CCICOOIUDOOOE COO TCC IO CIC CIOOCOOCOOOTCOUSOOTICOCOCOCONORCTCIOOORSO AOU mOOCOS 

You should have concluded from your examination of Table 13.1 that the following 
factors increase the proton chemical shift: 

1. Increasing electronegativity of nearby groups 

2. Increasing number of nearby electronegative groups 

3. Decreasing distance between the proton and nearby electronegative groups 

The effect of electropositive groups (such as Si) is, as expected, opposite that of electroneg- 
ative groups. 

The spectrum of dimethoxymethane (Fig. 13.2) also illustrates these points. The 
CH, protons are adjacent to two oxygens, and thus have a larger chemical shift than 
the CH; protons, which are adjacent to only one oxygen. 

Electronegative groups affect the chemical shift of a proton through their effects on 
the magnetic fields caused by the nearby electrons. Circulation of electrons in the vicinity 
of a proton causes local fields that shield the proton from the effects of an external field. 
You can think of these local fields as a “magnetic umbrella” that makes it more difficult 
for the external magnetic field to exert its effects. When the electron density in the 
environment of a proton is reduced, the magnitude of these local magnetic fields, and 
thus the effectiveness of the “magnetic umbrella,” is also reduced. For this reason, a 
proton is said to be deshielded by electronegative groups. Hence, the external magnetic 
field required to bring a deshielded proton into resonance is smaller than the field required 
for a proton that is not deshielded. A deshielded proton thus appears in the NMR 
spectrum at a lower field, that is, at greater chemical shift. 

Chemical shift information for methyl (CH;) and methylene (CH) protons in differ- 
ent chemical environments is summarized in Table 13.2. (This table contains some data 
for unfamiliar functional groups that will be useful in later parts of the text.) The first 
column lists various groups G that might be found in an organic compound. The second 
column lists the approximate chemical shift of the protons of a methyl group bound to 
group G, that is, the shift of CH;—G. For example, when G = F, the chemical shift of 
CH3—F is 6 4:3. The third column contains effective shift contributions, oc, that can 
be used to calculate the approximate chemical shift for the protons of a methylene group 
bound to two groups G, and G). To carry out such a calculation, the following simple 
equation is used: 

6 (G7 Cl G) = 0.2 + OG, = OG Gis) 
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For example, suppose you want to calculate the chemical shift of the protons in CH,Ch. 

This compound is of the form G;—CH,—G), in which G,; = G, = Cl. From Table 

13.2, Oc) = 2.5; application of Eq. 13.3 gives a predicted chemical shift of 6 5.2. The 

actual chemical shift is 6 5.3. It is important to understand that chemical shifts calculated 

in this manner do not in most cases agree perfectly with experiment, but the estimates 

are usually good to within several tenths of a ppm. 

Table 13.2 Contributions of Common Functional Groups to 

Chemical Shifts of CH, and CH; Groups 
Bee eee eee eee eee EEE EE ESTHET EEE EERE E HEHEHE ETEEEEESEEES EEE EEE EEE EHH ESHEETS EES EE EES 

Effective shift 

contribution O& 

Group, G 6 for CH; —G for —CH,— G4 

ll 0.2 a 

— CR; or —CR)— (R = H, alkyl) 0.9 0.6 

=I 4.3 3.6 

== 3.0 DS 

Bye Boil D3) 

ll De) 1.8 

—CR=CR, (R = H, alkyl) 1.8 ie 

C=C—R (R = H, alkyl) 2.0 1.4 

= Ola! 35) 2.6 

—OR (R = alkyl) 208) 2.4 

— OR (R = aryl) Boll 2.9 

==Gil, SR 2.4 1.6 

~< \ or —Ph (phenyl) 23 1.8 

O 
I 2.1 (R = alkyl) 15 

Cran 2.6 (R = aryl) 

O 

Sees (R = alkyl, H) Dell ro 

O 
| 6 (R = alkyl) 3.0 

OOP 3.8 (R = aryl) 
eee eee eee eee OE EERO REET EEE ETH E HEHE ER SHEE HEHEHE HEHEHE HEHEHE H HEHEHE EEHEEHEEEEOEEEOEESEEE TEER EEE EE TEES 

4 Used with Eq. 13.3 in text. (Table 13.2 continues) 
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Table 13.2 Contributions of Common Functional Groups to 

Chemical Shifts of CH, and CH; Groups 

(continued ) 
SEPP O Pere meee e reer eee e esse eee ee EEE HEHE SHEESH Hee EEEssEsESEE ESE EeeeEEEEEEeeeE® 

Effective shift 

contribution Og 

Group, G 0 for CH; —G for —CH,—G4 

O 

—C—NR, (R = alkyl, H) 20 1.5 

O 

= iINIR—=(C IR 14.8) — 

—NR, (R = alkyl, H) 22 1.6 

—N—R (R = aryl) 2.9 = 
| 

= (C= 2.0 er 
BURIOU ICICI OCCT UICC CICOOO SOOO OOD OOO COCO C TIC OCCU CDOUCOUCUOOO O.OG DOD OOO COGS CCUG IOUOUCOOOOOOGOSN LION oRFrmnec 

4 Used with Eq. 13.3 in text. 

The fact that a simple addition formula like Eq. 13.3 works fairly well demonstrates 
that, to a useful approximation, the chemical shift contributions of different groups are 
additive. 

Chemical shift predictions can be refined with two other observations. First, a B- 
halogen or B-oxygen adds about 0.5 ppm to the chemical shift. For example, let’s estimate 
the chemical shift of the colored protons in the following compound: 

Br— CH,—CH,—Cl + chlorine is B to colored protons 

For the effects of the adjacent CH, and Br groups, Eq. 13.3 and Table 13.2 give a contri- 
bution of 0.2 + 0.6 + 2.3 = 3.1, to which another 0.5 ppm is added for the B-Cl. The 
predicted chemical shift of the indicated hydrogens is 6 3.6; the observed value is 5 3.3. 

The other useful correlation is that the chemical shifts of methine (CH) protons are 
greater than those of methylene (CH) protons, which are greater than those of methyl 
(CH;) protons. Protons of a —CH,—G group have chemical shifts that are typically 
0.30.9 ppm greater than the protons of a methyl group bearing the same group G. The 
chemical shift of an analogous methine proton, although less predictable, is in many 
cases 0.5—1.0 ppm larger still. 

BN NG EIS SItIRIe ale esl cio’ a efejniniejele eisie «:0's/'e;6)p\0(@leleSs/aieisie\s \@)sia\d)nlel0(aieje|e{elvjelats(a/elolal cialeis'a’e alvin eleiarsials etote tis hieiatsstelret een ene mene 

13.5 In the following sets, indicate the proton that has the greatest chemical shift. 
nia) (CHa) 26 —_C(GHa i CLCH—GHGL, CLC— CH: 

(DS CLL Ch Gro, Ciel 
*(c) (CH3)4Si, (CH3)4Sn (Hint: See Table Tells) 
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13.6 Using the data in Table 13.2 along with an estimate for the effect of a B-halogen, 

estimate the chemical shifts of the italicized protons in each of the following 

molecules. 

Oe Ch OH: (ive Be 1 
a naa eet Oe Obl Ch eenild nC Ph 
<(e\ aber OH, —— CH — CHCl, (Oe CH3— CH CH er 
*(s) CH;—CH,—CH,—Br (by) GHe=GH,—-CH Be 

Re-examine Fig. 13.2 and notice that the two resonances of dimethoxymethane are not 

the same size. The reason for this is quite simple: the size of an NMR absorption is 

governed essentially by the number of protons contributing to it. None of the complicating 

factors that govern, for example, IR absorption intensities are present in NMR spectros- 

copy. The exact intensity of an NMR absorption is given not by its peak height, but 

rather by the total area under the peak. This quantity can be determined by mathematical 

integration of the peak using more or less the same integration procedures used in calculus 

to determine the area under a curve. NMR instruments are equipped with an integrating 

device that can be used to display the integral on the spectrum. Such a spectrum integral 

is illustrated in Fig. 13.3 for the dimethoxymethane spectrum as the curve superimposed 

on each peak. The relative height of the integral (in any convenient units, such as chart 

spaces) is proportional to the number of protons contributing to the peak. Thus the heights 

of the integrals in Fig. 13.3 are 21 and 7 vertical chart spaces, respectively, in a ratio of 

3:1, and the relative numbers of protons are 6 and 2, respectively, also in the ratio 3:1. 

It is important to remember that these values give the relative numbers of protons 

under the NMR peaks, not the absolute numbers. Thus a sample giving a spectrum with 

three peaks having relative integrals 1:2:3 might contain any multiple of six protons. 

500 400 300 200 100 0 Hz 

integral 

CHa OC Oe Cie 
2 

spaces 

Starting point 
of integral aa 

Hy 3 i. 6 5 4 3 D 1 0 6, ppm 

Figure 13.3 NMR spectrum of dimethoxymethane from Fig. 13.2 with superimposed integral. 
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i. Using the Chemical Shift and Integral 

to Determine Unknown Structures 

Let’s summarize the main ideas of the previous sections that will be useful in applying 

NMR spectroscopy to the solution of unknown structures. 

First, each chemically nonequivalent set of protons in a molecule gives (in principle) 

a different resonance in the NMR spectrum. Thus, the number of absorptions in principle 
indicates the number of chemically nonequivalent sets of protons. Next, the chemical 
shift of a set of protons provides information about what groups are nearby. Finally, the 
integral of each absorption is proportional to the number of contributing protons. Thus, 
the integral indicates the relative numbers of protons in each nonequivalent set. If the 
total number of protons is known (from an elemental analysis and molecular mass 
determination), then the absolute number of protons in each set can be calculated. 

These ideas are incorporated into the following systematic approach for the determi- 
nation of unknown structures by NMR spectroscopy: 

1. Write down everything about the molecular structure that is known from 
the molecular formula, including the unsaturation number and the func- 
tional groups that might be present. 

2. From the number of absorptions, determine how many chemically non- 
equivalent sets of hydrogens are in the unknown. 

3. Use the total integral of the entire spectrum and the molecular formula to 
determine how many chart spaces per proton are in the integral. 

4. Count the chart spaces in the integral of each absorption and use the 
result from (3) to determine the number of protons in each set. 

5. From the chemical shift of each set, determine which set must be closest 
to each of the functional groups that are present. 

6. Write down partial structures that are consistent with each piece of evi- 
dence, and then write down all possible structures that are consistent with 
all the evidence. 

7, Use Eq. 13.3 and Table 13.2 to estimate the chemical shifts of the protons 
in each structure, and, if possible, choose the structure that best reconciles 
the predicted and observed chemical shifts. 

This approach is illustrated in the following sample problem. 

nee aia SSRIS Nese b/8ie)elvieiaelcie'esci6icis’ slats) elaisis,e!nis)aajeio\elale}wistsisiais(ele/é{eS{uialetele'a\e}s/sievers' ovis aloiz/eiais oie elt (ate eiavelt ela ie a ee CRT SE 

An unknown compound with the molecular formula Cs5H,,Br has an NMR spectrum 
consisting of two resonances, one at 6 1.01 (relative integral 4.5), and the other at 6 3.17 
(relative integral 1.0). Propose a structure for this compound. 

Solution Follow the steps given above in the text. 

Step 1 Because the unsaturation number is zero (Eq. 4.7), the compound has no rings 
or double bonds; it is a simple alkyl halide. 
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Step 2 Because the spectrum consists of two lines (absorptions), the compound contains 

(barring accidental overlaps) only two chemically nonequivalent sets of 

hydrogens. 

Step 3 The total integral is (4.5 + 1.0) = 5.5 units; because the molecular formula 

indicates 11 hydrogens, the integral corresponds to 5.5/11 = 0.5 units per 

hydrogen. 

Step 4 The larger peak accounts for (4.5/0.5) = 9 protons; the smaller peak accounts 

for (1.0/0.5) = 2 protons. Notice that all eleven protons have been accounted 

for. 

Step 5 Because of its greater chemical shift, the two-proton set must be closer to the 

bromine than the nine-proton set. 

Step 6 A partial structure consistent with the conclusion of Step 5 is 

| 
a eee hia Bt 

Step 7 Application of Table 13.2 and Eq. 13.3 predicts a chemical shift of 6 3.0 for the 

CH), protons in this partial structure (verify this); this prediction is acceptably 

close to the observed shift of 6 3.15. 

Comparison of this partial structure with the molecular formula shows that three carbons 

and nine protons are missing from this partial structure. The nine protons are chemically 

equivalent. Adding three methyl groups to the above partial structure gives the correct 

structure: 

(GH). €— Ch — Br neopentyl bromide 

! 
6 1.02 (9 hydrogens) 6 3.15 (2 hydrogens) 

Tee eT Tree eee eee eT eee eee eee reer reer ee ee eee creer rrr errr err ee errr rrr rr errr errr rere errr err errr rere ee rere rere rr err rrr reer rrrrerrrrrrr rrr re eee eee eee ee eee 

13.7 How many different NMR absorptions would you expect to observe in the 

spectrum of each of the following compounds? 

Bigs: *(a) Sh eae et (b) tert-butyl bromide *(c) cis-2-butene 

PROBLEMS © 

Cl 

13.8 In each case give a single structure that fits the data provided. 

*(a) A compound C;H,Cl, has three NMR absorptions at 6 1.99, 6 4.31, and 

6 6.55 with a relative integral of 6:2:1, respectively. 

(b) A compound C;H;;Cl has two NMR absorptions at 6 1.08 and 6 1.59, with 

a relative integral of 3:2, respectively. 

713.9 (a) Strange results in the undergraduate organic laboratory have led to the 

admission by a teaching assistant, Thumbs Throckmorton, that he has 

accidentally mixed some tert-butyl bromide with the methyl iodide. The 

NMR spectrum of this mixture indeed contains two single resonances at 

6 2.20 and 6 1.8 with relative integrals of 5:1. What is the mole percent 
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of each compound in the mixture? (Hint: Be sure to assign each absorption 

to a compound before doing the analysis.) 

(b) Which would be more easily detected by NMR: 1 mole percent CH;I 

impurity in (CH3);C—Br, or 1 mole percent (CH;);C—Br impurity in 

CH3 I? Explain. 

The NMR Spectrum: Spin-Spin Splitting 

Although substantial information can be gleaned from the chemical shift and integral, 
another aspect of NMR spectra provides the most detailed information about chemical 
structures. Consider the compound ethyl bromide: 

a b 

Che Cho Br 

This molecule has two chemically different sets of hydrogens, labeled a and b. We expect 
to find NMR absorptions for these two sets of protons in the integral ratio 3:2, respectively, 
with the absorption of protons a at higher field (smaller chemical shift). The NMR 
spectrum of ethyl bromide is shown in Fig. 13.4. This spectrum contains more lines than 
you might have expected—seven lines in all. Moreover, the lines fall into two distinct 
groups: a packet of three lines, or triplet, at high field; and a packet of four lines, or 
quartet, at low field. It turns out that all three lines of the triplet are the absorption for 
the CH; protons, and all four lines of the quartet are the absorption for the CH, protons. 
The chemical shift of each packet of lines, taken at its center, is in agreement with the 
predictions of Eq. 13.3 and Table 13.2. The low-field quartet and the high-field triplet 
have total integrals, respectively, in the ratio 2:3. 

The NMR signal for each group of protons is said to be split. Splitting arises from 
the effect that one set of protons has on the NMR absorption of neighboring protons. The 

Figure 13.4 

500 - 400 300 200 100 0 Hz 

Son integral 

PERGHGGH Br itt ener mere 

| triplet 

TMS 

Hy) > 8 7 6 5 4 3 2 1 0 6, ppm 
chemical shift chemical shift 

of CH, of CH, 

NME spectrum of ethyl bromide. 
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physical reasons for splitting are considered in Sec. 13.3B. First, let’s focus on the appear- 

ance of the splitting pattern and the information it provides about structure. 

A. Then + 1 Splitting Rule 

Recall that the integral gives a proton count for each resonance. The splitting pattern 

gives a different proton count: the number of protons adjacent to the protons being 

observed. The relationship between the number of lines in the splitting pattern for an 

observed proton and the number of adjacent protons is given by the following rule, called 
the n + 1 rule: If there are n adjacent protons, the resonance of an observed proton is split 

into n + 1 lines. 

Let’s see how the nm + 1 rule accounts for the splitting patterns in the spectrum of 

ethyl bromide. Because the carbon adjacent to the CH; group has two protons, the signal 

for the CH; protons of ethyl bromide is split into a pattern of 2 + 1 = 3 lines, called a 

triplet. (The fact that there are also three methyl protons is a coincidence; the number 

of protons has nothing to do with their own splitting.) Because the carbon adjacent to 

the CH, group has three equivalent protons, the resonance for the CH, protons is split 

into a pattern of 3 + 1 = 4 lines, called a quartet. 

3 Hs on adjacent carbon; 3 + | = 4 lines (a quartet) 

Cala Cdr 

! 
2 Hs on adjacent carbon; 2 + 1 = 3 lines (a triplet) 

The CH; resonance is split by the CH, protons, and the CH, resonance is split by the 

CH; protons. Because these two sets of protons split each other, they are said to be 

coupled protons. 

Why is no splitting observed in our previous examples of NMR spectra? The reason 

is that with saturated carbon atoms, splitting is observed only between protons on adjacent 

carbon atoms. Thus, since the protons in dimethoxymethane (Fig. 13.2) are on nonadjacent 

carbons, their splitting is negligible; the two absorptions in the NMR spectrum of this 

compound are unsplit singlets (single lines). 

The spacing between adjacent peaks of a splitting pattern, measured in Hz, is called 

the coupling constant (abbreviated J). For ethyl bromide, this distance is about 7 Hz. 

Two coupled protons must have the same value of J. Thus, the coupling constants for both 

the CH, protons and the CH; protons of ethyl bromide are the same because these 

protons split each other. Letting the CH, protons be a and the CH) protons be b, then 

Jav = Joa. The coupling constant, unlike the chemical shift in Hz, does not vary with the 

operating frequency. Thus, the value of J for ethyl bromide is 7 Hz whether the spectrum 

is taken at 60 MHz or 300 MHz. 

The chemical shift of a split resonance in most cases occurs at or near the midpoint 

of the splitting pattern. Thus, in the ethyl bromide spectrum, the chemical shift of the 

CH, protons can be taken to be the midpoint of the quartet, and that of the CH; protons 

is at the middle line of the triplet. 

How do you know whether a group of lines is a single split resonance rather than 

several individual resonances with different intensities? Sometimes there is ambiguity, 

but in most cases a splitting pattern can be discerned by the relative intensities of its 

component lines. These intensities have well-defined ratios, shown in Table 13.3. For 
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Table 13.3 Relative Intensities of Lines within 

Common NMR Splitting Patterns 
PPP eee eee reer eee e sees sees eee eee EEE EE SESE SEES EERE SESE EEE EEEEEEESESESESESESESESE SEES EESESES SESE SEES EEE EEO EEES 

Number of Number of lines 

equivalent in splitting Relative line intensity 

adjacent protons pattern (name) within splitting pattern 

0 1 (singlet) 1 

1 2 (doublet) i l 

2 3 (triplet) 1 2 1 

3 4 (quartet) 1 3} 3 i 

4 5 (quintet) 1 4 6 4 1 

5 6 (sextet) l 5 10 10 5 1 

6 7 (septet) 1 6 15 20 15 6 1 
SOOO DGG UCOO UICC CIO COC OO CIC COCO OO OC COUICEIOCIOCOO OOOO OO OOO OOOO GUC OOOOO OOOO CU UOOUOOOOOONOSONOOIOOOOO OOOO OOOOUOCCMEnCrCCirts 

example, the relative intensities of a triplet, such as the one in ethyl bromide, are in the 
ratio 1:2:1; the relative intensities of a quartet are 1:3:3:1. 

Notice that the lines of most splitting patterns do not conform exactly to the intensity 
ratios in Table 13.3. This point is examined further in Fig. 13.5. In both the triplet and 
the quartet, the inner lines are a little taller than the outer lines, although, according to 
Table 13.3, they should be the same. This departure from the ratios in Table 13.3 is 
called leaning. Leaning is most severe when the chemical-shift difference between two 
absorptions that split each other is small. Leaning is less pronounced when the chemical- 
shift difference between the two absorptions is large. For example, Fig. 13.6 shows the 
NMR spectrum of a hypothetical compound XYCH—CHAB. According to the splitting 
rules, the spectrum of such a compound should consist of two doublets. In successive 
parts of the figure the coupling constant between the two protons is the same, but the 
chemical-shift difference between them is made progressively smaller. According to Table 

Figure 13.5 

: oa taller 
shorter sae 

The phenomenon of leaning in the spectrum of ethyl bromide. Notice that the inner lines of each 
pattern are taller than the outer lines, and thus depart from the equal intensities predicted by 
Table 13.3. 
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13.3, each line of each doublet should have the same intensity. As the chemical-shift 

difference between the two protons is made smaller, the outer lines of each doublet 

become smaller relative to the inner lines. In fact, when the chemical shifts of the two 

protons are identical, as in Fig. 13.6d, the outer lines of the doublets disappear altogether 

and the large inner lines merge to become a single line. A single line, of course, is exactly 

what is observed for two protons that are chemically equivalent. This is why no splitting 

is observed between two protons with identical chemical shifts. Thus, the four chemically 

equivalent protons of 1,2-dichloroethane, Cl—CH,CH,—Cl, appear as a single line 

because they all have the same chemical shift. These protons are coupled, but the coupling 

is invisible in the NMR. The same behavior can be observed even when two sets of 

protons are not chemically equivalent. For example, in the following molecule, the two 

sets of protons H* and H? are clearly in different chemical environments: 

O 

a » | 
N==C— CH>— CH, — C— OCH; 

Yet by chance they happen to have the same chemical shift (6 2.68). Therefore both sets 

of protons appear as a single line at 6 2.68 and no splitting is observed. (This equivalence 

could not have been predicted in advance.) 

A set of protons can be split by protons on more than one adjacent carbon. An 

example of this situation occurs in 1,3-dichloropropane, the NMR spectrum of which is 

shown in Fig. 13.7. 

two protons 
are equivalent 

Figure 13.6 

(a) (b) (c) (d) 

Leaning increases with decreasing difference in chemical shift. As the chemical-shift difference 
between the doublets (colored horizontal arrow) decreases, the leaning becomes more severe. In (a), 
the chemical shifts of the coupled protons are well separated and the intensities within each doublet 
are close to 1:1. In (b) and (c), the chemical shifts are progressively closer, and the leaning ts corre- 

spondingly more severe; in (c), the outer lines of each doublet are very small relative to the inner 
lines. In (d), the outer lines have disappeared altogether because the two protons are equivalent; that 
is, they appear as one line. 
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H 500 Fe Ete 400 iy ee 300 Fert ert 200 fet eieee 100 Fede eereieeO Hizie 
eet 

eats caveat ee piecceetay aceer acter 3 
ei eh CH CH CH —- Cl 

! hydrogen b 

hydrogen a 

Hy) > 8 7 6 5 4 3 2 | 0 6, ppm 

NMR spectrum of 1,3-dichloropropane. Note that protons a are split by four protons b. 

Peete meee eee eens eeeeesesens 

SOOO teem ene rere eeeesensaseeees 

b a b 

Gl Hy ci cnc) 

This molecule has two chemically nonequivalent sets of protons, labeled a and b. The 
key to understanding this spectrum is to recognize that all four protons H? are chemically 
equivalent. The absorption for H"“ is therefore split into a quintet because there are four 
protons on adjacent carbons; the fact that two of the protons are on one carbon and two 
are on the other makes no difference. The absorption for H? is a triplet that appears at 
higher field. 

iis micsatid co elestneneue ese selene imie)sin\elsieleiéia\aisisiaieieie\e s:qleleisielelé Sie, se\eisleiars S;elei¢ipisteisia\s(a's|a w\6]0,0 ¥]6 5616/8 (B(s\¢.q'w1e1s 8 /0(y\e:a\b!e]s(e1n) statue] sia ialeleialeleleintalcielpia/etealplatkle’s etetrieie/siatsiert 

13.10 Predict the NMR spectrum of each of the following compounds, including 
chemical shifts and splitting. (Assume that the coupling constants are about the 
same as those for ethyl bromide.) Indicate what effect leaning would have on 
the appearance of each spectrum. 

13.11 Predict the NMR spectra of the following compounds. Consult Table 13.2 for 
chemical shift information when necessary. 

aay) CH; (b) CH3;0— CH,CH,CH,— OCH, 

Cri — CHI 

a) (d) Cl CH, C( Cis), ina i 
ee wieieselclsinizisisie(assieiejelsinieisisip{ele#/0\8ieis)eleieinisieje\s, o\eis\eislurerarbiave sa bioialeja\$ o(6.8is\e}sTelptare,s elsiaisiolaigtetsis aleiereteaiaieit aren ele viele tei nnia een caer neat 
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B. Why Splitting Occurs 

Splitting occurs because the magnetic field caused by the spin of a neighboring proton 

adds to or subtracts from the applied magnetic field and affects the total field experienced 

by an observed proton. To see this, let’s analyze the absorption of a set of equivalent 

protons a (such as the methyl protons of ethyl bromide) adjacent to two equivalent 

neighboring protons b. What are the spin possibilities for the neighboring protons b? 

In any one molecule, these protons could both have spin ++; they could both have spin 

—4; or they could have differing spins. 

b protons b protons b protons 

1 2 2 ] 2 

I aa ele "ge; 3 ad (13.4) 
ys —1 +1 a Z 

(Notice that the spins of the b protons can differ in two ways: proton | can have spin 

+5 and proton 2 spin —5, or vice-versa.) 

Suppose that the a protons are next to two b protons with a spin of +4. Because 

the spins of these b protons are parallel to the applied field, they augment the applied 

field, and thus the a protons are subjected to a slightly greater field than they would be 

in the absence of the b protons. Hence, a smaller applied field is required to bring the a 

protons into resonance. The result is a line in the splitting pattern at lower field (Fig. 

13.8). Now suppose that the a protons are next to two b protons with a spin of —+. 

Since the spins of these b protons are antiparallel to the applied field, they subtract from 

the applied field, and as a result the a protons are subjected to a slightly smaller field 

than they would be in the absence of the b protons. Hence, a larger applied field is 

required to bring the a protons into resonance. The result is a line in the splitting pattern 

at higher field. Finally, suppose that the two b protons have opposite spins; in this case, 

the effects of the two b proton spins cancel, and protons a are subjected to the same field 

that they would be in the absence of protons b. The result is the line in the center of the 

splitting pattern. In a sample containing many millions of molecules, all three spin 

combinations occur in accord with the laws of probability. Consequently, there are three 

lines in the splitting pattern. The probability that both b protons have spin +4 is equal 

to the probability that they both have spin —5, but the probability that these protons 

have opposite spins is twice as high because this situation can occur in two ways. Hence, 

the center line of the splitting pattern is twice as large as the outer lines, and a 1:2:1 

triplet is observed for the absorption of protons a. 

An analogy to the spin combinations is the combinations that can be rolled with a 

pair of dice. A 3 is twice as probable as a 2 because it can be rolled in two ways 

(2 + 1, 1 + 2), but a 2 can only be rolled in one way (1 + 1). 

Protons a are affected by protons b in the same way because splitting is mutual: if 

protons b split protons a, then protons a split protons b. 

How does one proton “know” about the spin of adjacent protons? One of the most 

important ways that proton spins interact is through the electrons in the intervening 

chemical bonds. This interaction is weaker when the protons are separated by more 

chemical bonds. Thus, the coupling constant between hydrogens on adjacent saturated 
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Figure 13.8 
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can occur two ways; 

therefore twice as probable 

+ — 

| possible spins of two b protons 

\ 

++ spin | 
‘s \ 

l . 

— = spin 

splitting pattern of the a protons 

magnetic field Hy ——> 

Analysis of the splitting of a set of protons a by two adjacent protons b. The center line of a triplet 
has twice the intensity of the outer lines because the corresponding spin combinations of neighboring 
protons are twice as probable. 

5 pbs 

carbons is typically 5—8 Hz, but the coupling constant between more widely separated 
hydrogens is normally so small that it is not observed. 

An analogy to the effect of distance on proton coupling can be observed with an 
ordinary magnet and a few paper clips. If one paper clip is held to the magnet, it 
may be used to hold a second paper clip, and so on. The magnetic field of the mag- 
net dies off with distance, so that typically the third or fourth paper clip is not 
magnetized. 

“13.12 Analyze the splitting pattern for a set of equivalent protons a in the presence of 
three equivalent adjacent protons b. Include an analysis of the relative intensity 
of each line of the splitting pattern. (This is the splitting pattern for the CH, 
protons of ethyl bromide.) 

Br ae PSII iSp ie) Tacit bicgeloeie/ itis. cleit\eie: sinless] aie}sie| ete] 6ia/ ele /eLals_eisieielseis(a\s/e(w xlolsie\aj6] ele onini0{s]a\6(<ialain’ois\y a[n\e)aieieis © eiuis(ara'sigielelstaisicte cisisic(enainenee ts ais eeoeee 

ee ee CS SS mei sin i iecinielsie/sseieieie/e\e)sieiaiaisieie!s(e.oie'ais)s)e\s\ajaieix e\ei¥\sisieisieinsie\018\a dvieisisiniolp pieisie\o'nialniolefelolsiais\airisielsiiadic(onicie sees neces Cee eT eTe 

You have now learned all the basics of NMR. Let’s summarize the type of information 
available from NMR spectra. 
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1. The chemical shift provides information about functional groups that are 

near an observed proton. 

2. The integral indicates the relative number of protons contributing to a 

given resonance. 

3. The splitting pattern indicates the number of protons adjacent to an 

observed proton. 

These three elements of an NMR spectrum can be put together like pieces of a puzzle to 

deduce a great deal about chemical structure; it is not unusual for a complete structure 

to be determined from the NMR spectrum alone. 

Because NMR spectra consume a large amount of space, it is common to see NMR 

spectra recorded in books and journals in an abbreviated form. In the form used in this 

text, the chemical shift of each resonance is followed by its integral, its splitting, and (if 
split) its coupling constants, if known. Abbreviations used to indicate splitting patterns 

are s (singlet), d (doublet), t (triplet), and q (quartet); complex patterns in which the 

nature of the splitting is not clear are designated m, for multiplet. It is assumed that the 

relative intensities of each splitting pattern, except for leaning, approximately match those 

in Table 13.3. For example, the spectrum of ethyl bromide (Fig. 13.4) would be summa- 

rized as follows: 

ON.67 3H, te) = 7 Hz); 63.43, QHvd,) = 7 Hz) 

coupling constant 

type of splitting pattern (triplet; intensities in Table 13.3) 

integral 

chemical shift (ppm downfield from TMS) 

You should now have the tools needed to determine some structures using NMR 

spectra that contain some splitting information. The general method of problem solving 

given in Sec. 13.2F remains valid when splitting information is involved. Just remember 

to take into account splitting information when writing out partial structures (Step 6). 

The following study problem illustrates this approach. 

ORR ee meme eee eRe EHH ER EEE TEETH HEEEHEHEHEEE EEE EE ETH EEE EEE E EEE EEE SHEE OHHH OHHH HEHEHE EEE EEE HEHE HEHEHE EEE REET EEE EEE HEHEHE EEE EEE E HEHE EEE HEE EEE EES 

Give the structure of a compound C,HgCl, with the following NMR spectrum: CyHgCb: 

0 £60 (GHYd,) = 975. Hz)6 2.15 QH, qi) 97.5: HZ)s 0130/2) 2h te] =67- oz) 

OAD 7a Ee sextety/u—m/-onlaZ): 

Solution First, you may have noticed that all the coupling constants are 7.5 Hz. This 

does not mean that each set of protons is coupled to every other set. Couplings in the 

7-8 Hz range are very common in saturated organic compounds; thus, the equality of 

the coupling constants is a coincidence. 

To solve the problem, apply the procedure in Sec. 13.2F. 

Step 1 The unsaturation number is zero; hence, the unknown contains no rings and 

no double or triple bonds. 

Step 2. The unknown contains four sets of chemically nonequivalent protons. 

Step 3. The numbers of protons in each resonance is given in the problem. 
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Step 4 

Step 5 

Step 6 

Step 7 

The set of protons at 6 1.60 must be a methyl (CH;) group because it contains 

three equivalent protons. The integrals also indicate that the sets at 6 2.15 

and 6 3.72 are methylene (CH,) protons, and the “set” at 6 4.27 is a methine 

proton (CH). 

Notice that the unknown contains two chlorines. The protons at 6 3.72 and 

6 4.27 are closest to the chlorines. 

Steps 4 and 5 require the following two partial structures: 

== Ch Cl Cyt 

! 
6 = 4.27 5 3.72 

The splitting information shows that the proton at 6 4.27 is adjacent to five 

protons (its resonance is a sextet), and the protons at 6 3.72 are adjacent to a 

CH), group (their resonance is a triplet). The partial structures above can thus 
be modified as follows: 

eg 
CH,—CH—Cl —CH,—CH,—Cl 
iA 

OO GO NO 427 O 32 

Notice that the methyl group at 6 1.60 has thus been accounted for in the first 

partial structure; the partial structure requires that the methyl resonance be a 

doublet, as observed. (It is common for spectra to contain redundant information 
that provides cross-checks.) The two partial structures contain a total of five 
carbons, but the unknown contains four. Hence, the unassigned CH, group 
must be common to both: 

62.15 

ia same group | 

| 
CH,;— CH— Cl or CH,—CH—Cl L 63.72 

372 | | 

61.60 64.27 61.60 64.27 

1, 3-dichlorobutane 

The protons of this CH, group are adjacent to three other protons (two on one 
carbon, one on the other), and hence, their resonance should be a quartet, as 
observed. Thus, the unknown is 1,3-dichlorobutane. 

The —CH,Cl protons, according to Eq. 13.3 and Table 13.2, should have a 
chemical shift of 0.2 + 2.5 (chlorine) + 0.6 (carbon) = 8 3.3; this is acceptably 
close to the 6 3.72 observed. The chemical shift of the other CH, group is 
calculated to be 0.2 + 0.5 + 0.5 (two B-chlorines) + 0.6 + 0.6 (two attached 
carbons) = 6 2.3, close to the 6 2.15 observed. The chemical shift of the methine 
proton cannot be calculated with Eq. 13.3, which only applies to methylene 
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protons. However, this proton has the same proximity to the two chlorines as 

the —CH,—C] protons (that is, one chlorine on the same carbon and one two 

carbons removed), and methine protons generally have chemical shifts that are 

0.5-1.0 ppm greater than methylene protons in similar environments (Sec. 

13.2D). Hence, the calculated chemical shifts for 1,3-dichlorobutane are consist- 

ent with those observed. 

PEER eee ee meee eee eee eee e ees ese EEE EEE EEE E SEES ESHEETS HEHEHE EHEE EEE E HEHEHE HEHEHE HEHEHE HEHE HEHEHE HEHEHE EES EEES 

13.13. Give structures for each of the following compounds. 

(Geli bron OSm (oie in kava) wOmleS om (O ciasextcim) a—m/m ll) mOnor 0) 

QAstelp—o/s lz) 

(b) C,H3Cl: 8 3.98 (2H, d, J = 7 Hz); § 5.87 (1H, t, J = 7 Hz) 
*(c) CsHgBry: 6 3.6 (s; only line in the spectrum) 

TORRE eee eee eee eee eee EEE EEE EEE EEE Eee EEE EEE EEEEH EEE O EE HH EEE EEHEE EEE E HEHEHE EEE HEHEHE EEE EEE EES 

An important use of spectroscopy is to confirm structures that are suspected from 
other information. For example, if a well-known reaction is run on a known starting 

material, the structure of the major product can often be predicted from a knowledge of 

the reaction. NMR spectroscopy can be used to confirm (or refute) the predicted structure, 

as shown in the following problem. 

ROE eRe EEE EE EEE EEE E EEE EE EEE EEE EEE EEE EEE EEE EES EEHEHH HEHEHE EHEEEEEEHEHEH HEHE HEHEHE EEE EEE EE EES 

*13.14 When 3-bromopropene is allowed to react with HBr in the presence of peroxides, 

a compound A is formed that has the following NMR spectrum: 6 3.60 (4H, t, 

J = 6 Hz); 6 1.38 (2H, quintet, J = 6 Hz). 

(a) From the reaction, what do you think A is? 

(b) Use the NMR spectrum to confirm or refute your hypothesis. Identify A. 

PEER Eee eRe eee eee eee eee eH EHH eee ee eee E EEE EEE EEE EEOHEEEEEHEEES ESE HEHE EEE HEHHEEHHHEHEEEE HEHEHE EH EE HEHEHE HEHEHE EEE EES EEEES 

Complex NMR Spectra 

The NMR spectra of some compounds contain splitting patterns that do not appear to 

be the simple ones predicted by the n + 1 rule. Two common sources of such complex 

spectra are, first, the splitting of one set of protons by more than one other set, called 

multiplicative splitting, and, second, the breakdown of the n + 1 rule in certain cases. 

This section discusses each of these situations, and shows how to deal with them. 

A. Multiplicative Splitting 
eee eee em eee eee ee HORROR EEO EE EEE EEE E EEE EEE EEE EEE EEEEEEEEEE EEE EEEEEHHEEHHHEEEEHEEEE HEHE HEHEHE EEE EE SESE SESE SEE ES 

The NMR spectrum of the ester vinyl 2,2-dimethylpropanoate (vinyl pivalate), shown in 

Fig. 13.9, illustrates how multiplicative splitting can give complex spectra. 
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NMR spectrum of vinyl pivalate. The insets shown the resonances for H’, H‘, and H4 on an 
expanded vertical scale. These patterns result from multiplicative splitting, which is analyzed in 
Higa sehO: 

H! H?é 

eee 
C=C vinyl 2,2-dimethylpropanoate 

(vinyl pivalate) 
lel O=— €—_ CiCHs). 

(Do not be concerned that there is an unfamiliar functional group in this molecule; the 
principles are the same.) The nine equivalent tert-butyl protons of vinyl pivalate (H“) 
give the large singlet at 6 1.26. The interesting part of this spectrum is the region containing 
the resonances of the alkene protons (which generally have chemical shifts greater than 
4.5 ppm; Sec. 13.6A). The protons H’ and H‘ are farthest from the electronegative oxygen 
and therefore have the smallest chemical shifts; the complex resonances in the 5 4.5—5.0 
region are from these protons. The four lines in the 6 7.0-7.5 region are all resonances 
of the one proton H%. 

The complexity of the alkene absorptions is the result of two factors. First, the three 
alkene protons are chemically nonequivalent, because protons H” and H¢ are diastereotopic 
and proton H* is constitutionally nonequivalent to the others. Hence, the absorptions of 
all three protons occur at different chemical shifts. Second, each proton is split by the 
other two with a different coupling constant. When one set of protons is split by more 
than one chemically nonequivalent set, and when all the coupling constants are different, 
the splitting is in general multiplicative. 

Multiplicative splitting can be visualized with the aid of a splitting diagram, which 
is given in Fig.-13.10 for the alkene protons of vinyl pivalate. In a splitting diagram, the 
resonance for each nonequivalent set of protons is drawn as a single, vertical unsplit line 
at the appropriate chemical shift with a height proportional to its integral. (In Fig. 13.10, 
the lines for the three alkene protons are the same size because each has the same integral.) 
The different splittings are then applied successively to each line using known values of 
the coupling constants to obtain the actual spectrum. 
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Figure 13.10 Splitting diagram for the NMR spectrum of the alkene protons in vinyl pivalate (Fig. 13.9). The reso- 
nance positions of each proton are shown along the top of the figure, and the successive application of 
splittings gives the observed spectrum, shown along the bottom of the figure. Notice that the sum of 
the intensities of all lines in a splitting pattern equals the intensity of the corresponding unsplit line. 

Consider, for example, the splitting of the resonance for H“. The single line for this 

proton is in the upper left-hand corner of Fig. 13.10. This proton is split by H‘ into a 

doublet, and the coupling constant J,4 is 14 Hz. (Notice that the coupling constant is not 

being determined by this procedure; it is already known from other measurements.) Each 

line of the resulting splitting pattern has half the intensity of the original, and the distance 

of both lines from the original on the horizontal axis is the same. Then the splitting by 

H? is applied to each of these new lines using the known coupling constant Jy, = 7 Hz. 

This gives two doublets, each with J,,; = 7 Hz, in which the intensity of each line is 

halved again. The resulting spectrum for H%, then, is four lines of equal intensity, each 

with one-fourth the intensity of the original. The resonance for H® is said to be a doublet 

of doublets, because the pattern results from successive application of two one-proton 

splittings. Notice that this is different from a quartet, in which the four lines have an 

intensity ratio of about 1:3:3:1 (Table 13.3). 

The same process is illustrated in Fig. 13.10 for the other two alkene protons using 

the two coupling constants above along with J,, = 1.5 Hz. Thus, the resonance for each 

proton appears as a doublet of doublets—that is, four lines each and a total of twelve 

for all alkene protons. (Compare this pattern with that in the actual spectrum; Fig. 13.9.) 

The same end result is obtained if the splittings are applied in reverse order. Thus, 

for H“, the 7 Hz splitting could have been applied first followed by the 14 Hz splitting. 

(Show that this is true by trying it yourself. Measure the splittings by using a ruler or 

graph paper.) 



606 Chapter 13 Nuclear Magnetic Resonance Spectroscopy 

The analysis in Fig. 13.10 shows how a complex splitting pattern can arise from 

multiplicative splitting and demonstrates that such a pattern can be analyzed once the 

correct structure is known. What happens if you encounter a complex splitting pattern 

in the spectrum of an unknown? In such cases, a student who is just starting to learn 

how to interpret NMR spectra should bypass an analysis of the splitting and extract as 

much information as possible from the chemical shift and integral. Thus, if vinyl pivalate 

were an unknown, its NMR spectrum would indicate, from the integral of the 6 4—7.5 

region, that three hydrogens are attached to a double bond, and from the nine-proton 

singlet at 6 1.26, that the molecule contains a, tert-butyl group. This information, along 

with the molecular formula and the IR spectrum, would be sufficient to determine the 

structure. (An unknown involving complex splitting is solved in Study Problem 13.4 in 

the next section.) 

Notice that complex multiplicative splitting arises because the various coupling 

constants involved are different. What if multiple splitting occurs, but the coupling 

constants involved happen to be identical? The NMR spectrum of 1-bromo-3-chloro- 

propane is a situation of this type. 

a b c 

Br CH, CH,—CH,— Cl 

1-bromo-3-chloropropane 

The set of protons H? is split by the two nonequivalent sets H’ and H«. If splitting of H? 

were multiplicative, and if the two coupling constants were different, the triplet from 

splitting by H* would be split again by H* (or vice versa)—a triplet of triplets, or nine 

lines. However, as shown in Fig. 13.11a, the resonance for H? consists of only five lines, 

exactly like the resonance for H? in 1,3-dichloropropane (Fig. 13.7). The simpler spectrum 

occurs because the two coupling constants are equal; that is, Ja, = Jpe. 

Figure 13.11 

<— application of J, 

: <—— application of Jy. = Jap 

| 

! 
6 2.30 observed five-line spectrum 

(a) (b) 

(a) Observed NMR spectrum of the H® protons in 1-bromo-3-chloropropane. (b) A splitting dia- 
gram for the H? protons assuming equal coupling constants for their splitting with H® and H‘. 
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The reason that equal coupling constants result in a simplified spectrum is shown 

by the splitting diagram in Fig. 13.11b. Applying two successive splittings with equal J 

values indeed gives nine lines, but many of the lines overlap. The result is five lines with 

the characteristic intensities predicted by the n + 1 rule (Table 13.3). 

To summarize: When multiplicative splitting occurs and the coupling constants are 
equal, the splitting is as predicted by the n + 1 rule. Although exceptions exist, it is common 

to find this simpler situation when the protons involved are on adjacent saturated carbon 

atoms. Notice, for example, that the unknown of Study Problem 13.3 is in this category; 

because all coupling constants are identical, the splittings are those predicted by the 

Harte Lethe? 
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*13.15 The three absorptions in the NMR spectrum of 1,1,2-trichloropropane have the 

following characteristics: 

a b c 

Gl 

IGRI 02s) pee oe) LIZ 

H’: 6 4.40, J,, = 3.5 Hz, J,. = 6.0 Hz 
H‘: 6 1.78, J,. = 6.0 Hz. 

Using bars to represent lines in the spectrum and a splitting diagram to determine 

the appearance of the H” absorption, sketch the appearance of the spectrum. 

(Graph paper is especially useful in constructing splitting diagrams.) 

13.16 *(a) Account for the fact that the resonance for H® in 1,2-dichloropropane 

consists of sixteen lines. 

Es Cer Cee 1,2-dichloropropane 

(ol isle 

(b) Assuming all lines could be observed, how many lines altogether would be 8 y 8 
present in the resonances of H’ and H® Explain. 
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Spectra in which all resonances conform to the n + 1 rule are called first-order spectra. 

In all the spectra discussed to this point, splitting patterns have been first-order, even 

the complex multiplicative patterns discussed in the previous section. The spectra of some 

compounds, however, contain splitting patterns that are more complex than predicted 

by the n + 1 rule. Although such spectra can be analyzed rigorously (in many cases) by 

special mathematical techniques, a great deal of information can be obtained from them 

without such sophisticated methods. The following study problem illustrates a situation 

of this sort. 



608 Chapter 13 Nuclear Magnetic Resonance Spectroscopy 

Determine the structure of the compound with the formula C,HoCl that has the NMR 

spectrum shown in Fig. 13.12. 

Solution The unknown compound has an unsaturation number of zero, and is therefore 

an alkyl halide. The spectrum contains a very complex splitting pattern in the 6 0.8—2.0 

region that cannot be readily interpreted. Because the formula contains nine hydrogens, 

the integral of the entire compound (43.5 spaces) corresponds to 4.8 spaces/proton. One 

clear, first-order feature appears in the spectrum: the triplet at 6 3.55. Its chemical shift 

indicates that this triplet must arise from protons on the carbon that bears the chlorine. 

From its integral (9.5 spaces), this is a resonance for two protons. Its splitting shows that 

two protons are on the adjacent carbon. All this information together requires the partial 

structure —CH,—CH,—Cl. A compound with the formula C,H9Cl and this partial 

structure can only be 1-chlorobutane, CH;CH,CH>CH,>CI: structure solved! 

Study Problem 13.4 shows that you don’t have to interpret every splitting pattern 

in a spectrum to solve a structure because most spectra contain redundant information. 

(The same point was made in the previous section.) 

Something very important about NMR, however, can be learned by asking why the 
NMR spectrum of 1-chlorobutane is so complex—why it is not first-order. It turns out 
that first-order NMR spectra are generally observed when the chemical shift difference, in 
Hz, between coupled protons is much greater than their coupling constant. If the difference 
in chemical shift of two resonances a and b is Av,,, (in Hz) and their coupling constant 
is J,p, then this condition is simply expressed as follows: 

Condition for first-order behavior: Ape =) hg (13.5) 

(in Hz) 

As a practical matter, if Av,, is greater than J,, by a factor of about ten or more, a 
first-order spectrum can be expected. Because the coupling constants in many aliphatic 

Figure 13.12 

H, > 8 7 6 5 4 3 2 1 0.8, ppm 
NMR spectrum for Study Problem 13.4. 
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compounds are on the order of 6—7 Hz, first-order behavior in their NMR spectra can 

be expected when the chemical shift difference between coupled protons is more than 

about 60 Hz, or 1 ppm at 60 MHz operating frequency. When the chemical shift difference 

of coupled protons is substantially less than this, non-first-order splitting patterns usually 

can be anticipated. In the spectrum of 1-chlorobutane (Fig. 13.12), the differences in the 

chemical shifts of H’, H‘, and H® are small (all occur within 1 ppm of each other). 
d (6 b a 

ClAlCabClaCah—=Cl 

very similar chemical shifts 

Therefore, the n + 1 rule breaks down and a complex spectrum is observed. The resonance 

for H“, on the other hand, is well separated from the remainder of the spectrum, and 

this resonance shows first-order splitting: It is a triplet, as predicted by the n + 1 rule. 

A very useful fact about NMR can be utilized to simplify splitting patterns that 

are not first-order: Coupling constants do not vary with the operating frequency. Recall 

(Sec. 13.2B) that NMR experiments can be run at a variety of operating frequencies (Vp 

in Eq. 13.2b) and corresponding magnetic field strengths. Recall also that chemical shifts 

(in Hz) vary in proportion to the operating frequency used (Eq. 13.2b). Consequently, 

if a very large operating frequency and a correspondingly large magnetic field are used, 

the chemical shifts in Hz are much greater, but the coupling constants are unchanged. 

Consequently, the condition for first-order behavior in Eq. 13.5 is more likely to be met. 

This point is illustrated by the 360 MHz NMR spectrum of 1-chlorobutane (Fig. 13.13, 

p. 610); contrast this with the spectrum of the same compound taken at 60 MHz in Fig. 

13.12. Notice that the spectrum in Fig. 13.13 is completely first-order; it conforms to the 

n + 1 splitting rule. The resonances for H’ and H¢ are separated by about 0.3 ppm. At 

60 MHz, this separation corresponds to only 18 Hz, a number not much larger than the 

coupling constant J,, (about 7 Hz). At 360 MHz a 0.3 ppm chemical shift difference 

equals 108 Hz, more than ten times greater than J;,, which remains unchanged at the 

higher operating frequency. Since at the higher frequency the condition of Eq. 13.5 for 

first-order spectra is met, a simplified spectrum is observed. 

An additional (and related) benefit of using higher fields is that intensity ratios 

within splitting patterns more closely approach the idealized values in Table 13.3. Notice 

in Fig. 13.13 that leaning is much less pronounced. (Compare the triplet at 6 3.55 with 

the same absorption in Fig. 13.12.) 

Instruments that operate at 300 MHz and higher are becoming increasingly common. 

Such instruments employ very high magnetic fields that are achieved with powerful 

superconducting magnets. The major use of such instruments is found not in obtaining 

the spectra of simple molecules, but rather in unraveling the structures of complex mol- 

ecules whose NMR spectra would be hopelessly complicated when taken at lower field. 

ee eee Ree RRR HEHE EEE EERE HEHE EERE ESET HEHEHE EEEEEEEH HEE H HEHEHE EEEE EE EEE EEEEEEEEEE EEE EEE OHHH HEHEHE EEE EEE TEEEEEEEEE HEHEHE HEHE HEHEHE EEE EEE EEE E HEHEHE EERE 

13.17. *(a) Ina box labeled “C,HoCl isomers” are two bottles, each containing a color- 

less liquid. The NMR of compound A is a singlet at 6 1.63, and the NMR 

of compound B is shown in Fig. 13.14 on page 610. Identify each of the 

compounds. 

(b) Predict how the spectrum of compound B would look if it were obtained 

on a high-field NMR spectrometer and the n + 1 splitting rule applied to 

all absorptions. 

eee eee eee eee eee eee He eee eee Heese H HEHE HEEEEEEE EEE EEE EEEEEEEEE STORE H HEHE ES EHH OHHEHEEEEEEE EEE EE ESSE EEEEEEEEEE EEE HEH HEHEEHHEEEESEEESESEOEEEEE EEE EES 
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H4 
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b H lal 

ht 25 2.0 iS 1.0 6, ppm 

Figure 13.13 NMR spectrum of 1-chlorobutane taken at an operating frequency of 360 MHz. Compare this spec- 
trum with the 60 MHz spectrum of the same compound in Fig. 13.12. 

500 Hees 400 300 See 200 100. 

: expanded sacs 
scale 

0 6, ppm Hy > 8 7 6 5 4 3 2 1 
Figure 13.14 NMR spectrum for Problem 13.17(a). 



13.5 Use of Deuterium in Proton NMR 611 

Use of Deuterium in Proton NMR 
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Deuterium (°H, or D) finds special use in proton ('H) NMR. Although deuterium has 

a nuclear spin, deuterium NMR and proton NMR require different operating frequencies. 

Consequently, deuterium NMR absorptions are not detected under the conditions used 

for proton NMR. Therefore deuterium is effectively “silent” in proton NMR. 

An important practical application of this fact is the use of deuterated solvents in 

NMR experiments. (Solvents are needed for solid and viscous liquid samples because, in 

the usual type of proton NMR experiment, the sample must be in a free-flowing liquid 

state.) In order that the solvent not interfere with the NMR spectrum of the sample, it 

must either be devoid of protons, or its protons must not have NMR absorptions that 

obscure the sample absorptions. Carbon tetrachloride (CCl,) is a useful solvent because 

it has no protons, and therefore has no NMR absorption. However, many important 

organic compounds are not dissolved by carbon tetrachloride. Chloroform, CHCl, is an 

excellent solvent for many organic compounds, but it has an interfering NMR absorption. 

However, its deuterium analog, CDCl; (chloroform-d, or “deuterochloroform”), has no 

proton-NMR absorption, but has all the desirable solvent properties of chloroform. This 
solvent is so widely used for NMR spectra that it is a relatively inexpensive article of 

commerce. Other deuterated solvents are also available. 

Another useful observation about deuterium is that the coupling constants for 

proton-deuterium splitting are very small. Even when H and D are on adjacent carbons, 

the H-D coupling is negligible. For this reason, deuterium substitution can be used to 

simplify NMR spectra and assign resonances. Although deuterium substitution is normally 

most useful in more complex molecules, let’s see how it might be used to assign the 

resonances of ethyl bromide (Fig. 13.4). If you were to synthesize CH; -CD,— Br and 

record its NMR, you would find that the low-field quartet of ethyl bromide has disappeared 

from the NMR spectrum, and the high-field resonance is a singlet. This experiment would 

establish that the low-field quartet is the signal of the CH, group and that the high-field 

triplet is that of the CH, group. 

Ree eR eee Eee HEHE EHH E EEE E EEE E HEHE HEHEHE SEEHHEH EHO EEEE HEHEHE EEE EEEEEEEEEEEEHES EEE HEHE HEESESESEEEEHEEEEEEEE EEE HEEHEE HEHEHE EEE E EH EERE ED 

*13.18 The 60 MHz NMR spectrum of 1-chlorobutane, given in Fig. 13.12, is complex 

and not first-order. Assuming you could synthesize the needed compounds, 

explain how you would use deuterium substitution to determine the chemical 

shift of each chemically nonequivalent set of protons in the molecule. Explain 

what you would see and how you would interpret the results. 
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Characteristic Functional-Group NMR Absorptions 

This section surveys the important NMR absorptions of the major functional groups that 

you've already studied. The NMR spectra of other functional groups will be considered 

in the chapters devoted to those groups. A summary table of chemical shift information 

is given in Appendix III. 
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A, NMR SpectrajofAlkeness i) 1) 9s) eee 

Two characteristic proton NMR absorptions for alkenes are the absorptions for the 

protons on the double bond, called vinylic protons (color in the structures below), and 

the protons on carbons adjacent to the double bond, called allylic protons. Don’t confuse 

these two types of protons. The shifts cited in line 7 of Table 13.2 are for protons adjacent 

to the alkene unit—the allylic protons. Typical alkene chemical shifts are illustrated in 

the structures below and are summarized in Table 13.4. 

allylic protons 

vinylic proton f ‘¢ 5 We 1.32 60.88 

H 85.58 i CH, — CH, — CH; 

\e —C€ 
jo s 

64.88 —— H Hi<=— 65.68 

Figvo97, 

| vinylic protons 
allylic proton 

Notice that allyic protons have greater chemical shifts than ordinary alkyl protons, but 

considerably smaller chemical shifts than vinylic protons. Notice also that internal vinylic 

protons occur at somewhat lower field than terminal vinylic protons. 

The chemical shifts of vinylic protons are much greater than would be predicted 
from the electronegativity of the alkene functional group and can be understood in the 
following way. Imagine that an alkene molecule in an NMR spectrometer is oriented 
with respect to the applied field Hp as shown in Figure 13.15. The applied field induces 

Table 13.4 Chemical Shifts 

of Alkene Protons 
FETE R eae ee eee eee essere esses eee ee eee eeeeeeEEe Eee esse eeeeseeesesseeese 

Structural type and name 0, ppm 
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C=C terminal vinylic 4.6-5.0 
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C=C internal vinylic 5.0—5.7 
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C=C allylic 1.6—2.3 
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The induced field H; of the circulating w electrons (color) augments the applied field at the vinylic 
protons. As a result, vinylic protons are deshielded and have NMR absorptions at relatively low field. 

a circulation of the 7 electrons in closed loops above and below the plane of the alkene. 

This electron circulation gives rise to an induced magnetic field H; that opposes the applied 

field Ho at the center of the loop. This induced field can be described as contours of 

closed circles. Although the induced field opposes the applied field Hp in the region of 

the a bond, the curvature of the induced field causes it to lie in the same direction as 
Hp at the vinylic protons. The induced field therefore augments the applied field at the 

vinylic protons. As a result, the vinylic protons are deshielded and require a smaller 

external field to bring them into resonance. Consequently, their NMR absorptions occur 

at relatively low field. 

Of course, molecules in solution are constantly in motion, tumbling wildly. At any 

given time, only a fraction of the alkene molecules are oriented with respect to the 

external field as shown in Fig. 13.15. The chemical shift of a vinylic proton is an 

average over all orientations of the molecule. However, this particular orientation 

makes such a large contribution that it dominates the chemical shift. 

Splitting between vinylic protons in alkenes depends strongly on the geometrical 

relationship of the coupled protons. Typical coupling constants are given in Table 13.5 

on page 614. The spectra shown in Fig. 13.16 illustrate the very important observation 

that vinylic protons of a cis-alkene have smaller coupling constants than those of their 

trans isomers. (The same point is evident in the coupling constants of cis and trans 

protons shown in Figs. 13.9 and 13.10.) These coupling constants, along with the charac- 

teristic ==C—H bending bands from IR spectroscopy (Sec. 12.4C), provide important 

ways to determine alkene stereochemistry. The very weak splitting (called geminal splitting) 

between vinylic protons on the same carbon stands in contrast to the much larger cis 

and trans splittings. Geminal splitting is also illustrated in Figs. 13.9 and 13.10. 

The last two entries in Table 13.5 show that splitting in alkenes is sometimes observed 

between protons separated by more than three bonds. Recall that splitting over these 

distances is usually not observed in saturated compounds. These long-distance interactions 

between protons are transmitted by the 7 electrons. 
In many spectra geminal, four-bond, and five-bond splittings are not readily discern- 

ible as clearly separated lines, but instead are manifested as perceptibly broadened peaks. 

Such is the case, for example, in the NMR spectrum in Fig. 13.17 (Problem 13.19). 
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Table 13.5 Coupling Constants for 

Proton Splitting in Alkenes 
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Relationship of protons Name of relationship Coupling constant J, Hz 

H H 

C=C cis 6-14 

H 

C=C trans 11-18 
\ 
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C=C geminal 0-3.5 
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Figure 13.16 NME spectra of the vinylic protons (color) of cis-trans isomers. Notice the larger coupling constants 
for the trans protons. 
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Figure 13.17 NMR spectrum for Problem 13.19. 
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Propose a structure for a compound with the formula C7H,, with the NMR 

spectrum shown in Fig. 13.17. Explain in detail how you arrived at your structure. 
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Because all of the protons in a typical alkane are in very similar chemical environments, 

the NMR spectra of alkanes and cycloalkanes cover a very narrow range of chemical 

shifts, typically 6 0.7 to 6 1.5. Because of this narrow range, the splitting in such spectra 

shows extensive non-first-order behavior. 

An exception to these generalizations is the chemical shifts of protons on a cyclo- 

propane ring, which are unusual for alkanes; they absorb at rather high field, typically 

6 0 to 6 0.5. Some even have resonances at higher field than TMS (that is, negative 

6 values). For example, the chemical shifts of the ring protons of cis-1,2-dimethylcyclo- 

propane shown in color below are 6 (—0.11). 

6(—0.11) 

The reason for this unusual chemical shift is an induced electron current in the cyclo- 

propane ring and the resulting magnetic field, similar in principle to the one responsible 

for the large chemical shifts in alkenes (Fig. 13.15). In cyclopropanes, however, the 

induced field is oriented so that the chemical shifts of the cyclopropane protons are 

decreased. 
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C. NMR Spectra of Alkyl Halides and Ethers 

Several NMR spectra of alkyl halides and ethers have been presented earlier in this 

chapter. The chemical shifts caused by the halogens are usually in proportion to their 

electronegativities. For the most part, chloro groups and ether oxygens have about the 

same chemical-shift effect on neighboring protons (Table 13.2). However, epoxides, like 

cyclopropanes, have considerably smaller chemical shifts than their open-chain analogs. 

6 3.65 Onn 5 6 2.4, 2.7 

ve en. 
Chi Ch —-O—- CH Ci, CH, -CH ch, 

| Sa 
CH, CH, 

An interesting type of splitting is observed in the NMR spectra of compounds 

containing fluorine. The common isotope of fluorine ('7F) has a spin of +4. Proton 
resonances are split by neighboring fluorine in the same general way that they are split 
by neighboring protons; the same n + 1 splitting rule applies. For example, the proton 
in HCCI,F appears as a doublet centered at 6 7.43 with a large coupling constant Jyp of 
54 Hz. Notice that this is not the NMR spectrum of the fluorine; it is the splitting of the 
proton spectrum caused by the fluorine. (It is also possible to do fluorine NMR, but this 
requires, for the same magnetic field, a different operating frequency; the spectra of 'H 
and '°F do not overlap.) Values of H—F coupling constants are larger than H—H 
coupling constants. The Jip value in (CH;),C—F is 20 Hz; a typical Jij4 value over the 
same number of bonds is 6—8 Hz. Because Jyp values are so large, coupling between 
protons and fluorines can sometimes be observed over as many as four single bonds. 
The common isotopes of chlorine, bromine, and iodine also have nuclear spins, but they 
do not cause detectable proton splittings. 
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13.20 Suggest structures for compounds with the following proton NMR spectra. 
ae Cari Cl OT 75 (ore it) 07,5) 117) 0 3.6590 Het aji—nis Hz) 
(b) C,HjoO: 6 1.13 GH, t, J = 7 Hz); 8 3.38 (2H, q, J = 7 Hz) 

“13.21 © How would the NMR spectrum of ethyl fluoride differ from that of ethyl chloride? 
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Protons on the a-carbons of primary and secondary alcohols generally have chemical 
shifts in the same range as ethers, from 6 3.0 to 6 4.1 (see Table 13.2), Since tertiary 
alcohols have no a-protons, the observation of an OH stretching absorption in the IR 
spectrum accompanied by the absence of the CH—O absorption in the NMR is good 
evidence for a tertiary alcohol (or a phenol; see Sec. 16.3B). 

CLE — OH CH CEG -Ou (CH; ),CH— OH (CHs)s€—-OH 
f f f no proton 

6 3.5 6 3.6 8 4.0 absorption in 
6 3-4 region 
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The chemical shift of the OH proton in an alcohol depends on the degree to which 

the alcohol is involved in hydrogen bonding under the conditions that the spectrum is 

determined. For example, in pure ethanol, in which the alcohol molecules are extensively 

hydrogen bonded, the chemical shift of the OH proton is 6 5.3. When ethanol is dissolved 

in CCl,, the ethanol molecules are more dilute and less extensively hydrogen bonded, 

and the OH absorption occurs at 6 2 to 6 3. In the gas phase, there is almost no hydrogen 

bonding, and the OH resonance of ethanol occurs at 6 0.8. 

The chemical shift of the O—H proton in the gas phase is not as large as might 

be expected for a proton bound to an electronegative atom such as oxygen. The un- 

usually high-field absorption of unassociated OH protons is probably due to the 

induced field caused by circulation of the lone-pair electrons on oxygen. This field 

shields the OH proton from the applied field (Sec. 13.2D). Hydrogen-bonded pro- 

tons, on the other hand, absorb at lower field because they bear less electron den- 

sity and more positive charge (Sec. 8.3C). 

The splitting between the OH proton of an alcohol and neighboring protons is 

interesting. The n + 1 splitting rule predicts that the OH resonance of ethanol should 

be a triplet, and the CH, resonance should be split by both the adjacent CH; and OH 

protons, and should therefore appear as (4 X 2) or eight lines (multiplicative splitting; 

Sec. 13.4A). 

ClAlg = CE — Ole! 

ae 
triplet 4X2 = 8 lines triplet 

The NMR spectrum of very dry ethanol, shown in Fig. 13.18a, is as expected. However, 

when a trace of water, acid, or base is added to the ethanol, the spectrum changes, as 

shown in Fig. 13.18b. The presence of water, acid, or base causes collapse of the OH resonance 

to a single line, and obliterates all splitting associated with this proton. Thus, the CH, 

proton resonance becomes a quartet, apparently split only by the CH; protons. This type 

of behavior is quite general for alcohols, amines, and other compounds with a proton bonded 

to an electronegative atom. 
This effect is caused by a phenomenon called chemical exchange: an equilibrium 

involving chemical reactions that take place very rapidly as the NMR spectrum is being 

determined. In this case, the chemical reaction is proton exchange between the protons 

of the alcohol and those of water (or other alcohol molecules): 

Nea N a ap ss 
i a H-_OH; <——= ee ag ar SOES (13.6a) 

H H 

a5 ab BB 
R=) =I SS— R—O——IJa + lklI— OR (13.6b) 

|- ‘ } 
tal >OH, 

/ 

This exchange is, of course, nothing more than two successive acid-base reactions. (Write 

the mechanism for ~OH-catalyzed exchange.) For reasons that are discussed in Sec. 13.7, 
rapidly exchanging protons do not show spin-spin splitting with neighboring protons. Acid 

and base catalyze this exchange reaction, accelerating it enough that splitting is no longer 
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CH; 
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OH CH, 
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(a) 

500 400 300 200 100 0 Hz 

Hy) > 8 il 6 5 4 3 2 1 06, ppm 

(b) 

NMR spectra of ethanol. (a) Absolute, or dry, ethanol. Notice that the CH, resonance is split by 
both the OH and the CH3. (b) Wet, acidified ethanol. Notice that the CH) resonance in this spec- 
trum is split only by the CH. 

observed. In the absence of acid or base, this exchange is much slower, and splitting of 
the OH proton and neighboring protons is observed. 

As a practical matter, many NMR samples of alcohols contain just enough moisture 
to obliterate the a-proton splitting, but the exchange of the water and the OH proton 
of the alcohol is slow enough that the OH peak is broadened (that isyitas. fat). ihe 
assignment of the OH proton can be confirmed by what is called “the D,O shake.” If a 
drop of D,O is added to the NMR sample tube, and the tube is shaken, the OH protons 
rapidly exchange with the protons of DO to form OD groups on the alcohol and, as a 
result, become invisible in NMR. The HOD produced by the exchange floats to the top 
of the CDCI; or CCl, solvent, out of the area covered by the detector. 
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13.22 Suggest structures for each of the following compounds. 

*(a) Cs5H,00: 6 1.71 (s); 6 1.78 (s), total integral of both resonances 6H; 6 2.31 

(1H, broad s; disappears after D,O shake); 6 4.14 (2H, d, J = 7 Hz); 

0 5.41 (1H, broad t, J = 7 Hz) 

(b) C4H oO; 6 1.20 (9H, s); 6 2.40 (1H, broad s; disappears after DO shake) 

*13.23 In which solution does the OH proton of ethanol have the greater chemical 

shift: 2 M ethanol in CCl, or 0.2 M ethanol in CCl,? Explain. 

eee eee eee mmm e sweet eee eee eee Hee meee eu ee ss sess eee Hees EHH Hee SHEESEEEEEEHE HEHEHE HEHEHE SESES ESTE ESE HEE EE EEE E EEE EEE EEE HEHE EEE EES 

NMR Spectroscopy of Dynamic Systems 

Consider the NMR spectrum of cyclohexane, a molecule that undergoes rapid conforma- 

tional isomerization (the chair flip; Sec. 7.2B). The NMR spectrum of cyclohexane consists 

of a singlet at 6 1.4. Yet cyclohexane has two diastereotopic, and therefore chemically 

nonequivalent, sets of hydrogens: the axial hydrogens and the equatorial hydrogens. Why 

shouldn’t cyclohexane have two resonances, one for each type of hydrogen? The reason 

has to do with the rate of the chair flip, which is so rapid that the NMR instrument 

detects only the average of the two conformations. Because the chair flip interchanges 

the positions of axial and equatorial protons (Eq. 7.5), only one proton resonance is 

observed. This is the resonance of the “average” proton in cyclohexane—one that is axial 

half the time and equatorial half the time. This example illustrates an important aspect 

of NMR spectroscopy: the spectrum of a compound involved in a rapid equilibrium is a 

single spectrum that is the time-average of all species involved in the equilibrium. 

Although there are equations that describe this phenomenon exactly, it can be 

understood by the use of an analogy from common experience. Imagine looking at 

a three-blade fan or propeller that is rotating at a speed of about 100 times per sec- 

ond (Fig. 13.19). Our eyes do not see the individual blades, but only a blur. The 

appearance of the blur is a time-average of the blades and the empty space between 

them. If we photograph the fan using a shutter speed of about 0.1 second, the fan 

appears as a blur in the resulting picture for the same reason: during the time the 

vN~ 
(a) 0.1 sec; image totally blurred (b) 0.001 sec; individual blades (c) 0.00001 sec; individual blades 

visible but blurred visible and in sharp focus 

Figure 13.19 Imagine a three-blade propeller rotating at about 100 times per second (100 Hz). The diagrams 
show what would be seen in snapshots taken at a shutter speed of (a) 0.1 sec, (b) 0.001 sec, and 
(c) 0.00001 sec. 
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camera shutter is open (0.1 sec) the blades make ten full revolutions (Fig. 13.19a). 

Now imagine taking a picture with a shutter speed of 0.001 second. While the shut- 

ter is open, the fan blades make only 0.1 revolution—about 36°. The fan blades are 

more distinct, but still somewhat blurred (Fig. 13.19b). Finally, imagine taking a 

picture with a shutter speed of 0.00001 second (very fast film). While the shutter is 

open, the fan blades traverse only j75) of a circle—about 0.36°. In the resulting pic- 

ture the individual blades are visible and in relatively sharp focus (Fig. 13.19c). The 

rapid conformational flipping of cyclohexane is to the NMR spectrometer roughly 

what the rapidly rotating propeller is to the slow camera shutter. The NMR spec- 

trometer 1s intrinsically limited in its capacity to resolve events in time. 

Both types of cyclohexane protons can be observed if the rate of the chair flip is 

reduced by lowering the temperature. Imagine cooling a sample of cyclohexane in which 
all protons but one have been replaced by deuterium. (The use of deuterium significantly 
reduces splitting with neighboring protons; Sec. 13.5.) 

equatorial 

(13.7) 

axial 

cyclohexane-d ,, 

In the chair flip, the single remaining proton alternates between axial and equatorial 
positions. 

The NMR spectrum of cyclohexane-d,, at various temperatures is shown in Fig. 
13.20. At room temperature, the spectrum consists of a single line, as in cyclohexane 
itself. As the temperature is lowered progressively, the resonance becomes broader until, 
just below —60°, it divides into two resonances equally spaced about the original one. 
When the temperature is lowered still further, the spectrum becomes two sharp single 
lines. Thus, lowering the temperature progressively retards the chair flip until, at low 
temperature, NMR spectrometry can detect both chair forms independently. This is 
analogous to taking pictures of the propeller in Fig. 13.19 with a constant shutter speed 
and slowing down the propeller until the blur disappears and the individual blades become 
clearly separated. 

It is possible to use the information from these spectra at different temperatures to 
calculate the rate of the chair flip. The energy barrier for the chair flip shown in Fig. 7.5 
was obtained from this type of calculation. 

The time-averaging effect of NMR is not limited simply to conformational equilibria. 
The spectra of molecules undergoing any rapid process, such as a chemical reaction, are 
also averaged by NMR spectroscopy. This is the reason, for example, that the splitting 
associated with the OH protons of an alcohol is obliterated by chemical exchange (Sec. 
13.6D). For example, consider the effects of chemical exchange on the spectrum of the 
CH; protons of methanol. In absolutely dry methanol, the resonance of these protons is 
split by the OH proton into a doublet. Recall (Fig. 13.8) that this splitting occurs because 
the adjacent OH proton can have either of two spins. If acid or base is added to the 
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each spectrum at higher temperature 

Pp 

Figure 13.20 NMR spectrum of cyclohexane-d,, as a function of temperature. Notice that the axial and equatorial 
protons are separately observable at low temperature because the chair flip is slow. 

methanol, causing the OH protons to exchange rapidly, protons of different spins jump 

quickly on and off the OH. Thus, the CH; protons on any one molecule are next to an 

OH proton with spin +5 about half of the time, and an OH proton with spin —} about 
half of the time. (The very small difference between the numbers of protons in the two 

spin states can be ignored.) In other words, the CH; protons “see” an adjacent OH proton 

with a spin that averages to zero over time. Because a proton is not split by an adjacent 

nucleus with zero spin, rapid exchange eliminates splitting of the CH; protons. Similar 

reasoning can be applied to the spectrum of the methanol OH proton, which, in a dry 

sample, is a quartet, but is a singlet in a sample containing traces of moisture. 

Ame e eee eee eee ete HEH HEHEHE HEHEHE EEO OEHEEESEEEE EEE EEE EHEEHEEHE EE EEE ESET EEHEHEEHEEEEEE THEE EHEEEEEEEEEE EEE HEH EEEEEEEEEEE EEE HEHE OHHH THEEEE SESE SHEE HEHE EEE 

*13.24 Suppose you were able to cool a sample of 1-bromo-1,1,2-trichloroethane enough 

that rotation about the carbon-carbon bond becomes slow on the NMR time 

scale. What changes in the NMR spectrum would you anticipate? Be explicit. 

13.25 Describe in detail what changes you would expect to see in the NMR spectrum 

of the methyl group as 1-chloro-1-methylcyclohexane is cooled from room tem- 

perature to very low temperature. 

eee eee eee eee eee RHE HEA HEHE HHH EHS HEEE EEE EHEEES EEE EEE EE EEE TEESE EHH HEHEHE EEE HEE E HHH EHEH HEE EEEHEEHEEEEEEE HEHEHE EHEEEHEEEEEEEEESEEEEEEEEEEH EEE EE EES 
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Carbon NMR 

Although we’ve concentrated our attention on proton NMR, any nucleus with a nuclear 

spin can be studied by NMR spectroscopy. Table 13.6 lists a few other nuclei with 

spin = +5. For a given magnetic field strength, different nuclei absorb energy in different 

frequency ranges. For example, in the proton NMR spectrum of an alkyl fluoride, the 

NMR signals of protons are observed, but not those of the fluorines. (The proton splitting 

caused by the fluorines is observed, however; Sec. 13.6C.) To observe the NMR of the 

fluorines, a different frequency range is used; in which case the fluorine resonances but 
not the proton resonances are observed. (In this situation, the splitting of fluorine signals 
caused by nearby protons would be observed.) 

Because organic compounds by definition contain carbon, the NMR spectroscopy 
of carbon, called carbon NMR, or CMR, has undergone rapid development. Unfortu- 
nately, as Table 13.6 shows, the only isotope of carbon that has a nuclear spin is ‘°C. 
Organic compounds contain only about 1.1% of '°C at each carbon position. The relative 
abundance of '°C suggests that carbon NMR spectra should be about 1.1% as intense as 
proton NMR spectra. It happens that the resonance of a '°C nucleus is also intrinsically 
weaker than that of a proton because of the magnetic properties of the carbon nucleus. 
Taking both natural abundance and intrinsic sensitivity into account, carbon spectra have 
only about 0.002 times the intensity of proton spectra. The weak '3C NMR resonance at 
one time presented a serious detection problem, but advances in instrumentation have 
made it possible to obtain CMR spectra on compounds containing the natural abundance 
of '°C on a routine basis. As a result, CMR has become a very important spectroscopic 
technique in organic chemistry. 

Although the principles of CMR and proton NMR are essentially the same, some 
aspects of CMR are unique. First, coupling (splitting) between carbons is not generally 
observed. The reason is the low natural abundance of !°C. Recall that CMR measures 
the resonance of '°C, not the common isotope '’C. If the probability of finding a '°C at 
a given carbon is 0.0110, then the probability of finding °C at any two carbons in the 
same molecule is (0.0110)*, or 0.00012. This means that two °C atoms almost never occur 
together within the same molecule. (The two '*C atoms would have to occur in the 

Table 13.6 Properties of Some 

Nuclei with Spin +5 
RIO iS}P/SS\2\8) Si@ieleleinieejeialeieleie/o\s{aisie\s}sielaie\e/ei6;s\¢)s}a\s (aiaiatse:0! 61a [¥iaiej~]slolelsie'¥ie'6:4\aiwin 6) ale1d|€[els.e e aln)ajsleisieia\nieleiaitisiatelereiaic 

Relative Natural Magnetogyric 
Isotope sensitivity abundance, % ratio* 

1H (1.00) 99.98 26,753 
AG 0.0159 1.10 6,728 
ce 0.834 100 25,179 
2p 0.0665 100 10,840 

iS Sicae lw iese. eieie/s}aieieie/@)eiajela(wisissele]e}aisraleial e{e)ojalsjais\e(s/9)¢,016:a/e\ble\n\ajaie(e'e'éle}s\nin|=ialeisie'siejeieinie siela ere sisieieie’elelee sic 

4 Tn radians gauss | sec”!; defined in Study Guide Link 13.5. 

ott eeee 
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Table 13.7 Typical CMR Chemical Shift Ranges 

for Common Functional Groups 
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Functional group 0, ppm? Functional group 6, ppm4 

== (Cle, Cp 

=F =O 40-80 

| | 0-55 
== (Cal, —=C=—= 
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=C— N= 25-70 

: 1 C=C 100-145 
a. oo 190-220 

om pee 65-85 

‘ 
/ C= 110—160 

O 

—C—Cl 20-60 | 
= C= O— 160-190 

O 

SC 18 10-50 [Pay 
= CN 160—180 

‘ 

—=C—=I = Iss) — C=N 110—130 

Mane erate Tigi ens eDYOUE a atiha ot Note ae et 

same molecule for coupling to be observed.) Of course, compounds that are isotopically 

enriched in '°C can be prepared, in which case the regular splitting rules apply (see 

Problem 13.53). 

A second important aspect of CMR is that the range of chemical shifts is very large 

compared to that in proton NMR. Typical carbon chemical shifts, shown in Table 13.7, 

cover a range of about 200 ppm. With a few exceptions, trends in carbon chemical shifts 

parallel those for proton chemical shifts; but chemical shifts in CMR are more sensitive 

to small changes in chemical environment. As a result, it is often possible to observe 

distinct resonances for two carbons in very similar chemical environments. This point is 

illustrated in the CMR spectrum of 3-methylpentane, in which each chemically nonequiva- 

lent set of carbons gives a separate, clearly discernible resonance: 
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d c b a 

CHCHiCH CH cl 

CDCl, 

/ TMS 

H) > 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 4, ppm 

Proton-decoupled CMR spectrum of 1-chlorobutane. (The reason for the CDCI, triplet is considered 
in Problem 13.43.) 

Oey en CH. =e ra 
@ Wl3 6 29.3 6 36.2 

As this example shows, highly branched carbons typically have greater chemical shifts 
than unbranched ones. 

A third aspect of CMR is that the splitting of '°C resonances by protons (!3C—!H 
splitting) is large; typical coupling constants are 120—200 Hz for directly attached protons. 
Furthermore, carbon NMR signals are also split by more remote protons. Although such 
splitting can sometimes be useful, more typically it presents a serious complication in 
the interpretation of CMR spectra. In most CMR work, splitting is eliminated by a special 
technique called proton spin decoupling. Spectra in which proton coupling has been 
eliminated are called proton-decoupled CMR spectra. In such spectra a single unsplit 
line is observed for each chemically nonequivalent set of carbon atoms. 

These points are illustrated by the proton-decoupled CMR spectrum of 1-chloro- 
butane, shown in Fig. 13.21. The carbon spectrum consists of four single lines, one for 
each carbon of the molecule. The assignment of the lines in Fig. 13.21 shows that carbon 
chemical shifts, like proton chemical shifts, decrease with distance from the electronegative 
chlorine. (Contrast this very simple spectrum with the complex proton NMR spectrum 
of the same compound in Fig. 13.12.) 

CMR is particularly useful in differentiating closely related compounds on the basis 
of their molecular symmetry. The basis of this idea is that symmetrical compounds have 
fewer chemically nonequivalent sets of carbons than less symmetrical isomers. This point 
is illustrated in the following study problem. 

1 RATER. Sala atte Paik The ENE GSS 2c loiele/= ni sicieie(e<)a0ieie eie\ee)ajaiate[al'e] aie eit Fp elnicla sisiee sleisielsailele’pivisinin daieia/slataveirisata(eisiele/a(e sistinisis/e(else isi Ree 

How would you use CMR spectroscopy to differentiate the two isomers 1-chloropentane 
and 3-chloropentane? 
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Solution The first thing to do is draw the structures: 

Cl 

CH;CH,CH,CH,CH,Cl CH;CH,CHCH,CH; 

1-chloropentane 3-chloropentane 

Assuming that a separate resonance is observed for each chemically nonequivalent set of 

carbons, then the proton-decoupled CMR spectrum of 1-chloropentane should consist 

of five lines, but that of 3-chloropentane should consist of only three lines; the two CH; 

carbons are chemically equivalent, and the two CH, carbons are equivalent. As this 

example shows, if a molecule has symmetry, it will have fewer absorptions than there are 

carbons. 

*13.26 The isomers 3-heptanol (A) and 4-heptanol (B) are difficult to distinguish by 

either their IR or proton NMR spectra. The proton-decoupled CMR spectra of 

these compounds are given in Fig. 13.22 on p. 626. Indicate which compound 

goes with each spectrum, and explain your reasoning. 

eRe eee eee eee eee e eee eee EEE EEE E EEE E EE EH HEHE THEE EEE Eee eee e Heese seEE EEE EEE EE EHH HEHE HESS EEE EEE EEE E EEE H HEHEHE EESES EE EEE EEE HEHEHE EEE EEE EEE ES 

CMR spectra are generally not integrated because the instrumental technique used 

for taking the spectra (Sec. 13.10) gives relative peak integrals that are governed by factors 

other than the number of carbons. For example, the decoupling technique enhances the 

peaks of carbons that bear hydrogens; hence, peaks for carbons that bear no hydrogens 

are usually smaller than those for other carbons. 

The utility of CMR is enhanced by a number of techniques that provide a count of 

the protons directly attached to each carbon. In other words, it is possible to determine 

which of the carbon signals in a CMR spectrum come from methyl, methylene, methine, 

and quaternary carbons. The best current technique for making such a determination is 

known by the acronym DEPT (for “Distortionless Enhancement with Polarization Trans- 

fer”). The DEPT technique yields separate spectra for methyl, methylene, and methine 

carbons, and each line in these spectra corresponds to a line in the complete CMR 

spectrum. Lines in the complete CMR spectrum that do not appear in the DEPT spectra 

are assumed to arise from quaternary carbons. This technique is illustrated with the DEPT 

spectra of camphor (Fig. 13.23, p. 627). 

PRR Ree eee eee Ree HOE OTHE HEHE HHOEEEEEE ESE EEHHEHEEEEESE EEE SEE HEHEHE ESET HEE EER EEEEEEEEEEEE EEE HEE EEEEEHHEHHEEHEEE EE EE EEE HEHEHE EE EEE EEE HEHEHE EEEEEEEE ES EEE EE 

A compound C;H;.0; has the following CMR-DEPT spectrum (the numbers in paren- 

theses indicate the number of attached hydrogens): 

Onl 22 1( 3), 5010920) (2) bU2.9 (I) 

Propose a structure for this compound. 

Solution The compound has no rings or double bonds, because its unsaturation number 

is zero. The simplest assumption from the CMR spectrum is that the compound has 

three chemically nonequivalent sets of carbons, because there are three lines. One set 
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Proton-decoupled CMR spectra for Problem 13.26. 

(6 15.2) consists of methyl groups (three attached hydrogens) which, from their chemical 
shift, are not very close to the oxygens. 

CH;— C— 

gba 
6 15.2 

Another set consists of methylene (CH,) groups, which are within the chemical shift 
range for the a-carbons of ethers (Table 13.7) 

—CH,—O— 

6 59.5 

(Study Problem 13.6 continues on p. 628) 
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(a) Methyl (CH;) carbons 

(b) Methylene (CH;) carbons 

(c) Methine (CH) carbon 
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(d) Complete '°C spectrum. The methyl carbons are labeled p (for primary), the methylene 
carbons s (for secondary), the methine carbon t (for tertiary), and the quarternary carbons q. 

The CMR spectrum of camphor (structure at right) edited by the DEPT tech- 
nique. The absorptions for the methyl carbons are given in (a), the methy- 
lene carbons in (b), and the methine carbon in (c). Each peak in these three 

spectra corresponds to a peak in the full spectrum, shown in (d). Absorptions O 
in the full spectrum that do not appear in (a), (b), or (c) are quaternary 
carbons. The number over each peak is the assignment using the carbon 
number in the camphor structure at the right. (Courtesy John Kozlowski, 
Purdue University.) 

8 9 
CH; 7 CH; 

10 
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The last set consists of one or more methine (CH) groups, which, from the chemical 

shift, must be bound to more than one oxygen. 

O=— Oz 

—— ©) Ch or HC—O— 

ee 
6 112.9 

Only the structure of triethoxymethane gives only three absorptions and at the same time 
accommodates these partial structures: 

©CGET GEE 

CH3;CH,O— C—H triethoxymethane 

©CH,CH, 

Dag pat 2s BORO CIES CCR OOOUDCUODODCOSICILIGOCTOOOOOC GCS ICU COROORDOUCTCCCCC RC OCRURCDODUOTOUOUOUAU MB TOOCOCOOO ANRC TOOOCCODASORNO OBOE SASSOON DUSCFTOBSS ARSE Gir 

13.27 Explain why each of the following structures is not consistent with the CMR 
data in Study Problem 13.6. 

~~” (a) CrLOCH am) OCH,CH,CH; 

CH,OCH, L H HO ean 

CH,OCH, OCH,CH,CH; 

*(c) OCH,CH, 

CH3CH,O0— Ca @ie 

You are now ready to use what you know about IR, NMR, and mass spectrometry to 
solve some problems that use more than one of these techniques simultaneously. The 
following study problems illustrate the techniques involved. Although no simple method 
works in every case, the following suggestions should prove useful. 

I. From the mass spectrum determine, if possible, the molecular mass. 
2. If an elemental analysis is given, calculate the molecular formula and deter- 

mine the unsaturation number. 

3. Look for evidence in both the IR and NMR spectra for any functional 
groups that are consistent with the molecular formula: OH groups, 
alkenes, etc. Write down any structural fragments indicated by the spectra. 
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4. Use the CMR spectrum and, if possible, the proton NMR spectrum, to 

determine the number of nonequivalent sets of carbons and/or protons. If 

the proton NMR spectrum is complex, this may not be possible, but you 

should be able to set some limits. 

5. Apply the suggestions in both Sec. 13.2F and Sec. 13.3C to complete your 

analysis by NMR. Be sure to write out partial structures and all possible com- 

plete structures that are consistent with your spectra. As you write out par- 

tial structures, notice how many carbons are unaccounted for; different 

partial structures may have carbons in common. Decide between possible 

structures by asking what features of the different spectra would be 

expected for each, and look for those features; it is sometimes easy to over- 

look some feature of a spectrum that will decide between structures. 

6. Finally, rationalize all spectra for consistency with the proposed structure. 
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Propose a structure for the compound with the IR, NMR, and mass spectra shown in 

Fig. 13.24 on p. 630. 

Solution The mass spectrum of this compound shows a doublet at m/z = 90 and 92, 

with the latter peak about one-third the size of the former. This pattern indicates the 

presence of chlorine. Furthermore, the base peak at m/z = 55 corresponds to a loss of 

Cl (35 and 37 mass units, respectively). Let’s adopt the hypothesis that this is a chlorine- 

containing compound with molecular mass of 90 (for the *°Cl isotope). In the IR spectrum, 

the peak at 1642 cm™! suggests a C=C stretch, and, in the NMR spectrum, there is a 

complex signal in the vinylic proton region. Evidently this compound is 

a chlorine-containing alkene. If the molecular mass is indeed 90, then chlorine and 

two alkene carbons account for 59 mass units; ony 31 mass units remain to be ac- 

counted for. 

In the NMR spectrum, the total integral is 43 spaces; the vinylic protons at 6 4.9-6.3 

account for 17.5 spaces, or 40.7% of the integral. The quintet at 6 4.5 accounts for 6 

integral spaces, or 14% of the integral. The doublet at 6 1.6 accounts for the remaining 

19.5 integral spaces, or 45.3% of the total integral. The integrals of the three sets of 

resonances are (in order from lowest field) in the ratio 17.5:6:19.5, or about 3:1:3, to 

nearest whole numbers. The integral suggests some multiple of seven protons. If the 

compound has seven protons (7 mass units) and one chlorine (35 mass units), then the 

remaining 48 mass units can be accounted for by four carbons, two of which are part of 

an alkene double bond. A possible molecular formula is then C,H7Cl. (Would fourteen 

protons be a likely possibility? Why or why not?) 

The unsaturation number for this formula is one. Hence, there can be only one 

double bond in the molecule. Since the NMR integral indicates three vinyl protons, then 

the molecule must contain a —CH==CH)j group. In the IR spectrum the peaks at 930 

and 990 cm™' are consistent with such a group, although the former peak is at somewhat 

higher wavenumber than is usual for this type of alkene. The three-proton doublet at 

6 1.6 suggests a methyl group adjacent to a CH group. 

Cllg—= CH— 
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Figure 13.24 

Nuclear Magnetic Resonance Spectroscopy 
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Spectra for Study Problem 13.7 

The 6 4.5 absorption accounts for one proton, and its coupling constant matches that 
of the absorption at 5 1.6. The splitting and chemical shift of the 5 4.5 absorption fit the 
partial structure 

C} 

Git C8 6 Sie 
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With a molecular mass of 90 and three vinyl protons, the only possible complete struc- 

ture is 

Cl 

CH;— CH—CH=CH, 

OOO e eee eee meee eee Eee eee E EEE E HOES EH HHEEHEEEEEEEEEESESEHEHEEEEHEEESOEHEHEEHE HEH O OHH O SEER EESESEEEE DESH EEE EEE EOE EH EEE EES EEE EEE OES E SEETHER EEE EEE EE EES 

A compound CsH;s0, with a strong, broad infrared absorption at 3293 cm7' has the 

PROBLEM following proton NMR spectrum: 

OMIEZ2aCIZ Eies)s70 Leos) (Aliens) * on ROO 1s) 

(The resonance at 6 1.96 disappears when the sample is shaken with D,O.) The proton- 

decoupled CMR of this compound consists of three lines, with the following chemical 

shifts and DEPT data (in parentheses) for attached protons: 

0 29A(3)0 37.8 (2) 90 7025, (0) 

Identify the compound. 

Solution The IR spectrum indicates the presence of an alcohol, and the disappearance 

of the 6 1.96 NMR absorption after the “DO shake” (Sec. 13.6D) provides confirmation. 

Furthermore, because this absorption integrates for two protons, and because the formula 

contains two oxygens, the compound is a diol. Because the proton NMR spectrum 

contains no absorptions in the 6 3—4 region, both alcohols must be tertiary. The proton 

NMR indicates only three chemically nonequivalent sets of hydrogens, and the CMR 

indicates only three chemically nonequivalent sets of carbons, one of which must be the 

two a-carbons of the tertiary alcohol groups. The DEPT data confirm that one set of 

carbons indeed has no attached protons, as expected for a tertiary alcohol, and the 

chemical shift is consistent with that expected for the a-carbon of an alcohol. The presence 

of only three nonequivalent sets of protons and three nonequivalent sets of carbons 

requires a structure of considerable symmetry. The only structure that fits these data is 

ee, CH, 

Chiig = C— Cig C CH, 

OH OH 

2,5-dimethyl-2,5-hexanediol 

eect eee e ee eee eee nena eee see esses EHH HESS EE HEHEHE EEEEEEEE EE OE OEE EEEEEE HEHE EE EEEEEEESEE ESSE SETHE EEEEE SEO EEE SEH EEEEEEEEEES ESTEE THEE HEHE HEHEHE EESETEE ESE ED 

13.28 Tell why each of the following structures is not consistent with the data in Study 

Problem 13.7. | 

*(a) trans-1-chloro-2-butene (b) 2-chloro-1-butene 
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13.29 Tell why each of the following structures is not consistent with the spectroscopic 

data in Study Problem 13.8. 

*(a) CH; CH, (b) CH, 

CH 6 = = O en. 

The basic components of an NMR instrument are shown in Fig. 13.25. This diagram can 
be related to the description of the NMR experiment in Sec. 13.2A. 

> spinning sample 

receiver coil 

rf source 
(oscillator) rf detector 

(amplifier) 
magnet face magnet face 

sweep 
generator 

sweep coils 

spectrum ~ es 

moving-pen recorder 

Figure 13.25 Diagram of an NMR spectrometer. The magnet provides the magnetic 
absorption by the sample. Radiofrequency (rf) energy 
coil connected to the rf source. The magne 

field required for energy 
at the operating frequency is absorbed from a 

tic field is varied over the range of chemical shift by alter- 
ing it slightly with current provided by a sweep generator and sent through the sweep coils. Energy 
absorption is detected by the receiver coil, amplified, and presented as a spectrum on a chart 
recorder or digitized and stored in a computer. 
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13.6 

Fourier-Transform 
NMR 

13.11 Other Uses of NMR 633 

NMR spectrometers of recent vintage contain essentially the same components, but 

employ a technique for taking spectra called pulse-Fourier transform NMR (FT-NMR). 

With FT-NMR, an entire spectrum can be obtained in less than a second. Consequently, 

a large number of spectra of a given sample (anywhere from 50 to 20,000, depending on 

the sample concentration and the isotope) can be recorded in a relatively short time. A 

computer stores and mathematically adds the spectra. Since electronic noise is random, 

it sums to zero when averaged over many spectra, while the resonances of the sample 

reinforce to give a much stronger spectrum than could be obtained in a single experiment. 

The FT-NMR technique made possible the routine use of CMR for structure determina- 

tion. The cost of FT-NMR instruments has been reduced by the availability of relatively 

inexpensive dedicated small computers that are required for application of the FT-NMR 

technique. 

The FT-NMR method was conceived by Richard Ernst of the ETH (Federal Technical 

Institute) in Zurich, Switzerland; for this contribution he was honored with the 1991 

Nobel Prize in Chemistry. 

Other Uses of NMR 
eee eee ee eee eee eee eee eee eee eee ee eee eer ere rere ee eee eee ee eee eee eee eee eee ee eee eee eee ee ee 

The utility of NMR for structure determination should by now be fairly obvious. However, 

NMR also has many other uses. Solid-state NMR is being used to study the properties of 

important solid substances as diverse as drugs, coal, and industrial polymers. Phosphorus 

NMR (?'P NMR) is being used to study biological processes, in some cases using intact 

cells or even whole organisms. One of the most exciting clinical applications of NMR is 

NMR tomography, or magnetic resonance imaging (MRI). By monitoring the proton mag- 

netic resonance signals from water in various parts of the body, clinical scientists can 

achieve organ imaging without using X-rays or other potentially harmful types of radia- 

tion. The brain image in Fig. 13.26 was obtained by this method. 

Figure 13.26 Magnetic resonance imaging can show the details of soft tissue not visible in X-ray images, as in this 
brain scan of a 69-year-old female. 
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Key IDEAS IN CHAPTER 13 

{\ The NMR spectrum records the absorption of energy by nuclei from a 

radio-frequency (rf) source in the presence of a magnetic field. 

Only nuclei with spin give NMR spectra; protons have spin +4. 

The three elements of an NMR spectrum are the chemical shift, which 

provides information on the chemical environment of the observed 

nucleus; the integral, which indicates the relative number of nuclei 

being observed; and the splitting, which gives information on the num- 
ber of nuclei on adjacent atoms. 

[\ The chemical shifts of protons in methylene groups can be calculated 
with reasonable accuracy by Eq. 13.3 using the data in Table 13.2. 

[\ | Chemically nonequivalent nuclei in principle have different chemical 
shifts. Constitutionally nonequivalent nuclei and diastereotopic nuclei 
are chemically nonequivalent. 

[\ Then + 1 rule determines the splitting observed in most spectra. 
When a nucleus is split by more than one chemically nonequivalent set 
of nuclei, the observed splitting is the result of successive applications 
of the splittings caused by each set. 

[\ Nuclei of spin +} such as the proton have splitting patterns in which 
the individual lines ideally have the relative intensities shown in Table 
13.3. In practice, splitting patterns show leaning: they deviate from 
these intensities, and the deviation is greater as the difference in the 
chemical shifts of the mutually split protons is smaller. 

[\ Splitting more complex than that predicted by the n + 1 rule is 
observed when the chemical shifts of two resonances (in Hz) differ by 
an amount that is not much greater than their mutual coupling con- 
stant. Because the chemical shift in Hz increases in proportion to the 
operating frequency, but coupling constants do not, many compounds 
that give non-first-order spectra at a lower operating frequency give 
first-order spectra at a higher operating frequency. 

L\ Deuterium resonances are not observed in a proton NMR spectrum. 
Thus, shaking the solution of an alcohol with D,O removes the reso- 
nance of the OH proton because of its rapid exchange for deuterium. 

[\ A time-averaged NMR spectrum is observed for species involved in 
rapid equilibria. It is possible to observe absorptions for the individual 
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species by retarding the reactions involved in the equilibria (for exam- 

ple, by lowering the temperature). 

[\ The NMR of carbon atoms in a compound can be observed as a '°C 

NMR (CMR) spectrum despite the low natural abundance of this 

isotope. 

ee ue proton-decoupled CMR spectrum, the carbon-proton couplings 

are removed; each chemically nonequivalent set of carbons appears as a 

single line. The number of protons attached to each carbon can be 

determined using the DEPT technique. 

Ree meee ewww eee eee eee eee esas eee ee Eee eee ene esses sess HEHEHE EEE E EEE EEEEEEEEEREE EE EEE EEE HEHE HEHEHE EEE EEE EEE EEE EE EEE HEEEH HEHEHE REESE EEEE EEE S HEED EEE HEHE ES 

Note: In these problems, the term NMkR refers to proton NMR unless otherwise indicated. 

*13.30 What three pieces of information are available from an NMR spectrum? How 

is each used? 

13.31 How would you distinguish among the compounds within each set below using 

their NMR spectra? Explain carefully and explicitly what features of the NMR 

spectrum you would use. 

a) cyclohexane and trans-2-hexene (b) trans-3-hexene and 1-hexene 

*(c) 1,1-dichlorohexane, 1,6-dichlorohexane, and 1,2-dichlorohexane 

d) 1,1,2,2-tetrabromoethane and 1,1,1,2-tetrabromoethane 

CL C— CH —Ch,— CHF, and GH;— Gh, — Gh — Cel, 
) tert-butyl methyl ether and isopropyl methyl ether 

Nec Cla CL — CH brairans- Cl Gl Gl breana Gig —@Clbr 

*13.32 Answer each of the following questions as briefly as possible. 

(a) What is the relationship between chemical shift in Hz and operating fre- 

quency 1%? 

(b) What is the relationship between coupling constant J and operating 

frequency? 

(c) Why does the chemical shift in ppm not change with operating frequency? 

(d) How does NMR spectroscopy differ conceptually from other forms of 

absorption spectroscopy? 

What condition must be met for an NMR spectrum to be first order? 

(f) What happens physically when energy is absorbed by nuclei in an NMR 

experiment? 

13.33 Give the structure of each of the following compounds. 
*(a) a six-carbon hydrocarbon, not an alkene, whose proton NMR spectrum 

consists entirely of one singlet 

(b) a six-carbon alkene whose proton NMR spectrum consists of one singlet 

*(c) an eight-carbon ether whose proton NMR spectrum consists of one singlet 

and whose CMR spectrum consists of two singlets. 
(Problem 13.33 continues ) 
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13.34 

213.35 

*13.36 

(d) a nine-carbon hydrocarbon whose proton NMR spectrum consists of two 
singlets 

*(e) a seven-carbon hydrocarbon whose proton NMR spectrum consists of two 

singlets at 6 0.23 and 6 1.21 (relative integral 1:6) and whose proton- 

decoupled CMR spectrum consists of three absorptions 

Give the structure that corresponds to each of the following molecular formulas 
and NMR spectra: 

*(2)GsHiias-0 0.93;°s (b) GHig; oel.5,. s 

The compounds in (c) and (d) can both be hydrogenated to give 2,2,4- 
trimethylpentane. 

*(c) CgHi6: NMR spectrum in Fig. 13.27a 

(d) CgH,6: NMR spectrum in Fig. 13.27b 

“(e) “CobipCh 0 1.07 (G, 31); 6228 dj = 6 He 7) 65.77 P96 Hz 
3.6). Note: The numbers in this spectrum are the actual values of the integral 
in chart spaces. 

f) C,H,Br,Cl: 6 4.40, s 

g) C,H2BrF,: 6 4.02 (t, J = 16 Hz) 

nh) C,H>P3I: 6 3.56 (q, J = 10 Hz) 

*(i) C7Hy6O4: 6 1.93 (t, J = 6 Hz); & 3.35 (s); 8 4.49 (t, J = 6 Hz); relative 
integral 1:6:1 

Gj) G,H,OCL: 6 3.7 GH, s); 67.33 (1H, s) 

*(k) C3HsBr: NMR spectrum in Fig. 13.27¢ 

Each of four bottles, A, B, C, and D, is labeled only “C;H,,” and contains a 
colorless liquid. You have been called in as an expert to identify these compounds 
from their spectra: 

Compound A: 

NMR: 6 1.66 (s), decolorizes Br, in CCl,; IR: no absorption in the range 1620- 
1700 cm7! 

Compound B: 

NMR: 6 1.07 (6H, d, J = 7 Hz); 6 1.70 (3H, d, J = 1.5 Hz); 6 2.20 (1H, septet, 
V2 TAZ) OA GONE eda) = 0. 58H 7) 

IR: 1642, 891, 3080 cm7! 

Compound C: 

NMR and IR spectra in Fig. 13.28 on p. 638 

Compound D: 

NMR: 6 1.40 (s); does not decolorize Bry in CCl. 

Suppose you wish to carry out the following reactions and you have the NMR 
spectrum of each starting material. In each case explain how the NMR spectra 
of the product and starting material would be expected to differ. 
(a) (CH, 5 @— Gia + HBr —~> (GH). CBr 

(b)) (CH, )sC—=C(CH;), + Hcl —> (CH; )»>CHC(CH;), 

| 
Cl 
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(a) H)> 8 7 6 5 4 3 2 l 0 6, ppm 

500 400 300 200 100 0 Hz 

(>) lbh == & 7 6 5 4 3 2 1 0 6, ppm 

500 400 300 200 100 0 Hz 

C3H<Br 

(c) Hy > 8 7 6 5 4 3 2) | 0 6, ppm 

Figure 13.27 NMR spectra for Problem 13.34. 
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Figure 13.28 Spectra for compound.C in Problem 13.35. 

13.37 

*13.38 

When 3-methyl-1-butene reacts with HCl, two products are observed: a normal 
addition product and a rearrangement product. Assume that these two products 
have been separated. Using what you know about HCI addition, postulate struc- 
tures for these products and explain what you would look for in the NMR spectra 
of these products to identify them. 

In the back of a reagent cabinet in an industrial laboratory has been found a 
compound A. The NMR spectrum of A is shown in Fig. 13.29. Compound A 
reacts with H, over Pd/C to give methylcyclohexane. Al Keen, a chemist for the 
company, has deduced that the compound must be either 1-methylcyclohexene 
or 3-methylcyclohexene. You have been called in as a consultant to help Keen 
decide between these two structures. Give reasons for your answer. 
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Tm 
3 hae 

seeraeetn oes 

Figure 13.29 NMR spectrum for Problem 13.38. 

13.39 To which of the compounds below does the NMR spectrum shown in Fig. 13.30 

belong? Explain your choice carefully. 

(1) cts-3-hexene (2) (Z)-1-ethoxy-1-butene (3) 2-ethyl-1-butene 

(4) CSC ns (5) ClCH—CH(OCH,CH;), 

CH3CH, — O O a2 CH,CH, 

yas Vert =< sels pie sSaice, es sia sy bes toes ae a Fa nats 

Figure 13.30 NMR spectrum for Problem 13.39. 
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*13.40 To which of the compounds below does the following CMR-DEPT spectrum 

belong (attached protons in parentheses): 

015.3 (3), 0 20,113), 6 6057 (2).0'99.6 (1) 

CHeCH,O — CH—-OCELCE: CH;CH,OCH,CH,0CH,CH; CHOGh>—_CH—_ CLLOCE. 

B CH; 

G 

13.41 How many absorptions should be observed in the CMR spectrum of each of the 

following compounds? (Assume that the chair flip is rapid.) 

*(a) CH, (b) CH) 

"1, 

ane Ce), HC CH, 

13.42 Explain how the proton NMR spectra of the compounds within each of the 
following sets would differ, if at all. 

Te) 

(b) 

=(C) 

(d) 

Cl— CD,— CH, CH, — Cl and Cl—CH,—CH,—CH,—dC 

(Co) GH Cl Banda (GHG — cl 

Cl Cl Cl 

H | Dae) Heel H 

Ge D Clap Cl 

CH; CH; CH, 

mel Cl 

cn—tacn and cH 00, 

H H 

13.43 Although this chapter has discussed only nuclei that have spin +4, several S-, OD! 

common nuclei such as '*N and deuterium (7H, or D) have a spin of 1. This 
means that the nuclear spin can be any of three values: +1, 0, and —1. 

ey) How many lines would you expect to observe in the proton NMR of "NH Ae 
What is the theoretical relative intensity of each line? 
Explain why the CMR spectrum of CDCl, is a 1:1:1 triplet. (This triplet is 
sometimes observed in the spectra of compounds taken in CDCl, solvent; 
sée, for example, Fig. 13.21.) 
The proton NMR spectrum of CHD, —I is a quintet (five-line pattern) with 
relative intensities 1:2:3:2:1. Explain why this pattern should be expected. 
How could you tell a sample of CH,D—I apart from one of GHDs—1 by 
proton NMR¢ What other spectroscopic technique could be used for this 
determination? 
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Spectra for Problem 13.44. The NMR spectrum was taken at an operating frequency of 80 MHz. 

*13.44 

13.45 

*13.46 

(a) Propose a structure for a compound Cs5H,)0 that can be resolved into 

enantiomers and has the NMR and IR spectra shown in Fig. 13.31. 

(b) Rationalize the base peak at m/z = 45 in the mass spectrum of this 

compound. 

Propose a structure for the alcohol C;H,4O that has the following NMR spectra: 

Proton NMR: 6 0.90 (6H, d, J = 7 Hz); 6 1.10 (6H, s); 6 1.25 (1H, broad s, 

disappears after D,O shake); 6 1.3-1.8 (1H, complex) 

CMREAGDEDT 0: 17075( 3), 0.26.40 a) 0 38.991).90.73.0 (0) 

A bottle has been found that contains liquid A, which has a penetrating, cam- 

phorlike odor. The IR, NMR, and mass spectra of A are given in Fig. 13.32 on 

pp. 642 and-643; the proton-decoupled CMR spectrum of A consists of three 

(Problem 13.46 continues ) 
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Figure 13.32 Spectra for Problem 13.46 (continues). 

13.47 

*13.48 

lines at 6 8, 6 31, and 6 75. On treatment with concentrated H3PO,, compound 
A is converted into compound B that has the mass spectrum also shown in Fig. 
13.32. Because of your widely known expertise in spectroscopic methods you 
have been asked to determine the structure of A. 

Propose a structure for the compound that has the following spectra: 

NMR: 6 1.28 (3H, t, J = 7 Hz); 6 3.91 (2H, el = 7 Neva Gy end ah vel, 
J=411z)36 6.49 (Ay d) j= 4 Hz) 

IR: 3100, 1644 (strong), 1104, 1166, 694 cm™! (strong); no IR absorptions 
in the range 700-1100 or above 3100 cm7! 

Mass spectrum: m/z = 152, 150 (equal intensity; double molecular ion) 

You work for a well-known, reputable chemical supply house. An irate customer, 
Fly Ofterhandle, has called, alleging that a sample of 2,5-hexanediol obtained 
from your firm is impure. As evidence he cites the following CMR spectrum: 

02325 623550 351, 6.35:8).6.67-4..6 67.8 
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Spectra for Problem 13.46 (continued). 

(Notice that the sample contains three pairs of closely spaced absorptions.) After 

verifying the CMR spectrum, you can confidently assure him that the sample 

he purchased contains only 2,5-hexanediol. Explain why the CMR spectrum is 

consistent with this claim. 

*13.49 (a) How many different sets of proton absorptions (neglecting splitting) should 

be observed in the proton NMR spectrum of 4-methyl-1-penten-3-ol? 

(b) How many absorptions should there be in the CMR spectrum? 

13.50 The CMR spectrum of 4-methyl-2-pentanol contains six absorptions; that of its 

isomer 4-methyl-1-pentanol shows five absorptions. Explain, assuming that no 

absorptions are concealed by overlapping peaks. 

*13.51 '’O is a rare isotope that has a nuclear spin. The '7O NMR of a small amount 
of water dissolved in CCl, is a triplet (intensity ratio 1:2:1). When water is 

dissolved in the strongly acidic HF-SbF; solvent, its ''O NMR becomes a 1:3:3:1 
quartet. Suggest a reason for these observations. (Hint: Think of this solvent as 

Piesb la.) 
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13.52 

*13.53 

*13.54 

13355. 

*(a) How would the proton NMR spectrum of very dry 2-chloroethanol differ 

from that of the same compound containing a trace of aqueous acid? Explain 

your answer. 
(b) How would the proton NMR spectrum of the compound in (a) change 

following a D,O shake? 

Carbon-carbon splitting is not apparent in natural-abundance CMR spectra 

because of the rarity of the '°C isotope. However, carbon-carbon splitting can 
be observed in compounds that are enriched in '°C. A colleague, Buster Magnet, 

has just completed a synthesis of CH;—-CH,—Br that contains 50% '°C at 

each position. (What this really means is that some molecules contain no '°C, 

some contain '°C at one position, and some contain '°C at both positions.) 
Buster does not know what to expect for the spectrum of this compound and has 

come to you for assistance. Describe the proton-decoupled '*C NMR spectrum of 

this compound. (Hint: The spectrum of a mixture shows peaks for each com- 

pound in the mixture.) 

Electron spin resonance spectroscopy (ESR spectroscopy) is used to study the 

unpaired electrons in free radicals. (ESR spectroscopy is to unpaired electrons 

what NMR spectroscopy is to protons.) Explain why the ESR spectrum of the 

unpaired electron in the methyl radical, -CH;, is a quartet of four lines in a 
1332 Weratios 

The 60-MHz proton NMR spectrum of 2,2,3,3-tetrachlorobutane is a sharp 

singlet at 25 °C, but at —45 °C is two singlets of different intensities separated 
by about 10 Hz. 

(a) Explain the changes in the spectrum as a function of temperature. 
(b) Explain why the two lines observed at low temperature have different 

intensities. 

BU CIOED ROL COO TOOOOOURCO ODOC DCOCOCCOOODUODDCOIOUCOCOROO UGG. OCCUC OOOO OCCOUCIODUOCOOCOCCOD TCO DOOOUCOCOUOGOCOCLOGHO OOO OOOO OOD DORDIOUOCOOCH OOO OCOBO CURT OHObOSAAAN 



Chemistry of 

Alkynes 

simplest member of this family is acetylene, H—C==C—H. The chemistry of 
the carbon-carbon triple bond is similar in many respects to that of the carbon- 

carbon double bond; indeed, alkynes and alkenes undergo many of the same addition 

reactions. Alkynes also have some unique chemistry, most of it associated with the bond 

between hydrogen and the triply bonded carbon, the =C—H bond. 

. Ikynes, or acetylenes, are hydrocarbons with carbon-carbon triple bonds; the 

Nomenclature of Alkynes 
Ree Reem eee meee eee eee EEE eee ewes esse e ees EEE SEES EEE EEE SHEE HEHEHE EEEEEEESEEEE EEE HEHE HEHEHE EEE HEHEHE EE EE ES 

In common nomenclature, simple alkynes are named as derivatives of the parent com- 

pound acetylene. 

Chig=— G== C=— Fi methylacetylene 

CHG == @— CH, dimethylacetylene 

Chie Claas O— Oa Clie ethylmethylacetylene 

Certain compounds are named as derivatives of the propargyl group, HC=C— CH,—, 

in the common system. Notice that the propargyl group is the triple-bond analog of the 

allyl group. 

HC=C—CH,— Clase CHs==CH-_ CHCl 

propargyl chloride allyl chloride 

The substitutive nomenclature of alkynes is much like that of alkenes. The suffix 

-ane in the name of the corresponding alkane is replaced by the suffix -yne, and the triple 

bond is given the lowest possible number. 

645 
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CH3——-C==C = propyne 

Clk—=—Clb—C=C— al 1-butyne 

Crie Glib Cll Clit © —= OC Cla. 2-heptyne 

AC=C— Clalp = Ch = C=C — Clg 1,5-heptadiyne 

GH — Ci. C= © —_ Ci; 4-methyl-2-pentyne 

CH, 

When double bonds and triple bonds are present in the same molecule, the principal 

chain is the carbon chain containing the greatest number of double and triple bonds. 

The numerical precedence of a double or triple bond within the principal chain is decided 

by the first point of difference rule (Sec. 2.4C, Rule 8): precedence is given to the bond 

that gives the lowest number in the name of the compound, whether it is a double or 

triple bond. The double bond, however, is always cited first in the name by dropping the 

terminal e from the -ene suffix, as in the following examples: 

double bond cited first 

2 3 4 5 6 

HCG Gh. Ci =-Cai—_ CH, possible names: 4-hexen-1-yne (correct) 
2-hexen-5-yne (incorrect) 

2 3 4 5 6 

CH, — CH —CH,— C=C— Ci, 1-hexen-4-yne 

3 | 5 6 8 

CH,=CH— CH—_ CH= CH— C=C— CH, 3-vinyl-1,4-octadien-6-yne 
| (principal chain contains most 
Ci—GH, double and triple bonds) 
Se 

vinyl group 

When the foregoing rules do not completely specify the name, the double bond 
takes precedence in numbering. 

CH,—=CH— CH, — C=CH 1-penten-4-yne 

Substituent groups that contain a triple bond (called alkynyl groups) are named by 
replacing the final e in the name of the corresponding alkyne with the suffix -yl. (This 
is exactly analogous to the nomenclature of substituent groups containing double bonds; 
see Sec. 4.2A.) The alkynyl group is numbered from its point of attachment to the main 
chain: 

HC=C— _ ethynylgroup (ethyn¢ + yl) 

He |G CH, 2-propynyl group 

CH, 
2 

CH) — €=—cH 1-methy]-2-(2-propynyl)cyclohexene 
2 

position of triple bond 
within the substituent 

positions of substituents on 
the cyclohexene ring 
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Finally, groups that can be cited as principal groups, such as the —OH group 

in the example below, are given numerical precedence over the triple bond. (See Ap- 

pendix I.) 

i 

HG==C— Ch Cie Gr 4-pentyn-2-ol 

14.1 Draw a Lewis structure for each of the following alkynes. 

*(a) isopropylacetylene (b) tert-butylacetylene 

*(c) cyclononyne (d) 4-methyl-1-pentyne 

*(e) 1-ethynylcyclohexanol (f) 2-butoxy-3-heptyne 

*(g) 1,3-hexadiyne 

14.2 Provide the substitutive name for each of the following compounds. Also provide 

common names for (a) and (b). 

a (a) CH3CH,CH,CH,C= CCH,CH,CH,CH; 

(b)i= CH, CH, CH, CH, C= CH 

26) HC=CCHCH,CH,CH,CH; 

CH,CH, — CH=CH — CH,0CH; 

Because each carbon of acetylene is connected to two groups—a hydrogen and another 

carbon—the H— C=C bond angle in acetylene is 180° (Sec. 1.3B); thus, the acetylene 

molecule is linear. The C=C bond, with a bond length of 1.20 A, is shorter than the 

C=C and C—C bonds, which have bond lengths of 1.33 A and 1.54 A, respectively. 

lice 

= C=C — al 
Ne 

= 1.06 A 

Because of the 180° bond angles at the carbon-carbon triple bond, cis-trans isomerism 

cannot occur in alkynes. Thus, although 2-butene can exist as cis and trans stereoisomers, 

2-butyne cannot. Another consequence of this linear geometry is that cycloalkynes smaller 

than cyclooctyne cannot be isolated under ordinary conditions (see Problem 14.3). 

You ve learned that carbon hybridization and geometry are closely connected: tetra- 

hedral carbon is typically sp*-hybridized, and trigonal-planar carbon is sp*-hybridized. 

180° 
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The linear geometry found in alkynes is characterized by a third type of carbon hybridiza- 

tion. Imagine that the 2s orbital and one 2p orbital on carbon mix to form two new 

hybrid orbitals. Because these two new orbitals are each one part s and one part p, they 

are called sp hybrid orbitals. 

2p —t f Min end les). ee eee 
one 2p orbital 
—————» 2(sp) -+- -+— | hybrid orbitals 

i) a 

Is BE poe 
atomic carbon: carbon in acetylene 

13?2s?2p? 

An sp orbital has much the same shape as an sp’ or sp* orbital (Figs. 1.16a, 4.4a). However, 
electrons in an sp hybrid orbital are, on the average, somewhat closer to the carbon 
nucleus than they are in sp* or sp* hybrid orbitals. In other words, sp orbitals are more 
compact than sp* or sp* hybrid orbitals. An sp-hybridized carbon atom, shown in Fig. 
14.1a, has two sp orbitals at a relative orientation of 180°. The two remaining unhybridized 
p orbitals lie along axes that are at right angles both to each other and to the sp orbitals. 

The bonding in acetylene results from the combination of two sp-hybridized carbon 
atoms and two hydrogen atoms (Fig. 14.1b). One bond between the carbon atoms is a 
o bond resulting from the overlap of two sp hybrid orbitals. This bonding molecular 
orbital contains two electrons. Two 7 bonds are formed by the side-to-side overlap of 
the p orbitals. These bonding 7 molecular orbitals, like the p orbitals of which they are 
composed, are mutually perpendicular, and each contains two electrons. The total electron 
density from all the electrons taken together forms a cylinder, or barrel, about the axis 

sp orbital ——~ q 

Figure 14.1 

p orbitals overlap to form 
a bond 
/ C(sp)-H(1s) 

overlap to form C(sp)-C(sp) (a) 7 bond oa bond 

(a) An sp-hybridized carbon atom. (b) Bonding molecular orbitals in acetylene resulting from the 
combination of two sp-hybridized carbon atoms and two hydrogen atoms. 
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Figure 14.2 The -electron density in acetylene lies in a cylinder about the axis of the molecule. 

of the molecule (Fig. 14.2). The remaining sp orbital on each carbon overlaps with a 

hydrogen Is orbital to form a carbon-hydrogen o-bond. 

The following heats of formation show that alkynes are less stable than isomeric 

dienes: 

Tel ee O—— eee Ole Ol) lel Ce O— CaO Cle CGH7-—Ch— CE — Ci — GE 

AH¥ + 144.3 kJ/mol + 128.9 kJ/mol +106.4 kJ/mol 

(34.50 kcal/mol) (30.80 kcal/mol) (25.42 kcal/mol) 

In other words, the sp hybridization state is inherently less stable than the sp” hybridization 

state, other things being equal. These heats of formation also show that a triple bond, 

like a double bond, is more stable in the interior of a carbon chain than at the end. 

meee ee we eee eee eee eres eee eee eee eee EEE EEE SEE EEE ESSE EEESESEEEEEEEESESESEEESEEEE EEE EEEEEEES ESE SESE SEES SESE EEEEEEEEEEE SESE SE SESE EEEEEEE EEE EE ESSE EE EE EES 

*14.3 Attempt to build a model of cyclohexyne. Explain why this compound is not 

stable. 

14.4 Build a model of cyclodecyne. Compare its stability qualitatively to that of 

cyclohexyne; explain your answer. 

eee ee teeter eee eee eee eee eee OEE EEE EEE EEE TEESE ES EH EEE EHHEEEEEEEEHEE EEE HEHEHE EEES ES ESHEETS EEEE SEE E HEHEHE EEE E EEE H HEHEHE EEE EEE EE EEE HEED 

Physical Properties of Alkynes 
ORE eee eee eee eee eee E EEE EEE EEE HEHE HEHEHE EEE EE EEEEEHEEEEEEEEEEHESEEHEEHEEEEES ESE EEE ESEESEEE HEE EEE E EEE EEEEEEES ESSE SEES EEES 

POR meee eee eee eee EEE HEHE EEE EEEEEEEEEEEE ESOS OSES ESESEE SESE EE EESESESEE SEES ESESEEEEEEESEEESEESSESESEEEES ES ESSE ESSE EEEEEE EEE EE EES 

The boiling points of most alkynes are not very different from those of analogous alkenes 

and alkanes: 

HG==C(GH CH. CH>—CH(CCH. )3CHs GHe—— Chin (CE). @r. 

1-hexyne 1-hexene hexane 

boiling point: He 63.4° 68.7° 

density: 0.7155 g/mL 0.6731 g/mL 0.6603 g/mL 

Like alkanes and alkenes, alkynes have much lower densities than water and are also 

insoluble in water. 
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Figure 14.3 

Chemistry of Alkynes 
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IR spectrum of 1-octyne. The two key absorptions indicated are absent in the spectrum of 4-octyne. 

B. IR Spectroscopy of Alkynes 

Many alkynes have a C=C stretching absorption in the 2100-2200 cm7! region of the 
infrared spectrum. This absorption is clearly evident, for example, at 2120 cm7! in the 
IR spectrum of 1-octyne (Fig. 14.3). However, this absorption is very weak or absent in 
the IR spectra of many symmetrical, or nearly symmetrical, alkynes because of the dipole 
moment effect (Sec. 12.3B). For example, 4-octyne has no C=C stretching absorption 
at all. 

A very useful absorption of 1-alkynes is the =C—H stretching absorption, which 
occurs at about 3300 cm~'. This absorption, very prominent in the spectrum of 1-octyne 
(Fig. 14.3), is well separated from other C—H absorptions. Of course, alkynes other than 
l-alkynes lack the unique =C—H bond, and therefore do not show this absorption. 

C. NMR Spectroscopy of Alkynes 

Typical chemical shifts observed in the proton NMR spectra of alkynes are contrasted 
below with the analogous shifts for alkenes: 

H 

—C=C—H acetylenic protons C=C vinylic protons 
o7e25 / \ 8 4.5-5.5 

| | / 
C=C—C—H propargylic protons C=C allylic protons 

| 6 1:8=22 . \ 6 8-29 
Z C= 

Although the chemical shifts of allylic and propargylic protons are very similar (as might 
be expected from the fact that both double and triple bonds involve 7 electrons), the 
chemical shifts of acetylenic protons are much smaller than those of vinylic protons. 
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Similar contrasts of chemical shifts are observed in CMR. Although carbons involved 
in double bonds have chemical shifts in the 6 100-145 range, carbons involved in triple 

bonds absorb at considerably higher field, in the 6 65-85 range. Propargylic carbons, like 

acetylenic hydrogens, are also shifted to higher field, typically by 5-15 ppm. The chemical] 

shifts in 2-heptyne are typical: 

propargylic carbons 
nea 

83.3 75.2792 187 317 223 138 
Cha. -o—C-_—_@}—— CH — Cry —Cu 2-heptyne 

acetylenic carbons 

Compare, for example, the 6 3.3 chemical shift of the propargylic methyl carbon with 

the 6 13.8 chemical shift of the other methyl carbon, which is much like that of a methyl 
group in alkanes. 

The explanation for the unusual carbon and proton chemical shifts observed in 

alkynes is closely related to the explanation for the chemical shifts of vinylic protons (Fig. 

13.15), although the effect is in the opposite direction. If an alkyne is oriented in the 

applied field Hy as shown in Figure 14.4, an induced electron circulation is set up in the 

cylinder of zr electrons that encircles the alkyne molecule. The resulting induced field H; 

opposes the applied field along the axis of this cylinder. Since the acetylenic proton lies 

along this axis, the net field at this proton is reduced. Thus, the acetylenic proton is 

. / 
induced () R 
electron : ft 

circulation 

} ) Ss —— | - P Ct induced field H; j 

| 

j 
, 

Hy applied field 

Explanation of the chemical shift of acetylenic protons. The induced field H; of the circulating 7 elec- 
trons opposes the applied field Hg from the spectrometer in the region of space occupied by acetylenic 
protons. As a result, acetylenic protons are shielded and thus have NMR absorptions at relatively 
high field. The same effect accounts for the chemical shifts of acetylenic and propargylic carbons in 
the CMR spectra of alkynes. 
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Figure 14.5 
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shielded from the applied field Ho, and a larger Hp is required for resonance. Consequently, 

acetylenic protons, as well as acetylenic and propargylic carbons, have NMR absorptions 
at higher field than they would have in the absence of this effect. 

The absorptions of acetylenic protons lie in a very “busy” region of the NMR 

spectrum and in many cases are obscured by the absorptions of other protons (Problem 

14.5). Fortunately the acetylenic hydrogen is easily detected by its =C—H stretching 

absorption in the IR spectrum (Sec. 14.3B). 

CPPCC eee e rere rere rere reese seers sees eee e eee eee eee sere eEEEES SOD E DOSES EEE EEEEESESHHOE HEED ESES ESOS ESSE ESSE ESOC ES EEE Ee eeeEesees 

14.5 *(a) Explain the proton NMR spectrum of propyne, which consists of a singlet 

at 6 1.8. 

(b) How many CMR absorptions would you expect for propyne? 

*14.6 Identify the compound with a molecular mass of 82 that has the IR spectrum 
shown in Fig. 14.5 and the following NMR spectrum. 
oF 90 (Aas): 0 1.218 Os) 

14.7 *(a) Match each of the CMR spectra below to either 2-hexyne or 3-hexyne. 

Opecitumt Ass 0 3.3,,13.0.2 lle 22.9) 7545701 

Spectrum B: 6 12.7, 14.6, 81.0 

(b) Assign each of the resonances in the two spectra to the appropriate carbon 
atoms. 

Saisie Sicilia re sla.cieieieisiciriels)s)cielsislsisjs/sialaisleiee/e\416/s/eiaiu/s{éinisiaie)s\¢le]#1a]¢\6)s\e/0!a16{s)8\0]5[6/9)¢(e16/6 6.6/a\s's)a\b\w\6|eia/e|aolae(aini='pin\aip(e(e(a\aieleieinieinald eiaveieisieie a cieie etalarsia etaieleleieiaiaie 

wavelength, micrometers 
DAS Ds 3 aye) ES) By eRe 16 7 3 9 lO il 12 13) 14 I5Ie 

100 

— [oy (ee) =) ro) So 
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i) (=) 
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IR spectrum for Problem 14.6. 
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Introduction to Addition Reactions of the Triple Bond 
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In Chapters 4 and 5 you learned that the most common reactions of alkenes involve 

additions to the double bond. Additions to the triple bond also occur, although in most 

cases they are somewhat slower than the same reactions of comparably substituted alkenes. 

For example, HBr can be added to the triple bond. 

(GSS Nes Br —s 
CH,Cl, > Ea 2 aaa (14.1) 

1-hexyne Br 

Che (CE). eC ae lallaye 

2-bromo-1-hexene 

(89% yield) 

Notice that the regioselectivity of the addition is analogous to that found in addition of 

HBr to alkenes (Sec. 4.7A): the bromine adds to the carbon of the triple bond that bears 

the alkyl substituent. Also as in alkene additions, the regioselectivity is reversed in the 

presence of peroxides because free-radical intermediates are involved (Sec. 5.6). 

CH,(CH,);C==CH + HBr ae penne CH;(CH,);CH=CHBr (14.2) 

1-hexyne 1-bromo-1-hexene; 
stereochemistry not determined 

(74% yield) 

Because addition to an alkyne gives a substituted alkene, a second addition can occur 

in many Cases. 

Br 
Br 

Cee CQlaly ae JBUBie = — == CH,—C=CH CEL HBr < Ge, C CH.CH, ae 

2-butyne (excess) (not isolated) i 

2,2-dibromobutane 

(60% yield) 

In the addition of a hydrogen halide or a halogen to an alkyne, the second addition is 

usually slower than the first because a bromoalkene is less reactive than an alkyne. This 

is why it is possible to isolate products resulting from addition of only one equivalent of 

HBr (Eq. 14.1). 

eee ee eee eee teem EEE EHS THRE HEHEHE HEHEHE HEHEHE EHH EEE EEE HEHE HHH EEEHS HEHEHE OHHH HEHEHE ES EEE EH HEHEHE HEHEHE EEE H HEHEHE EEE HEHE EHH E HEHEHE EE EEESS 

Sa, *14.8 Give the product, including its stereochemistry, that should result from the 

3 addition of one equivalent of Br, to 3-hexyne. (Hint: Use what you learned PROBLEMS — 
ge about bromination of alkenes; Secs. 5.1A, 7.9C.) 

14.9 The addition of HCl to 3-hexyne occurs as an anti addition. Give the structure, 

stereochemistry, and name of the product. 

eee ee eee eee EEE ERE ORME E SEES SHOES EE ESTEE HEE EEE EEE EERE HEHEHE HEHEHE EE HHH HH EHH HEH THEE E HEHE HEHE E SESE HEH HHOHEEEEEEESE EEE HOES SES ESEEEEEE EEE SHEESH EES 
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Conversion of Alkynes into Aldehydes and Ketones 
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Water can be added to the triple bond. Although the reaction can be catalyzed by a 

strong acid, it is faster, and yields are higher, when a combination of dilute acid and 

mercuric ion (Hg’*) catalysts is used. 

O 

= se Lae I 14.4 —— 5 SSS . ( )-c Sa OL H; (14.4) 

cyclohexylacetylene cyclohexyl methyl ketone 
(91% yield) 

The addition of water to a triple bond, like the corresponding addition to a double 
bond, is called hydration. Hydration of alkynes gives ketones (except in the case of 
acetylene itself, which gives an aldehyde; see Study Problem 14.1, p. 656). 

Let's contrast the hydration reactions of alkenes (Sec. 4.9B) and alkynes. The hydra- 
tion of an alkene gives an alcohol. 

OH 

H,SO, 
R= Cal —=ClAb in H,O —— R—=(Clai-—= (Clk (14.5a) 

an alkene an alcohol 

Because addition reactions of alkenes and alkynes are closely analogous, it might seem 
that an alcohol should also be obtained from hydration of an alkyne: 

ie 

Dee Re C= HH, On ee oe (14.5b) 
an alkyne an enol 

An alcohol containing an OH group on a carbon of a double bond is called an enol. In 
fact, enols are formed in the hydration of alkynes. However, they cannot be isolated 
because enols are unstable and are rapidly converted into the corresponding aldehydes or 
ketones. 

ii 1 
R—C=CH, ~=* R—C—CH, (14.5c) 

enol ketone 

Most aldehydes and ketones are in equilibrium with the corresponding enols, but the 
equilibrium concentrations of enols are in most cases minuscule—typically, one part in 
10° or less. The relationships between aldehydes, ketones, and enols is explored in Chapter 
22. The important point here is that, because most enols are unstable, any synthesis 
designed to give an enol gives instead the corresponding aldehyde or ketone. 

The mechanism of alkyne hydration is very similar to that of oxymercuration of 
alkenes (Sec. 5.3A). In the first part of the mechanism, a mercuric ion and an OH group 
from the solvent water add to the triple bond. 
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R Het 

RSC eK O | O + H,O0+ (14.6a) 

iO) H 

Notice that the OH group of water adds to the carbon of the triple bond that bears the 

alkyl substituent for the same reason that it adds to the more branched carbon of an 

alkene in oxymercuration: the bond between mercury and this carbon in the cyclic ion 

intermediate is weaker and thus more readily broken. 

In oxymercuration of alkenes, the reducing agent NaBH, is the source of hydrogen 

that replaces the mercury. However, the use of NaBH, is unnecessary in hydration. The 

reason is that the presence of a double bond makes possible removal of the mercury by 

a protonolysis reaction. This protonolysis occurs under the conditions of hydration; a 

separate procedure is not required. The first step in the mechanism of this protonolysis 

reaction is protonation of the double bond. This protonation occurs at the carbon bearing 

the mercury because the resulting carbocation is resonance-stabilized. 

-OH -H— OH, >OH [OH | la oe e 

Reae ie hen is on 8 reg Gh =? OH NC 1 6b) 

Het Het Hee 

resonance-stabilized carbocation 

Dissociation of mercury from this carbocation liberates the catalyst Hg** along with 

the enol. 

ia i 

R—C—CH, —» R—C=CH, + Hg’** (14.6c) 
+t | 

Hg* enol 

Conversion of the enol into the ketone is a rapid, acid-catalyzed process. Protonation of 

the double bond gives another resonance-stabilized carbocation: 

:OH lah EO *OH 
be : 

R—C==CH; <= |R—C—CH, <» R—C—CH,|+:0H, (146d) 

resonance-stabilized carbocation 

This carbocation is also the conjugate acid of a ketone. Loss of a proton gives the ketone 

product. 

:O 
+ 

REE Ol ak, eth OC Clea Ol) (14.6e) 
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The hydration of alkynes is a useful way to prepare ketones provided that the starting 

material is a 1-alkyne or a symmetrical alkyne (an alkyne with identical groups on each 

end of the triple bond). This point is explored in the following study problem. 

O99 0 0.0.0 0.0 0.ci0'eiole\a/eie'e'e)e/ wie Sisie'sieiciceiciciasie|sia 616 01056006 ei eisccicciense cease ee eese de cecerececccievesiesves eee eeeseteeseeticoccccecsscensnaaaaasiaisiaeseecescievecessevevescesese 

Which one of the following compounds could be prepared by hydration of alkynes so 

: that it is uncontaminated by constitutional isomers? Explain your answer. 

ii (a) CH;CH=O (b) O 

acetaldehyde CH;,CH,CCH>CH; 

3-pentanone 

Solution First, if these compounds could be prepared by alkyne hydration, what alkyne 
starting materials would be required? The equations in the text show that the two carbons 
of the triple bond in the starting material correspond within the product to the carbon 
of the C=O group and an adjacent carbon. Thus, for (a), the only possible alkyne 
starting material is acetylene itself, HC==CH. For (b), the only possible alkyne starting 
material is 2-pentyne, CH;C==CCH,CHs3. 

Next, it remains to be shown whether hydration of these alkynes gives the products 
in the problem. Hydration of acetylene indeed gives acetaldehyde. (Notice that acetalde- 
hyde is the only aldehyde that can be prepared by hydration of an alkyne.) However, 
hydration of 2-pentyne gives a mixture of 2-pentanone and 3-pentanone, because the 
carbons of 2-pentyne both have one alkyl substituent. Thus, there is no basis on which 
attack of water on either carbon should be favored. 

OH CH,CH; ] 

ans ae nC Ci Ce eH cr. 
CH,C=CCH,CH, —HsO* He" CH; Hgt 2-pentanone 

Hg* CH,CH; ] 

Tes es en HO" CH,CH.CCH.CH, 
ee OH 3-pentanone 

Hence, hydration would give a mixture of constitutional isomers which would have to 
be separated, and the yield of the desired product would be low. Consequently, hydration 
would not be a good way to prepare 3-pentanone. (However, 2-pentanone could be 
prepared by hydration of a different alkyne; see Problem 14.10a). 

GVO CIR CODED O21 OU OCR OOUCICODOCOUCC UOC OCCT OCHO CO CHCOUROCE COOL CII CIOOCCKIOO CODON OOOOCBABOSCOBCAAE BGR EOC CORR OUOO. CDR EOOMOUCOOO DOU IO OCTORO SCC AODOOUOOUDOROOCUUFOD DOC OUOUCCOHOBOGOAORGAbO 

14.10 From which alkyne could each of the following compounds be prepared by acid- 
catalyzed hydration? 

*(a) 2-pentanone (See Study Problem 14.1.) (b) O 

(CH; )3;C -C—CH, 

“(e) O 

CH;CH,CH,CH, —s C— CH,CH,CH,CH,CH;, 
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14.11 Hydration of an alkyne is not a reasonable preparative method for each of the 

following compounds. Explain why. 

*(a) CH,CH,CH=O (b) O *(c) 

! O 

*14.12 (a) Draw the structures of all enol forms of the following ketone, including 

stereoisomers. 

O 

(ClatyClak——(C-——(Cla(Clala 

(b) Would alkyne hydration be a good preparative method for this compound? 

Explain. 

BERR eee eee eee eee eee Ee EEE esse e EEE EE EEE E EEE Ee OEE EES EEEES ESSE SEES HEHEHE E HEHEHE EEE EEE H HEE EE EEE HEHEHE E HEHEHE EEEEE EEE EEE HEHEHE EEE EEE EEE HEED 
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AC te 6 eee a 

As in the similar reaction of alkenes, oxidation of the organoborane with alkaline hydrogen 

peroxide yields the corresponding “alcohol,” which in this case is an enol. As shown in 

Sec. 14.5A, enols react further to give the corresponding aldehydes or ketones. 

H202/OH— 
————— 

CH; CH; O 
aed ! 
C—€ cca Cok 1. CH, G C,H; (14.7b) 

\ 
H OH 

an enol 

Because the organoborane product of Eq. 14.7a has a double bond, a second addition 

of BH; is in principle possible. However, the reaction conditions can be con- 

trolled so that only one addition takes place, as shown, provided that the alkyne is not 

a 1-alkyne. 
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A second addition of BH; cannot be prevented in the hydroboration of 1-alkynes. 
However, the hydroboration of 1-alkynes can be stopped after a single addition provided 

that an organoborane containing highly branched groups is used instead of BH;. One 

reagent developed for this purpose is disiamylborane, abbreviated as shown in Eq. 14.8. 

(How would you synthesize disiamylborane? See Sec. 5.3B.) 

CH; CH; 

H ! , Be abbreviated ( -) BH (14.8) 

iE 1; : 2 

disiamylborane 

The disiamylborane molecule is so large and highly branched that only one equivalent 
can react with a 1-alkyne; addition of a second molecule results in severe van der Waals 
repulsions. In many cases, van der Waals repulsions, or steric effects, interfere with a 
desired reaction; in this case, however, van der Waals repulsions are used to advantage, 
to prevent an undesired second addition from occurring: 

CH3(CH))s H 
_— ( |) a \ i H30, 

' »( 

CH3(CH3)s5 ye 

e—@ => CH. (CH); CGH, _CH=—© (14.9) 
/ \ 

H OH octanal 
(an enol) (an aldehyde; 70% yield) 

Notice from this example that the regioselectivity of alkyne hydroboration is similar to 
that observed in alkene hydroboration (Sec. 5.3B): boron adds to the unbranched carbon 
atom of the triple bond, and hydrogen adds to the branched carbon. 

Because hydroboration-oxidation and mercury-catalyzed hydration give different [xs ‘ 
roducts wh 1- ? Sen CeRRmIT ie p ena alkyne is used as the starting material (why?), these are complementary 

Vin methods for the preparation of aldehydes and ketones in the same sense that hydrobora- 
Functional Group tion-oxidation and oxymercuration-reduction are complementary methods for the prepa- 

Preparations ration of alcohols from alkenes. 

O 
»(-L) on 
2) H,0,/OH- 

> CH;3(CH,);CH;— C—H 

CH3(CH;), —-C=C—H 
O (14.10) 

2+ ne 
| 

H,0, Hg**, Hj0* CH;(CH,);—C—CH; 

Notice that hydroboration-oxidation of a l-alkyne gives an aldehyde; hydration of any 
1-alkyne (other than acetylene itself) gives a ketone. 
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14.13 Compare the results of hydroboration-oxidation and mercuric ion-catalyzed 

hydration for *(a) cyclohexylacetylene and (b) 2-butyne. 

IUCR OO OCOICIICOCCIOCOOOIO OO OOO OOOO OO OOOIOCIOIOIOOIOICOOIOIOOCOOOOOOOOOOIOIOOOOOOOOOEIOCICIOOOIO COMIC crr 

Reduction of Alkynes 
TOOTH HHH eee TEHEEE HEHE EEE EEEEEEEEESEEE EEE OOOO ETOH EEEESESEEEE EEE SESE E ESTEE EEE EEE EEE EEES SESE SEES EEE EEE EEE EEE SESS 

COOP H Hee Hee enema messes esse EEE EEE E HDD H EEE EEEEEESESE TEESE EOE R OSES SHEE EEET EEE SES EEE SEES EE ES ES ESE EEE ESOS ED DD Eeseeeee 

Alkynes, like alkenes (Sec. 4.94), undergo catalytic hydrogenation. The first addition of 

hydrogen yields an alkene; a second addition of hydrogen gives an alkane. 

H, >» R—CH=CH—R —2 
catalyst catalyst 

ee O——= (6; RS=Clely>—— Gil == IR (14.11) 

The utility of catalytic hydrogenation is enhanced considerably by the fact that 

hydrogenation of an alkyne may be stopped at the alkene stage if the reaction mixture 

contains a catalyst poison: a compound that disrupts the action of a catalyst. Among 

the useful catalyst poisons are salts of Pb°*, and certain nitrogen compounds, such as 
pyridine, quinoline, or other amines. These compounds selectively block the hydrogenation 

of alkenes without preventing the hydrogenation of alkynes to alkenes. 

Le SS 

pyridine quinoline 

For example, a Pd/CaCO; catalyst can be washed with Pb(OAc), to give a poisoned 

catalyst known as Lindlar catalyst. In the presence of Lindlar catalyst, an alkyne is 
hydrogenated to the corresponding alkene: 

Ph ye 

2 Wr OO rca ih pa C=C (14.12) 
or Pd/C with U N 

diphenylacetylene De ae. H H 

cis-stilbene 
(87% yield) 

As Eq. 14.12 shows, hydrogenation of alkynes, like hydrogenation of alkenes (Sec. 
7.9E), is a stereoselective syn addition. Thus, in the presence of a poisoned catalyst, 

hydrogenation of appropriate alkynes gives cis-alkenes. In fact, catalytic hydrogenation of 

alkynes is one of the best ways to prepare cis-alkenes. 

In the absence of a catalyst poison, two equivalents of H, are added to the triple 

bond. 

Pd/C 

no poison 
Pha Oh Cay Ph (14.13) 

(95% yield) 

Dhiee O=— CaP haar ls 
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Catalytic hydrogenation of alkynes can therefore be used to prepare alkenes or alkanes, 

respectively, by either including or omitting the catalyst poison. How catalyst poisons 

exert their inhibitory effect on the hydrogenation of alkenes is not well understood. 

HERE e eee meee eee EEE EEE EEE E EEE H HEHE HEHEHE HHH HEHEEE EEE EEEEEE EEE EEEEE® 
&)0)8) Sisje|a\aia/e|a/ala/e\s|0\4)9\0 910 0.0 9.0 010/9'e uieia'a aicinleeisisicecicieie baa uubbeue Sevens es ebeneune sue ausiceseecarnisiceececevevicesesesesevede 

MEE ie 14.14 — Give the principal organic product formed in each of the following reactions. 
g 2 seltine Ree ie ; Lindlar catalyst ee kort J *(a) /CH.CH, CH, C =C(GH, .@He=CH, 2 Hp ae 
"eg cee” 

(b) Same as (a) with no poison ace) C=-CH 
ny Pd/C | + H, 
Pe 

N 
Tipaain tear ee congenic tee) ele \Si#) @\0/e\0 aie eiereieiaa/e{e/ei¢ ei eth) 41e/6/s)¢\a!ais) Win plnia\e/ ie ¥10)4(€ a(d]sinle{e|w'eiia/bisie 6ia:9\4/€\e $19 \0]5 ble.pieip'¢.91els 18a 06 6 wba Bimiole bigin(a’a meh W afeieidia b/e's divlateieidiela 6-eteleinie sist nie ela ietains watelea’elcfaists 

Se 2iC\e.GSicieis ine) sip M\e) 1 9/0' aie, 9'@!0/e 0/616)8is/0/6\0\0)910 16,018 0:6/8/6\n/6)0\0\h 6.0 \6:s w15im(0:016(ai8\Mipla | a)6\8 8 /41e)O B16 \6 181M ale 6 U/W ie 016 ¥1e16\¢1016/0,6/6,514) 9 81d 0/0 bluinelwieiaieie Bieih(@sieivicimatarsletnielate 

Reaction of an alkyne with a solution of an alkali metal (usually sodium) in liquid 
ammonia gives a trans-alkene. 

CH;CH,CH,— C=C— CH,CH,CH; + 2Na + 2NH; —> 

CH;CH,CH, 4H 
\ = 
C=¢€ + 2Nat “NH, (14.14) 
A 

H CH,CH,CH; 

(97% yield) 

The reduction of alkynes with sodium in liquid ammonia is complementary to 
catalytic hydrogenation of alkynes, which is used to prepare cis-alkenes (Sec. 14.6A). 

R—C=cC—R 

; H,/poisoned catalyst 
Na/NH; (Sec. 14.6A) 

R tal R R 

i \ i. 
trans-alkene C—=6 C—=6 cis-alkene (14.15) 

x / 
H R H H 

The stereochemistry of the Na/NH; reduction follows from its mechanism. If sodium 
or other alkali metals are dissolved in pure liquid ammonia, a deep blue solution forms 
that contains electrons complexed to ammonia (solvated electrons) 

Na* + NH; (liq) —— Nat + ¢-(NH;), (14.16) 

solvated electron 

The solvated electron can be thought of as the simplest free radical. Remember that free 
radicals add to triple bonds (Eq. 14.2). The reaction of solvated electrons with alkynes 
begins with addition of an electron to the triple bond. The resulting species is an example 
of a radical anion: a species that has both an unpaired electron and a negative charge. 
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Re C= Coe Rk) <== R--G==C-=n Na” (14.17a) 

a radical anion 

The radical anion is such a strong base that it readily removes a proton from ammonia 

to give a vinylic radical—a radical in which the unpaired electron is associated with one 

carbon of a double bond. The destruction of the radical anion in this manner pulls the 

unfavorable equilibrium in Eq. 14.17a to the right: 

H-CNH, 

we si 
RCO wh = C=O -NH, Na* (14.17b) 

Nat R 

a vinylic radical 

The vinylic radical, like the unshared electron pair of an amine (Sec. 6.10B), rapidly 

undergoes inversion, and the equilibrium between the cis and trans radicals favors the 

trans radical for the same reason that trans-alkenes are more stable than cis-alkenes: 

repulsions between the R groups are reduced. 

R H H : 
\o 7 7] ie qe a 
ete Ae ee ae .S (14.17c) 

R O R 

trans-vinylic radical transition state cis-vinylic radical 
(strongly favored for inversion 
at equilibrium) 

The cis and trans stereoisomers of this radical probably react at about the same rate in 

the subsequent steps of the mechanism. However, since there is much more of the trans 

radical, the ultimate product of the reaction is the one derived from this radical—the 

trans-alkene. 

Two more mechanistic steps give the alkene product. First, the vinylic radical accepts 

an electron to form an anion: 

R H R H 

\ Y \ 
G@ <= G—e (14.17d) 

\ = iN 
R R 

és  Na™ Nat 

solvated 

electron 

This anion is also more basic:than the solvent, and therefore removes a proton from 

ammonia to complete the addition. 
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R H R H 

oy eee 
Na* C= —> C=C = =NHe Na (14.17e) 2 \ 5 

R H R 

H trans-alkene 
Nee (Sie, 

Because ordinary alkenes do not react with the solvated electron (the initial equilib- 

rium analogous to Eq. 14.17a is too unfavorable), the reaction stops at the trans-alkene 

stage. 

14.15 What product is obtained in each case when 3-hexyne is treated in each of the 
PROBLEM following ways? (Hint: The products of the two reactions are stereoisomers.) 

*(a) with sodium in liquid ammonia and the product of that reaction with D5 
over Pd/C 

(b) with H, over Pd/C and quinoline and the product of that reaction with 

D, over Pd/C 

14.7 Acidity of 1-Alkynes 

Hydrocarbons are not usually regarded as acids. Nevertheless it is possible to envision 
the removal of a proton from a hydrocarbon by a very strong base B:7. 

= C —-H Bi a Cee Be (14.18) 
/ 

a carbanion 

In this equation the hydrocarbon acts as a Bronsted acid. Its conjugate base, a species 
with an unshared electron pair and a negative charge on carbon, is a carbon anion, or 
carbanion (see Sec. 8.7B). 

The conjugate base of an alkane, called generally an alkyl anion, has an electron pair 
in an sp° orbital. An example of such an ion is the 2-propanide anion: 

¢) <— sp° orbital 

e 2-propanide anion Pe 
es ON CH; (an alkyl anion) 

CH, 
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Ls 

StuDy GUIDE LINK: 

414.2 

Ammonia, Solvated 

Electrons, and Amide 

Anion 

The conjugate base of an alkene, called generally a vinylic anion, has an electron pair in 

an sp* orbital. An example of this type of carbanion is the 1-propenide anion: 

AE (? <— sp’ orbital 
C= C 1-propenide anion 

i 6 \ (a vinylic anion) 

H H 

The anion derived from the ionization of a 1-alkyne, called generally an acetylenic anion, 

has an electron pair in an sp orbital. An example of this type of anion is the 1-propynide 

anion: 

sp orbital 

| 1-propynide anion 
= (an acetylenic anion) 

CH;,C=C<) 

The approximate acidities of the different types of aliphatic hydrocarbons have been 

measured or estimated: 

i, 
R,G—H C=C =_G=—C—_ (14.19) 

\ 
H 

type of hydrocarbon alkane alkene alkyne 

approximate pK, = 55 42 25 

These data show, first, that carbanions are extremely strong bases (that is, hydrocarbons 
are very weak acids); and second, that alkynes are the most acidic of the aliphatic 

hydrocarbons. 

Alkyl anions and vinylic anions are seldom if ever formed by proton removal from the 

corresponding hydrocarbons; the hydrocarbons are simply not acidic enough. However, 

alkynes are sufficiently acidic that their conjugate-base acetylenic anions can be formed 

with strong bases. One base commonly used for this purpose is sodium amide, or 

sodamide, Na* ~:NH), dissolved in its conjugate acid, liquid ammonia. The amide ion, 

~:NHh, is the conjugate base of ammonia, which, as an acid, has a pK, of about 35. 

Be” sp SINlnk See -:NH, + B—H (14.20) 

KE ="35, ape 
et amide ion 

Because the amide ion is a much stronger base than an acetylenic anion, the equilib- 

rium for removal of the acetylenic proton by amide ion is very favorable: 

e) 

Ree = Ce ee NEL eNotes R-G=@: aha NH, (14.21) 

In fact, the sodium salt of an alkyne can be formed from a 1-alkyne quantitatively with 

NaNH). Since the amide ion is a much weaker base than either a vinylic anion or an 

alkyl anion, these ions cannot be prepared using sodium amide (Problem 14.18). 

The relative acidity of alkynes is also reflected in the method usually used to prepare 

acetylenic Grignard reagents: the reaction of an alkylmagnesium halide with an alkyne. 

(Acetylenic Grignard reagents are reagents of the form R—C==C— MgBr.) 
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CH3;CH,CH,CH, — C=C—H ar CH;CH,— MgBr ar 

CH,CH,CH,CH,— C==C—MgBr + CH;CH,; (14.22) 
an acetylenic Grignard reagent 

SURE 
BH==C==C— H+ "°CH,CH,—Mgbr  ——> H-Ca=C—Mebr + CH.CH, (14.23) 

ethynylmagnesium bromide 

This reaction, called transmetallation, is really another Bronsted acid-base reaction: 

-————— conjugate acid-base pair a | 

BiMe=“CH CH) H--c=c—R —> CHCH, + BiMe™ [C=C (14.24) 

—— conjugate base-acid pair ————! 

This reaction is similar in principle to the reaction of a Grignard reagent with water or 

alcohols (Eq. 8.25). Like all Bronsted acid-base equilibria, this one favors formation of 

the weaker base. The release of ethane gas in the reaction with ethylmagnesium bromide 

makes the reaction irreversible and is also a useful test for 1-alkynes. Alkynes with an 

internal triple bond do not react because they lack an acidic acetylenic hydrogen. 

What is the reason for the relative acidities of the hydrocarbons? Sec. 3.6A discussed 
two important factors that affect the acidity of an acid A—H. These factors are the 
A—H bond strength, and the electronegativity of the group A. Bond dissociation energies 
show that acetylenic C—H bonds are the strongest of all the C—H bonds in the aliphatic 
hydrocarbons: 

| 
=—=(¢— FI = = C—H = —C—H (14.25) 

| 

acetylenic C—H vinylic C—H alkyl C—H 

(548 kJ mol, (460 kJ/mol, (402-418 kJ/mol, 

131 kcal/mol) 110 kcal/mol) 96-100 kcal/mol) 

If bond strength were the major factor controlling hydrocarbon acidity, then alkynes 
would be the least acidic hydrocarbons. Since they are in fact the most acidic hydrocarbons, 
the electronegativities of the carbons themselves must govern acidity. Thus, the relative 
electronegativities of carbon atoms increase in the order sp> < Sp asp 

This trend in electronegativity with hybridization can be explained in the following 
way. The electrons in sp-hybridized orbitals are closer to the nucleus, on the average, 
than sp° electrons, which in turn are closer than sp electrons (Sec. 14.2). In other words, 
electrons in orbitals with larger arnounts of s-character are drawn closer to the nucleus. 
This is a stabilizing effect because the interaction energy between particles of opposite 
charge (electrons and nuclei) decreases as the distance between them decreases (the 
electrostatic law; Eq. 3.40). Thus, the stabilization of unshared electron pairs is in the 
order sp? < sp* < sp. In other words, unshared electron pairs have lower energy when they 
are in orbitals of greater s-character. 
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*14.16 — Each of the following compounds protonates on nitrogen. Draw the conjugate 

acid of each. Rank the compounds in order of their basicities, least basic first, 

and explain your reasoning. 

CH,—CH=NH  CH,;—C=N: CH,— NH, 

A B G 

14.17. Rank the two compounds below in order of their N—H acidities, least acidic 

first. Explain your reasoning. 

CH;—CH=NH  CH;—NH, 

A B 

14.18 (a) Using the pK, values of the hydrocarbons and ammonia, estimate the equi- 

librium constant for *(1) the reaction in Eq. 14.21 and (2) the analogous 

reaction of an alkane with amide ion. (Hint: See Study Problem 3.5, Sec. 

3.4D.) 

*(b) Use your calculation to explain why sodium amide cannot be used to form 

alkyl anions from alkanes. 

CORR eee e eee eee EEE HEHE HEHE HEED EEEEEEE HEHE THEE HOO OEETESEEESEES ESSE SOOO SEEEESESEEE SEEDED HEHE SEH HEEEEEEEEEE EEE EEE EE EE EE EEE EE EEEEEEEEE ES EE EH EEE HEHEHE EEE EEE EES 

eee ewe ee meee eee EERE E eee EE Ee ee eee He HEHEHE EEE SESE EEE E HEHE HHH O HEE EESEEEEEE EEE EEE E HEHEHE EE EEE HEHE EEE E EEE 

Although acetylenic anions are the weakest bases of the simple hydrocarbon anions, they 

are nevertheless strong bases—much stronger, for example, than hydroxide or alkoxides. 

They undergo many of the characteristic reactions of strong bases, such as their reactions 

as nucleophiles in Sy2 reactions with alkyl halides or alkyl sulfonates (Secs. 9.4, 10.3A). 

Thus, acetylenic anions can be used as nucleophiles in Sy2 reactions to prepare other 

alkynes. 

CHIGH,CHLCH.- Br 4 Nat =C==CH ou 

1-bromobutane sodium acetylide 

CH3;CH,CH,CH,— C=CH =F Nat Br~ (14.26) 

1-hexyne 
(64% yield) 

CH3CH,CH»CH,— C==C: Na* + CH,—Br —> 

CEECEH, GE CE @— OC Gre at Nat Bie (14.27) 

The acetylenic anions in these reactions are formed by the reactions of the appropriate 

1-alkynes with NaNH, in liquid ammonia (Sec. 14.7A). The alkyl halides and sulfonates, 

as in most other Sy2 reactions, must be primary or unbranched secondary compounds 

(Why? See Sec. 9.5F.) 
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The reaction of acetylenic anions with alkyl halides or sulfonates is important because 

it is another method of carbon-carbon bond formation. Let’s review the methods covered 

so far: 

1. Cyclopropane formation by addition of carbenes to alkenes (Sec. 9.8) 

2. Reaction of Grignard reagents with ethylene oxide (Sec. 11.4C) 

3. Reaction of acetylenic anions with alkyl halides or sulfonates (this 
section). 

POPP eee eee eee a eases ease essa eases sess EEE EE EEE HEHE EOFS DEES HEE ESE EEE SEES E SESE EEE EEEE EEE EEE EEE EEE EES EEEE EES 

14.19 Give the structures of the products in each of the following reactions. 

*(a) butyl tosylate + Ph—C==C: Nat —~> 

(b) CH,C==C: Nat + CH;CH,—I_ —> 

Cm CH == @—_ Mes ecinyienconces: ——= Eos 

(d) Br—(CH,);—Br + He Naa (excess) ——> 

“14.20 Explain why graduate student Choke Fumely, in attempting to synthesize 4,4- 

dimethyl-2-pentyne using the reaction of CH; —C==C:” Na* with tert-butyl 
bromide, obtained none of the desired product. 

“14.21 Outline two different preparations of 2-pentyne that involve an alkyne and an 
alkyl halide. 

14.22 Suggest another pair of starting materials that could be used to prepare the 
alkyne product of Eq. 14.27. 

14.23 Outline a preparation for each of the following compounds from an alkyne and 
an alkyl halide. 

*(a) 3-heptyne (b) 4,4-dimethyl-2-pentyne (See Problem 14.20.) 
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Organic Synthesis Using Alkynes 

Let's tie together what you’ve learned about alkyne reactions and organic synthesis. The 
solution to the following study problem requires all of the fundamental operations of 
organic synthesis: formation of carbon-carbon bonds, transformation of functional 
groups, and establishment of stereochemistry (Sec. 11.8). 

Notice that this problem stipulates the use of starting materials containing five or 
fewer carbons. This stipulation is made because such compounds are readily available 
from commercial sources and are relatively inexpensive. 
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Outline a synthesis of the following compound from acetylene and any other compounds 

containing no more than five carbons: 

CH3(CH))¢ CH,CH,CH(CH3), 

C=C cis-2-methyl-5-tridecene 

H H 

Solution Working backward, notice the stereochemistry of the target molecule: it is a 

cis-alkene. We've covered only one method of preparing cis-alkenes: hydrogenation of 

alkynes (Sec. 14.6A). This reaction, then, is used in the last step of the synthesis: 

Hy 
Lindlar catalyst 

CHa(CH re © 0 = Gl CILGH( Gre |, 

2-methyl-5-tridecyne 

Claa(CIsly )\s Ded ae 

Ce (14.28a) 

y \ 
H H 

(target molecule) 

The next task is to prepare the alkyne used as the starting material in Eq. 14.28a. Since 

the desired alkyne contains fourteen carbons and the problem stipulates the use of 

compounds with five or fewer carbons, we'll have to use several reactions that form 

carbon-carbon bonds. There are two primary alkyl groups on the triple bond; the order 

in which they are introduced is arbitrary. Let’s introduce the five-carbon fragment on 

the right-hand side of this alkyne in the last step of the alkyne synthesis. This is accom- 

plished by forming the conjugate-base acetylenic anion of 1-nonyne and allowing it to 

react with the appropriate alkyl halide, 1-bromo-3-methylbutane (Sec. 14.7B): 

Br— CH,CH,CH(CHs;)> 

NaNH, 1-bromo-3-methylbutane ss 

NH, (liq) CH3(CH)).>C==C: CH (CH e— C=C 

1-nonyne 

GH. CHs)-— © — @—_ Cl CH Cheha). (14.28b) 

The starting material for this reaction, l-nonyne, is prepared by reaction of 1-bromo- 

heptane with the sodium salt of acetylene itself. 

é 2 - aa 2 > ) ) ACIEI ie Gomer NaNH, é Br—CH,CH,CH;CH,CH,CH,CH; 
NH; (liq) 

(large excess 
relative to NaNH,) 

Tel oe O—— Ole @lel @liy ©lnt Clip Gly Clee (14.28c) 

The large excess of acetylene relative to sodium amide is required to ensure formation 

of the monoanion. If there were more sodium amide than acetylene, some dianion 
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:C=C: could form, and other reactions would occur. (What are they?) Since acetylene 

is cheap and is easily separated from the products (it is a gas), use of a large excess 

presents no practical problem. 

Since the 1-bromoheptane used in Eq. 14.28c has more than five carbons, it must 

be prepared as well. The following sequence of reactions will accomplish this objective. 

(See also Problem 14.24a.) 

O 

H Ps — H,0* GHeGH@L Cc HreH = =p: St. jie 3 

1-bromopentane 

CH,CH,CH,CH,CH,CH.CH;— OH —Be BET CH.CH,CH,CH,CH,CH,CH,— Br (48a) 

1-heptanol 1-bromoheptane 

The synthesis is now complete. To summarize: 

— NaNH, CH;(CH,),Br (Eq. 14.28d) —_ NaNH, 
H@=CH (excess) NE, ig” S$ SESO—— CH;3(CH,)-C=CH NH; (ig? 

ee CaO) CSOT CNOny, Sa C=C 

catalyst H H (14.28e) 

SOIT, 14.24 Outline a synthesis for each of the following compounds from acetylene and 
PROBLEM > any other compounds containing five or fewer carbons. Your synthesis for (a) 

i should be different from that shown in Eq. 14.28d. 

*(a) 1-heptanol (b) O 

As Problem 14.25 on p. 670 illustrates, the chemistry of alkynes can be applied to 
the synthesis of a number of pheromones—chemical substances used in nature for 
communication or signaling. An example of a pheromone is a compound or group of 
compounds that the female of an insect species secretes to signal her readiness for mating. 
The sex attractant of the grape berry moth is such a compound; it is a mixture of cis and 
trans isomers of the following alkene: 

O 
! 

CH3;CH, — CH=CH — CH,CH,CH,CH,CH,CH,CH,CH, —-O—C— CH, 

(96% cis, 4% trans) 
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Pheromones are also used for defense (Fig. 14.6), to mark trails, and for many other 

purposes. It was discovered not long ago that the traditional use of sows in France to 

discover buried truffles owes its success to the fact that truffles contain a steroid that 

happens to be identical to a sex attractant secreted in the saliva of boars during premating 

behavior! 

About three decades ago, scientists became intrigued with the idea that pheromones 

might be used as a species-specific form of insect control. The thinking was that a sex 

attractant, for example, might be used to attract and trap the male of an insect species 

selectively without affecting other insect populations. Alternatively, the males of a species 

might become confused by a blanket of sex attractant and not be able to locate a suitable 

female. When used successfully, this strategy would break the reproductive cycle of the 

insect. The harmful environmental impact of the usual pesticides (for example, DDT) 
stimulated interest in such highly specific methods. 

Research along these lines has shown, unfortunately, that pheromones are not effec- 

tive for broad control of insect populations. They are, however, very useful for trapping 

target insects, thereby providing an early warning for insect infestations. When this 

approach is used, conventional pesticides need be applied only when the target insects 

appear in the traps. This strategy has brought about reductions in the use of conventional 
pesticides by as much as 70% in many parts of the United States. 

Figure 14.6 Example of a pheromone used for defense. A whip scorpion is ejecting its spray toward an append- 
age pinched with forceps. The pattern of the spray is visible on acid-sensitive indicator paper. The 
secretion is 84% acetic acid (CH3CO>H), 5% octanoic acid (CH3(CH>),CO>2H), and 11% water. 
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14.25 In the course of the synthesis of the sex attractant of the grape berry moth, both 

the cis and trans isomers of the following alkene were needed. PROBLEM | 

CH,CH, — CH= CH — CH,CH,CH,CH,CH,CH,CH,CH, — O ie 

*(a) Outline a synthesis for the cis isomer of this alkene from the following alkyl 

halide and any other organic compounds. 

Br e CH,CH,CH,CH,CH,CH,CH,CH, a O ie 

O 

(b) Outline a synthesis of the trans isomer of the same alkene from the same 

alkyl halide and any other organic compounds. 
COSMOTE Eee EEE EE HED e OTe E CELE EEE SESE EESEEEE HOODEO EDO REEL EEE EEEEEO ESE CEOS DEES OO OES ODOR EES ESEOES HEH ES ESE EESESO SOUS ESE EES EES EE EEEEeeeeEsesess 

Occurrence and Use of Alkynes 
POMC e eee erererere sere sees esses en eeeseseeeeserEee ses E eee SESE OES SOOO OOOO E EE OED OSES SESE EES EOS ODEO SEES ESSE EE eEeeeeeeeeeesees 

Naturally occurring alkynes are relatively rare. Alkynes do not occur as constituents of 
petroleum, but instead are synthesized from other compounds. 

Acetylene itself comes from two common sources. Acetylene can be produced by 
heating coke (carbon from coal) with calcium oxide in an electric furnace to yield calcium 
carbide, CaC). 

CO) 6 re, A ae (14.29) 

calcium calcium carbon 
oxide carbide monoxide 

Calcium carbide is an organometallic compound that can be conceptually regarded as 
the calcium salt of the acetylene dianion: 

Cana: € = C : calcium carbide 

Like any other acetylenic anion, calcium carbide reacts vigorously with water to yield the 
hydrocarbon; the calcium oxide by-product of this reaction can be recycled in Eq. 14.29. 

The second process for manufacture of acetylene is the thermal cracking (Sec. 5.7B) 
of ethylene at temperatures above 1200° to give acetylene and H,. (This process is 
thermodynamically unfavorable at lower temperatures.) The choice between the carbide 
process and cracking as the source of acetylene depends on various economic factors. 

The most important general use of acetylene is for a chemical feedstock, as illustrated 
by the following examples: 

He—= Cie Cim oo CH = cHel (14.30) 
acetylene vinyl chloride 

(a monomer used in the manufacture 
of poly(vinyl chloride), PVC) 
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2HC=cH —WHSt. HC=C—CH=CH, > cH,=C—CH=CH, (1431) 

acetylene vinylacetylene (| 

chloroprene 
(can be polymerized to give 
neoprene rubber; Sec. 15.5.) 

Oxygen-acetylene welding is an important use of acetylene, although it accounts for 

a relatively small percentage of acetylene consumption. The acetylene used for this purpose 

is supplied in cylinders, but it is hazardous because, at concentrations of 2.5—80% in air, 

it is explosive. Furthermore, since gaseous acetylene at even moderate pressures is unstable, 

this substance is not sold simply as a compressed gas. Acetylene cylinders contain a 

porous material saturated with a solvent such as acetone. Acetylene is so soluble in acetone 

that most of it actually dissolves. As acetylene gas is drawn off, more of the material 

escapes from solution as the gas is needed—another example of LeChatelier’s principle 

in action! 

Kry IDEAS IN CHAPTER 14 

[\  Alkynes are compounds containing carbon-carbon triple bonds. The 

carbons of the triple bond are sp-hybridized. Electrons in sp orbitals 
are held somewhat closer to the nucleus than those in sp* or sp” 

orbitals. 

l\ The carbon-carbon triple bond in an alkyne consists of one o bond 

and two mutually perpendicular a bonds. The electron density associ- 

ated with the a bonds resides in a cylinder surrounding the triple 

bond. The induced circulation of these 7 electrons in a magnetic field 

causes the unique chemical shifts of acetylenic protons as well as those 

of acetylenic and propargylic carbons observed in NMR spectra. 

[\ The sp hybridization state is less stable than the sp° or sp° state. For 

this reason, alkynes have greater heats of formation than isomeric 

alkenes. 

[\ Alkynes have two general types of reactivity: 

1. addition to the triple bond; 

2. reactions at the acetylenic =C—H bond. 

l\ Useful additions to the triple bond include Hg**-catalyzed hydration, 

hydroboration, catalytic hydrogenation, and reduction with sodium in 

liquid ammonia. 

\ Both hydration and hydroboration-oxidation of alkynes yield enols, 

which spontaneously form the isomeric aldehydes or ketones. 

(continues) 
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[\ Catalytic hydrogenation of alkynes gives cis-alkenes when a poisoned 

catalyst is used. The reduction of alkynes with alkali metals in liquid 

ammonia, a reaction that involves radical-anion intermediates, gives the 

corresponding trans-alkenes. 

{\ 1-Alkynes, with pK, values near 25, are the most acidic of the aliphatic 

hydrocarbons. Acetylenic anions are formed by the reactions of 1- 

alkynes with the strong base sodium amide. In a related reaction, acety- 

lenic Grignard reagents can be formed in the reactions of 1-alkynes 
with alkylmagnesium halides. 

(\  Acetylenic anions are good nucleophiles and react with alkyl halides 

and sulfonates in Sy2 reactions to form new carbon-carbon bonds. 

Fiala “14.26 — Give the principal product(s) expected when 1-hexyne (or the other compounds 
ADDITIONAL | indicated) is treated with each of the following reagents. _ PROBLEMS | cas iii re a) HBr (byl Ha Pd) GC (c) H,, Pd/C, quinoline 

d) product of (c) + O;, then (CH;)5S 

e) product of (c) + BH; in THF, then H,O,/OH™ 

f) Br. (one equivalent) (g) NaNH, in liquid ammonia 
Dirge) HESO. sO 
) Na in liquid ammonia 

) product of (i), then Hg(OAc), in HO, then NaBH, 

14.27 Give the principal product(s), if any, expected when 4-octyne (or the other 
compounds indicated) is treated with each of the reagents in Problem 14.26. 

14.28 In its latest catalog, Blarneystyne, Inc., a chemical company of dubious reputation 
specializing in alkynes, has offered some compounds for sale under the following 
names. Although each name unambiguously specifies a structure, all are incorrect. 
Propose a correct name for each compound. 

*(a) 2-hexyn-4-ol (b) 6-methoxy-1,5-hexadiyne 
*(c) 1-butyn-3-ene (d) 5-hexyne 

14.29 Using only structures containing carbon and hydrogen, draw a structure for 
each of the following compounds. 

*(a)_ a stable alkyne of five carbons containing a ring 
(b) a chiral alkyne of six carbon atoms 

*(c) an alkyne of six carbon atoms that gives the same single product in its 
reaction either with BH; in THF followed by H,0O;/OH~ or with 
H,O/H¢?* /H,0+ 

(d) an alkyne of six carbon atoms that gives the same single product in its 
reaction either with Na in liquid ammonia or with H, over Pd/C in the 
presence of pyridine 

*(e) a six-carbon alkyne that can exist as diastereomers 
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14.30 On the basis of the hybrid orbitals involved in the bonds, arrange the bonds in 

each of the following sets in order of increasing length. 

*(a) C—H bonds of ethylene; C—H bonds of ethane; C— H bonds of acetylene 

(b) C—C single bond of propane; C—C single bond of propyne; C—C single 

bond of propene 

14.31 Rank the anions within each series in order of increasing basicity, lowest first. 

Explain. 

*(a) CH;CH,O:-, HC=C:, :F:- 

(D\EGH.( CH); --@=:, CH. (Cra). CH, CH.(cH )—ei— cH 

14.32 Using simple observations or tests with readily observable results, show how you 

would distinguish between the compounds in each of the following pairs. 

*(a) cis-2-hexene and 1-hexyne (b) 1-hexyne and 2-hexyne 

*(c) 4,4-dimethyl-2-hexyne and 3,3-dimethylhexane 

(d) propyne and 1-decyne 

14.33 Outline a preparation of each of the following compounds from acetylene and 

any other reagents. 

eran) e (b) 1-hexyne 

CH. CH CHCH-. CH CH: 

“(C) ClaKCaxCiIDAC DAC Ayla, (d) 1-hexene 

*(g) cis-2-pentene (h) trans-3-decene 

*(i) meso-4,5-octanediol (j) (Z)-3-hexen-1-ol 

*14.34 Account with a detailed curved-arrow mechanism for the following known reac- 

tion of phenylacetylene. 

NaOD, D,0O (large excess) 

THE 
Pi CSaC==16 Ph C==C—p 

14.35 Give the product of the following sequence of reactions. 

CH, CELGH, CHC == CHa eee 

14.36 Using 1-butyne as the only source of carbon in the products, propose a synthesis 

for each of the following compounds. 

“(a))) GE CH, C= Ga (b) CH3;CH,CD,CD,; 

2(G)e Glan Gla © CO) la (d) 1-methoxybutane 

(Problem 14.36 continues ) 
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*(e) the racemate of (3.R,4S)-CH3;CH,CHCHCH,CH,CH,CH; 

ID) ID 

(f) octane *(g) O 

CH;CH,CH,CCH,CH; 

*14.37 A box labeled “C,H; isomers” contains samples of three compounds, A, B, and 

C. Along with the compounds are the IR spectra of A and B, shown in Fig. 14.7. 

Fragmentary data in a laboratory notebook suggest that the compounds are 1- 

hexyne, 2-hexyne, and 3-methyl-1,4-pentadiene. Identify the three compounds. 

*14.38 You have just been hired by Triple Bond, Inc., a company that specializes in the 

manufacture of alkynes containing five or fewer carbons. The President, Mr. Al 

Kyne, needs an outlet for the company’s products. You have been asked to 

develop a synthesis of the housefly sex pheromone, muscalure, with the stipulation 

that all the carbon in the product must come only from the company’s alkynes. 

The muscalure will then be used in an experimental fly trap. You will be equipped 
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Figure 14.7 IR spectra for Problem 14.37. 
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14.39 

14.40 

with a laboratory containing all the company’s alkynes, requisition forms for 

other reagents, and one gross of flyswatters in case you are successful. Outline 

a preparation of muscalure that meets the company’s needs. 

CH3(CH3)z (CH) )i2CH3 

C—=@ muscalure 

if 
H H 

Outline a preparation of disparlure, a pheromone of the Gypsy moth, from 

acetylene and any other compounds containing not more than five carbon atoms. 

O 

EN 
ow 

CH3(CH2)9°/ \ (CH,),CH(CH;), — disparlure 
H H 

In the preparation of ethynylmagnesium bromide by Eq. 14.23, ethylmagnesium 

bromide is added to a large excess of acetylene in THF solution. Two side- 

reactions that can occur in this procedure are the following: 

1. H—C==C—MgBr + CH,CH;—MgBr —» CH;CH; + BrMg—C==C—MgBr 

2. 2H—C=C—MgBr == H—C=C—H + BrMg—C=C— MgbBr 

14.41 

*(a) Suggest a mechanism for Reaction (1), and explain why an excess of acety- 

lene is important for avoiding this reaction. 

(b) Suggest a mechanism for Reaction (2), and explain why an excess of acety- 

lene is important for avoiding this reaction. 

*(c) Tetrahydrofuran (THF) is used as a solvent because the undesired by- 

product BrMg— C==C— MgBr is relatively soluble in this solvent. Explain 

why it is important for this by-product to be soluble if both side-reactions 

are to be minimized. 

Identify the following compounds from their IR and proton NMR spectra. 

*(a) CoH 90: 

NMR: 6 3.31 (3H, s); 6 2.41 (6H, s); 6 1.43 (1H, s) 

IR: 2110, 3300 cm! (sharp) 

yy (ale(Gx 
liberates a gas when treated with C,H;MgBr 

NMR2.0 2.43: (Let. | =82Hz)-.0 3i4iGHys)s 0 4.10 Che df — 2) Hz) 

IR: 2125, 3300 cm7! 

S(c) CHO: 

NMR in Fig. 14.8, p. 676 

IR: 2100, 3300 cm7! (sharp), superimposed on a broad, strong band at 

3350 cm! 
(d) Cs5H,O (an alkyne): 

NMR: 6 3.10 (1H, d, J = 2 Hz); 5 3.79 (3H, s); 6 4.52 (1H, doublet of 

doublets, J = 6 Hz and 2 Hz); 6 6.38 (1H, d, J = 6 Hz) 
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Figure 14.8 

Chemistry of Alkynes 

500 400 300 

exchanges 
oie D,O 

H, > 8 ZB 6 5 4 3) 2 1 0 6, ppm 

NMR spectrum for Problem 14.41. 

14.42 *(a) Identify the compound C,H,, that shows IR absorptions at 3300 cm7! and 

2100 cm™! and has the following CMR spectrum: 5 27.3, 31.0, 66.7, 92.8. 

(b) Explain how you could distinguish between 1-hexyne and 4-methyl-2- 
pentyne by CMR. 

“14.43 Complete the following reactions using intuition developed from this or previous 
chapters. 

Go CH.CEeCH CH —c=—C_-H 

CH CHCILC 1) 

(Hint: Tertiary silyl halides, unlike tertiary alkyl halides, undergo nucleo- 
philic substitution reactions that are not complicated by competing elimina- 
tion reactions.) 

(b) yl 
i; sa Ae 

O 
CH;(CH,),—C=CH NaNH, a diethyl sulfate pal 

(Hint: See Sec. 10.3C.) 

(¢) li G==CHh + (CH, )-—_ cl 
(1 equivalent) 

(a) Ph Ci=—Ch br uN (a hydrocarbon not 

containing bromine) 
(Hint: See Sec. 9.5.) 

(ce) Ph—C==C—Ph + HCCI, —K“(CHs):Co™ 
(Hint: See Sec. 9.8A.) 
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*14.44 Propose mechanisms for each of the following known transformations; use the 

curved-arrow formalism where possible. 

(a) Ci CH, & 

Ae ees Rees aes, pera ie 

ie ee O 

(b) O 
Peis | 

Ph—C==CH + Br, ——» Ph—C—CH,Br 

(c) O 
+ 

ee Sr CH;CH)MgBr ax HO 

O 

*14.45 An optically active alkyne A has the following elemental analysis: 89.52% C; 

10.48% H. Compound A can be catalytically hydrogenated to butylcyclohexane. 

Treatment of A with C,H;MgBr liberates no gas. Catalytic hydrogenation of A 

over Pd/C in the presence of quinoline, and treatment of the product with Os, 

then H,Os, gives an optically active tricarboxylic acid CgH,20.. (A tricarboxylic 

acid is a compound with three —CO,H groups.) Give the structure of A and 

account for all observations. 

14.46 A compound A (C,Hg) undergoes catalytic hydrogenation over Lindlar catalyst 

to give a compound B, which in turn undergoes ozonolysis followed by workup 

with aqueous H,O, to yield succinic acid and two equivalents of formic acid. 

In the absence of a catalyst poison, hydrogenation of A gives hexane; and reduc- 

tion of A by sodium in liquid ammonia also gives B. Propose a structure for 

compound A. 

1 i i 
HOC GLeGriy— Coll H— GOH 

succinic acid formic acid 

DBHIQHOEADADADOOD OOO OOD ODODCOOOCOOOODOOGL OIC CCUOOOOOUDUOUC CSCC HCO OOUOOUUNO NTU UC UUOOOEOOUCECUCOUOAS SOOO OI ORO SOIC OU IO OOPS GIOIA eS 
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Dienes, 

Resonance, 

and Aromaticity 

ture was discussed along with the nomenclature of other alkenes (Sec. 4.2A). 

Dienes are classified according to the relationship of their double bonds. In 

conjugated dienes, two double bonds are separated by one single bond. These double 

bonds are called conjugated double bonds. 

1) ienes are compounds with two carbon-carbon double bonds. Their nomencla- 

CHs—CH—- CH=CH, 1,3-butadiene 
(a conjugated diene) 

conjugated double bonds 

Cumulenes are compounds in which one carbon participates in two carbon-carbon 

double bonds; these double bonds are called cumulated double bonds. Allene (propa- 

diene) is the simplest cumulene. The term allene is also sometimes used as a family name 

for compounds containing only two cumulated double bonds. 

CH,—=C =CH, allene (propadiene) 

one carbon involved in two double bonds 

Conjugated dienes and allenes have unique structures and chemical properties that 

are the basis for much of the discussion in this chapter. On the other hand, dienes in 

which the double bonds are separated by two or more single bonds have structures and 

chemical properties more or less like those of simple alkenes and do not require special 

discussion. These dienes will be called “ordinary” dienes. 

GHo—CHCH. CECH. CH ==Claly 1,6-heptadiene 

(an ordinary diene) 

679 
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In this chapter you'll see that the interaction of two functional groups within the 

same molecule, in this case, two carbon-carbon double bonds, can result in special 

reactivity. In particular, you'll learn how conjugated double bonds differ in their reactivity 

from ordinary double bonds. This discussion will lead to a consideration of benzene, a 

cyclic hydrocarbon in which the effects of conjugation are particularly dramatic. The 

chemistry of benzene and the effects of conjugation on chemical properties will continue 

as central themes through Chapter 18. 

Structure and Stability of Dienes 

The heats of formation in Table 15.1 provide information about the relative stabilities 

of dienes. The effect of conjugation on the stability of dienes can be deduced from a 

comparison of the heats of formation for trans-1,3-hexadiene, a conjugated diene, and 
trans-1,4-hexadiene, an unconjugated isomer. Notice from the heats of formation that 
the conjugated diene is 19.7 kJ/mol (4.7 kcal/mol) more stable than its unconjugated 
isomer. Since the double bonds in these two compounds have the same number of 
branches and the same stereochemistry, this stabilization of nearly 20 kJ/mol (5 kcal/ 
mol) is due to conjugation. 

There are two reasons for this additional stability. The first is that the carbon-carbon 
single bond between the two double bonds in a conjugated diene is derived from the 
overlap of two carbon sp* orbitals; that is, it is an sp?-sp? single bond. This is a stronger 
bond than the sp*-sp* single bonds in an ordinary alkene or diene. The stronger bond 
gives a conjugated diene greater stability. 

The second reason is that there is overlap of p orbitals across the carbon-carbon 
bond connecting the two alkene units. That is, not only is there 7 bonding within each 
of the alkene units, but between them as well. The additional bonding associated with 
this overlap provides additional stability to the molecule. 

Table 15.1 Heats of Formation of Dienes and Alkynes 

Compound AH; (25°, gas phase) Compound AH (25°, gas phase) 

kJ/mol kcal/mol kJ/mol kcal/mol 

trans-1,3-hexadiene 54,4 13.0 trans-1,3-pentadiene Tall 18.1 
trans-1,4-hexadiene TAM WF 1,4-pentadiene 105 DD 
1-pentyne 144 34.5 1,2-pentadiene 146 34.8 
2-pentyne 129 30.8 2,3-pentadiene 133 31.8 

COODODCOOTCOOOOCUCUIOG A OUOOUCOUC OOO SCID CUOMO TOC OUnCOCOONOOTOOO OOOO A OClor Be erie OO OURO OOO CODD OOOO ODEO CI COOOO OO IO OGUTI DOUG CDOUGAD OREO TO UOUD OSU CHCOBNTeUADES 
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overlap of p orbitals across 
the single bond 

sp?-sp* 
single bond 

1, 3-butadiene 

The length of the carbon-carbon single bond in 1,3-butadiene reflects the hybridiza- 

tion of the orbitals from which it is constructed. At 1.46 A, this sp*-sp* single bond is 

considerably shorter than the sp*-sp’ carbon-carbon single bond in propene (1.50 A), or 

the sp’-sp? carbon-carbon bond in ethane (1.54 A). 

1.34 A 1.34 A 
ee — 

1.46 A 

As the fraction of s character in the component orbitals increases, the length of the bond 

decreases (Secs. 4.1A, 14.2). 

There are two stable conformations of 1,3-butadiene: the transoid, or s-trans confor- 

mation, and the cisoid, or s-cis conformation. (These terms refer to conformation about 

the single bond—thus the s- prefix.) These conformations are related by a 180° rotation 

about the central carbon-carbon single bond. 

— 

s-trans, or transoid, 

conformation 

s-cis, or cisoid, 
conformation (15.1) 

Both conformations are planar, or nearly so. If 1,3-butadiene were not planar, its p 

orbitals could not overlap, and some of the extra stabilization associated with conjugation 
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would be lost. The s-trans conformation of the molecule is approximately 12.5 kJ/mol 

(3 kcal/mol) more stable than the s-cis conformation. The internal rotation that intercon- 

verts these two conformations is very rapid at room temperature. 

Although the s-cis and s-trans conformations of 1,3-butadiene interconvert rap- 

idly, the energy barrier to this interconversion is about 31 kJ/mol (7.5 kcal/mol). 

Suggest a reason why an energy barrier should exist. el RE ea 
“SS eae 

152 (a) Why does the s-cis conformation of 1,3-butadiene have higher energy than 

the s-trans conformation? Use models if necessary. 

(b) It has been suggested that the s-cis conformation may be skewed away from 

planarity by about 15°. Why should this be energetically advantageous to 
the molecule? 

SIGS CO BOO OLE COO COR OCOC DCO O COC OCC C OC OBO OOO CUO OO UC OCOD COC CUO OCCCBOCCCUUOCOOOTOOUCCCIOC OG OOOO COC TO DOCOT ODIO OUCOROUHULCOLOQOOOUDODCOUOIOODOOCEOODOORDOCAGAOC 

The structure of allene is shown in Fig. 15.1. Since the central carbon of allene is bound 
to two groups, the carbon skeleton of this molecule is linear (Sec. 1.3B). A carbon atom 
with 180° bond angles is sp-hybridized (Sec. 14.2). Therefore, the central carbon of allene, 
like the carbons in an alkyne triple bond, is sp-hybridized. The two remaining carbons 
are sp*-hybridized and have trigonal geometry. Notice from Fig. 15.1 that the bond length 
of each cumulated double bond is somewhat less than that of an ordinary alkene double 
bond (see Problem 15.3). 

The two bonding 7 molecular orbitals in allenes are mutually perpendicular, as 
required by the sp hybridization of the central carbon atom (Fig. 15.2). Consequently, 
the H—C—H plane at one end of the allene molecule is perpendicular to the H—C—H 
plane at the other end, as shown by the Newman projection in Fig. 15.1. Note carefully 
the difference in the bonding arrangements in allene and the conjugated diene 1,3- 
butadiene. In the conjugated diene, the 7-electron systems of the two double bonds are 
coplanar and can overlap; all atoms are sp*-hybridized. In contrast, allene contains two 
mutually perpendicular a systems, each spanning two carbons; the central carbon is part 
of both. Because these two 7 systems are perpendicular, they do not overlap. 

H 
H 

se H 

131A ow in ( C C CX------ r H H 

is SS Lia 
ay tt H 

(a) (b) 
Figure 15.1 Structure of allene, the simplest cumulated diene. (a) Lewis structure showing the bond angles and 

bond lengths. (b) A Newman projection along the carbon-carbon double bonds as seen by the eye. 
Notice that the CH) groups at opposite ends of the molecule lie in perpendicular planes. 
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Figure 15.2 Electronic structure of allene. Note that the two 7 orbitals are perpendicular. 

Because of their geometries, some allenes are chiral even though they do not contain 

an asymmetric carbon atom. The following molecule, 2,3-pentadiene, is an example of 

a chiral allene. 

enantiomers 

(Using models if necessary, verify the chirality of 2,3-pentadiene by showing that these 

two structures are not congruent.) Notice that the two sp*-hybridized carbons are stereo- 

centers. Thus, the enantiomers of 2,3-pentadiene differ by an internal rotation about 

either double bond. Since internal rotation about a double bond for all practical purposes 

does not occur, enantiomeric allenes can be isolated. (See Sec. 6.9.) 

The sp hybridization of allenes is reflected in their C=C stretching absorptions in 

the infrared spectrum. This absorption occurs near 1950 cm™', not far from the C==C 

stretching absorption of alkynes. 

The data in Table 15.1 show that allenes have greater heats of formation than other 

types of isomeric dienes. For example, 1,2-pentadiene is considerably less stable than 

1,3-pentadiene or 1,4-pentadiene. Thus, the cumulated arrangement is the least stable 

arrangement of two double bonds. A comparison of the heats of formation of 2-pentyne 

and 2,3-pentadiene shows that allenes are somewhat less stable than isomeric alkynes as 

well. In fact, a common reaction of allenes is isomerization to alkynes. 

Although a few naturally occurring allenes are known, allenes are relatively rare in 

nature. 

ee ee my rea arc etTe ste ceters etarsiareveialoinin sla inielelal love's elslelaleieis/areleisiolaole oislela/siale/eis'ainiels[e/a)e]do/e/ewrie elm iaiaiele e\eieielegieisialsisis\sisieleipre/eyeelclsisisisisisieisieicis °c cle-ecl™ Gioia: aes ia aaa 

215.3 Explain why cumulated double bonds are somewhat shorter than ordinary double 

bonds. 
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*15.4 Explain why there is a larger difference between the heats of formation of trans- 

1,3-pentadiene and 1,4-pentadiene (29.3 kJ/mol or 7.1 kcal/mol) than between 

trans-1,3-hexadiene and trans-1,4-hexadiene (19.7 kJ/mol or 4.7 kcal/mol). 

15:5 (a) Draw the two enantiomers of the following allene. 

CH,CH,CH,CH; 

CH,— CH=C=C 

CO,H 

(b) One enantiomer of this compound has a specific rotation of —30.7°. What 

is the specific rotation of the other? 

Ultraviolet Spectroscopy 

The IR and NMR spectra of conjugated dienes are very similar to the spectra of ordinary 
alkenes. However, another type of spectroscopy can be used to identify organic compounds 
containing conjugated zr-electron systems. In this type of spectroscopy, called ultraviolet- 
visible spectroscopy, the absorption of radiation in the ultraviolet or visible region of 
the spectrum is recorded as a function of wavelength. The part of the ultraviolet spectrum 
of greatest interest to organic chemists is the near ultraviolet (wavelength range 200 X 
10~° to 400 X 107° meter). Visible light, as the name implies, is electromagnetic radiation 
visible to the human eye (wavelengths from 400 X 107° to 750 X 107? meter). Because 
there is acommon physical basis for the absorption of both ultraviolet and visible radiation 
by chemical compounds, both ultraviolet and visible spectroscopy are considered together 
as one type of spectroscopy, often called simply UV spectroscopy. 

A. The UV Spectrum 

Like any other absorption spectrum, the UV spectrum of a substance is the graph of 
radiation absorption by a substance vs. the wavelength of radiation. The instrument used 
to measure a UV spectrum is called a UV spectrometer. Except for the fact that it is 
designed to operate in a different part of the electromagnetic spectrum, it is conceptually 
much like an IR spectrometer (Figs. 12.3 and 12.12). 

A typical UV spectrum, that of 2-methyl-1,3-butadiene (isoprene), is shown in Fig, 
15.3. Since isoprene does not absorb visible light, only the ultraviolet region of the 
spectrum is shown. On the horizontal axis of the UV spectrum is plotted the wavelength 
A of the radiation. In UV spectroscopy, the conventional unit of wavelength is the 
nanometer (abbreviated nm). One nanometer equals 10~? meter. (In older literature, 
the term millimicron, abbreviated my, was used; one millimicron equals one nanometer.) 
The relationship between energy of the electromagnetic radiation and its frequency or 
wavelength should be reviewed again (Sec. 12.1A). 

The vertical axis of a UV spectrum shows the absorbance. (Absorbance is sometimes 
called optical density, abbreviated O. D.) The absorbance is a measure of the amount 
of radiant energy absorbed. Suppose the radiation entering a sample has intensity Ip, and 
the light emerging from the sample has intensity I. The absorbance A is defined as the 
logarithm of the ratio Ip/T: 
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Figure 15.3 Ultraviolet spectrum of isoprene in methanol. The Amax is the wavelength at which the absorption 

maximum occurs. 

A = log (Io/I) (15.2) 

The more radiant energy is absorbed, the larger is the ratio I,/I, and the greater is the 

absorbance. 

re ae oA cere eitotae abet eieiteleisilaisye sstaiseleinalctolio sige = aeeiscrpiesisiewsianaasiseinsseasisicci ccs eis cinsiCclclncc. > cli Sica Acacia ea 

me ; 15.6 What is the energy of light (in kJ/mol or kcal/mol) with a wavelength of 

PROBLEMS. *(a) 450 nm? (b) 250 nm? 

15.7. *(a) What is the absorbance of a sample that transmits one-half of the incident 

radiation intensity? 

(b) What percent of the incident radiation is transmitted by a sample when its 

absorbance is 1.0? Zero? 

*15.8 A thin piece of red glass held up to white light appears brighter to the eye than 

a piece of the same glass that is twice as thick. Which piece has the greater 

absorbance? 

ee tn ech onan crea Taso ten mas eases asain sega sssiiuee ease tebie ees acriice Sugeest sos ste Rss sess ss aoe ool ankee ten Teme 

In the UV spectra used in this text, absorbance increases from bottom to top of the 

spectrum. Therefore, absorption maxima occur as high points or peaks in the spectrum. 

Notice the difference in how UV and IR spectra are presented. (Absorptions in IR spectra 

increase from top to bottom, since IR spectra are conventionally presented as plots of 

transmittance, or percentage of light transmitted.) In the UV spectrum shown in Fig. 

15.3, the absorbance maximum occurs at a wavelength of 222.5 nm. The wavelength at 

the maximum of an absorption peak is called the Amax (read “lambda-max”). Some 

compounds have several absorption peaks and a corresponding number of Amax values. 

Absorption peaks in the UV spectra of compounds in solution are generally quite broad. 

That is, peak widths span a considerable range of wavelength, typically 50 nm or more. 
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UV spectroscopy is frequently used for quantitative analysis because the absorbance 

at a given wavelength depends on the number of molecules in the light path. If a sample 

is contained in a vessel with a thickness along the light path of / cm, and the absorbing 

compound is present at a concentration of c moles per liter, then the absorbance is 

proportional to the product Ic. 

Au ele (15:3) 

This equation is called the Beer-Lambert law or simply Beer’s law. The constant of 

proportionality € is called the molar extinction coefficient or molar absorptivity. 

Although the units of « are M~' cm™|, these units are typically omitted when values of 

€ are cited. Each absorption in a given spectrum has a unique extinction coefficient that 

depends on wavelength, solvent, and temperature. The larger is ¢, the greater is the light 

absorption at a given concentration c and path length /. For example, isoprene (Fig. 15.3) 

has an extinction coefficient at 222.5 nm of 10,750 in methanol solvent at 25 °C; its 

extinction coefficient in alkane solvents is nearly twice as large. 

Extinction coefficients of 10* to 10° are common for molecules with conjugated a- 

electron systems. This means that strong absorptions can be obtained from very dilute 

solutions—solutions with concentrations on the order of 107* to 107° M. Because of its 

intrinsic sensitivity, UV spectroscopy was one of the earliest forms of spectroscopy to be 

used routinely in the laboratory; adequate spectra could be obtained on even the most 
primitive spectrometers. 

Some UV spectra are presented in abbreviated form by citing the A,,ax values of 
their principal peaks, the solvent used, and the extinction coefficients. For example, the 
spectrum in Fig. 15.3 is summarized as follows: 

Ane (CHO) —9)72)5snn (e =" 10.750) 

or Xmax(CH30H) = 222.5 nm (log € = 4.03). 

Conigiees cana chee hrig/ cic ms conse aheucumnelere e e.ele\p/eie/elbisie}s|e\e{e/el€jejs¢{sie\¢|sivlersiacaia/s|e\g/eis\e{e(a\s[4)a\e\es\s|s/e/a(a\s'#\6{0[0{0\e|¢1e\eiele{e/n/a(nlets]e’eieieis/eie)6js\e(niainieiu;e\e(e\elo[alalsla(alajs ale(els(elelsleinreiataisletnei a eiatevetaretataieteiatainiercin ate cictate 

15.9 *(a) From the extinction coefficient of isoprene and its observed absorbance at 
222.5 nm (Fig. 15.3), calculate the concentration of isoprene in moles/liter 
(assume a 1-cm light path). 

(b) From the results of part (a) and Fig. 15.3, calculate the extinction coefficient 
of isoprene at 235 nm. 

Bimota vicheeatcee sue aha eked heed come easiezeisiPlsisieicisia\e)¢iaiete!s/eie\sie)eieloisieleiele\einizieiayalaleleieleie\s{e,cjuis)aiola/eleislele(eie(s\ej sielals)ois\ele)sieleieinjaipiateieialeis\sie/a wieyarnialcie(cie eis(eieie(sieix eleieisteisiaialeiee ceieeeintieenaee 

DDIM GES SIS NERS 6358 '0isiai=)0i9[o)s-siv'ei6ix's) afin! ai6'9)e sie afelnjainis(neixini aia; e:d:a,nin\o/n/9js)ni0i0\n/0.6\n|s\siniu is 4\ 16-6) 6)e'e[a\sin/aie/nip/A Slain a a'e a'aty picid tie eiainiais(areceie aarcie nea 

What determines whether an organic compound will absorb UV or visible radiation? 
Ultraviolet and/or visible radiation is absorbed by the 7 electrons and, in some cases, by 
the unshared electron pairs in organic compounds. For this reason, UV and visible spectra 
are sometimes called electronic spectra. (The electrons of o bonds absorb at much lower 
wavelengths, in- the far ultraviolet.) Absorptions by compounds containing only single 
bonds and unshared electron pairs are generally quite weak (that is, their extinction 
coefficients are small). However, intense absorption of UV radiation occurs when a 
compound contains 7 electrons. Extinction coefficients in such cases are in the range 
10* to 10°. The simplest hydrocarbon containing 7 electrons, ethylene, absorbs UV 
radiation at Amax = 165 nm (€ = 15,000). Although this is a strong absorption, the » max 



1572 Ultraviolet Spectroscopy 687 

of ethylene and other simple alkenes is below the usual working range of most conven- 

tional UV spectrometers; the lower end of this range is about 200 nm. However, molecules 

with conjugated double or triple bonds (for example, isoprene, Fig. 15.3), have Amax values 

greater than 200 nm. Therefore, UV spectroscopy is especially useful for the diagnosis of 

conjugated double or triple bonds. 

CH,=CHCH,CH,CH= CH, double bonds not conjugated; 

NO Amax above 200 nm 

lieapal 
HC. 0 G conjugated double bonds; this compound 

ip Sy 
C C CH; has a Amax above 200 nm: 

I I Ne 2 tl (epee ve 200) 

The structural feature of a molecule responsible for its UV or visible absorption is 

called a chromophore. Thus, the chromophore in isoprene (Fig. 15.3) is the system of 

conjugated double bonds. Because many important compounds do not contain conjugated 

double bonds or other chromophores, UV spectroscopy, compared to NMR and IR 

spectroscopy, has limited utility in structure determination. However, the technique is 

widely used for quantitative analysis in both chemistry and biology; and, when compounds 

do contain conjugated multiple bonds, the UV spectrum can be an important element 

in a structure proof. 

The physical phenomenon responsible for the absorption of energy in the UV spec- 

troscopy experiment can be understood from a consideration of what happens when 

ethylene absorbs UV radiation at 165 nm. The zr-electron structure of ethylene is shown 

in Fig. 4.6, Chapter 4. In the normal state of the ethylene molecule, called the ground 

state, the two 7 electrons occupy a bonding 7 molecular orbital (Fig. 15.4). When ethylene 

absorbs energy from light, one 77 electron is elevated from this bonding molecular orbital 

to the antibonding or 7* molecular orbital. This means that the electron assumes the 

more energetic wave motion characteristic of the a* orbital, which includes a node 

between the two carbon atoms. The resulting state of the ethylene molecule, in which 

there is one electron in each molecular orbital, is called an excited state. To a useful 

Figure 15.4 

TT cemmmmmn a cee: antibonding 
molecular orbital 

UV light 

energy = AE 

pit lil nla et aes SE A bonding 
molecular orbital 

ground state excited state 

Absorption of UV light by ethylene causes an electron (color) in the bonding m molecular orbital to 

be promoted to the antibonding ™* molecular orbital. 
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approximation, the energy required for this absorption must match the difference in 

energy between the a and 7™* orbitals (Fig. 15.4). The 165-nm absorption of ethylene is 

called for this reason a 7 —~ 7* transition (read “pi to pi star”). The UV absorptions 

of conjugated alkenes are also due to 7 —~ 7”* transitions. However, their absorptions 

occur at higher wavelengths (lower energies) because the energy separation between the 

qm and 7* orbitals is smaller. 

ks ae 

Fi Pa 15.10 Estimate the energy difference between the 7 and 7* molecular orbitals involved 

_ PROBLEM in the UV absorption of *(a) isoprene (Fig. 15.3); (b) ethylene. (Hint: Use Eq. 
i 123. 
eer eee 

When UV spectroscopy is used to determine chemical structure, the most important 
aspect of a spectrum is the Ajax values. The structural feature of a compound that is 
most important in determining the A;ax is the number of consecutive conjugated double 
(or triple) bonds. The longer the conjugated 7-electron system (that is, the more consecutive 
conjugated multiple bonds), the higher the wavelength of the absorption. Table 15.2 gives 
the Ajax Values for a series of conjugated alkenes. Notice that Aja, (as well as the extinction 
coefficient) increases with increasing number of conjugated double bonds; each additional 
conjugated double bond increases Ama, by 30-50 nm. Molecules that contain many 
conjugated double bonds, such as the last one in Table 15.2, generally have several 
absorption peaks. The Ajax usually quoted for such compounds is the one at highest 
wavelength. 

If a compound has enough double bonds in conjugation, one or more of its Ama 
values will be large enough to fall within the visible region of the electromagnetic spectrum, 
and the compound will appear colored. An example of a conjugated alkene that absorbs 
visible light is B-carotene, which is found in carrots and is known to be a biological 
precursor of vitamin A: 

Table 15.2 Ultraviolet Absorptions for 

Ethylene and Conjugated Alkenes 

Alkene Amax» mM € 

ethylene 165 15,000 

ZZ 217 21,000 

PAL 268 34,600 

ian a LE Zan LE a 364 138,000 
OS OCUCRUUOUC OOOO OOOO COMO OOOO OOU OOO CHOADOCAG CLC 90/6 \0\0\uje\eieie)e'e oie eiaje ese 0/0:010 c/e\eeeisieiviele bia vc sivieeceecece 



B-carotene 

Because of the large number of double bonds in f-carotene, its absorption, which occurs 

between 400 and 500 nm, is in the visible (blue-green) part of the electromagnetic 

spectrum. Thus, when a sample of B-carotene is exposed to white light, blue-green light 

is absorbed, and the eye perceives the light that is unabsorbed, which is red-orange. In 

fact, B-carotene is responsible for the orange color of carrots. 

Because the human eye can detect visible light, it is not surprising that there are, 

within the eye, organic compounds that absorb light in the visible region of the spectrum. 

In fact, light absorption by a pigment, rhodopsin, in the rod cells of the eye (as well as a 

related pigment in the cone cells) is what triggers the series of physiological events 

associated with vision. The chromophore in rhodopsin is its group of six conjugated 

double bonds (color in the following structure): 

CH; 
H;C CH; 

= eS 

GH: ae CH; rhodopsin 
(visual purple) 

CH 

\G 
NH 

x 

protein 

Although the number of double or triple bonds in conjugation is the most important 

thing that determines the Amax of an organic compound, other factors are involved. One 

is the conformation of a diene unit about its central single bond, that is, whether the diene 

‘s an s-cis or s-trans conformation (Sec. 15.1A). Noncyclic dienes generally assume the 

lower energy s-trans, or transoid, conformation. However, dienes that are locked into 

s-cis, or cisoid, conformations have higher values of Amax and lower extinction coefficients 

than comparably substituted s-trans compounds: 

H H 

H;C ¢ CG = 
if oS 7 LS “¥ ZA SS 

/ 

Ge wemicae eer, i 

| | Z 
H H 

Primarily s-trans constrained by ring to s-cis constrained by ring to s-cis 

reeve= ZT aan) cre = ZI iain Nreppre = LoS) iain 

(€ = 14,200) (e = 8000) (€ = 3400) 
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A third variable that affects A,,,, in a less dramatic but yet predictable way is the 

presence of substituent groups on the double bond. For example, each alkyl group on a 

conjugated double bond adds about 5 nm to the A, of a conjugated alkene. Thus, the 

two methyl groups of 2,3-dimethyl-1,3-butadiene add (2 X 5) = 10 nm to the Aax of 

1,3-butadiene, which is 217 nm (Table 15.2). The predicted Aax is (217 + 10) = 227 

nm; the observed value is 226 nm. 

CH, one alkyl group +5nm 

-~ ~CH, <—— basic diene unit 217 nm 
ie Ey Oa a : 

CH, one alkyl group +5 nm 

227 nm _ predicted 
2, 3-dimethyl-1, 3-butadiene 226nm _ observed 

Although other structural features affect the Ama, of a conjugated alkene, the two 

most important points to remember are: 

1. The Ajax is greater for compounds containing more conjugated double 
bonds. 

2. The Amax 1s affected by substituents, conformation, and other structural 

characteristics of the conjugated 7r-electron system. 

15.11 Predict Amax for the UV absorption of each of the following compounds. 

*(a) Gch. ; 

[ C C GH 
Citas So oe 

H H 

PROBLEM 

DBO DOCICTIOOIC EG OCA GT COU COOOOOCOOCUCOO OOOO UCO COON OOO UOCI HOMO DOCOCONOCUFOOCOSOOGOb Soo bop oaSsDAGase 

8) 8\6\0\@ 010\n[e;0/0:0\sie 0.0 /)@ieie)s\s\0\0\0'8 10 0/0:0:0 010 « 8e.0\n/0 010 6101016 o's cleie't esininisiuisipecece 

Conjugated dienes undergo several unique reactions. One of these was discovered in 
1928, when Otto Diels and Kurt Alder showed that many conjugated dienes undergo 
addition reactions with certain alkenes or alkynes. The following reaction is typical: 



c= 

Srupy GUIDE LINK: 

V15.1 

A Terminology 
Review 
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O 

| 
H. Oh He COCK, 

Cc C 150° 

| w | 
(15.4) 

( G =< 
Ho ere © «(§COCH: ae 

diene I 
(84% yield) 

dienophile 

This type of reaction between a conjugated diene and an alkene is called the Diels-Alder 

reaction. For their extensive work on this reaction Diels and Alder shared the 1950 Nobel 

Prize in chemistry. 

When used in a Diels-Alder reaction, the conjugated diene is referred to simply as 

the diene, and the alkene with which it reacts as the dienophile (literally, “diene-loving 

molecule”). The Diels-Alder reaction is an example of a cycloaddition reaction—an 

addition reaction that results in the formation of a ring. Indeed, the Diels-Alder reaction 

is an important way of making rings, as the example in Eq. 15.4 illustrates. 

Mechanistically, the Diels-Alder reaction occurs in a single step involving a cyclic 

flow of electrons. The curved arrows for this mechanism can be drawn in either a clockwise 

or counterclockwise direction. 

CH H CH H CH) / 
2 ZA 2 

NS ct ee XC errs 
by na or | = I at | | (15.5) 

SS SS a 

A concerted reaction that involves a cyclic flow of electrons is called a pericyclic reaction. 

The Diels-Alder reaction is a pericyclic reaction, as is hydroboration of alkenes (Sec. 

5.3B). However, hydroboration is not a cycloaddition, because no ring is formed. 

Some of the dienophiles that react most rapidly in the Diels-Alder reaction, as in 

Eq. 15.4, bear substituent groups such as esters (CO. R), nitriles (— —=N) or certam 

other unsaturated, electronegative groups. However, these substituents are not strictly 

necessary, as the reactions of many other alkenes can be promoted by heat or pressure. 

Some alkynes can also serve as dienophiles. 

CH; eens CH, 

CO,CH3 

Fee 140-150° o I sep eee (15.6) 

| CO,CH; 

CO,CH; 

When the diene is cyclic, bicyclic products are obtained in the Diels-Alder reac- 

tion. In fact, this reaction is one of the best ways to prepare certain bicyclic compounds 

(Sec. 7.6). 
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different representations of the bicyclic product 

The Diels-Alder reaction is an example of a 1,4-addition or conjugate addition. In 

such a reaction, addition occurs across the outer carbons of the diene. (Note that the 

1,4-terminology indicates the relative locations of the carbons involved in the addition; it 

has nothing to do with the numbering of the diene used in its substitutive nomenclature.) 

| oy 1 

Oe ee ee eee 

| 7 == “diene and dienophile 

a I I Le joined at Cl and C4 of diene (15.8) 

pea con emia ren 
| /i\ 

Conjugate addition is a characteristic type of reaction of conjugated dienes. 

PTS COO BOO UGO COD OOO OOCOCOOCIO SO OOOO OOUOCIU COO COO COO OOO UOUUOUOOUOCOC ODO DODO OUCCOUUDODOUOOOCUOCOION OOOO DH OOCDODOOODOAOOUE DOOODOBOn COR COOEO noo banoEerHS 

Give the structure of the diene and dienophile that would react in a Diels-Alder reaction 
to give the following product: 

CO,CH; 

le CO,CH; 

Solution In the product of a Diels-Alder reaction, the two carbons of the double bond 
and the two adjacent carbons originate from the diene. These carbons are numbered 1 
through 4 in the following structure: 

The two new single bonds formed in the reaction connect carbons 1 and 4 of the diene 
to the carbons of the dienophile double bond, which (because they are part of the same 
double bond) must be adjacent. This analysis reveals two possibilities, A and B, for the 
bonds formed in the Diels-Alder reaction: 
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dienophile new bonds new bonds 

carbons <= 

dienophile carbons 

B 

Because the product is bicyclic, the diene in either case is a cyclic diene. The double bonds 

in the diene are between carbons 1 and 2 and carbons 3 and 4. Thus, to derive the 

starting materials in each case, (1) disconnect the bonds between carbons 1 and 4 and 

their adjacent dienophile carbons; (2) complete the diene structure by eliminating the 

double bond between carbons 2 and 3 and adding the C1-C2 and C3—C4 double bonds; 

and (3) complete the dienophile structure by adding the double bond between its carbons. 

Thus, the starting materials for possibilities A and B are as follows: 

Possibility A: Possibility B: 

H—_y 
wa dienophile 

Tf eee 
’ CO,CH; CO,CH; . . 

7 diene diene I CO,CH dienophile 

: CO,CH; Ae cer 

or or 

CO,CH; H3CO,C_ _©O2CH3 
Ce 

CO,CH; = CH,—CH), () ae \ 

dienophile CH 

diene diene dienophile 

In principle, either combination A or B could serve as the starting materials in a Diels- 

Alder reaction. Recall, however, that dienophiles with ester groups (or other electronega- 

tive groups) react faster than those without such groups. Hence, the reactants in B would 

be preferred. 

GO Oe, 15.12 What products are formed in the Diels-Alder reactions of the following dienes 

and dienophiles? 

*(a) CO,CH; 
\ i 

and ACSC 

\ 
CO;CH; 

(Problem 15.12 continues ) 
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(b) 1,3-butadiene and ethylene 

15.13 Give the diene and dienophile that would react in a Diels-Alder reaction to give 

each of the following products. 

15.14 *(a) Explain why two constitutional isomers are formed in the following Diels- 

Alder reaction: 

H3C ZA CO,C,Hs 

“S CO,C3H; 

(84% of product) (16% of product) 

(54% total yield) 

(b) What two constitutional isomers could be formed in the following Diels- 

Alder reaction? 

H3C CH30,C 

+ =o 

b. Effect of Diene Conformation 

on the Diels-Alder Reaction 

Figure 15.5 shows a diagram of the Diels-Alder transition state, that is, the way in which 
the diene and the dienophile are believed to be oriented as they react. This diagram 
implies that the diene component is in the s-cis, or cisoid, conformation. The experimental 
evidence supporting this view is that dienes “locked” into s-trans, or transoid, conforma- 
tions are unreactive in Diels-Alder reactions: 

CO O 
“locked” s-trans dienes; 

unreactive in Diels-Alder reactions 

Conversely, dienes “locked” into s-cis conformations are unusually reactive and in many 
cases are much more reactive than corresponding noncyclic dienes: 

BO ea « 
“locked” s-cis dienes; 

all reactive in the Diels-Alder reaction 
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1,3-butadiene in 
s-cis conformation 

ethylene 

formation of new o bonds 

Figure 15.5 Transition state for the Diels-Alder reaction, shown with 1,3-butadiene as the diene and ethylene as 

the dienophile. Notice that the diene is in an s-cis, or cisoid, conformation, and that the two mole- 

cules approach in parallel planes so that the p orbitals of the alkene can overlap with the p orbitals 

on carbons 1 and 4 of the diene to become the new o bonds. 

For example, 1,3-cyclopentadiene, which is locked in an s-cis conformation, reacts with 

typical dienophiles hundreds of times as rapidly as 1,3-butadiene, which exists primarily 

in an s-trans conformation. 

This same effect of conformation can be observed in some noncyclic dienes. Thus, 

the trans isomer of 1,3-pentadiene reacts about 12,600 times as rapidly as the cis isomer 

with tetracyanoethylene (TCNE), a very reactive dienophile: 

ee 

CH, Gus I CH; 
ch cn iN 

H ™ a ~H TCNE CN 
Seee 

Sa As! Sal CN 

CN 

H isl 

s-trans, or transoid, conformation _ s-cts, or cisoid, conformation 

S trans-1,3-pentadiene | 

~ reactive-with TCNE (15.9a) 
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lal H 

H3C = a CH, 
<> ——Vainaen vyaals 

SUH Ss repulsion 

H H 

s-trans, or transoid, conformation — s-cis, or cisoid, conformation 

| cis-1,3-pentadiene | 
much less reactive with TCNE (15.9b) 

The cisoid conformation of the cis-diene is destabilized by a severe van der Waals repulsion 

between the methyl group and a diene hydrogen. The transition states for the Diels-Alder 

reactions of this diene, which require a cisoid conformation, are destabilized by the same 

effect. Consequently, the Diels-Alder reactions of the cis-diene are much slower than the 

corresponding reactions of the trans-diene, which does not have the destabilizing repulsion 

in its cisoid conformation. 

#)S)0|0]@)0\4)0)2/e\e/e)e/e)a;s)s |=) a\s/s)0\n/0\0\8\0/0/0:6.0/8\0 6\0\e(4\a\e/a\u\e)e\s/6)n]6/6(0|p|010'6/916101610)6 16 6)n)0|n\a\a 01n\0\ 6-6 «\6\0|8\4]0/019101019|01816\01010,0\0 0.0 0.0 Bisiu\e/u\a\n\n\e\0'p 6.0 8 A.81610/61010\0 016 6 0\0\b clu vw 0.0 we ie)o a\b a ole \aleieiels\eieieie viele éibieie ele ele 

*15.15 A mixture of 0.1 mole of (2E,4E)-2,4-hexadiene and 0.1 mole of (2E,4Z)-2,4- 

hexadiene was allowed to react with 0.1 mole of TCNE. After the reaction, the 

unreacted diene was found to consist of only one of the starting 2,4-hexadiene 
isomers. Which isomer did not react? Explain. 

15.16 Complete the following Diels-Alder reaction. 

O 

| 
ee pila — CH= C=OcH ae 
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When a diene and dienophile react in a Diels-Alder reaction, they approach each other 
in parallel planes (Fig. 15.5). This type of approach allows the zr-electron clouds of the 
two components to overlap and form the bonds of the product. According to this picture, 
the diene undergoes a syn addition to the dienophile; likewise the dienophile undergoes 
a 1,4-syn addition to the diene. Each component adds to the other at one face. 

The syn addition to the dienophile is illustrated by the following reactions. Groups 
that are cis in the alkene starting material are also cis in the product. 

H CO5CH: H 
ae CO,cH LE @ Se as . p) 3 in| 

a xs | ae cis (15.10a) 
C ea ae 

we H corer fe Uenons 
cis-alkene (68% yield) 
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H 
cae ak a CO>CHs = 

a 150—160° i ; 

us | a arry etme 
trans (15.10b) 

Pe Ne “H 
CH30,C H CO,CH; 

trans-alkene (84% yield) 

This is, of course, the same stereochemical result observed in other syn additions, such 

as hydroboration and catalytic hydrogenation (Sec. 7.9). 

Syn addition to the diene is apparent if the terminal carbons of the diene unit are 

stereocenters. To assist in the analysis of stereochemistry, let’s classify the substituents at 

the terminal carbons as inner or outer substituents: 

R! 

| 
BIS ON 

C R? 
outer substituents | ee inner substituents 

C Rt 
rice we 

R? 

A syn addition requires that in the Diels-Alder product, the two inner substituents always 

have a cis relationship; the two outer substituents are also cis; and an inner substituent 

on one carbon is always trans to an outer substituent on the other. The following reactions 

of the stereoisomeric 2,4-hexadienes with the dienophile maleic anhydride demonstrate 

these points. 

CH; O 

Qe H a | O ether 2 

SULH AD AON Np 

CH; 0 

(Sey) 

: maleic (2E,4E)-2,4-hexadiene anhydride 

CH; O 

a hE 15 hr 

Be Oo on ay 
4 O 

(2E,4Z)-2,4-hexadiene 

Notice, in Eq. 15.11, that the methyl groups in the diene are both outer substituents, and 

they are cis in the product. In Eq. 15.12, one methyl group in the diene is outer and the 

other is inner; consequently, they are trans in the product. 

One further point of stereochemistry in the Diels-Alder reaction becomes important 

when both the terminal carbons of the diene unit and the carbons of the dienophile 
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double bond are stereocenters. For a given diene and dienophile, two diastereomeric syn- 

addition products are possible. Each dienophile substituent can be either cis or trans 

to each diene substituent. The two possible syn-addition products arise from the two 

distinguishable orientations of the dienophile relative to the diene. The most common 

situation of this type, illustrated by Eqs. 15.13a and b, involves dienophiles that are cis 

alkenes. 

R! 

i R 

aos (15.13a) 
"B? 

R! 

diene and dienophile endo product 
in parallel planes (as viewed by eye at left) 

R! 

: R2 

— (15.13b) 

R2 

R! 

diene and dienophile exo product 
in parallel planes (as viewed by eye at left) 

In such cases, the stereochemical configurations of the two possible diastereomeric prod- 
ucts are abbreviated with the terms endo and exo, respectively. In the endo product, the 
dienophile substituents (R’) are cis to the outer diene substituents (R!); in the exo product, 
they are trans. Although exceptions occur, the endo product in many cases is the major 
one, particularly when cyclic dienes such as 1,3-cyclopentadiene are used. 

+ 

H l COsCH: 

COTE: H 

endo product exo product 
(76%) (24%) (15.14) 

15.17 Give the products formed when each of the following pairs reacts in a Diels- 
Alder reaction; show the relative stereochemistry of the substituent groups where 
appropriate. 
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ai(a) OAc 

CO;CH; O 
2 f | 

+ H,C=C (—OAc = acetoxy = —O—C—CHs) 

Ss 
CO,CH; 

OAc 

(b) *(e) 
CN CN 

aa \ / 
+ C=C HG C-— (CO7Cha 

OCH; y ‘ 
CN CN 

15.18 Give the structures of the starting materials that would yield each of the com- 

pounds below in Diels-Alder reactions. Pay careful attention to stereochemistry, 

where appropriate. 

*(a) OCH; (b) OCH; 
; CO,CH; CO,CH; 

cy CO,CH; 

CH; 

OCH; 

*(c) (d) 
H H 

// CN // H 

CH; | 

*15.19 In Eq. 15.11, the stereochemistry at the ring fusion is not specified. Show this 

stereochemistry, assuming that the Diels-Alder reaction gives the endo product. 

Conjugated dienes, like ordinary alkenes (Sec. 4.7), react with hydrogen halides; however, 

conjugated dienes give two types of addition products: 

CH;—CH=CH—CH=CH—CH, + HBr —“> 

Sale pid aie imscert, o ete a Se ental. oes rye de 

| 
Hee BE H Br 

1,2-addition product 1,4-addition product 

(~65%) (23520) (15.15) 
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The major product is a 1,2-addition product, so called because it results from the addition 

of HBr at adjacent carbons. The minor product results from 1,4-addition, or conjugate 

addition, because the hydrogen and bromine add to carbons that have a 1,4-relationship. 

(Note again that the terms 1,2-addition and 1,4-addition have nothing to do with system- 

atic nomenclature. ) 

The 1,2-addition reaction is analogous to the reaction of HBr with an ordinary 

alkene. But how can we account for the conjugate-addition product? As in HBr addition 
to ordinary alkenes, the first mechanistic step is protonation of a double bond. Protonation 

of the diene in Eg. 15.15 at either of the equivalent carbons 2 or 5 gives the following 

carbocation: 

CH;— CH=CH —_ CH =CH—Ch, — > 

H—Br: 
~~ 

+ 

CH CH=CH CN CH cree CH ch co Cn Cr arr 
| | 
H f H 

*Bre- (15.16) 

The resonance structures for this carbocation show that the positive charge in this ion 

is not localized, but is instead shared by two different carbons. Two constitutional isomers 

are formed in Eq. 15.15 because the bromide ion can attack either of the electron-deficient 
carbons: 

+ + 
cH CH,—CH—CH=CH—CH,; <— CH;—CH,—CH=CH—CH— cx, | 

Plane 

GCE m CH=CH— CH; + CH;—CH,—CH=CH—CH— CH; 
| 

‘Br: ‘Br: (15.17) 

What would happen if the starting diene were protonated at carbon-3? A different 
carbocation would be formed, and it would be attacked by bromide ion to give an alkyl 
halide that is different from those obtained experimentally: 

4 

CH; _CH==CH— CH=CH — CH, > CH, —CH=— CH— CH= CH—_CH, “=> 

\ me 
n= Bri pleat 

We ve 
“~~, 

pa am ee 

:Br: 

(not formed) (15.18) 

Because this product is not formed, protonation at carbon-3 apparently does not occur. 
The reason for the regioselectivity of this reaction is explored in the following section. 
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B. Allylic Carbocations 

Recall that the regioselectivity of HBr addition is determined by the stability of the 

carbocation intermediate (Sec. 4.7C). This means, then, that the carbocation in Eq. 15.16 

is more stable than the carbocation in Eq. 15.18. 

+ + 

[CH,—CH,—CH—CH=CH—CH;, <> CH;—CH, CH=CH—CH—CH;] more stable 
carbocation 

+ 

CH,— CH—CH,— CH=CH — CH; __less stable carbocation 

At first sight, it may seem surprising that these two carbocations have significantly different 

stabilities; after all, both are secondary. The difference in the two carbocations lies in the 

location of the electron-deficient carbon with respect to the double bond. In the more stable 

carbocation, the electron-deficient carbon is adjacent to the double bond; in the less stable 

cation, the electron-deficient carbon is farther from the double bond. The more stable 

carbocation is an allylic carbocation. 

Se heat 
Sai has an allylic carbocation 

y, 

The word allylic is a generic term applied to any functional group at a carbon 

adjacent to a double bond. 

H <— allylic hydrogen 

Soul le es: 
C=C— C— Br <— allylic bromine C=C—C <— allylic carbocation 

i 

Allylic carbocations are more stable than comparably substituted nonallylic alkyl carbo- 

cations. Where does the stability of allylic carbocations fit into the overall stabilities of 

carbocations? Roughly speaking, an allylic carbocation is about as stable as a nonallylic 

alkyl carbocation with one additional alkyl substituent. Thus, a secondary allylic carbocat- 

ion is about as stable as a tertiary nonallylic one. To summarize: 

Stability of carbocations: 

— increasing stability > 

R R 

+ + + + \ g/ 

R—CH, < R—CH—R < R—CH=CH—CH—R © Re Gu Cee (15.19) 

primary secondary secondary tertiary \ 

alkyl alkyl allylic alkyl R R 
tertiary allylic 

The reason for the unusual stability of allylic carbocations lies in their electronic 

structures, shown in Fig. 15.6. The electron-deficient carbon and the carbons of the 

double bond are all sp?-hybridized; each carbon has a p orbital. The overlap of these p 

orbitals provides additional bonding in allylic cations, and hence, additional stability. This 

means that both the positive charge and the double-bond character are delocalized. Because 
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Figure 15.6 

Dienes, Resonance, and Aromaticity 

Overlap of p orbitals in the allyl cation, the simplest allylic carbocation. Notice that the carbons on 
the ends are equivalent, as implied by the resonance structures in Eq. 15.20. Both the positive charge 
and the w electrons are delocalized. 

So iy 

_ PROBLEMS ~ 

BRR eee meee eee eaaanne 

this delocalization is not adequately shown by a single Lewis structure, allylic cations are 

represented as resonance hybrids: 

ces d <— ecm’ | (15.20) 
/ |e. Me A ek 

Recall that molecules which are resonance hybrids are more stable than any of their 
individual contributing structures; such molecules are said to be resonance stabilized (Sec. 
1.4). The relationship between resonance structures and bonding in allylic carbocations 
shows why resonance hybrids are more stable. Resonance hybrids have additional bonding 
associated with electron delocalization; this additional bonding is a stabilizing effect. 

oja\njejejele}aje\e\n/e\8ie\e\¢i¢'¢ie/@\8]e\e'sie/e.u:e'e\e'e\s €ipi¢.0|6\6)0/6 6/614/6'0\0)e\6:\0,6\0 0/0(0)s\n/0/0/8\0)916 e186 ¢,0,0\0 0:0 \vs\n/n\ n'a a/a\ (9 0'0\0.0(0)¢/w\0\0 ou v/u'nieln\eie vie 00 S-aisiesic.u.c,a)a.njclale.e sip eibieleiele alae 

15.20 Predict the products of each of the following reactions, and give the mechanisms 
for their formation. 

*(a) 3-chloro-1-methylcyclohexene + C,H;0H —~> (an Syl solvolysis) 
(b) 1,3-butadiene + HC] —~> 

15.21 Suggest a mechanism for each of the following reactions that accounts for both 
products. 

*(a) (Ca, 5C— CH CH=CH. H,O/acetone 

Cl 

OH OH 

(by) CH, — CH— Ch — Ci) OH = conc. HBr tone 

Chea Ghl——@lr CH,—Br + Cle —Clal CH=CH, + H,O 

(84%) | 
Br 

Pee errr ererccsecscecee ress seeeeccscceseeeeeveccceceseeore BPS aseinialeelsieicizialsie'6)ei#ieieieis eieicieieeiete.s, eis)siaisiejeleleieiste\x(e\1e(aiaie:e'ein\s{s(elvial elon s/els{e aiaieiarelsieinvelaielersisiniaieisrteieisiciateteteie eisterete eee ete 
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©. Kinetic and Thermodynamic Control 

When a conjugated diene reacts with a hydrogen halide to give a mixture of 1,2- and 

1,4-addition products, the 1-2-addition product predominates at low temperature: 

CH,=CH—CH=CH, + HC! Besa 

@ 

CHs— CH —-CH—CH + CH, — CH — CH Clint | (15.21) 

(75-80%) (20-25%) 

Yet alkenes with internal double bonds are more stable than their isomers with terminal 

double bonds, because the internal double bonds have more alkyl branches (Sec. 4.5B). 

Hence, in Eq. 15.21, the major product is the less stable one. This can be demonstrated 

experimentally by bringing the two alkyl halide products to equilibrium with heat and 

Lewis acids: 

heat, FeCl, 

Ch CH= CH= CH Ch CH CH CsCl mies 
| major product at equilibrium 

Cl 

minor product at equilibrium 

Because the more stable isomer always predominates in an equilibrium (Sec. 3.5), the 

1,4-addition product is more stable than the 1,2-addition product. 

When the less stable product of a reaction is the major product, then two things 

must be true. First, the less stable product must be formed more rapidly than the other 

products. Remember that a reaction in which two products are formed from the same 

starting material is in reality two competing reactions (Sec. 4.8). Consequently, the reac- 

tion that forms the less stable product has a larger rate. Second, the products must not 

come to equilibrium under the reaction conditions, because otherwise the more stable 

compound would be present in larger amount. Thus, in the addition of HCl to conjugated 

dienes, the predominance of the less stable product (Eq. 15.21) shows that 1,2-addition, 

which gives the less stable product, is faster than 1,4-addition: 

CH,—=CH— CH=CH, + HCl 

1,2-addition 1,4-addition 

(faster reaction) (slower reaction) 

CH;— CH— CH=CH), CH, —_ CH==CH— CH,— Cl (15.23) 

| more stable product 

Gl 

less stable product 

When the product distribution in a reaction differs substantially from the product distri- 

bution that would be observed if the products were at equilibrium, the reaction is said 

to be kinetically controlled. Thus, addition of hydrogen halides to conjugated dienes is 
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Cl 
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a kinetically controlled reaction. On the other hand, if the products of a reaction come 

to equilibrium under the reaction conditions, the product distribution is said to be 

thermodynamically controlled. 

In hydrogen halide addition to a conjugated diene, the first and rate-limiting step 

in the formation of both 1,2- and 1,4-addition products is the same—protonation of the 

double bond. Consequently, the product distribution must be determined by the relative 

rates of the product-determining steps (Sec. 9.6B): attack of the halide ion on one or the 

other of the electron-deficient carbons of the allylic carbocation intermediate. 

CH)>=CH— CH=CH, + HCI: 

= rate-limiting step | 

+ - 
| cH, CH—_ CH=CH. <> cH,—cH=cH— CH, 

CLE 

. in slower reaction 
faster reaction product-determining steps 

ay a CH=CH, CH;—CH=CH—CH,— Cl: 

Cl: (15.24) 

When the products are allowed to stand in solution for long periods of time, or 
when they are treated with heat or Lewis acids (Eq. 15.22), they can come to equilibrium 
because the product-determining step for formation of the 1,2-addition product is reversible. 
Thus, the alkyl halide products can equilibrate because the 1,2-addition product can 
undergo Sy1-like ionization to the allylic carbocation and chloride ion, from which both 
addition products can be re-formed. 

CH= Cae Cnc cl 

CH; CH 
Saal 

CH=CH, == | =S CH, Ch CH chy tes 
1,2-addition product 1,4-addition product 

+ 

CH;— CH=CH — CH, 

Cle 

carbocation intermediate 

Once the 1,4-addition product is formed, it does not re-ionize as rapidly because it is 
more stable. This point is shown diagrammatically in Fig. 15.7. In other words, formation 
of the 1,2-addition product is faster but reversible; formation of the 1,4-addition product 
is slower but virtually irreversible. 
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(b) (c) 
energy barriers for energy barriers for 

forming alkyl halides forming allylic carbocation 

from allylic carbocation from alkyl halides 

ipo 

allylic 
carbocation 

a OF 

STANDARD FREE ENERGY 

(a) 
SPAT, OE BEE ANCORTS energy Gh wae: AS 

1,2-addition product difference 
(less stable) between 

alkyl halides 

1,4-addition product 
(more stable) 

reaction coordinate 

Figure 15.7 Equilibration of the 1,2- and 1,4-addition products from the reaction of HCl with 1,3-butadiene. 

(a) The 1,2-addition product is less stable (has higher free energy) than the 1,4-addition product. 

(b) The 1,2-addition product is formed more rapidly from the allylic carbocation (smaller energy bar- 

rier) than the 1,4-addition product. (c) It then follows that reversion of the 1,2-addition product to 

the allylic carbocation is faster than the same reaction of the 1,4-addition product. Hence, formation 

of the 1,2-addition product is more reversible. When enough time is allowed for equilibration (or 

when equilibration is promoted by heat or catalysts), the 1,4-addition product predominates. 

An ANALOGY FOR KINETIC VS. THERMODYNAMIC CONTROL 

Imagine a very disoriented person stumbling randomly around a pasture in 

which is a shallow watering hole and a deep well with a high fence around 

it. Our disoriented friend is likely to fall into the hole several times; but, 

because the hole is shallow, he can easily climb out of it and continue stag- 

gering around the pasture. He frequently tries to climb the high fence, but 

doesn’t succeed and falls back into the pasture. After a long while, however, 

he makes it over the fence and falls into the well; once in the well, he is there 

to stay. If you now imagine a large number of similarly disoriented people 

staggering around the same (very large) pasture, you should get a reasonably 

good image of kinetic and thermodynamic control. Initially, a large number 

of people fall into the shallow hole. If we wait long enough, however, most 

(continues) 



706 Chapter 15 Dienes, Resonance, and Aromaticity 

of them will end up in the deep well. The frequent occurrence—falling into 

the shallow hole—is reversible, but the rare occurrence—climbing the fence 

and falling into the well—is irreversible. 

Similarly, the allylic carbocation is rapidly attacked by halide ion to give 

the 1,2-addition product, which is the less stable product—it is in a relatively 

shallow “energy hole” and is the kinetically controlled product. This reaction 

can reverse rapidly to give back the carbocation, which can react again. 

Occasionally, the carbocation is attacked by halide ion to give the more stable 

1,4-addition product. This product is in a deeper “energy well” and does not 

as readily ionize to the carbocation; it is the thermodynamically controlled 

product. If the reaction mixture is analyzed before the products have a chance 

to come to equilibrium, then the distribution of products reflects a predomi- 

nance of 1,2-addition, or kinetic control. 

Why is the 1,2-addition product formed more rapidly? When the diene and HCl 

react, the carbocation and its chloride counterion, when first formed, exist as an ion pair 

(Fig. 8.2). That is, the chloride ion and the carbocation are closely associated. The chloride 

ion simply finds itself closer to one of the positively charged carbons than to the other. 

Addition is completed, therefore, at the nearer site of positive charge, giving the 1,2- 
addition product. 

CH,=CH—CH==CH, —» [CH,=CH—CH—CH, <~» CH,—CH=CH—CH,]| 
+ \ + \ 

is 
Ny 

:Cl—H cle H SSE ESO H 

closer farther 

| | (15.26) 

CH,—=CH— CH— CH, CH,— CH—CH— CH, 

: Cl : " : 

(mostly) (little) 

The precise reason for kinetic control, of course, varies from reaction to reaction. 
Whatever the reason, the relative amounts of products in a kinetically controlled reaction 
are determined by the relative free energies of the transition states for each of the product- 
determining steps, and not by the relative free energies of the products. 

Pee eee mere reer reese reece nse rerun ss seenseeeeeseeeerreesesensceveceeeeesesccscocccceeesee DODO UC UG UCUCOOO OOOO CUO COOOOOOO OO OCGOICSO OO OOOO CO OOOOrOnCCMnrr rrr ririrtr 

*15.22 Suggest structures for the two constitutional isomers formed when 1,3-butadiene 
reacts with one equivalent of Br. (Ignore any stereochemical issues.) Which of 
these products would predominate if the two were allowed to come to 
equilibrium? 
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eae 

15.23. How many product(s) should form when one equivalent of HC] reacts with 1,3- 

cyclohexadiene? Give their structure(s). 
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Diene Polymers 
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1,3-Butadiene is one of the most important raw materials of the synthetic rubber industry. 

Annual production of 1,3-butadiene in the United States reaches 3.2 billion pounds. 

The polymerization of 1,3-butadiene gives polybutadiene, an important synthetic 

rubber used in the manufacture of tires: 

4 cH,—CH=CH—CH,+ 

polybutadiene 
(contains both cis and trans double bonds) 

More than one billion pounds of this polymer is manufactured in the United States 

annually. Polybutadiene is referred to as a diene polymer, because it comes from polymer- 

ization of a diene monomer. It has only one double bond per unit, because one double 

bond is lost through the addition that takes place in the polymerization process. 

The free-radical polymerization of dienes starts with the addition of an initiating 

radical (R- in the equations below) to the 1,3-diene unit. In the resulting radical, the 

unpaired electron is delocalized by resonance: 

rO“CH.SECH—CH=CH, — 
[R—CH,;—CH—CH=CH, <> R—CH,—CH=CH—CH)| (15.27) 

Addition of this radical to another molecule of butadiene, and repetition of this process 

many times, yields the final polymer: 

0h Otero he oa on ae Nee _ 

RC CH=CH == Cre CH Cr Clan er repeat many 

times 

£ CH,— CH=CH— CH), + (1,4-addition polymer) (15.27b) 

Although the product above is shown as the result of 1,4-addition, a small amount of 

1,2-addition can occur as well. 

1,3-Butadiene can also be polymerized along with styrene (Ph— CH=CH,), usually 

in about a 3:1 ratio, to give another type of synthetic rubber called styrene-butadiene 

rubber (SBR), most of which is used for tires and tread rubber. 

§ ct —CH=CH—CH,—CH,— CH=CH — ClCH, — CH=CH — CH= CH CHF 

[doo three butadiene units Ph 

_ styrene =| 

styrene-butadiene rubber (SBR) unit 

(This structure is oversimplified, because both 1,2- and 1,4-additions to butadiene take 

place, both cis and trans double bonds are present, and the order of addition of the 

butadiene and styrene units is random.) About 1.7 billion pounds of SBR is produced 

annually in the United States. 
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SBR is an example of a copolymer: a polymer produced by the simultaneous polymer- 

ization of two or more monomers. 

Natural rubber is (Z)-polyisoprene, another diene polymer: 

H,C CH, 

e€—_@ natural rubber 

H3C H 

Although it is conceptually a diene polymer, natural rubber is not made in nature from 

isoprene. (The biosynthesis of naturally occurring isoprene derivatives is discussed in Sec. 

17.6B.) Rubber hydrocarbon is obtained as a 40% aqueous emulsion from the rubber 

tree. After isolation, the polymer is subjected to a process called vulcanization. In this 

process, discovered in 1840 by Charles Goodyear, the rubber is kneaded and heated with 

sulfur. The sulfur forms crosslinks between the polymer chains, which can be represented 

schematically as follows: 

crosslink ————> S—S S DIDI, 

| 
S 
| rubber chain 

S 

| 

The crosslinks increase the rigidity and strength of the rubber at the cost of some flexibility. 

Although polyisoprene can be made synthetically, the natural material is generally pre- 

ferred for economic reasons. Chemists and botanists are investigating the possibility of 

cultivating other hydrocarbon-producing plants that could become hydrocarbon sources 
of the future. 

Bisinici5/9)5)8\s/¢slele\e]sieje,éiele}eleis s}ele{ule[ais/e|s eie)e{sje\e)e[elele\elele|a)o\e/e\e's\a/eiejele\sie)s'9/s[e\8|6/e10\v\e/6)9(019'916/e18\e/s\e/n)e\e)s\n\ala/8|e\@16\6{616]6|s(e[e/a(u'e\a'v\ule\a|e e]016(0\e]6 6104} tip)sinle\uis\n's\s\0)o\0\ele\bleibieleleieleieisiae\njuieleiereleiieikieleiioiniaiets 

“15.24 Write a mechanism for the free-radical copolymerization of 1,3-butadiene and 
styrene to give styrene-butadiene rubber. 

15.25 | What would be the structure of polybutadiene if every other unit of the polymer 
resulted from 1,2-addition? 
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Resonance 
PPI SEIS CIES O1AK8/ iSi© 00 C18 eich [oiaiarojeteterelelsisie;sie\a/alafein)s{oje\eieleleie,eiujeis/eje/e}eie\9.w,0e 6/eis)elela\aieie(s\eie)6{eie\elelwia(ulelelele[ala/arelatolela/alaratelpvele(telsletersinis\elereieieteiars merenieitie 

Recall that resonance structures are used to describe a molecule when a single Lewis 
structure is inadequate (Sec. 1.4). Molecules that can be represented as resonance hybrids 
are said to be resonance-stabilized—that is, they are more stable than any one of their 
contributing structures. The reason for this additional stability is the additional bonding 
that results from the delocalization of electrons and additional orbital overlap (Sec. 15.4B) 
Resonance structures can be derived by the curved-arrow formalism (Sec. 3.3B). 
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The derivation and use of resonance structures is important for understanding both 

molecular structure and molecular stability. This section examines resonance in more 

detail by reviewing the concepts of resonance and the techniques for writing resonance 

structures, You'll learn to assess whether a resonance structure is important enough to 

be considered seriously as an important contributor to a molecular structure. You'll also 

learn how resonance structures can be used to make deductions about molecular stability. 

8 Sahar Oe KOO COON ONGHOOOOULIDCLOOUNOnDOnCORCOOOCOOUODUECROUDOC.CONCOOCUCCUOURIRCO
OOOGOOBOCOUOUOOGD OOOUG ERS ICO OMA! 

Resonance structures show the delocalization of electrons. Resonance structures can be 

drawn when bonds, unshared electron pairs, or single electrons can be delocalized (moved) 

by the curved-arrow formalism without moving any atoms. Resonance structures are 

usually placed in brackets to emphasize the fact that they are being used to describe a 

single species. The following are all valid examples of resonance structures: 

| delocalization of a (15.28a) 

bond using electron- 

pair arrow formalism 

+ 

[CH.=CHzCH, <* *CH,—CH=CH, 

+O: <—> -:CH,—CH=0;| delocalization of a (15.28b) 

bond and an un- 

shared electron pair 

CH,LCHSZCHS) <> -CH,—CH=CH;] — delocalization of a (15.28c) 
single electron and a 

bond by the fishhook 

formalism (Sec. 5.6B) 

As these examples illustrate, some of the most common situations in which resonance 

structures are used involve the interaction of double or triple bonds with electron-deficient 

atoms, unshared electron pairs, or unpaired electrons. Notice also in these examples that 

the delocalization of electrons by resonance can also result in the delocalization of charge 

(Eqs. 15.28a and b) or the delocalization of an unpaired electron (Eq. 15.28c). 

The following structures, although reasonable Lewis structures, are not resonance 

structures, because the movement of an atom takes place; the location of the chlorine is 

different in the two structures: 

CH,“CHS=CH—CH,  CH,—CH—CH—CH, (15.99) 
[eee | 

Cl Cl 

In fact, these are separate compounds: 

CH,—CH=CH—CH; =—= CH,—CH—CH—CH; (15.30) 

el el 

If two structures can exist as different compounds, they cannot be resonance structures. 

Resonance structures, in contrast, are used to describe a single molecule; the molecule is 

an average of its resonance structures. That is, resonance contributors are fictitious struc- 

tures used to help us understand the structures of real molecules for which single Lewis 
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structures are inadequate. Notice that the equilibrium double arrows @ and the resonance 

double-headed arrow <> have quite different meanings. The equilibrium arrows mean 

that two real compounds are in equilibrium; the resonance arrow means that two or 

more fictitious structures are being used to represent a compound for which a single 

Lewis structure is inadequate. You must be careful not to use one symbol in a situation in 

which the other is appropriate. 

6b. Relative Importance of Resonance Structures 

In many cases all resonance structures are not of equal importance; that is, the structure 

of a molecule is most closely approximated by its most important resonance structures. 

This section shows how to assess the relative importance of resonance structures. 

To evaluate the relative importance of resonance structures, compare the stabilities 

of all the resonance structures for a given molecule as if each structure were a separate 

molecule, That is, imagine that each structure is real. Then use the relative stabilities of 

the different structures to determine their relative importance. The most stable structures 

are the most important ones. The following guidelines for evaluating resonance structures 

emerge from this type of analysis: 

1. Identical structures are equally important descriptions of a molecule. 

Example: 

+ 

[*cH, “CH=CH, <> CcH,=CH—GnH,] (15.31) 

Because these structures of the allyl carbocation are indistinguishable, they are equally 
important in describing this species. 

2. Structures with the greater number of bonds are more important. 

Example: 

[ a, cH=“cH CH, <> CH,;—CH=CH—CH,| (15.32) 

Because bonding is energetically favorable, it follows that the more bonds a structure 
has, the more stable it is. Thus, the structure on the left is more important. 

3. Structures that require the separation of opposite charges are less important 
than those that do not. 

Example: 

H;C Eee He 
: ie Ae Aaa 

C=O <> ae <> ‘C—O® (15.33) 

H3C H3C H3G 

A B (E 
most important 
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Since energy is required to separate charge (electrostatic law; Eq. 3.40), structures B and 

C are less stable and thus less important. (They also have fewer bonds, and so are minor 

contributors on two counts.) 

Be sure that you understand the difference between “delocalization of charge” and 

“separation of charge.” When a charge is delocalized by resonance, charge of a given type 

is moved to different locations within a molecule, as in Eq. 15.31. When charge is 

separated, two opposite charges are moved away from each other, as in Eq. 15.33. 

4. Structures in which charges and/or electron deficiency are assigned to atoms 

of appropriate electronegativity are more important. 

Example: In Eq. 15.33, structure B is more important than structure C because structure 

B assigns an electron deficiency to the more electropositive atom (carbon) and negative 

charge to the more electronegative atom (oxygen). In applying this guideline, it is 

important not to confuse electron deficiency with positive charge. Numerous situations 

occur in which positively charged atoms are not electron-deficient. Consider, for example, 

the resonance structures of the following cation: 

(Ht4$—H eC | (15.34) 

In the structure on the left, the carbon atom is electron-deficient and positively charged. 

In the structure on the right, the oxygen, although positively charged, is not electron- 

deficient, because it has a complete octet. Contrast this with structure C in Eq. 15.33, in 

which the oxygen is two electrons short of an octet, and therefore electron-deficient. 

Because of the importance of the octet rule, an electron-deficient oxygen or nitrogen is 

a much less stable situation than a positively charged oxygen or nitrogen that has a 

complete electronic octet. Thus, the structure on the right of Eq. 15.34 is important 

because it has more bonds (Guideline 2), even though positive charge resides on an 

electronegative atom. The structure on the left is also important because a less electronega- 

tive atom (carbon) bears the positive charge (Guideline 4). 

5. If the orbital overlap symbolized by a resonance structure is not possible, the 

resonance structure is not important. 

<> pe unimportant (15.35) 

: He : O: , 

A B 

Example: 

Structure B is unimportant because the orbital containing the unshared electron pair 

lies at a right angle to the a orbital of the C—O group, and therefore cannot overlap 

with it. : 
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perpendicular orbitals 
cannot overlap 

Only an energetically costly distortion of the molecule would permit overlap of all the p 

orbitals; but resonance structures cannot involve atomic motion. Notice that in other 

cases, when orbital overlap is possible, a similar resonance structure is important. 

GOue == ee both important (15.36) 
rue | CEE Ee Yat, 

A B 

In this example, the ion can easily adopt a conformation in which the carbon orbital 
containing the unshared electron pair is coplanar with the p orbitals of the C=O group. 

overlap of p orbitals 

Guideline 5 means that it is not enough to derive a resonance structure correctly 
with the curved-arrow formalism. We must also keep in mind the meaning of the structure 
in terms of the orbital overlap involved. 

C. Use of Resonance Structures 

Although resonance does have a mathematical basis in quantum theory, organic chemists 
generally use resonance arguments in a qualitative way to compare the stabilities of 
molecules. To rhake this comparison, the following principle is applied: All other things 
being equal, the molecule with the greater number of resonance structures is more stable. 
The qualifier “all other things being equal” means that the other aspects of the molecules 
that affect their stabilities should be about the same. 
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A comparison of the stabilities of the two carbocations below illustrates the use of 

resonance arguments. (‘These are the two carbocations that were compared in the addition 

of HBr in Eqs. 15.16 and 15.18.) Both carbocations are secondary, and in fact they are 

isomeric. The two carbocations differ mainly in the number of resonance structures that 

can be written for each. The more stable carbocation has two resonance structures. civ 

other carbocation has only one Lewis structure, and is less stable. 

aft 

[CH;—CH,—CH—CH=CH—CH, =< CH;—CH,—CH=CH CH—CH;] more stable 
carbocation 

afte 

CH,—CH—CH,— CH=CH— CH, _ less stable carbocation 

Notice that application of this principle broadens the meaning of the term resonance 

stabilization. Resonance-stabilized molecules are not only more stable than their individual 

contributing structures; they are also more stable than other molecules that have only one 

Lewis contributor (other things being equal). 

C The reason that the number of resonance structures is related to the stability of a 

Stupy GurpE LINK: molecule follows from the electronic basis of resonance itself. Molecules with many 

Le resonance structures have extensive electron delocalization and extensive additional bond- 

Resonance Structures ; 5 ; ; si eet ne 

; ing that result from the overlap of orbitals. This additional bonding is a stabilizing effect. 

eee er ati sletretuisisie ais salciapirists esis ein piewtersielate slastsisjjainin(eaja\e sien 
wining nie'bijcieisineie is]aisie viene cine sis eRigen ooticlOner Tele asin 

Gaacaeaac te ae paar a ea 

Which of the following carbocations is more stable? 

:OCH; 
‘s . — 

CH;O—CH=CH—CH, or CH,=C—CH; 

A B 

Solution The solution to this problem involves determining which carbocation has the 

greater number of important resonance structures. Carbocation A has the following 

important resonance structures: 

oe + od + + 

[cH,O—CH==CH=CH, <> cHO~¢H—cCH=CH, <> CH,O=CH—CH=CH,] 

Carbocation B has only two reasonable structures. In particular, the charge can be delocal- 

ized onto the oxygen in ion A but not in ion B: 

:OCH; :OCH 

CH sie CH ci @—er 
1 aera! a a % a 2) — ?) 

Thus, ion A is more stable because it has the larger number of important resonance 

structures. 

Pe ere ee rcaty Mile cenNchlosde PRO ome micsaidanasaticencssceenemidaigae's Sosa sk neWsisemiamelst ensierslurisinsits oye RS RCN TRESS sae ee as 



714 Chapter 15 Dienes, Resonance, and Aromaticity 

MEE Ta 15.26 In each of the following sets, show by the curved-arrow or fishhook formalism _ PROBLEMS 2g how each structure is derived from any other one, and indicate which structure(s) ‘< ET al are most important and why. At 

a) a | C=C teen Cee 

HC * Choe HC? aim 
ae ie + 2+ oe (De | Cis C= Nit rc ee CH;— C—NH] 

fe *(c) [CH;—CH=CH—C¢H, <> CH,—CH—CH=CH)] 

(9 | eG H3C 
‘ + ‘Se 
C=CH—CH, <— yan tl ig 2 

eG 
H3C 

15.27 Using resonance arguments, rank the ions or radicals within each set in order of increasing stability, least stable first. Explain. 
*(a) 

ae 

O=CH—CH—C=C—CH, or HC—=@_G—-Ch an. 
(b) and na 

CH Cie CH = CH awor CH;— C=CH— CH; 

*(c) 
CH 

les SH CH CH CU GH acum CH= = CH air 
*(d) CH; 

| 4 
CH= C= CHg or CH=CH GH cry 

15.28 In each set below, the two compounds do not differ greatly in stability. Predict which compound within each set should react more rapidly in a Sy1 solvolysis reaction in aqueous acetone. (Hint: Assess the relative stabilities of the carbocat- ion intermediates, and apply Hammond’s postulate.) 
*(a)_ CH;O—CH=CH—CH,—c] CHOC a 

A CH; 

B 
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(b) H GH H CH,CH; 
\ y 
CAG C—C 

y, Sy I. 
eS H ae H 

Cl | 

A B 

15.7 Introduction to Aromatic Compounds 

Benzene and its derivatives constitute the class of organic substances called aromatic 

compounds. 

i 
ae 

| | or OC benzene 

aaa 

H 
The reason for the term aromatic is historical: many fragrant compounds known from 

earliest times, such as the ones below, proved to be derivatives of benzene. 

O 

CHO C= OGH; 

OCH; - 

OH methyl salicylate saffrole 
(oil of wintergreen) nue. (oil of sassafras) 

vanillin Hs 
(vanilla) p-cymene 

(oil of caraway) 

Although it is known today that many benzene derivatives are not distinguished by unique 

odors, the word aromatic continues to be used as a family name for all benzene derivatives 

and certain related compounds. 

The structure today for benzene was proposed in 1865 by August Kekule, who 

claimed in 1890 that it came to him in a dream. (This claim has been disputed by some 

modern historians.) To nineteenth-century chemists, the problem with the Kekule struc- 

ture was that it portrays benzene as a cyclic, conjugated triene. Yet benzene does not un- 

dergo any of the addition reactions that are associated with either conjugated dienes or 
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ordinary alkenes. Benzene itself, as well as benzene rings in other compounds, are inert 

to the usual conditions of halogen addition, hydroboration, hydration, or ozonolysis. 

This property of the benzene ring is illustrated by the addition of bromine to styrene, a 

compound that contains both a benzene ring and one additional double bond: 

€) @ii— CHa ee) bit tt ( poian (15.37) 

Br Br 

styrene 

The noncyclic double bond in styrene rapidly adds bromine, but the benzene ring remains 

unaffected. 

We might speculate that benzene’s lack of reactivity has something to do with its 

cyclic structure; yet cyclohexene also adds bromine readily. Perhaps, then, it is the cyclic 

structure and the conjugated double bonds that together account for the unusual behavior 

of benzene. However, 1,3,5,7-cyclooctatetraene (abbreviated in this text as COT) adds 

bromine smoothly even at low temperature. 

H 

Br 
—55° ; + Brn = (100% yield) (15.38) 

2 CHCl, H 

Br 

1,3,5,7-cyclooctatetraene 
(COT) 

Thus, the Kekule structure clearly had difficulties that could not be easily explained 

away. In 1869, A. Ladenburg proposed a structure for benzene, called both Ladenburg 

benzene and prismane, that seemed to overcome these objections. 

Ladenburg benzene or prismane 

Although Ladenburg benzene is recognized today as a highly strained molecule (it has 

been described as a “caged tiger”), an attractive feature of this structure to nineteenth- 

century chemists was its lack of double bonds. 

Several facts, however, ultimately led to the adoption of the Kekule structure. One 

of the most compelling arguments was that all efforts to prepare the alkene 1,3,5-cyclo- 

hexatriene using standard alkene syntheses led to benzene. The argument was, then, that 

benzene and 1,3,5-cyclohexatriene must be one and the same compound. Synthetic routes 

involving the same kinds of reactions were also used to prepare COT, which, as Eq. 15.38 

illustrates, has the reactivity of an ordinary alkene. 

Although the Ladenburg-benzene structure had been discarded for all practical pur- 

poses decades earlier, its final refutation came in 1973 with its synthesis by Professor 

Thomas J. Katz and his colleagues at Columbia University. These chemists found that 

Ladenburg benzene is an explosive liquid with properties quite different from those of 
benzene. 
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How can the Kekulé “cyclic triene” structure for benzene be reconciled with the fact 

that benzene is inert to the usual reactions of alkenes? The answer to this question will 

occupy our attention in the next three parts of this section. 

Bb. Structure of Benzene 

The structure of benzene (Fig. 15.8) shows that it has one type of carbon-carbon bond 

with a bond length (1.395 A) intermediate between the lengths of single bonds (1.54 A) 

and double bonds (1.33 A). All atoms in the benzene molecule lie in one plane. The 

Kekulé structure for benzene shows two types of carbon-carbon bonds: single bonds and 

double bonds. This inadequacy of the Kekulé structure can be remedied, however, by 

depicting benzene as the hybrid of two equally contributing resonance structures: 

Benzene is an average of these two structures; it is one compound with one type of carbon- 

carbon bond that is neither a single bond nor a double bond, but something in between. 

Occasionally a benzene ring is represented with either of the following structures, which 

show the “smearing out” of double-bond character: 

It is interesting to compare the structures of benzene and 1,3,5,7-cyclooctatetraene 

(COT) in view of their greatly different chemical reactivities (Eqs. 15.37 and 15.38). Their 

structures are remarkably different (Fig. 15.9). First, COT has alternating single and 

double bonds, which have almost the same lengths as the single and double bonds in 

1,3-butadiene. Second, COT is not planar like benzene, but instead is tub-shaped. 

The a bonds of benzene and COT are also different (Fig. 15.10). The Kekule struc- 

tures for benzene suggest that each carbon atom should be trigonal, and therefore sp*- 

hybridized. This means that there is a p orbital on each carbon atom. Since the molecule 

is planar, and the axes of all six p orbitals of benzene are parallel, these p orbitals overlap 

Figure 15.8 

H 

Structure of benzene. (The double bonds are not shown.) Notice that the carbon skeleton has the 

shape of a planar hexagon, and all carbon-carbon bonds are equivalent. 



718 Chapter 15 

Figure 15.9 
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Structure of 1,3,5,7-cyclooctatetraene (COT). Contpare this structure with that of benzene in Fig. 
15.8. Notice the two different types of bonds, single bonds and double bonds. Also notice that the 
molecule is not planar, but tub-shaped. 

to form a continuous bonding 7 molecular orbital (Fig. 15.10a). That is, the 7-electron 
density in benzene lies in doughnut-shaped regions both above and below the plane of 
the ring. This overlap is symbolized by the resonance structures of benzene. In contrast, 
the carbon atoms of COT are not all coplanar, but they are nevertheless all trigonal. This 
means that there is a p orbital on each carbon atom of COT, but these orbitals do not 
overlap to form a continuous 7 molecular orbital like the one in benzene. Instead (Fig. 
15.10b), COT contains four z-electron systems of two carbons each; the 7 bonds are 

Figure 15.10 

7-electron density 

(a) benzene 

no overlap 

p orbitals 7-electron density 

(b) 1,3,5,7-cyclooctatetraene 

Comparison of the a bonds in (a) benzene and (b) 1,3,5,7-cyclooctatetraene (COT). Notice that the Pp orbitals in benzene can overlap to form a continuous bonding w molecular orbital; the p orbitals of COT cannot overlap continuously, but are confined to two-carbon units. 
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mutually perpendicular, and therefore they do not overlap. As far as the zr electrons are 

concerned, COT looks like four isolated ethylene molecules. Because there is no electronic 

overlap between the 7 orbitals of adjacent double bonds, COT does not have resonance 

structures analogous to those of benzene (Sec. 15.6B, Guideline 5). 

NO! 

<> (15.40) 

To summarize: resonance structures can be written for benzene, because the p orbitals 

of benzene overlap to provide additional bonding and additional stability. Resonance 

structures cannot be written for COT because there is no overlap between p orbitals on 

adjacent double bonds. 

C. Stability of Benzene 

Chemists of the nineteenth century considered benzene to be unusually stable because it 

is inert to reagents that react with ordinary alkenes. However, a more precise measure 

of stability is AH%, the standard heat of formation. Because benzene and COT have the 

same empirical formula (CH), we can compare their heats of formation per CH group. 

The AH* of benzene is 82.93 kJ/mol (19.82 kcal/mol) or 82.93/6 = 13.8 kJ/mol (3.3 kcal/ 

mol) per CH group. The AH¥ of COT is +298.0 kJ/mol (71.23 kcal/mol), or 298.0/8 = 

37.3 kJ/mol (8.9 kcal/mol) per CH group. Thus benzene, per CH group; is*(373 9 

13.8) = 23.5 kJ/mol (5.6 kcal/mol) more stable than COT. It follows that benzene is 

23.5 X 6 = 141 kJ/mol (33.6 kcal/mol) more stable than a hypothetical six-carbon 

cyclic conjugated triene with the same stability as COT. 

This energy difference of about 141 kJ/mol or 34 kcal/mol is called the empirical 

resonance energy of benzene. This figure is an estimate of just how much special stability 

is implied by the resonance structures for benzene—thus the name “resonance energy.” 

Notice that the resonance energy is the energy by which benzene is stabilized; it is 

therefore an energy that benzene “doesn’t have.” The empirical resonance energy of 

benzene has been estimated in several different ways; these estimates range from 

126 to 172 kJ/mol (30 to 41 kcal/mol). The important point, however, is not the 

exact value of this number, but the fact that it is large: benzene is a very stable 

compound! 

D. Aromaticity and the Huckel 4n + 2 Rule 

The unusual stability of benzene is called aromaticity. (Once again, this has nothing to 

do with its aroma.) Benzene and its derivatives are not the only compounds with aromatic 

stability; many other aromatic compounds are known. To be aromatic, a compound must 

conform to all of the following criteria. 

Criteria for aromaticity: 

1. Aromatic compounds contain one or more rings that have a cyclic arrange- 

ment of p orbitals. Thus, aromaticity is a property of certain cyclic 

compounds. 
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2. Every atom of an aromatic ring has a p orbital. 

. Aromatic rings are planar. 

4. The cyclic arrangement of p orbitals in an aromatic compound must con- 
tain 4n + 2 7 electrons, where n is any positive integers (Oj ly 2) er) ain 
other words, an aromatic ring must contain 2, 6, 10, ..., 7 electrons. 

These criteria for aromatic behavior were first recognized in 1931 by Erich Huckel, 
a German chemical physicist. They are often called collectively the Huckel 4n + 2 rule 
or simply the 4n + 2 rule. 

The basis of the 4n + 2 rule lies in the molecular orbital theory of cyclic 7-electron 
systems. The theory holds that aromatic stability is observed with continuous cycles of p 
orbitals—thus Criteria 1 and 2. The theory also requires that the p orbitals must overlap 
to form 7 molecular orbitals. This overlap requires that an aromatic ring must be planar; 
p orbitals cannot overlap in rings significantly distorted from planarity—thus Criterion 
3. The last criterion has to do with the number of 7 molecular orbitals and the number 
of electrons they contain. For example, the overlap of the six carbon p orbitals in benzene 
results in six 7 molecular orbitals. Three of these are bonding molecular orbitals and three 
are antibonding molecular orbitals. Quantum mechanical calculations show that the bonding 
molecular orbitals of cyclic 7r-electron systems have particularly low energy. Recall (Sec. 1.8A) 
that each electron in a bonding molecular orbital lowers the energy of a molecule. Thus, 
a compound has the lowest energy when its bonding molecular orbitals are filled. Because 
each molecular orbital accommodates two electrons, it takes six 7 electrons to fill the 
three bonding molecular orbitals of benzene. (Notice that 4n + 2 = 6 when n = 1.) 
Molecular orbital theory shows that it always takes 4n + 2 electrons to fill exactly the 
bonding molecular orbitals of cyclic -electron systems—thus Criterion 4, 

Application of the 4n + 2 rule is illustrated in the following Study Problem. 

PAM BE Ge EE CIE CAB se es sal cat nn iven siege net eceyaiabap sade oseion coups aaeeey tia tet eee eerie Meee ine ea 

Decide whether each of the following compounds is aromatic. 
(a) 

Glas toluene 

(6) CH>==CH— CH=CH — CH= ct 1, 1,3,5-hexatriene 

(c) 
biphenyl 

(d) (e) IL || 1,3-cyclobutadiene 
1,3,5-cycloheptatriene 

Solution In each example, first count the 7 electrons by applying the following rule: Each double bond contributes two 7 electrons. Then apply all of the criteria for aromaticity. (a) The ring in toluene, like the ring in benzene, is a continuous planar cycle of six 7 electrons. Hence, the ring in toluene is aromatic. The methyl group is a substituent group on the ring and is not part of the ring system. Because toluene contains an aromatic ring, it is considered to be an aromatic compound. This example shows that parts of molecules can be aromatic. 
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(b) Although 1,3,5-hexatriene contains six 7 electrons, it is not aromatic, because it 

fails Criterion 1 for aromaticity: it is not cyclic. Aromatic species must be cyclic. 

(c) Biphenyl has two rings, each of which is separately aromatic. Hence, biphenyl is an 

aromatic compound. 

(d) Although 1,3,5-cycloheptatriene has six 7 electrons, it is not aromatic, because it 

fails Criterion 2 for aromaticity: one carbon of the ring does not have a p orbital. 

In other words, the 7 electron system is not continuous, but is interrupted by the 

sp’-hybridized CH, group. 

(e) 1,3-Cyclobutadiene is not aromatic. Even though it is a continuous cyclic system 

of p orbitals, it fails Criterion 4 for aromaticity: it does not have 4n + 2 7 electrons. 

Ae eicieta eine ccte tio ieic cic (sistavers’aisre etieieiais clojersisie’sts s'Fis sialbiclaje/n Siele sieorel
nlaineieleinwe meldwivie's vidoe p es.e9\0n)€.9e ice F\4 ve be sisislliticis= = cine icin rarer aaa 

Aromatic Heterocycles Aromaticity is not confined solely to hydrocarbons. Some 

heterocyclic compounds (Sec. 8.1C) are aromatic; for example, pyridine and pyrrole are 

both aromatic nitrogen-containing heterocycles. 

SS 

| pyridine / / \\ pyrrole 

NZ (aromatic) N (aromatic) 

isl 

Except for the nitrogen in the ring, the structure of pyridine closely resembles that of 

benzene. Each atom in the ring, including the nitrogen, is part of a double bond and 

therefore contributes one 7 electron. What about the extra electron pair on nitrogen‘ 

How does this electron pair figure in the z-electron count? This electron pair resides in 

an sp” orbital in the plane of the ring (Fig. 15.11a). (It has the same relationship to the 

ring as a hydrogen of benzene.) Because it does not overlap with the ring z-electron 

system, it is not included in the z-electron count. Thus vinylic electrons (electrons on 

doubly bonded atoms) are not counted as 7 electrons. 

In pyrrole, on the other hand, the electron pair on nitrogen is allylic (Fig. 15.11b). 

The nitrogen has a trigonal geometry and sp” hybridization that allow its electron pair 

to occupy a p orbital and contribute to the z-electron count. The N—H hydrogen lies 

in the plane of the ring. In general, allylic electrons are counted as 7 electrons when they 

Figure 15.11 

(a) pyridine (b) pyrrole 

The p orbitals in pyridine and pyrrole. (a) The unshared electron pair in pyridine is vinylic, and 1s 

therefore in an sp* orbital and is not part of the aromatic 7-electron system. (b) The unshared elec- 

tron pair in pyrrole is allylic, and can occupy a p orbital that is part of the aromatic 7-electron 

system. 
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reside in orbitals that are parallel to the other p orbitals in the molecule. Therefore, pyrrole 
has six 7 electrons—four from the double bonds and two from the nitrogen—and is 
aromatic. 

Note carefully the different ways in which we handle the electron pairs on the 
nitrogens of pyridine and pyrrole. The nitrogen in pyridine is part of a double bond, and 
the electron pair is not part of the z-electron system. The nitrogen in pyrrole is allylic 
and its electron pair is part of the z-electron system. 

Aromatic Ions Aromaticity is not restricted to neutral molecules; a number of ions 
are aromatic. One of the best characterized aromatic ions is the cyclopentadienyl anion: 

isl H 

2,4-cyclopentadien-1-ide anion 
H H (cyclopentadienyl anion; aromatic) 

H 

This ion resembles pyrrole; however, because the atom bearing the allylic electron pair is carbon rather than nitrogen, its charge is —1. One way to form this ion is by the reaction of sodium with the conjugate acid hydrocarbon, 1,3-cyclopentadiene; notice the analogy to the reaction of Na with H,0. 

23 hr 0° arp Eg (15.41) 

The cyclopentadienyl anion has five equivalent resonance structures; the negative charge can be delocalized to every carbon atom: 

O- ~ ~~ Doe 
These structures show that all carbon atoms of the cyclopentadienyl anion are equivalent. Because of the stability of this anion, its conjugate acid, 1,3-cyclopentadiene, is an unusu- ally strong hydrocarbon acid. With a pK, of 15, this compound is 10!° times as acidic as a l-alkyne, and about as acidic as water! 

Cations, too, may be aromatic. 

>a + SbCl; = —> ie <> [is —b| SbCle (15.43) 
+ (a Lewis 

acid) J 
cyclopropenyl cation 

(aromatic) 

Atoms with empty p orbitals are part of the vr-electron system, but they contribute no electrons to the a-electron count. Since this cation has two 7 electrons, it is aromatic (4n + 2 = 
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2 for n = 0). The stability of the cyclopropenyl cation, despite its considerable angle 

strain, is a particularly strong testament to the stabilizing effect of aromaticity. 

Counting 7 electrons accurately is obviously crucial for successful application of the 

4n + 2 rule. Let’s summarize the rules for a-electron counting. 

1. Each atom that is part of a double bond contributes one 7 electron. 

2. Vinylic electrons do not contribute to the z-electron count. 

3. Allylic electrons contribute to the z-electron count if they occupy an 

orbital parallel to the other p orbitals in the molecule. 

4. An atom with an empty p orbital can be part of a continuous aromatic 

q-electron system, but contributes no 77 electrons. 

Aromatic Polycyclic Compounds The Huckel 4n + 2 rule applies strictly to 

single rings, that is, to monocyclic compounds. However, a number of well-known fused 

bicyclic and polycyclic compounds are also aromatic. Naphthalene and quinoline are two 

examples: 

SS 

ee 

s 
naphthalene quinoline 

Although rules have been devised to predict aromaticity of fused-ring compounds, these 

rules are rather complex, and we need not be concerned with them. It is certainly not 

difficult to see the resemblance of the two compounds above to benzene, the best-known 

aromatic compound. 

Aromatic Organometallic Compounds Some remarkable organometallic com- 

pounds have aromatic character. For example, the cyclopentadienyl anion, discussed 

previously in this section as one example of an aromatic anion, forms stable complexes 

with a number of transition-metal cations. One of the best known of these complexes is 

ferrocene, which is synthesized by the reaction of two equivalents of cyclopentadienyl 

anion with one equivalent of ferrous ion (Fe**). 

ol \\+ rect —> Fe’*t ol + 2NaCl (15.44) 

2 
bes Nat 

ferrocene 
(90% yield) 

Although this synthesis resembles a metathesis (exchange) reaction in which two 

salts are formed from two other salts, ferrocene is not a salt, but is a remarkable “molecular 

sandwich” in which a ferrous ion is imbedded between two cyclopentadienyl anions. 
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\ / 

NAMZ A PS 
cyclopentadienyl anions Fe? 

ZiWS [> > 

i \ 7 

top view 

ferrocene 

The dashed lines mean that the electrons of the cyclopentadienyl anions are shared not 

only by the ring carbons, but also by the ferrous ion; each carbon is bonded equally to 

the iron. 

1,3-Cyclobutadiene is a very unstable diene (Sec. 15.7E), but its complex with Fe(0) 

is very stable. 

ff aw eee 
<> ——— ‘. . 

dianion 

| | co (15.45) 

Fe(CO); Fe2*(CO); 

cyclobutadieneiron 
tricarbonyl 

In this structure, the CO groups are neutral carbon monoxide ligands. 1,3-Cyclobutadiene 

has four 7 electrons, and is thus two electrons short of the number (six) required for 
aromatic stability. These two missing electrons are provided by the iron. As the resonance 
structure on the right suggests, this complex in effect consists of a 1,3-cyclobutadiene 
with two additional electrons—a cyclobutadienyl dianion, a six 7-electron aromatic sys- 
tem—combined with an iron minus two electrons, that is, Fe?*. 

Let's now return to the question posed near the beginning of this section: Why is 
benzene inert in the usual reactions of alkenes? The aromaticity of benzene is responsible 
for its unique chemical behavior. If benzene were to undergo the addition reactions 
typical of alkenes, its continuous cycle of 4n + 2 7 electrons would be broken; it would 
lose its aromatic character, and much of its stability. 

This is not to say, however, that benzene is unreactive under all conditions. Indeed, 
benzene and many other aromatic compounds undergo characteristic reactions that are 
considered in the next chapter. 

Sir mirecucienin aie nie eierare “no smaPisielSsicielaisie\e) ele) eichs\<jsiejeinisieieleisie/e\ecelwieleie.el6.ejsisje.eis}s\s}s/2]4\0]s[0;016,4;p)e/sleiaja\eisia:¥.0j0'e)nje|o\¢/e\e\e}o|siniaiel\6]¥io/€\aisiaivie,sis{s/0]s[elalela|97e\siaivielaieis|s/aivie(s/siaieteistateisinie stereteieieretarcisinicretere eine 

“15.29  Furan is an aromatic compound. Discuss the hybridization of its oxygen and 
the geometry of its two electron pairs. 

(/ \\ furan 
2 (aromatic) 
0 

15.30 You've learned that neutral molecules, cations, and anions can be aromatic. Do 
you think it would be possible to have an aromatic free radical? Why or why 
not? 
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*15.31 | Which of the following species should be aromatic by the Huckel 4n + 2 rule? 

V(ayeat es ali (6) \ (d) N’ 

- Ge 
i O 

rie isoxazole H 

imidazole 

= (6) io (f) i *(g) ro 

Cicer ee O | 
- thiophene C2Hs 

NS OODEO DE COBOBUODOCCOOOROOCOCO BOO DOOCONOCOODODOTOO CD COUOROOUUUDOCOUOUOOOR DD BOOCnODOOOCDODUTIOOOOCUOUCMOMOMORUOOU COO AIOE UCT AO TIKI IIT ele OAS BINT TI tO 

BOOSIE COCO SOOO O00 ODOOTOOLOLOIOOCODDUCOCCMOTONOOO COU UOTCO DUO DOO COCO OC ORONO TOD OOOO US COO CO COON TOOO OOO OEIC LFA ICOOSI IAOh 

Compounds that contain planar, continuous rings of 4n 7 electrons, in stark contrast to 

aromatic compounds, are especially unstable; such compounds are said to be antiaromatic. 

1,3-Cyclobutadiene is such a compound; its small ring size and the sp* hybridization of 

its carbon atoms constrain it to planarity. This compound is so unstable that it cannot 

be isolated, although it has been trapped at very low temperature, 4 K. 

im 
1,3-cyclobutadiene 

The overlap of p orbitals in molecules with cyclic arrays of 4n 7 electrons is a 

destabilizing effect. (It could be said that antiaromatic molecules are destabilized by reso- 

nance.) Consequently, antiaromatic molecules are distorted so that this destabilizing 

overlap is minimized. For example, 1,3-cyclobutadiene has rectangular geometry; its two 

long single bonds minimize the interaction of the two double bonds: 

|_| 
Cyclobutadiene, in effect, contains localized double bonds. 

1,3,5,7-Cyclooctatetraene (COT) also contains a continuous cycle of 4n 7-electrons. 

1,3,5,7-cyclooctatetraene 
(COT) 

If COT were planar, it, too, would be antiaromatic. However, this molecule is large and 

flexible enough that it can avoid unfavorable antiaromatic overlap by folding into a tub 

conformation (Fig. 15.9). It is believed that planar cyclooctatetraene, which 1s antiaro- 

matic, is more than 58 kJ/mol (14 kcal/mol) less stable than the tub conformation. 
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*15.32 Using the theory of aromaticity, explain the finding that A and B are different 

PROBLEMS compounds, but C and D are identical. 

D D 

om ot ea oa 
D D 

A B EG D 

(That A and B are different molecules was established by Prof. Barry Carpenter 

and his students at Cornell University in 1980.) 

15.33. Which of the compounds in Problem 15.31 are likely to be antiaromatic? Explain. 

Key IDEAS IN CHAPTER 15 

A Molecules containing conjugated double or triple bonds have addi- 

tional stability, relative to unconjugated isomers, that can be attributed 

to the continuous overlap of their p orbitals and to strong sp?-sp” 
single bonds. 

[\ | Acumulene is a compound in which one or more carbon atoms are 

each part of two double bonds. An allene is a cumulene with two 

cumulated double bonds. Adjacent 7 bonds in a cumulene are mutu- 

ally perpendicular; appropriately substituted allenes are chiral. 

[\ Heats of formation are generally in the order: conjugated dienes < 

ordinary dienes < alkynes < cumulenes. 

[| | Compounds with conjugated double or triple bonds have UV or visible 
absorptions at Ama, > 200 nm. 

my Each conjugated double or triple bond in a molecule contributes 30—50 
nm to its Ajax. When a compound contains many conjugated double 
or triple bonds, it absorbs visible light and appears colored. 

[\ The intensity of the UV absorption of a compound is proportional to 
its concentration (Beer’s Law). The constant of proportionality €, called 
the molar extinction coefficient, is the intrinsic intensity of an absorption. 
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15.34 

The Diels-Alder reaction is a pericyclic reaction that involves the cyclo- 

addition of a conjugated diene and a dienophile (usually an alkene). 

When the diene is cyclic, bicyclic products are produced. 

The diene assumes an s-cis, or cisoid, conformation in the transition 

state of the Diels-Alder reaction; dienes that are locked into s-trans, or 

transoid, conformations are unreactive. 

Each component of the Diels-Alder reaction undergoes a syn addition 

to the other. In many cases the endo mode of addition is favored over 

the exo mode. 

Conjugated dienes react with hydrogen halides to give mixtures of 1,2- 

and 1,4-addition (conjugate addition) products. Such a mixture of 

products is accounted for by the formation of a resonance-stabilized 

allylic carbocation intermediate, which can be attacked by halide ion at 

either of two positively charged carbons. 

When a reaction gives a mixture of products substantially different 

from that which would be obtained if the products were at equilib- 

rium, the product distribution is said to be kinetically controlled. If the 

products come to equilibrium under the reaction conditions, the prod- 

uct distribution is said to be thermodynamically controlled. The pre- 

dominance of the 1,2-addition product in the reaction of hydrogen 

halides with conjugated alkenes is an example of kinetic control. 

Resonance structures are derived by the curved-arrow formalism. A 

molecule is the weighted average of its resonance structures. That is, 

the structure of the molecule is most accurately approximated by its 

most important resonance structures. 

Other things being equal, the species with the greatest number of 

important resonance structures is most stable. 

Benzene has special stability that is termed aromaticity. All aromatic 

compounds contain 4n + 2 7 electrons in a continuous, planar, cyclic 

array. 

Compounds that contain 4n 7 electrons in a continuous, planar, cyclic 

array are antiaromatic and are especially unstable. 

Use the curved-arrow or fishhook formalism to derive the major resonance 

structures for each of the following species. Determine which if any structure 1s 

the most important one in each case. 
(Problem 15.34 continues ) 
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- H : (b) ; eS we 
a 

CH, 

*(c) ay (d) 

H,;C—C—CH—CH=CH, = 

“(e) Ce 

+ S CH, 

*15.35 Give the principal product(s) expected, if any, when trans-1,3-pentadiene reacts 

under the following conditions. Assume one equivalent of each reagent reacts 

unless noted otherwise. 

(a) Br> (dark); CHCl, (b) HBr (c) Hy (2 equivalents), Pd/C 

(d), HO, H.0* (e) Na* C,H;O7 in CJH,OH 
(f£) maleic anhydride (Eq. 15.11, p. 697) heat 

15.36 Repeat Problem 15.35 for 3-methylenecycloheptene. 

CEH. 3-methylenecycloheptene 

15.37 *(a) What five-carbon conjugated diene would give the same single product from 

either 1,2- or 1,4-addition of HCI? 

(b) What six-carbon conjugated diene would give the same single product from 

either 1,2- or 1,4-addition of HBr? 

15.38 Explain each of the following observations. 
*(a) The allene 2,3-heptadiene can be resolved into enantiomers, but the cumu- 

lene 2,3,4-heptatriene cannot. 

(b) The cumulene in (a) can exist as diastereomers, but the allene in (a) cannot. 

15.39 Using the Huckel 4n + 2 rule, determine whether each of the following com- 
pounds is likely to be aromatic. Explain how you arrived at the z-electron count 
in each case. 

‘or Ory C=C (d) ae ZX ij a 

/ 
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*15.40 Which of the following molecules is likely to be planar and which nonplanar? 

Explain. 

oxepin tropylium ion cyclooctatetraenyl dianion 

15.41 The following compound appears to meet all the criteria for aromaticity. Yet it 

is very unstable because it cannot adopt a planar conformation. Using models 

if necessary, explain what prevents this compound from becoming planar and 

aromatic. 

15.42 Rank the compounds within each set in order of increasing heat of formation 

(lowest first). 

aia) CHo CH3 CH3 

(1) (2) (3) 

DT SSO SNS ae ae 

(1) (2) 

CH HGH 6 CH= CEH, eee 
(4) (3) 

; }GH— CHa : o—=@H ¢ (CH= Gite 

(3) (1) (2) 

CC) 

(d) CH; One OF 
(1) (2) (3) 

15.43 Assume you have unlabeled samples of the compounds within each set below. 

Explain how UV spectroscopy could be used to identify each compound. 

(Problem 15.43 continues ) 



730 Chapter 15 Dienes, Resonance, and Aromaticity 

*(a) 1,4-cyclohexadiene and 1,3-cyclohexadiene 

re eee 

selec etal 
a i ie 

ci Ca ea een os “\c(CH,); 

Choe Gol Meh aan 

*15.44 A colleague, Ima Hack, has subjected isoprene (Fig. 15.3) to catalytic hydrogena- 

tion to give isopentane. Hack has inadvertently stopped the hydrogenation pre- 

maturely and wants to know how much unreacted isoprene remains in the 

sample. The mixture of isoprene and 2-methylbutane (75 mg total) is diluted 

to one liter with pure methanol and found to have an absorption at 222.5 nm 

(1-cm path length) of 0.356. Given an extinction coefficient of 10,750 at this 
wavelength, what mass percent of the sample is unreacted isoprene? 

*15.45 A chemist, I. M. Shoddy, has just purchased some compounds in a going- 
out-of-business sale from Pybond, Inc., a cut-rate chemical supply house. The 

company, whose motto is “You get what you pay for,” has sent Shoddy a 

compound A at a bargain price in a bottle labeled only “C,H,.” Unfortunately, 
Shoddy has lost his purchase order and cannot remember what he ordered, and 

he has come to ask your help in identifying the compound. Compound A is 
optically active, and has IR absorption at 2083 cm7'. Partial hydrogenation of 
A with 0.2 equivalent of H, over a catalyst gives, in addition to recovered A, a 
mixture of cis-2-hexene and cis-3-hexene. Identify compound A and explain 
your reasoning. 

15.46 Account for the fact that the antibiotic mycomycin is optically active. 

HC==C— C=C— CH=C=CH— CH=CH—CH=CH— CH,—CO,H mycomycin 



Additional Problems 731 
ae eee ee eee ee 

*15.47 

15.48 

*15.49 

*15.50 

15.51 

p15.02 

p15.53 

Explain the fact that 2,3-dimethyl-1,3-butadiene and maleic anhydride (structure 

in Eq. 15.11, p. 697) readily react to give a Diels-Alder adduct, but 2,3-di-tert- 

butyl-1,3-butadiene and maleic anhydride do not. 

The following natural product readily gives a Diels-Alder adduct with maleic 

anhydride (structure in Eq. 15.11, p. 697). What is the most likely configuration 

of its two double bonds (cis or trans)? (Hint: See Eq. 15.9.) 

CH,(CH,)s;CH==CH— CH =CH(CH));CO,H 

Knowing that conjugated dienes react in the Diels-Alder reaction, a student, 

M. T. Brainpan, has come to you, a noted authority on the Diels-Alder reaction, 

with an original research idea: to use conjugated alkynes as the diene component 

in the Diels-Alder reaction (such as the following one). Would Brainpan’s idea 

work? Explain. 

CH;— C=C— C=C—CH,; + maleic anhydride (Eq. 15.11) —> 

(a) Predict the products expected from the addition of one equivalent of HBr 

to (1) isoprene; (2) trans-1,3,5-hexatriene. 

(b) In each case, which are likely to be the kinetically controlled products and 

which the thermodynamically controlled ones? Explain. 

(a) What two products would be formed when the following diene reacts with 

one equivalent of DCI? (D = deuterium, the isotope of hydrogen with 

atomic mass = 2.) 

H.C=CH— CH=CH — CH, = DC 

(b) Which product would be formed in greater amount under conditions of 

kinetic control? 

The 1,2-addition of one equivalent of HCl to the triple bond of vinylacetylene, 

HC==C—CH=CH,, gives a chlorine-containing conjugated diene called 

chloroprene. Chloroprene can be polymerized to give neoprene, valued for its 

resistance to oils, oxidative breakdown, and other deterioration. Give the struc- 

tures of chloroprene and neoprene. 

When an excess of 1,3-butadiene reacts with Cl, in chloroform solvent, two 

compounds, A and B, both with the formula CyH.Ch,, are formed. Compound 

B reacts with more Cl, to form compound D, CyH¢Cl,, which proves to be a 

meso compound. Compound A reacts with more Cl, to form both D and a 

stereoisomer C. Propose structures for A, B, C, and D. 
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15.54 *(a) 

(b) 

15.555) 

(b) 

When 1,3-cyclopentadiene containing radioactive carbon ('4C) at only the 

5-position (as indicated by the asterisk below) is treated with potassium 

hydride (KH), a species X is formed and a gas is evolved. When the resulting 

mixture is added to water, a mixture of radioactive 1,3-cyclopentadienes is 

formed as shown in the following equation. 

U \aK—n —> (x) —2> [\+.US+E\ 
x + a gas 

20% 40% 40% 

Identify X and explain both the origin and the percentages of the three 

labeled cyclopentadienes. 

Explain why borazole (sometimes called inorganic benzene) is a very stable 

compound. 

| | borazole 

Invoking Hammond’s postulate and the properties of the carbocation inter- 

mediates, explain why the doubly allylic alkyl halide A undergoes much 

more rapid solvolysis in aqueous acetone than compound B. Then explain 

why compound C, which is also a doubly allylic alkyl halide, is solvolytically 
inert. 

H Br 

A B é 

Most alkyl bromides are water-insoluble liquids. Yet when 7-bromo-1,3,5- 

cycloheptatriene was first isolated, its high melting point of 203° and its 

water solubility led its discoverers to comment that it behaves more like a 
salt. Explain the salt-like behavior of this compound. 

H Br 

7-bromo-1,3,5-cycloheptatriene 
(tropylium bromide) 

15.56 Complete the following reactions, giving the structures of all reasonable products 
and the reasoning used to obtain them. 
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(b) Ph 7 7 

C=C H + CH,O—C—cC=C¢—Cc—ocH, —= 
i 

H C=C 
— 

H Ph 

*(c) 

(2 aca 

ete 

(d) 
CH; \ O 

ee CG 

isl 
O 

Eee maleic anhydride 

*(e) O 

| 
Gamat ately ,CH,CCH=CH, —2+ (a compound with 

ten carbon atoms) 
CH, 

*15.57. Complete the following reaction by giving the structure of the major product. 

NiCl, + 2 oe Nao 

15.58 One interesting use of Diels-Alder reactions is to trap very reactive alkenes that 

cannot be isolated and studied directly. One compound used as a diene for this 

purpose is diphenylisobenzofuran, which reacts as shown below. 

reactive diene 

Ph 

sqaett NN 

Le tos pica 
Cae 

a markt 

Ph 

diphenylisobenzofuran (Problem 15.58 continues ) 
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(Notice that the formation of an aromatic ring in the product helps ensure that the Diels- 

Alder reaction is driven to completion.) In each of the cases below, use the structure of 

the Diels-Alder product to deduce the structure of the reactive species formed in the 

reaction. Show by the curved-arrow formalism how the reactive species is formed, and 

explain what makes it particularly unstable. 

*(a) 

Br diphenyliso- 
__benzofuran 

< it + Mg ether solvent solvent a6 ee 

Br 

(b) Ph 

(CH3)3C—O:> Kt y 
diphenylisobenzofuran 

Br 

Ph 

*15.59 Use the structure of the Diels-Alder adduct to deduce the structure of the product 

X in the reaction below. Then give a mechanism for the formation of X. 

O 

H Cl Oe es HH 

Om [xX] pes = HO i 
HOAc 

+ HCl O H < Hi 

15.60 In 1991, chemists at Rice University reported that they had trapped an unstable 
compound called spiropentadiene using its Diels-Alder reaction with excess 1,3- 

cyclopentadiene, giving the product shown below. Use the structure of this 
product to deduce the structure of spiropentadiene. 

spiropentadiene + C? me 

(excess) 

*15.61 The Diels-Alder reaction is an equilibrium that, in some cases, favors the decom- 
position of the Diels-Alder adduct: 

// Tia H,C=CH, a 
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(a) Suggest two reasons why this reaction proceeds in the direction shown. 

(b) The compound a-phellandrene (C;oH;.) adds H; in the presence of a 

catalyst to give 1-isopropyl-4-methylcyclohexane and undergoes the follow- 

ing reaction. Deduce the structure of a-phellandrene. 

1 i 
nti CEM oe oes, 

1 
Com OG cle 

CH, =CH— CH(CH,), + LI 
H3C eae 

O 

*15.62 When the compound shown below is treated with a strong Bronsted acid, a 

stable carbocation A is formed. 

(a) Propose a structure for this carbocation and draw its resonance structures. 

H3;C CH; 

H3C CH; 

H;C CH; 

CH, 

(b) The NMR spectrum of carbocation A at —10° consists of four singlets at 

§ 1.54, 8 2.36, 6 2.63, and 5 2.82 (relative integral 2:2:2:1). Explain why the 

structure of A is consistent with this spectrum by assigning each resonance. 

(c) Explain why the NMR spectrum of A becomes a single broad line when 

the temperature is raised to 113°. (Hint: See Sec. 13.7.) 

*15.63 | Dextropimaric acid, isolated from an exudate resin of the cluster pine, is con- 

verted by acid and heat into abietic acid. Give a mechanism for this reaction 

using the curved-arrow formalism. 

CH; 

tas CH, 
CH; CH, 

H3;C CO,H HG COjH 

dextropimaric acid abietic acid 

SOAR EO RM HOCCACOBO TOON HUOODOCOCOUHS DOU ROACADD CBU0OCOC DO DONE doduboobod bOcCUG SONU DOCG OUUURUOOIS COREG SUCOCTOOCEORO UO IOC OOS I A Red oe 





16.1 
P| 

Chemistry 

of Benzene and 

Its Derivatives 

ecause benzene and its derivatives are aromatic compounds, they do not undergo 

most of the usual addition reactions of alkenes. Instead, they undergo reactions 

in which a ring hydrogen is substituted by another group. Such substitution 

reactions can be used to prepare a variety of substituted benzenes from benzene itself. 

Most of this chapter is concerned with the substitution reactions of benzene and its 

derivatives. The following two chapters consider the effect of a benzene ring on the 

reactivity of adjacent functional groups. 

Nomenclature of Benzene Derivatives 
BRRINOICOOOCOOOOOOIDIDIOIOOIDOOOIOOOIOOIOOIOIIOOIOOCOOIOUIOOOSOOCOCOOOCO OOOO OOOOONICCCCC OOOO OOO OCC I it is ad 

The nomenclature of benzene derivatives follows the same rules used for other substituted 

hydrocarbons: 

{ \-a ( JrNo: (pret 

chlorobenzene nitrobenzene ethylbenzene 

The nitro group, abbreviated —NO>, which is a part of the nitrobenzene structure 

above, may be less familiar than the other substituent groups. The nitro group can be 

represented in more detail as a resonance hybrid of two equivalent dipolar structures: 

O: 20: 
+f +/ 

R—N <—~> R—N = R—NO; 

Ae \ 
207 i@: 

Tay 
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Some monosubstituted benzene derivatives have well-established common names 

that should be learned. 

(pro ( )nci=ai ( pocuictys 

toluene styrene cumene 

Oho Crom 
phenol anisole 

The positions of substituent groups in disubstituted benzenes can be designated in 

two ways. Modern substitutive nomenclature utilizes numerical designations in the same 

manner used for other compound classes. However, an older system, which is still used, 

employs the special letter prefixes o (for ortho), m (for meta), or p (for para) for disubsti- 

tuted benzenes in which the two substituents have a 1,2-, 1,3-, or 1,4-relationship, 

respectively. 

Gl Br 

Cl Oe 
o-dichlorobenzene m-bromonitrobenzene p-fluoroiodobenzene 
1,2-dichlorobenzene 1-bromo-3-nitrobenzene 1-fluoro-4-iodobenzene 

NO, 

As these examples illustrate, when none of the substituents qualify as principal groups, 

they are cited and numbered in alphabetical order. If a substituent is eligible for citation 

as a principal group, it is assumed to be at position-1 of the ring. 

OW 

m-nitrophenol (3-nitrophenol) 
—OH group is the principal group 

NO, 

Some disubstituted benzene derivatives also have time-honored common names. 
The dimethylbenzenes are called xylenes, and the methylphenols are called cresols. 

CH, OH 

CH; 

ae 
= 

CH, 

o-xylene m-cresol 

The hydroxyphenols also have important common names. 
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OH noon 

catechol resorcinol hydroquinone 

HO OFT rLO 

When a benzene derivative contains more than two substituents on the ring, the 0, 

m, and p designations are not appropriate; only numbers may be used to designate the 

positions of substituents. The usual nomenclature rules are followed (Secs. 2.4C, 

AD ACSA): 

F OH 
F 

@ HO NO, 

Br 

alphabetical citation: bromodifluoro PECAND see TAT) a 
numbering: 1,2,3 
name: 1-bromo-2,3-difluorobenzene 

Sometimes it is simpler to name a benzene ring as a substituent group. A benzene 

ring or substituted benzene ring cited as a substituent is referred to generally as an aryl 

group; this term is analogous to alkyl group in nonaromatic compounds (Sec. 2.9). When 

an unsubstituted benzene ring is a substituent, it is called a phenyl group. This group 

can be abbreviated Ph—. It is also sometimes abbreviated by its group formula, CeH;—. 

diphenyl ether 
Ph-—_O— Ph (phenoxybenzene) 

CoH; cha: O ae C,.Hs 

The Ph—CH,— group is called the benzyl group. 

ae ee benzyl chloride 
Ph— CH, — Cl or (chloromethyl) benzene 

Be sure to notice the difference between the phenyl group, Ph—, and the benzyl 

STOUp st ge Ohiy— = 

TSteeeieicleininicintaleraiaralavelevsve(e nialeie eleieie|eselolo vals e[sisle(eleiews eleislelalace|aielsielelsle/aelaieis\s\e\ejein.eie.e(e(s]/s1s(einin/0|6/0[¢(010,9\eisials(e)siulaie ecelwe)eiejele(s\eloie, © wesi6(eln[e)sielsinin.c.c/sia.¢\elelsleivjeieieleitizivic\olcicis Sole Fa kG ite sie 

16.1 Name the following compounds. 

ni ((a)) C,H; (b) C,H; 

CHs 

we 
(Problem 16.1 continues ) 
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Gl 

“oir Cl BCE) 
CH, 

I Br 

NO, 

16.2 Draw the structure of each of the following compounds. 

b) m-nitrotoluene 

d) 1-bromo-2-propylbenzene 

f) benzyl methyl ether 
h) p-cresol 

*(a) p-chloroanisole ( 

*(c) 3,4-dichlorotoluene ( 

*(e) methyl phenyl ether ( 

*(g) p-xylene ( 

The boiling points of benzene derivatives are similar to those of other hydrocarbons with 
similar shapes and molecular weights. 

700" 
benzene cyclohexane toluene 

bp 80.1° 80.7° 110.6° 
mp oe 6.6° —95° 

The melting points of benzene and cyclohexane are unusually high because of their 
symmetry. 

The melting points of para-disubstituted benzene derivatives are typically higher 
than those of the corresponding ortho or meta isomers. 

CH; CH; Br Br 

emoae 
Br 

P NO, Br 

p-nitrotoluene o0-nitrotoluene p-dibromobenzene _m-dibromobenzene 
mp 54,5° SN" Waa” —7° 

This trend can be useful in purifying the para isomer of a benzene derivative from 
mixtures containing other isomers. Because the isomer with the highest melting point is 
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usually the one that is most easily crystallized, many para-substituted compounds can be 

separated from their ortho and meta isomers by recrystallization. 

Benzene and other aromatic hydrocarbons are less dense than water, but more dense 

than alkanes and alkenes of about the same molecular mass. Like other hydrocarbons, 

benzene and its hydrocarbon derivatives are insoluble in water. Benzene derivatives with 

substituents that form hydrogen bonds to water are more soluble. Thus, phenol has 

substantial water solubility; in fact, an 85% solution of phenol in water is one of the 

commercially available forms of phenol. 

Spectroscopy of Benzene Derivatives 

The most useful absorptions in the infrared spectra of benzene derivatives are the carbon- 

carbon stretching absorptions of the ring, which occur at lower frequency than the C=C 

absorption of alkenes. Two such absorptions are typical: one near 1600 cm7' and the 

other near 1500 cm7!; these are illustrated in the spectrum of toluene (Fig. 16.1a). Other 

wavelength, micrometers 

DAS Mfes 3) 3.5 4 4.5 5 eS) I ey ii) ThE) Te SINS 

100. 

vu 

= 80 
fas} 

b= overtone and 
E 60 combination bands 

s 
= 40 
5 CH; em 
Hw 

ae ae C—H bending 
ring puckering 

0 

3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 

(a) wavenumber, cm7 ! 

wavelength, micrometers 

MAS Rid 3 8.5 4. 4.5 5 Sys 7 SiS Oe eee eet 

100 

Vv 

= 80 
Se 

E 60 Oe | 
S 
a 
# 40 
5 
2 O-7H 

A. s stretch C=O 
stretch 

0 

3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 

(b) wavenumber, cm7! 

Figure 16.1 (a) IR spectrum of toluene. (b) IR spectrum of phenol. 
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absorptions that are sometimes useful are the very strong absorptions below 900 cm! 

characteristic of C—H bending and ring puckering. These are visible in the toluene 

spectrum at 730 cm™! and 690 cm™', respectively. Notice that the C—H bending absorp- 

tion is in the same region as the C—H bending absorption of a cis-alkene (Table 12.2); 

notice also that benzene resembles a cis-alkene. The IR spectra of aromatic compounds 

also contain a series of relatively weak absorptions, known as overtone and combination 

bands, in the 1660-2000 cm™! region. Such bands are very common in aromatic com- 

pounds but generally do not appear in simple alkenes. These bands were once used to 

determine the substitution patterns of aromatic compounds. Although NMR spectroscopy 

is now a more reliable tool for this purpose, these IR absorptions provide confirmation 

that a molecule contains a benzene ring. 

Phenols have not only the characteristic aromatic absorptions, but also O—H and 

C—O stretching absorptions, which are very much like those of tertiary alcohols. The 

IR spectrum of phenol is shown in Fig. 16.1b. 

b. NMR Spectroscopy 

The proton NMR spectrum of benzene consists of a singlet at a chemical shift of 6 7.4. 

This chemical shift is greater than that of a typical alkene by about 1.5—2 ppm. For 

example, the NMR spectrum of 1,3,5,7-cyclooctatetraene (COT) consists of a singlet at 

6 5.69, within the usual chemical-shift region for vinylic protons (Table 13.4). Low-field 

NMR absorptions are particularly characteristic of most benzene derivatives. Thus, when 

dealing with an unknown for which you have deduced an unsaturation number =4 from 

the molecular formula, your eyes should move immediately to the 6 7—8 region of the 

NMR spectrum. Absorptions in this region immediately alert you to the likelihood of a 
benzene ring. 

What is the reason for the unusual chemical shift of benzene? Recall that the 
m-electron density in benzene lies in two doughnut-shaped regions above and below the 
plane of the ring (Fig. 15.10a). When benzene is oriented relative to the applied field as 
shown in Fig. 16.2, a circulation of 7 electrons around the ring, called a ring current, 

Figure 16.2 

ye A a = 

Oe ee H; induced field / \ + INGLUGS 1e 
Vie = NG 1 

/ py 

| | | \~,\ . \ l 
[ 4 H ante LPT 

‘ . Hales 
aromatic H; deshielded eae > 

eer Set eile ‘Hy 
.. absorbs at lower field ae a tee 

x Rew a* J pee tes)! 
~ A 

\ oe 7: \ <P ee . has higher chemical shift < Lee LER Z 

ring current 

Ne applied field 

Origin of the large chemical shift of benzene protons. The field (colored lines, H,) induced by the 
a-electron ring current is in the same direction as the applied field Hy in the region occupied by the 
benzene protons. As a result, the induced field augments the applied field and deshields the benzene 
protons. Consequently, these protons require a lower external magnetic field to meet the condition 
for resonance. The lower field required for resonance is reflected in a relatively large chemical shift. 
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is induced. The ring current, in turn, induces a magnetic field that forms closed loops 

through the ring. This induced field opposes the applied field along the axis of the ring, 

but it augments the applied field outside of the ring, in the region occupied by the 

benzene protons. Thus, these protons are deshielded from the external field. Consequently, 

they require a lower field for absorption than they would if this effect were not present, 

and they have greater chemical shifts than many other protons. This effect is analogous 

to the deshielding of vinylic protons in alkenes (Fig. 13.15), except that it is larger. 

The ring current and the large chemical shift are characteristic of compounds that 

are aromatic by the Hiickel 4n + 2 rule (Sec. 15.7D). This is reasonable because the basis 

of both the ring current and aromaticity is the overlap of p orbitals in a continuous cyclic 

array. Many chemists believe that the existence of the ring current (detected by unusually 

low-field chemical shifts) is the best experimental evidence of aromatic character. 

Siulbleja elelele\aipia\s o clela\e siete/eleistolelelsjsiea’s/a(ola.b 6in\olpfelaleleisinjslajele, ole iele\e.o[o/e/e(sielsie.e)s(e1s\e eieisie ofe/eis/a'siais\ale\eie s(8)s)0)s\s\n\{eipia sie 91e\p/e)blelplele\s\eleie eizia.n/= Sic se eae ca 

16.3 Within each set, tell which compound should show NMR absorptions with the 

greater chemical shifts. Explain your choices. 

a) ; (b) 
. BES : S 

(1) (2) 
thiophene _ divinyl sulfide 

(1) (2) 

*16.4 (a) Verify that the compound shown below meets the Huckel criteria for 

aromaticity. 

(b) The NMR spectrum of this compound consists of two sets of multiplets: 

one at § 9.28, and the other at 5 (—2.99), 3 ppm higher field than TMS! 

The relative integral of the two signals is 2:1, respectively. Assign the two 

sets of signals, and explain why the two chemical shifts are so different; in 

particular, explain the large upfield shift. (Hint: Look carefully at the direc- 

tion of the induced field in Fig. 16.2.) 

When the protons in a substituted benzene derivative are nonequivalent, they split 

each other, and their coupling constants depend on their positional relationships, as 

shown in Table 16.1. Because of this splitting, the NMR spectra of many monosubstituted 

benzene derivatives have complex absorptions in the aromatic region. In many cases these 

absorptions are simplified when the spectra are taken with high-field instruments, in which 
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Stupy GuIDE LINK: 

416.1 

NMR of Para- 
Substituted Benzene 

Derivatives 

Chemistry of Benzene and Its Derivatives 

Table 16.1 Typical Coupling 

Constants of 

Aromatic Protons 

Relationship of protons Coupling constant 

H 
ortho Cr Jortho = 6-10 Ha 

H 

meta Jmeta = 1-3 Hz 

H 

para nt au Jara = 0-1 Hz 

case the substitution pattern of the benzene ring can be deduced directly from the coupling 
constants of the aromatic protons. 

One particular splitting pattern in the NMR spectra of aromatic compounds occurs 

often enough that it is worth remembering. This pattern is illustrated by the NMR 

spectrum of p-chloronitrobenzene in Fig. 16.3. This spectrum consists of two doublets 

that lean toward each other. A symmetrical pattern resembling this “two leaning doublet” 
pattern is very typical of benzene derivatives in which two different ring substituents have a 
para relationship. 

The spectrum of p-chloronitrobenzene also shows how substituent groups can affect 
the chemical shifts of ring protons. The nitro group is very electronegative. The protons 
ortho to this group (H? in Fig. 16.3) have a greater chemical shift at § 8.1. The protons 
ortho to the less electronegative chloro group (H“ in Fig. 16.3) have a smaller chemical 
shift at 6 7.4. 

The chemical shifts of benzylic protons—protons on carbons adjacent to benzene 
rings—are in the 6 2 to 6 3 region. These chemical shifts are slightly greater than those 
of allylic protons (see Table 13.2). The chemical shifts of benzylic protons in toluene and 
ethylbenzene are typical. 

benzylic protons benzylic protons 6 1.22(t) 
(5 2.29) | (5 2.53, q) | | 

Chi As CHE —CH. 

ring protons 
6 7.1 
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500 400 300 200 100 0 Hz 

H, > 8 7 6 5 4 3 2 1 0.8, ppm 
SS 

typical para-substitution pattern 

Figure 16.3 NMR spectrum of p-chloronitrobenzene. Notice the pair of leaning doublets that are characteristic of 

benzene derivatives containing different substituents in a para relationship. 

The O—H absorptions of phenols are typically observed at lower field (about 6 

5-6) than those of alcohols (6 2-3). The O—H protons of phenols, like those of alcohols, 

undergo exchange in D,O. 

We rete roiats ot oteioiel cinielelevete aie'si wie evelsioloieisielelolelotele)sieisiplnis/elole{eiele{e/eis{e{ole(6\e'a\ajs\s]e/s/svnia‘e’aie\aie/bjejajaie(eisie/s sn siaisiemisle(eisinleluln)siojsielele.s aielswisieivvicle\cioicisir/=\sie.ciol<) sic sia Sakic eg el ae ede 

16.5 Explain how you would differentiate the isomers within each set below by NMR 

spectroscopy. 

*(a) mesitylene (1,3,5-trimethylbenzene) and p-cymene (p-isopropyltoluene) 

(b) p-xylene and ethylbenzene 
ees 

16.6 Give structures for each of the following compounds. 

(a) GsH0:. 61.27 (Shad, fi=i7 Hz); 012.26 (GH, S);0 3.76412, broad s, 

exchanges with D,O); 5 4.60 (1H, q, J = 7 Hz); 6 6.98 (4H, apparent pair 

of doublets) 

(b) CsgH, 90: IR, 3150-3600 cm™! (broad); NMR in Fig. 16.4 on p. 746 

Pe ate rar creer orate Brera evarevvalatovs e(aloisTarelelals efe_« <)sIeoie/e/s[0,sla\elelejeieiass lala.aieieloce efsielajoi»|s\ale{ciai6in(e.s joie pinisie(w/sleleleisie’alelaseisiajaisi=\sisleis/s'e\efcieie aisjeisisiciclaisicis oles eieeicde soi isi0 ASS oo ek i aaa 

enolase dete fe refelelalalelelsisipieisie oieiols\aisialslelinioisie\s[sisisistsidis 01m lejele(nlvlojeinio(eiala\cleine/esa.piais.e.sfeleTs(e.ele10/8)0)¢[0)0]3]0]8)0]41¢]016/¢\0/eie/elejeleie\eleleisinisi@ Pins ss ccs) s eee ce 

In CMR spectra the chemical shifts of aromatic carbons are in the carbon-carbon double 

bond region (6 110-160); the exact values depend on the ring substituents that are 

present. The chemical shift of benzene itself is 6 128.5. 
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500 400 300 200 100 0 Hz 

H, > 8 7 6 5 4 3 2 l 0 6, ppm 

Figure 16.4 NMR spectrum for Problem 16.6b. 

The chemical shifts of benzylic carbons are in the 6 18-30 region—not appreciably 
different from the chemical shifts of ordinary alkyl carbons. The '*C chemical shifts 
observed for ethylbenzene are typical. 

; © 292 6 15.8 
6 128.0 Cb cH 

6 128.5 ~ 

6 125.4 6 144.1 

*16.7 A benzene derivative known to be a methyl ether with the formula C,H,OCL 
has five lines in its CMR spectrum. Propose two possible structures for this 
compound that fit these facts. 

_ PROBLEMS 
= “Sica 

16.8 How would you distinguish mesitylene (1,3,5-trimethylbenzene) from p-cymene 
(p-isopropyltoluene) by CMR spectroscopy? 

sisicl© Sicio)sicie \S\eiticieiejole(eisiacie/sislc/aj0\e\ei¢)0/¢)6)81s}e\<is\a/s/s)a{s'sleieie\sie)aieinjaisioiaialale-¥p/0,6)0(ple)s\s/aia\sieje{e/e\e]6\els\w\eiels{e\914[eis(e\siale/s|sja/nis)a\eie)s a) aielataraieeistslajaiwia eieieieinre wiarciohe 

Simple aromatic hydrocarbons have two absorption bands in their UV spectra: a relatively 
strong band near 210 nm and a much weaker one near 260 nm. The spectrum of 
ethylbenzene in methanol solvent (Fig. 16.5) is typical: Ama. = 208 nm (e = 7520). 
261 nm (€ = 200). Substituent groups on the ring alter both the Amax Values and the 
intensities of both peaks, particularly if the substituent has an unshared electron pair or 
p orbitals that can overlap with the z-electron system of the aromatic ring. As is the case 
in alkenes, more extensive conjugation is associated with an increase in both Nee atid 
intensity. For example, 1-ethyl-4-methoxybenzene (p-ethylanisole) in methanol solvent 
has absorptions at Amax = 224 nm (€ = 10,100) and 276 nm (€ = 1,930); both absorptions 
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absorbance 

200 220 240 260 280 300 320 340 A,nm 

Comparison of the UV spectra of ethylbenzene (color) and p-ethylanisole (black). The solid lines are 

spectra taken at the same concentrations. Notice that the spectrum of p-ethylanisole is much more 

intense. The dashed line is the spectrum of ethylbenzene at fiftyfold higher concentration. Notice that 

the peak in the p-ethylanisole spectrum occurs at higher wavelength. 

occur at higher wavelengths and have greater intensities than the analogous absorptions 

of ethylbenzene (Fig. 16.5) because the —OCH; group has electron pairs in orbitals that 

overlap with the p orbitals of the benzene ring. 

overlap of oxygen lone pair 
with benzene 7r-electron system 

*16.9 (a) Explain why compound A has a UV spectrum with considerably greater 

Amax Values and intensities than observed for ethylbenzene. 

max = 256 nm (€ 

a = Oe 
283 nm (€ 

(b) In view of your answer to (a), explain why the UV spectra of compounds 

B and C are virtually identical. 

20,000) 
5,100) 

(Problem 16.9 continues ) 
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HG) CH: CH; 

H3C CH, 
H3,C CH, C 

B mesitylene 
bimesityl Amax = 266 nm (€ = 200) 

Amax = 266 nm (€ = 700) 

16.10 Ina laboratory formerly occupied by a student M. Polite, you have found two 

unlabeled bottles containing liquids. Laboratory notes suggest that one sample 

is styrene and the other is ethylbenzene. Only the UV spectrometer is working. 

How would you tell which liquid is which on the basis of their UV spectra? 

One of the most characteristic reactions of benzene and many of its derivatives is substitu- 

tion of a ring hydrogen by an electrophile. All reactions of this type, called electrophilic 

aromatic substitution reactions, have similar mechanisms. This section surveys some of 

the most common electrophilic aromatic substitution reactions and their mechanisms. 

\. Halogenation of Benzene 

When benzene reacts with bromine under harsh conditions—liquid bromine, no solvent, 
and the Lewis acid FeBr; as a catalyst—a reaction occurs in which one bromine is 
substituted for a ring hydrogen. 

FeBr3 or Fe ' 3 3 

(\-: fe (0.2 equivalent) ( \-m + HBr (6.1) 

benzene bromobenzene 
(50% yield) 

(Because iron reacts with Br, to give FeBr;, iron filings can be used in place of FeBr3.) 
An analogous chlorination reaction using Cl, and FeCl, gives chlorobenzene. 

This reaction of benzene with halogens differs from the addition of halogens to 
alkenes in two important ways. First is the type of product obtained. Alkenes react 
spontaneously with bromine and chlorine, even in dilute solution, to give addition 
products. 

br 

Dig) ———— (16.2) 

Br 

Halogenation of benzene, however, is a substitution reaction; a ring hydrogen is replaced 
by a halogen. Second, the reaction conditions for benzene halogenation are much more 
severe than those for addition of halogens to an alkene. 
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Lewis-Acid Assistance 

for Leaving Groups 

The first step in the mechanism of benzene bromination is formation of a complex 

between Br, and the Lewis acid FeBrs. 

+ 2 

Feb, <= Di De bebr, (16.3) Br—Bri * : 

This complexation makes one of the bromines a much better leaving group. In fact, the 

complex of Br, and FeBr; reacts as if it contained the electron-deficient species :Br™. 

Le . Br + 
:Br—-Br—FeBr; reacts as if it were FeBr, (16.4) 

In the second step of the mechanism, this complex is attacked by the 7 electrons 

of the benzene ring. 

+ 

:Br —Br — FeBr; 
CS 

H > 

ty oe of of 

Br: Br: Br: a 

“ <=> <> 3 ae lecleyen (i653) 
H H H 

+ 

Although this step results in the formation of a resonance-stabilized carbocation, it also 

disrupts the aromatic stabilization of the benzene ring. Harsh conditions (high reagent 

concentrations and high temperature) are required because this step does not occur under 

the usual conditions used to bring about bromine addition to an alkene. In other words, 

the harsh conditions are required for this reaction to proceed at a useful rate. 

The reaction is completed when a bromide ion (complexed to FeBr;) acts as a base 

to remove the ring proton and give the products bromobenzene and HBr. 

+ 

Bri n . 
Dagens = = Br: + HBr: — Febr, (16.6) 
H “Br—FeBr; = * 
ae 

Recall that loss of a B-proton is one of the characteristic reactions of carbocations (Sec. 

9.6B). Another typical reaction of carbocations—attack of bromide ion at the electron- 

deficient carbon itself—doesn’t occur because the resulting addition product would not 

be aromatic: 

:Br —FeBr, 
ie leh a 

Br: 
// a Br Br 

—_ = + FeBr; (16.7) 

does not occur 
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By losing a B-proton instead (Eq. 16.6), the carbocation can form a stable aromatic 

compound, bromobenzene. 

Bee ee eee eee eee EEE HEHEHE EEE EEE HEHEHE EEEE HEHEHE SEES EEEEHEEE EEE SEES SEES EEEEE EOS OSEEEEEEHEHEEEEEHEEHEEEEHEEEEEE HEH EHHEEEE EEE EEEE EEE SEES 

_ PROBLEMS 

“16.11 A small amount of a by-product, p-dibromobenzene, is also formed in the 

bromination of benzene shown in Eq. 16.1. Write a stepwise mechanism for 

formation of this compound. 

16.12 Using the curved-arrow formalism,.write the mechanism for chlorination of 

benzene in the presence of FeCl;. 

eee ee ee eee eee eee EEO Ee eee Hees Hee E HEHE EEE EHEEEEEES ESE SESE EEE ESSE EEE EEEEESEEEE EEE HEEEE EEE O EEE EE ES EE EEEEES 

Halogenation of benzene is one of many related reactions that are very typical of benzene 

and other aromatic compounds. These are called electrophilic aromatic substitution 

reactions. The bromination reaction, for example, is a substitution because hydrogen is 

replaced by another group (bromine). The reaction is electrophilic because it involves the 

reaction of an electrophile, or Lewis acid, with the benzene 7 electrons. In bromination 

the Lewis acid is “Br*” in the complex of bromine and the FeBr; catalyst. 

We've considered two other types of substitution reactions: nucleophilic substitution 

(the Sy2 and Syl reactions, Secs. 9.4 and 9.6) and free-radical substitution (halogenation 

of alkanes, Sec. 8.8A). In a nucleophilic substitution reaction, the substituting group acts 

as a nucleophile, or Lewis base; and in free-radical substitution, free-radical intermediates 

are involved. In electrophilic substitution, the substituting group reacts as an electrophile, 
or Lewis acid. 

Electrophilic aromatic substitution is the most typical reaction of benzene and its 
derivatives. As you learn about other electrophilic substitution reactions, it will help you 
to understand them if you can identify in each reaction the following three mechanistic 
steps: 

Step 1 Generation of an electrophile. The electrophile in bromination is the complex of 
bromine with FeBr;, formed as shown in Eq. 16.3. 

Step 2 Attack of the 7 electrons of the aromatic ring on the electrophile and formation of 
a resonance-stabilized carbocation. This step in the bromination reaction is shown 
in Eq. 16.5. As shown in Fig. 16.6, the electrophile approaches the z-electron 
cloud of the aromatic compound above or below the plane of the molecule, and 
the carbon at the point of attack becomes tetrahedral. 

Step 3 Loss of a proton from the carbocation intermediate to form the substituted aromatic 
compound. This step in the bromination reaction is shown in Eq. 16.6. 
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Give a detailed mechanism for the following electrophilic substitution reaction. 
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positive charge delocalized 

proton is lost 

Electrophilic aromatic substitution. E* is the electrophile, and :B is its corresponding base. Notice 

that attack on the electrophile and loss of the proton occur at opposite faces of the aromatic ring and 

that the carbocation intermediate has tetrahedral geometry at the site of substitution. 

Solution Construct the mechanism in terms of the three steps given above. 

Step 1 

Step 2 

In this reaction, a hydrogen of the benzene ring has been replaced by an isotope 

D, which must come from the D,SO,. Since protons (in the form of Bronsted 

acids) are good electrophiles, the D,SO, itself can serve as the electrophile. 

Attack of the benzene 7 electrons on the electrophile involves protonation of 

the benzene ring by the isotopically substituted acid: 

i H 
D—-+OSO;D 

———— oer D 

t :0SO3D 
carbocation 
intermediate 

(If youre asking where that “extra” hydrogen in the carbocation came from, 

don’t forget that each carbon of the benzene ring has a single hydrogen that is 

not shown explicitly in the skeletal structure. One of these is shown in the 

carbocation because it is involved in the next step.) You should draw the reso- 

nance structures of the carbocation intermediate. 
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Step 3. Removal of the proton gives the final product: 

PR meee eee eee EEE EEE EEE EEE SESE TEES EEE E EEE E EE HEHEHE EEE EEE SEES ESE EEHEEEEEEEEEES ESSE ESE EEEEEEEEEEE SES EE EEEEEE SESE EEE EE HEED EES 

Benzene reacts with concentrated nitric acid, usually in the presence of a sulfuric acid 

catalyst, to form nitrobenzene. In this reaction, called nitration, the nitro group, —NO>, 

is introduced into the benzene ring by electrophilic substitution. 

(pH 1 HONO,, —220e> ( \-vo. sO) (16.8) 

nitric 

benzene acid nitrobenzene 

(81% yield) 

This reaction fits the mechanistic pattern of the electrophilic aromatic substitution reac- 
tion outlined in the previous section: 

Step 1 Generation of the electrophile: In nitration, the electrophile is *NO,, the nitronium 
ion. This ion is formed by the acid-catalyzed removal of the elements of water 
from HNO;. 

Or Or 
6 We oss fuk + vy! s 

HO3SO — H HON pe ok ORIN >: O——S03H (16.9a) 

\ Near 
sO% H Ole 

# 7 Hs bs 56 
HO —N —=> H,0 of ONO (16.9b) 

OS 
H *O: nitronium ion 

Step 2 Attack of the benzene w electrons on the electrophile to form a carbocation 
intermediate. 

ie =e 
ll 70% 

N ate ie 

| No 
H:O: —~ a (16.9¢) 

(Notice that either of the oxygens can accept the electron pair.) 
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Step 3 Loss of a proton from the carbocation to give a new aromatic compound. 

:O: 

eo, 
N + ae 

( %5 SO — ¢ \-x + H—O—SO3H_ (16.94) 

-:0—SO3H We 

(from Eq. 16.9a) 

Nitration is the usual way that nitro groups are introduced into aromatic rings. 

D. Sulfonation of Benzene 

Another electrophilic substitution reaction of benzene is its conversion into benzene- 

sulfonic acid by a solution of sulfur trioxide in H,SOg. 

¢ \-u ar GOs oe & ‘sou (16.10) 

sulfur 

benzene trioxide benzenesulfonic acid 
(52% yield) 

In this reaction, called sulfonation, the electrophile is the neutral compound sulfur trioxide, 

SO . Sulfur trioxide is a fuming liquid that reacts violently with water to give H2SOg. 

The source of SO; for sulfonation is usually a solution called fuming sulfuric acid or 

oleum, which is a solution of SO; in concentrated H»SO,; this material is one of the most 

acidic Bronsted acids available commercially. 

When sulfur trioxide is attacked by the benzene ring 7 electrons, an oxygen accepts 

the electron pair displaced from sulfur. 

(6: OnFOs 
see a O 

| 7 L (a: 
O a =e Stoke re ONeye 

H | 
’) O 

=:0S03H i O m 
(from solvent) | 

(Ns 6 + -:0S03;H (16.11) 

O 

Sulfonic acids such as benzenesulfonic acid are rather strong acids. (Notice the last 

equilibrium in Eq. 16.11 and the resemblance of benzenesulfonic acid to sulfuric acid.) 

Many sulfonic acids are isolated from sulfonation reactions as their sodium salts. 

Sulfonation, unlike many electrophilic aromatic substitution reactions, is reversible. 

The —SO;H (sulfonic acid) group is replaced by a hydrogen when sulfonic acids are 

heated with steam (Problem 16.13). 
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PROBLEMS 

Chemistry of Benzene and Its Derivatives 

*16.13. Write a curved-arrow mechanism for the conversion of benzenesulfonic acid to 

benzene and H,SO, with hot water (steam). (Hint: Because sulfonic acids are 

strong acids, H,O* is present.) 

16.14 A compound called p-toluenesulfonic acid is formed when toluene is sulfonated 

at the para position. Draw the structure of this compound, and give the mecha- 

nism for its formation. 

i. Friedel-Crafts Acylation of Benzene 
CPPCC eee eee eer eee een ere aed ere e eee eens Eee EEE EEE D ODED ESOS EEE EEO ODES EEE EEEEEEOOES ESOS ESSE ESSE EOE D eee eee eeeeeEeESese 

When benzene reacts with an acid chloride in the presence of a Lewis acid catalyst such 

as aluminum trichloride, AlCl,, a ketone is formed. 

O O 

| | 
( \-n C—O Cr: Tae (eer ( )-e=ar = Clee 

acetyl chloride 
benzene (an acid chloride) acetophenone 

(a ketone) 
(97% yield) 

This reaction is an example of a Friedel-Crafts acylation (pronounced AY-suh-LAY- 
shun). In an acylation reaction, an acyl group is transferred from one group to another. 
In the Friedel-Crafts acylation, an acyl group, typically derived from an acid chloride, is 
introduced into an aromatic ring in the presence of a Lewis acid catalyst. 

O O 

! | 
(CEI k—C— 

an acid chloride an acyl group 

The electrophile in the Friedel-Crafts acylation reaction is a carbocation called an 
acylium ton. This ion is formed when the acid chloride reacts with the Lewis acid AIC]. 
(See again Study Guide Link 16.2.) 

aL 

ae Be 
Re 4a Ac RG ae 8 G=0:|\"AlGg | eaaia 

acylium ion 

Weaker Lewis acids, such as FeCl; and ZnCl,, are also used to form acylium ions in 
Friedel-Crafts acylations of aromatic compounds that are more reactive than benzene. 

The acylation reaction is completed by the usual steps of electrophilic aromatic 
substitution (Sec. 16.4B): 
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0) :O: 

| | ce 
CG SE Ge——al he 

6=5 wer CHO: ao ( \-c-x + HCl] + AICI], (16.14) 

R 

) Cl— AlCl, cl— Alcl, 

Attack of the benzene 7 electrons on the acylium ion represents another in the list 

of carbocation reactions, which now includes the following: 

. Reaction with nucleophiles 

Rearrangement to other carbocations 

Loss of a B-proton to give an alkene 

set hee _ Reaction with the 7 electrons of a double bond (or aromatic ring) 

The ketone product of the Friedel-Crafts acylation reacts with the Lewis acid catalyst 

to form a complex that is catalytically inactive. This reaction has two consequences. First, 

slightly more than one equivalent of the catalyst must be used: one equivalent to react 

with the product, and an additional catalytic amount to ensure the presence of catalyst 

throughout the reaction. (Notice, for example, that 1.1 equivalent of AICI, is used in Eq. 

16.12.) Second, the complex must be destroyed before the ketone product can be isolated. 

This is usually accomplished by pouring the reaction mixture into ice water. 

SOM NAIGLs :O—AICL 
| | complex of AICI, 

(No a Cee with ketone product 

ee 
(16.15) 

20: 

! 
(Herr + 3HCl + Al(OH); 

The Friedel-Crafts acylation occurs intramolecularly when the product contains a 

five- or six-membered ring. 

O 

| = 
Cle, 

‘els, 
1) AICI 

ye ae + HCl (16.16) 

Sen @ a 
GH, 

a-tetralone 

pA ee poate (74-91% yield) 

In this reaction, the phenyl ring “bites back” on the acylium ion within the same molecule 

to form a bicyclic compound. ‘This type of reaction can only occur at an adjacent ortho 
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position, since reaction at other positions would produce highly strained products. When 

five- or six-membered rings are involved, this process is much faster than attack of the 

acylium ion on the phenyl ring of another molecule. (Sometimes this reaction can be 

used to form larger rings as well.) This is another illustration of the kinetic advantage of 

intramolecular reactions (Sec. 11.6). 

The Friedel-Crafts acylation reaction is important for two reasons. First, it is an 

excellent method for the synthesis of aromatic ketones. Second, it is another method for 
the formation of carbon-carbon bonds. Here is an updated list of reactions that form 

carbon-carbon bonds. 

Ih Addition of carbenes and carbenoids to alkenes (Sec. 9.8) 

2. Reaction of Grignard reagents with ethylene oxide (Sec. 11.4C) 

3. Reaction of acetylenic anions with alkyl halides or sulfonates (Sec. 14.7B) 

4, 

5. Friedel-Crafts reactions (Secs. 16.4E and 16.4F) 

Diels-Alder reactions (Sec. 15.3) 

CHARLES FRIEDEL AND JAMES MASON CRAFTS 

The Friedel-Crafts acylation and alkylation (Sec. 16.4F) reactions are named 

for their discoverers, the French chemist Charles Friedel (1832—1899) and the 

American chemist James Mason Crafts (1839-1917). The two men met in 

Paris while in the laboratory of C. A. Wurtz, one of the most famous chemists 

of that time. In 1877, Friedel and Crafts began their collaboration on the 

reactions that were to bear their names. Friedel subsequently became a very 

active figure in the development of chemistry in France, and Crafts served 

for a time as president of the Massachusetts Institute of Technology. 

a 16.15 
PROBLEMS ~ 

16.16 

DOS ROOOOOD OOOO OUUCOO COICO UC OOD OC OOOOUOO OOO COCO OOOO OOO OOOOCICOOOOOOOOOOOOOCOOOOOOHOOOIOOMGTA CCE 

Give the structure of the product expected from the reaction of each of the 
following compounds with benzene in the presence of AICI, followed by treat- 
ment with water. 

*(a) 1 (b) ] 

(CH;),CH—C—Cl ( pre-e 
isobutyryl chloride 

benzoyl chloride 

*(a) Show one Friedel-Crafts acylation reaction that can be used to prepare the 
following compound. 

9 CH 

| Oop 
eu 
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(b) Give another Friedel-Crafts acylation reaction that can be used to prepare 

the same compound. 

*16.17. The following compound reacts with AICI, followed by water to give a ketone 

A with the formula C;)H,)0. Give the structure of A and the mechanism of its 

formation. 

BOO OIC EE RS CICICIOCID ODDO DIDOC GR COCOOOOHOT DOO ICICOO DOU DODO EDUC UOCOICOOD DUCO CICERO OOO OCG OO DOCOMO ON CCRC RCs os <a OOOO TOCOC CIOL IO ICC OTS IO SUE ACI BCBS Ne HI 1.) 

gia leie/e'p lem 4:0,5/n\u s10/0 e[ole\e|ble'ele e1b:6'010/6,0 0 010 10[6/0)0[0\6\6/40;416\0 6 6.0010 0 10\u w]e eleie vin) b\e\R.0 616.0 0.0/6.6 16,0 0(u\0(0/010|0/4 8.0] 01010 6/0/6,0/eie/e\8\0(8)0\n\e A/a 6.0 G\0'4\6'6 0.9\0 08/6/90 eiees 68.0.8,0\8 

The reaction of an alkyl halide with benzene in the presence of a Lewis acid catalyst gives 

an alkylbenzene. 

fi: CESer ike, = CH=CH CH Gl amciet=: 
| (0.1 equiv.) | 

CH; CH; 

benzene 
(large excess) sec-butyl chloride sec-butylbenzene 

(71% yield) 

This reaction is an example of a Friedel-Crafts alkylation. Recall that an alkylation is a 

reaction that results in the transfer of an alkyl group (Sec. 10.3B). In a Friedel-Crafts 

alkylation, an alkyl group is transferred to an aromatic ring in the presence of an acid 

catalyst. In the example above, the alkyl group comes from an alkyl halide and the catalyst 

is the Lewis acid aluminum trichloride, AlCl. 

The electrophile in a Friedel-Crafts alkylation is formed by the complexation of the 

Lewis acid AICI, with the halogen of an alkyl halide in much the same way that the 

electrophile in bromination of benzene is formed by complexation of FeBr; with Br, (Eq. 

16.3 and Study Guide Link 16.2). If the alkyl halide is secondary or tertiary, this complex 

can further react to form carbocation intermediates. 

tS ae BE = & 

Re Oe 2) Ce Bum fer RO AICI a Weadsa) 
carbocation 

Either the alkyl halide-Lewis acid complex, or the carbocation derived from it, can serve 

as the electrophile in a Friedel-Crafts alkylation. (Compare the role of AICI; with that of 

FeBr; in the bromination of benzene; Eq. 16.5.) The electrophile is attacked by the benzene 

qr electrons: 
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te R AICI, 

Cr 
alkylation by the complex 

or cx" AICl, —_(16.18b) 

R AICI, 

oi 
alkylation by the carbocation 

Loss of a proton to chloride ion completes the alkylation. 

Fx = Se & \-n thi Cl AICI (16.18c) 
H “od Alc, 

Because some carbocations can rearrange, it is not surprising that rearrangements 

of alkyl groups are observed in some Friedel-Crafts alkylations: 

- AICI, 
( y lal =e Cla @alxClalClaCll . 

1-chlorobutane 

benzene 

ie 
( )-eten.ci.cn, 4 ( p-cuocn, (16.19) 

butylbenzene sec-butylbenzene 
(27% yield) (49% yield) 

In this example, the alkyl group in the sec-butylbenzene product is rearranged. Because 
primary carbocations are probably too unstable to be involved as intermediates, it is 
probably the complex of the alkyl halide and AICI, that rearranges: 

H 
Fox ( > RAS i es 

CH;CH,CHCH,—CI—AICl, —» CH,CH,CHCH; :Ci—AICl, — (1620) 
sec-butyl cation 

alkylates benzene to give 
sec-butylbenzene 

Of course, rearrangement in the Friedel-Crafts alkylation is not observed if the carbocation 
intermediate is not prone to rearrangement. 

( )-# + (CH;);C—Cl ner ear ox + some dialkylation product 

benzene tert-butyl chloride tert-butylbenzene 
(threefold excess) (66% yield) (16.21) 



[ 

Stupy GUIDE LINK: 

416.3 

Different Sources of 
the Same Reactive 

Intermediate 

anne eee nner eeeeeeeeeeee 
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In this example, the alkylating cation is the tert-butyl cation; because it is tertiary, this 

carbocation does not rearrange. 

Alkylbenzenes such as butylbenzene (Eq. 16.19) that are derived from rearrangement- 

prone alkyl halides are generally not prepared by the Friedel-Crafts alkylation, but by the 

Clemmensen or Wolff-Kishner reductions of aryl ketones (Sec. 19.12). 

Another complication in Friedel-Crafts alkylation is that the alkylbenzene products 

are more reactive than benzene itself (for reasons discussed in Sec. 16.5B). This means 

that the product can undergo further alkylation, and mixtures of products alkylated to 

different extents are observed. 

« )-H re .Cl ACh. toluene, xylenes, trimethylbenzenes, etc. (16.22) 

(equimolar amounts) 

(This is not a problem in acylation, since the ketone products of acylation are much less 

reactive than the benzene starting material.) However, a monoalkylation product can be 

obtained in good yield if a large excess of the starting material is used. For example, in 

the equation below, the fifteenfold molar excess of benzene ensures that a molecule of 

alkylating agent is much more likely to encounter a molecule of benzene in the reaction 

mixture than a molecule of the ethylbenzene product. 

«rH a CatieGl ei C,H; (16.23 

benzene ethyl chloride ethylbenzene 
(fifteenfold excess) (83% yield) 

(Notice also the use of excess starting material in Eqs. 16.17 and 16.21.) This strategy is 

practical only if the starting material is cheap, and if it can be readily separated from the 

product. 

Alkenes can also be used as the alkylating agents in Friedel-Crafts alkylation reactions. 

The carbocation electrophiles in such reactions are generated from alkenes by protonation. 

(Recall that carbocation intermediates are formed in the protonation of alkenes; Secs. 

4.7B, 4.9B.) 

__HSO4 

ww : «> ie (> ke 
benzene _—_ cyclohexene cyclohexylbenzene 

(65-68% yield) 

ROO OTIONONADOSRODOOODCOLOOC DC ODOCOCUOODOOOCOO00 COO CDOOOCOOOCODCODOMOR CIC OUOUOGOROTOOOURCD ORI GOOLE SOOO OM UGE ISI Has SA NGI lila! 

“16.18 (a) Give a curved-arrow mechanism for the reaction shown in Eq. 16.24. 

(b) Explain why the same product is formed if cyclohexanol is used instead of 

cyclohexene in this reaction. 

16.19 What product is formed when 2-methylpropene is added to a large excess of 

benzene containing HE and the Lewis acid BF? By what mechanism is it formed? 
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16.20 Predict the products of each of the following reactions, and give mechanisms 

for their formation. (Hint: See Eq. 16.16.) 

*(a) 

Hc—{_)—cH.ch.ch, cl Ab, (a compound C,9H;, + HCl) 

(b) 
(GH) haa! A (a nine-carbon compound + HCl) O 

Electrophilic Aromatic Substitution 

Reactions of Substituted Benzenes 

Pee eee eee eee errr eae a nner es eae esses EEE EE OES E EE EEE EE EEEEESESESES ED DEE EEE EEEEEE EEE EEEEEEEEES ESOS EEEEEEseeeEssseses 

When a monosubstituted benzene undergoes an electrophilic aromatic substitution reac- 

tion, three possible disubstitution products might be obtained. For example, nitration 

of bromobenzene could in principle give ortho-, meta-, or para-bromonitrobenzene. If 

substitution were totally random, an ortho:meta:para product ratio of 2:2:1 would be 

expected (why?). It is found experimentally that the second substitution is not random, 
but is regioselective. 

Further substitution on a substituted benzene ring occurs in one of two ways. Some 
substituted benzenes react to give mostly a mixture of ortho- and para-disubstitution 
products (with the para product predominating in many cases). Bromobenzene, for 
example, is nitrated to give mostly o- and p-bromonitrobenzene and almost none of the 
meta isomer. 

aN 

acetic “acetic acid (16.25) 

bromobenzene o-bromonitrobenzene m-bromonitrobenzene 
36%) 2% 
See p-bromonitrobenzene oo 

(62%) 

Other electrophilic substitution reactions of bromobenzene also give mostly ortho and 
para isomers, If a substituted benzene undergoes further substitution at the ortho and 
para positions, the original substituent is called an ortho, para-directing group. Thus, 
bromine is an ortho, para-directing group, because all electrophilic substitution reactions 
of bromobenzene occur at the ortho and para positions. 
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In constrast, some substituted benzenes react in electrophilic aromatic substitution 

to give mostly the meta disubstitution product. For example, the bromination of nitroben- 

zene gives only the meta isomer. 

NO, NO, 

Bro 

FeBr3 (16.26) 

heat Br 

nitrobenzene m-bromonitrobenzene 
(only product observed) 

Other electrophilic substitution reactions of nitrobenzene also give mostly the meta 

isomers. If a substituted benzene undergoes further substitution at the meta position, 

the original substituent group is called a meta-directing group. Thus, the nitro group 

is a meta-directing group because all electrophilic substitution reactions of nitrobenzene 

occur at the meta position. 

A substituent group is either an ortho, para-directing group or a meta-directing 

group in all electrophilic aromatic substitution reactions; no substituent is ortho, para 

directing in one reaction and meta directing in another. A summary of the directing 

effects of common substituent groups is given in the third column of Table 16.2. 

AAR A ABAD E ORD ODOR OOD} OG8COnONODODOOONOGOOCOOCCOODODOUICONODDOLOOCOCOOCOCUOCCOUDNHONOO CIO IO COCDO COO OCO CDC DCOO OR OOM CUT AICCCR D UOC IO OLIN SSCS III CIR 

16.21 Using the information in Table 16.2, predict the product(s) of 

*(a) Friedel-Crafts acylation of anisole with acetyl chloride (structure in Eq. 

16.12) in the presence of AIC]. 

(b) Friedel-Crafts alkylation of a large excess of ethylbenzene with chloro- 

methane in the presence of AICI. 

SOD ADO BDO RD DOOTCH ODES 0 OOOO OCD OOOOUO CG OCUROOTOOC DUD OCOCOOCOOOGUOOU UCOCIGATOOOCCUCOUDOD ODO OOOO OCC. COC OO DOD GOO ROTC TOCODOOC IOC IC TERIOR IS OS 

What is the reason for these directing effects? These effects occur because electrophilic 

substitution reactions at one position of a benzene derivative are much faster than the same 

reactions at another position. That is, the substitution reactions at the different ring 

positions are in competition. For example, in Eq. 16.25, o- and p-bromonitrobenzenes are 

the major products because the rate of nitration is greater at the ortho and para positions 

of bromobenzene than it is at the meta position. Understanding these effects thus requires 

an understanding of the factors that control the rates of aromatic substitution at each 

position. 

Ortho, Para-Directing Groups Notice that all of the ortho, para-directing substit- 

uents in Table 16.2 are either alkyl groups or groups that have unshared electron pairs on 

atoms directly attached to the benzene ring. Although other types of ortho, para-directing 

groups are known, the principles on which ortho, para-directing effects are based can be 

understood by considering electrophilic substitution reactions of benzene derivatives 

containing these types of substituents. 
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Table 16.2 Summary of Directing and Activating or Deactivating 

Effects of Some Common Functional Groups 

(Groups are listed in decreasing order of activation.) 

Substituent group Name of group Directing effect Activating or deactivating 

= Nee ==NRe amino t 

—OH hydroxy 

—OR alkoxy 

O 
eke. , —NH— = acylamino activating 

R ortho, para substituents 

directors 
O 

ee de 
aU G acyloxy 

\ 
R 

== alkyl 

— F {oo Cl 5 Br 55 —I: halogens 

O O O 

= f cab f re f carboxy, carboxamido, 

at aes \ carboalkoxy 

OH NH, OR 
deactivating 

O substituents y 
meta 

—=C€ acyl directors 
\ 
R 

SD OnE sulfonic acid 

— GN cyano 

Sal) nitro 
sisisicisiejs|e\nieieieis)eieieic\e¢ivjeiejeleisie/eieie.eieisja\a)aie/eiejsisipislaie|sieialeie\sieiaie.sjaie\n/sisinjeinjala]¢i9i@10(s/6'9\e.¢\e19:m)p/e\e\e\a eia.a\e\6;e{9(@)6\0 b16|01s/uluia\ala’s\aj0\¢|616\9/6|6[sie,wicJn(a'n(a\nia/a/e/e\vioie\éfele(elela eieisieteisieinie/6iateletaiataialetelele sie ietatmctne 

First imagine the reaction of a general electrophile E* with anisole (methoxybenzene). 
Notice that the atom directly attached to the benzene ring (the oxygen of the methoxy 
group) has unshared electron pairs. Reaction of E* at the para position of anisole gives 
a carbocation intermediate with the following four important resonance structures: 
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OCH; OCH; (OCH: 
E para be 

<> (16.27) 

H H 

The colored structure shows that the unshared electron pair of the methoxy group can 

delocalize the positive charge on the carbocation. This is an especially important structure 

because it contains more bonds than the others, and every atom has an octet. 

Rae Preraicvatuiatetaterain/a\eieteleveiela/eiatoieiera’n:elo’ovass\slelviolnlsinints(org were loiolelolelalsinlslelsie[sieib\«'d/e/s]ejnjsinie nie alslale elsielereleseinib erelie Oe wie sie ins s\a/e) S1n\e)¢)e.814,6\8;0inie1a/a\nia eleleleie/sia\eieiniPielal Sia > SiRielehsie ie Sion oon. ea ease 

*16.22 Draw the carbocation that results from the reaction of the electrophile at the 

ortho position of anisole; show that this ion also has four resonance structures. 

SN OGOURRIGE SHBOIOUSOCOES OC ROOOTITOOCUCO ODOC EMO CCOOOCIDCCCOCUOOTOOCIGOCOCCCOCOO RECO ODO UU IO COCO COCOCUOCOCOUDAEC COI COODIOCCORC GOUT RIT OO aap ia tae >) CRs 

If the electrophile reacts with anisole at the meta position, the carbocation intermedi- 

ate that is formed has fewer resonance structures than the ion in Eq. 16.27. In particular, 

the charge cannot be delocalized onto the —OCH3 group when reaction occurs at the meta 

position. There is no structure corresponding to the colored structure in Eq. 16.27. 

OCH; OCH; OCH; OCH; 

7 ee or Si 

(16.28) 

+ 

EH E H BE H 

In order for the oxygen to delocalize the charge, it must be adjacent to an electron- 

deficient carbon, as in Eq. 16.27. The resonance structures show that the positive charge 

is shared on alternate carbons of the ring. When meta substitution occurs, the positive 

charge is not shared by the carbon adjacent to the oxygen. 

A comparison of Eq. 16.27 and Problem 16.22 with Eq. 16.28 shows that the reaction 

of an electrophile at either the ortho or para positions of anisole gives a carbocation with 

more resonance structures, that is, a more stable carbocation. The rate-limiting step in 

many electrophilic aromatic substitution reactions is formation of the carbocation interme- 

diate. Hammond’s postulate (Sec. 4.8C) suggests that the more stable carbocation should 

be formed more rapidly. Hence, the products derived from the more rapidly formed 

carbocation—the more stable carbocation—are the ones observed. Since attack of the 

electrophile at an ortho or para position of anisole gives a more stable carbocation than 

attack at a meta position, the products of ortho, para substitution are formed more rapidly, 
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CH;0 HE 

- CH30 

E carbocation 

intermediate 

CH30° 
Ree ; 

carbocation meta attac 

Got intermediate 

para attack 

CHO + 
CH,0 - ee 

Senet 
* 

a (b) 
reaction coordinates 

Figure 16.7 Basis of the directing effect of the methoxy group in electrophilic aromatic substitution reactions of 
anisole. Substitution of anisole by an electrophile E* occurs more rapidly at (a) the para position 
than at (b) the meta position because a more stable carbocation intermediate is involved in para sub- 
stitution. The dashed lines within the structures symbolize the delocalization of electrons. 

and are thus the products observed (Fig. 16.7). This is why the —OCH; group is an 
ortho, para-directing group. 

To summarize: Substituents containing atoms with unshared electron pairs adjacent 

to the benzene ring are ortho, para directors in electrophilic aromatic substitution reactions 

because their electron pairs can be involved in the resonance stabilization of the carbocat- 
ion intermediates. 

Now imagine the reaction of an electrophile E* with an alkyl-substituted benzene 
such as toluene. Alkyl groups such as a methyl group have no unshared electrons, but 
the explanation for the directing effects of these groups is similar. Reaction of E* at a 
position that is ortho or para to an alkyl group gives an ion that has one tertiary carbocation 
resonance structure (colored structure in the following equation). 

CH, CH; 2 
para “A 
eee <—> 

H Boh LA 

E E E 

tertiary cation 
(16.29) 

Reaction of the electrophile meta to the alkyl group also gives an ion with three resonance 
structures, but all resonance forms are secondary carbocations. 
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CH, CH, CH; Gre 

gy Cy (J 

——_—_> <> << > (16.30) 

lal le lal Jd jal Je. 

Because reaction at the ortho or para position gives the more stable carbocation, alkyl 

groups are ortho, para-directing groups. 

Meta-Directing Groups The meta-directing groups in Table 16.2 are all electronega- 

tive groups that do not have an unshared electron pair on an atom adjacent to the benzene 

ring. The directing effect of these groups can be understood by considering as an example 

the reactions of a general electrophile E* with nitrobenzene at the meta and para positions. 

N N N 
Sod RO x: Ps 

ue ale oe + 

O es para 

+ 

Nas Jaen pa alto Ow 

O ae C Ob] ee as (16.32) 
H H L H 

E 

positive charges on 
adjacent atoms 

Both reactions give carbocations that have three resonance structures, but attack at the 

para position gives an ion with one particularly unfavorable structure (color). In this 

structure positive charges are situated on adjacent atoms. Since repulsion between two 

like charges, and consequently their energy of interaction, increases with decreasing 

separation, the colored resonance structure in Eq. 16.32 is less important than the others. 

Thus, the carbocation in Eq. 16.31, with the greater separation of like charges, is more 

stable than the carbocation in Eq. 16.32. Hammond's postulate (Sec. 4.8C) suggests that 

the more stable carbocation intermediate should be formed more rapidly. Consequently, 
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the nitro group is a meta director because the ion that results from meta substitution 

(Eq. 16.31) is more stable than the one that results from para substitution (Eq. 16.32). 

In summary, substituents that have positive charges adjacent to the aromatic ring 

are meta directors because meta substitution gives the carbocation intermediate in which 

like charges are farther apart. Notice that not all meta-directing groups have full positive 

charges like the nitro group, but all of them have bond dipoles that place a substantial 

amount of positive charge next to the benzene ring. 

Ce O 

Of O4 C Sar 

of I). 
acyl group sulfonic acid 

group 

CHRO eee eee EEE ease eee DEE EE EEE ESSE EEEEE EEE EE EEE THEE SHEETS EE EEEEEEEEEE EEE SESE HEH ESHEEEEEEEE ES EE EHEEEEEESESESESEEESEEE EEE EEEEEEES EEE ESESESEEEESE SESE ESS 

*16.23 Biphenyl (phenylbenzene) undergoes the Friedel-Crafts acylation reaction, as 

shown by the following example. - PROBLEMS | ae 

i i ! 
+ CI—C—CH; ee ( \4 \-cuen, + HCl 

biphenyl p-phenylacetophenone 

(a) On the basis of this result, what is the directing effect of the phenyl group? 

(b) Using resonance arguments, explain the directing effect of the phenyl group. 

16.24 Predict the predominant products that would result from bromination of each 
of the following compounds. Classify each substituent group as an ortho, para 
director or a meta director and explain your reasoning. 

*(a) 7 O (b) 
(\ " | Ce, 

NH—C—CH,; 

Ohi dima bone re Co Pe RGA SICE) 2 UDO UCC COR CCUODUCROCUDOSOIUSDU UCI CCCCOOCOCTTUOOOOGUCOOC HONCHO UDODUCCMC SOU COLCOASOCCROOCUNOO CO OGOD OOD bo non SOCOGOONYE ce 

The Ortho, Para Ratio An aromatic substitution reaction of a benzene derivative 
bearing an ortho, para-directing group would give twice as much ortho as para product 
if substitution were completely random, because there are two ortho positions and only 
one para position available for substitution. However, this situation is rarely observed in 
practice: it is often found that the para substitution product is the major one in the 
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reaction mixture. In some cases this result can be explained by the spatial demands of 

the electrophile. For example, Friedel-Crafts acylation of toluene gives essentially all para 

substitution product and almost no ortho product. The electrophile cannot react at the 

ortho position without developing van der Waals repulsions with the methyl group that 

is already on the ring. Consequently, reaction occurs at the para position, where such 

repulsions cannot occur. 

On the other hand, van der Waals repulsions cannot account for the results in 

every case. For example, nitration of toluene gives twice as much o-nitrobenzene as p- 

nitrobenzene, the result expected on a random basis. In contrast, nitration of fluoroben- 

zene yields mostly the para isomer, even though fluorine is much smaller than a methyl 

group. If van der Waals repulsions determined the outcome, more ortho nitration product 

should be obtained from fluorobenzene than from toluene. The reasons for the ortho, 

para ratio vary from case to case, and in some cases are not well understood. 

Whatever the reasons for the ortho, para ratio, if an electrophilic aromatic substitution 

reaction yields a mixture of ortho and para isomers, a problem of isomer separation arises 

that must be solved if the reaction is to be useful. Usually syntheses that give mixtures 

of isomers are avoided because, in many cases, isomers are difficult to separate. However, 

the ortho and para isomers obtained in many electrophilic aromatic substitution reactions 

have sufficiently different physical properties that they are readily separated (Sec. 16.2). 

For example, the boiling points of o- and p-nitrotoluene, 220° and 238°, respectively, are 

sufficiently different that these isomers can be separated by careful fractional distillation. 

The melting points of o- and p-chloronitrobenzene, 34° and 84°, respectively, are so 

different that the para isomer can be selectively crystallized. Most aromatic substitution 

reactions are so simple and inexpensive to run that when the separation of isomeric 

products is not difficult, these reactions are useful for organic synthesis despite the 

product mixtures that are obtained. Thus, you may assume in working problems involving 

electrophilic aromatic substitution on compounds containing ortho, para-directing groups 

that the para isomer can be isolated in useful amounts. 

ADO BORO ORCC CDO COO OO COLTO TIGCITIOD OTTO COO CAD OORIOUCIIO OTC COCR R CH it Mor IO ns cag IM ICT HCCI CF RAIMI MA ae CA St MON FN Dd li lad 

Different benzene derivatives have greatly different reactivities in electrophilic aromatic 

substitution reactions. If a substituted benzene derivative reacts more rapidly than benzene 

itself, then the substituent group is said to be an activating group. The Friedel-Crafts 

acylation of anisole (methoxybenzene), for example, is 300,000 times as fast as the same 

reaction of benzene under comparable conditions. Furthermore, anisole shows a similar 

enhanced reactivity relative to benzene in all other electrophilic substitution reactions. 

Thus, the methoxy group is an activating group. On the other hand, if the derivative 

reacts more slowly than benzene itself, then the substituent is called a deactivating group. 

For example, the rate of the bromination of nitrobenzene is less than 10~° times the rate 

of the bromination of benzene, and nitrobenzene reacts much more slowly than benzene 

in all other electrophilic substitution reactions as well. Thus, the nitro group is a deactivat- 

ing group. 

A given substituent group is either activating in all electrophilic aromatic substitution 

reactions or deactivating in all such reactions. Whether a substituent is activating or deacti- 

vating is shown in the last column of Table 16.2. In this table the most activating 

substituent groups are near the top of the table. Three generalizations emerge from 

examining this table. 
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1. All meta-directing groups are deactivating groups. 

2. All ortho, para-directing groups except for the halogens are activating 

groups. 

3. The halogens are deactivating groups. 

Thus, except for the halogens, there appears to be a correlation between the activating 

and directing effects of substituents. 

In view of this correlation, it is not surprising that the explanation of activating and 

deactivating effects is closely related to the ‘explanation for directing effects. A key to 

understanding these effects is the realization that directing effects are concerned with the 

relative rates of substitution at different positions of the same compound, while activating 

or deactivating effects are concerned with the relative rates of substitution of different 

compounds—a substituted benzene compared with benzene itself. As in the discussion 

of directing effects, we consider the effect of the substituent on the stability of the 

intermediate carbocation, and we then assume that the stability of this carbocation is 

related to the stability of the transition state for its formation, as suggested by Hammond’s 
postulate. 

Two properties of substituents must be considered in order to understand activating 

and deactivating effects. First is the resonance effect of the substituent. This is the ability 

of the substituent to stabilize the carbocation intermediate in electrophilic substitution 

by delocalization of electrons from the substituent into the ring. The resonance effect is 

the same effect that is responsible for the ortho, para-directing effects of substituents with 
unshared electron pairs, such as —OCH; and halogen (colored structure in Eq. 16.27). 

+ 

acs OCH; 

resonance effect of the 
methoxy group stabilizes 

5 ae the carbocation 

le, Jal Je el 

The second property is the polar effect of the substituent. This is the tendency of the 
substituent group, by virtue of its electronegativity, to pull electrons away from the ring. 
This is the same effect discussed in connection with substituent effects on acidity (Sec. 
3.6B). When a ring substituent is electronegative, it pulls the electrons of the ring toward 
itself and creates a slight electron deficiency, or positive charge, in the ring. In the 
carbocation intermediate of an electrophilic substitution reaction, the positive end of the 
bond dipole interacts repulsively with the positive charge in the ring, thus raising the 
energy of the ion: 

:OCH; 
repulsive interaction 

or polar effect of the 
+ methoxy group destabilizes 

the carbocation 
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Thus, the electron-donating resonance effect of a substituent group with unshared electron 

pairs stabilizes positive charge and activates further substitution. If such a group is electro- 

negative, its electron-withdrawing polar effect destabilizes positive charge and deactivates 

further substitution. These two effects operate simultaneously. Whether a substituted 

derivative of benzene is activated or deactivated toward further substitution depends on the 

balance of the resonance and polar effects of the substituent group. 
Anisole (methoxybenzene) undergoes electrophilic substitution much more rapidly 

than benzene because the resonance effect of the methoxy group far outweighs its polar 

effect. The benzene molecule, in contrast, has no substituent to help stabilize the carbocat- 

ion intermediate by resonance. Hence, the carbocation intermediate (and the transition 

state) derived from substitution of anisole is more stable relative to starting materials 

than the carbocation (and transition state) derived from substitution of benzene. Thus, 

in a given reaction, para substitution of anisole is faster than substitution of benzene. In 

other words, the methoxy group activates the benzene ring toward para substitution. 

There is also an important subtlety here. Although the ortho and para positions of 

anisole are highly activated toward substitution, the meta position is deactivated. When 

substitution occurs in the meta position, the methoxy group cannot exert its resonance 

effect (Eq. 16.28), and only its rate-retarding polar effect is operative. Thus, whether a 

group activates or deactivates further substitution really depends on the position on the 

ring that is being considered. Thus, the methoxy group activates ortho, para substitution 

and deactivates meta substitution. But this is just another way of saying that the methoxy 

group is an ortho, para director. Because ortho, para substitution is the observed mode of 

substitution, the methoxy group is considered to be an activating group. These ideas are 

summarized in the reaction free-energy diagrams shown in Fig. 16.8. 

The deactivating effects of halogen substituents reflect a different balance of reso- 

nance and polar effects. Consider the chloro group, for example. Since chlorine and 

oxygen have similar electronegativities, the polar effects of the chloro and methoxy groups 

are similar. However, the resonance interaction of chlorine electron pairs with the ring 

is much less effective than the interaction of oxygen electron pairs because the chlorine 

valence electrons reside in orbitals with higher quantum numbers. Because these orbitals 

and the carbon 2p orbitals of the benzene ring have different sizes and different numbers 

of nodes, they do not overlap so effectively (Fig. 16.9). Since this overlap is the basis of 

the resonance effect, the resonance effect of chlorine is weak. With a weak rate-enhancing 
resonance effect and a strong rate-retarding polar effect, chlorine is a deactivating group. 

Bromine and iodine exert weaker polar effects than chlorine, but their resonance effects 

are also weaker (why?). Hence, these groups, too, are deactivating groups. Fluorine, as a 

first-row element, has a stronger resonance effect than the other halogens, but, as the 

most electronegative element, it has a stronger polar effect as well. Fluorine is also a 

deactivating group. 
The deactivating, rate-retarding polar effects of the halogens are similar at all ring 

positions, but are offset somewhat by their resonance effects when substitution occurs 

para to the halogen. However, the resonance effect of a halogen cannot come into play 

at all when substitution occurs at the meta position of a halobenzene (why?). Hence, 

meta substitution in halobenzenes is deactivated even more than para substitution is. 

This is another way of saying that halogens are ortho, para-directing groups. 

Alkyl substituents such as the methyl group have no resonance effect, but the polar 

effect of any alkyl group toward electron-deficient carbons is an electropositive, stabilizing 

effect (Sec. 4.7C). It follows that alkyl substituents on a benzene ring stabilize carbocation 

intermediates in electrophilic substitution, and for this reason, they are activating groups. 
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Figure 16.8 

Figure 16.9 

reaction coordinates 

Basis of the activating effect of the methoxy group on electrophilic aromatic substitution in anisole. 
(a) The energy barrier for substitution of benzene by an electrophile E*. (b) The energy barrier for 
substitution of anisole by E* at the para position. (c) The energy barrier for substitution of anisole 
by E* at the meta position. The substitution of anisole at the para position is faster than substitu- 
tion of benzene; the substitution of anisole at the meta position is slower than the substitution of ben- 
zene. The methoxy group is an activating group because the observed reaction of anisole, substitution 
at the para position, is faster than substitution of benzene. 

overlap of 2p orbitals 

(a) 

overlap of carbon 2p 
and chlorine 3p orbitals 

(b) 

Overlap of carbon and oxygen 2p orbitals (a) is more effective than the overlap of carbon 2p and 
chlorine 3p orbitals (b), because the orbitals with different quantum numbers have different sizes 
and different numbers of nodes. The colored and gray parts of the orbitals represent wave peaks and 
wave troughs, respectively. Bonding overlap occurs only when peaks overlap with peaks and troughs 
with troughs. 
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It turns out that alkyl groups activate substitution at all ring positions, but they are ortho, 

para directors because they activate ortho, para substitution more than they activate meta 

substitution (Eqs. 16.29 and 16.30). 

Finally, consider the deactivating effects of meta-directing groups such as the nitro 

group. Because a nitro group has no appreciable electron-donating resonance effect, the 

polar effect of this electronegative group destabilizes the carbocation intermediate and 

retards electrophilic substitution at all positions of the ring. The nitro group is a meta- 

directing group because substitution is retarded more at the ortho and para positions 

than at the meta positions (Eqs. 16.31 and 16.32). In other words, the meta-directing 

effect of the nitro group is not due to selective activation of the meta positions, but rather 

to greater deactivation of the ortho and para positions. For this reason, the nitro group 

and the other meta-directing groups might be called meta-allowing groups. 

16.25 Draw reaction-free energy profiles analogous to that in Fig. 16.8 in which substi- 

tution on benzene by a general electrophile E* is compared with substitution at 

the para and meta positions of *(a) chlorobenzene; (b) nitrobenzene. 

16.26 Which should be faster: 

*(a) nitration of anisole or nitration of thioanisole under the same conditions? 

(b) bromination of N,N-dimethylaniline or bromination of benzene under the 

same conditions? 

Explain your answers carefully. 

e/ 
)- SCH; _ thioanisole  )- ae N,N-dimethylaniline 

©. Use of Electrophilic Aromatic 

Substitution in Organic Synthesis 

Both activating/deactivating and directing effects of substituents can come into play 

in planning an organic synthesis that involves electrophilic substitution reactions. The 

importance of directing effects is illustrated in the following study problem. 

Outline a synthesis of p-bromonitrobenzene from benzene. 

Solution The key to this problem is whether the bromine or the nitro group should 

be the first ring substituent introduced. Introduction of the bromine first takes advantage 

of its directing effect in the subsequent nitration reaction: 

Or: a wl \ a wt \—no. (16.33) 
2904 

benzene bromobenzene p-nitrobromobenzene 
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Introduction of the nitro group first followed by bromination would give instead 

m-bromonitrobenzene, because the nitro group is a meta-directing group. 

Br 

SO, Bro, F Orrin, ta oC) ait oon 
benzene nitrobenzene m-bromonitrobenzene 

Hence, to prepare the desired compound, brominate first and then nitrate the resulting 

bromobenzene, as shown in Eq. 16.33. 

TPE eee e EEE EEE Ee Hee Hee eae Eee HEE HEE EEE EEE EEEEES EEE EE EEE EEE E HEHEHE HEE EEE ESSE SEES SESE EE EEE EEE SEES EEEEEEEEESEE HEHEHE CEEEE EEE ESET EE EOE EEE EES 

When an electrophilic substitution reaction is carried out on a benzene derivative 

with more than one substituent, the activating and directing effects are roughly the sum 

of the effects of the separate substituents. First, let’s consider directing effects. In the 

Friedel-Crafts acylation of m-xylene, for example, both methyl groups direct the substitu- 

tion to the same positions. 

O O 

! hich ! 
lslAG, 1 AOS (sk eS Ge Che Gy 

CH, CH; 

substitution at (80% yield) 
this position is 
hindered by two 
ortho-methyls (16.35) 

Methyl groups are ortho, para directors. Substitution at the position ortho to both methyl 
groups is difficult because van der Waals repulsions between both methyls and the 
electrophile would be present in the transition state. Consequently, substitution occurs 
at a ring position that is para to one methyl and, of necessity, ortho to the other. 

Two meta-directing groups on a ring, such as the carboxylic acid (~COH) groups 
in the following example, direct further substitution to the remaining open meta position: 

CO,H CO,H 

H2SO 
+ HNO, ———> +H,O (16.36) 

HO,C HO,C NO, 

1,3-benzenedicarboxylic acid 5-nitro-1,3-benzenedicarboxylic acid 
(96% of product) 

In each of the last two examples, both substituents direct the incoming group to 
the same position. What happens when the directing effects of the two groups are in 
conflict? If one group is much more strongly activating than the other, the directing 
effect of the more powerful activating group generally predominates. For example, the 
— OH group is such a powerful activating group that phenol can be brominated three 
times. (Notice that the —OH group is near the top of Table 16.2.) 
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OH OH 

HC 
ae Ae) + 3HBr (16.37) 

phenol Br 

2,4,6-tribromophenol 
quantitative; 

virtually instantaneous 

After the first bromination, the —OH and —Br groups direct subsequent brominations 

to different positions. The strong activating and directing effect of the —OH group at 

the ortho and para positions overrides the weaker directing effect of the —Br group. 

In other cases, mixtures of isomers are typically obtained. 

C] —— directs ortho Cll Cl 

NO; 

HONO)> 
—S Se ai (16.38) 

NO; 

CH, —> directs ortho CH; CH, 

4-chlorotoluene 4-chloro-3-nitrotoluene 4-chloro-2-nitrotoluene 

(42%) (58%) 

AD OOOO OOOO CAGODOOOOOBOODCOOTODOCOCDOOGOUUOOOFTOOOUOCOOOINCOT AICO ODUOCOUDOOUUOOCTUTCEOOOUOOOODOOOOOOTOROOOOUCOOOUEOID OOOO OU IOUG COLL IORI A ICICI RIC SI Mt 

16.27. Predict the predominant product(s) from: 

*(a) monosulfonation of m-bromotoluene 

(b) monobromination of mesitylene (1,3,5-trimethylbenzene) 

*(c) mononitration of m-bromoiodobenzene 

(d) dinitration of toluene 

Explain your answers. 

BR OAOOCTOGNADICHOHODOROODROOOCIOUODODONOO COCO OCCUOUOOCUCUOCOCUCCOCOOTO COO OUCUCOOUOUUOCOOOUCUOUUUCOOCMCUCC ORCC OOOUOUC TIO: Cetin TC CL TIOO OLLI ICI M Fd 

The activating or deactivating effects of substituents in an aromatic compound 

determine the conditions that must be used in an electrophilic substitution reaction. The 

cS bromination of nitrobenzene, for example (Eq. 16.26), requires relatively harsh conditions 

Srupy GuipE Link: of heat and a Lewis acid catalyst because the nitro group deactivates the ring toward 

¥16.4 electrophilic substitution. In contrast, mesitylene can be brominated under very mild 
Reaction Conditions conditions, because the ring is activated by three methyl groups; a Lewis acid catalyst is 
and Reaction Rate 

unnecessary. 

Br 

H3C CH, H3C CH, 
CCly ; 

+ Br 0-10° Si dally ((alG)248)) 

CH; CH, 

(80% yield) 
mesitylene 
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A similar contrast is apparent in the conditions required to sulfonate benzene and toluene. 

Sulfonation of benzene requires fuming sulfuric acid (Eq. 16.10). However, because 

toluene is more reactive than benzene, toluene can be sulfonated with concentrated 

sulfuric acid, a milder reagent than fuming sulfuric acid. 

Hic) SO. Hic—{ so. + HO (16.40) 

Another important consequence of activating and deactivating effects is that when 

a deactivating group—for example, a nitro group—is being introduced by an electrophilic 

substitution reaction, it is easy to introduce one group at a time. Thus, toluene can be 

nitrated only once because the nitro group that is introduced retards a second nitration 

on the same ring. Notice that additional nitrations require increasingly harsh conditions. 

0 : 
( \-cn, eRe I on cn + ortho isomer (16.41a) 

BO, I lair 

toluene 4-nitrotoluene 
50 g 

NO, 

HNO3 (30 g) 
ont cn, F550, (200g) ON CH, (16.41b) 

70°, 30 min 

4-nitrotoluene 2,4-dinitrotoluene 
50 g (90% yield) 

NO, NO, 

170 ¢ fuming HNO 2,4,6-trinitrotoluene 
O,N Gis LON CH, “TNT” (16.41c) 680 g H2SO, ae 

120°, 5 hr (90% yield) 

2,4-dinitrotoluene NO, 
50 g 

Fuming nitric acid (Eq. 16.41c) is an especially concentrated form of nitric acid. 
Ordinary nitric acid contains 68% by weight of nitric acid; fuming nitric acid is 
95% by weight nitric acid. It owes its name to the layer of colored fumes usually 
present in the bottle of the commercial product. 

Deactivating substituents retard some reactions to the point that they are not useful. 
For example, Friedel-Crafts acylation (Sec. 16.4E) does not occur on a benzene ring 
substituted solely with one or more meta-directing groups. In fact, nitrobenzene is so 
unreactive in the Friedel-Crafts acylation that it can be used as the solvent in the acylation 
of other aromatic compounds! Similarly, the Friedel-Crafts alkylation (Sec. 16.4F) is 
generally not useful on compounds that are more deactivated than benzene itself. 

When an activating group is introduced by electrophilic substitution, additional 
substitutions can occur easily under the conditions of the first substitution, and as a 
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result, mixtures of products are obtained. This is the situation in Friedel-Crafts alkylation. 

As noted in the discussion of Eq. 16.22, one way to avoid multiple substitution in such 

cases is to use a large excess of the starting material. 
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16.28  Ineach of the following sets, rank the compounds in order of increasing harshness 

of the reaction conditions required to accomplish the indicated reaction. 

*(a) sulfonation of benzene, m-xylene, or p-dichlorobenzene 

(b) Friedel-Crafts acylation of chlorobenzene, anisole, or toluene. 

- PROBLEMS _ 

*16.29 Outline a synthesis of m-nitroacetophenone from benzene; explain your 

reasoning. 

O,N CCH m-nitroacetophenone 

eten eric iniole eialete wsvinialcle wiaisic's(e's1e.bieve vininiain in hie alsin re waivtolersigisrs © sis cle (6 s(piaeiclulele/Aleisieleis'eie'e'e.0:0,6:6(aisie nai e(¥o's eig(e'ela O\eiaia\eig:n-919.8ipiplolale/eleselaleie &6irleram sere 6 kn aii ki a eae 
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Because of its aromatic stability, the benzene ring is resistant to conditions used to 

hydrogenate ordinary double bonds. 

C p-cimci{) +8 a Cpa k (16.42) 

stilbene (2-phenylethyl) benzene 

(cis or trans) (95% yield) 

Nevertheless, aromatic rings can be hydrogenated under more extreme conditions of 

temperature and/or pressure. Typical conditions for carrying out the hydrogenation of 

benzene derivatives include Rh or Pt catalysts at 5-10 atm of hydrogen pressure and 

50-100°, or Ni or Pd catalysts at 100-200 atm and 100-200°. 

(pci 3H, Se a. ee 

ethylbenzene ethylcyclohexane 
(93% yield) 

As this example illustrates, a good way to prepare a substituted cyclohexane in many 

cases is to prepare the corresponding benzene derivative and then hydrogenate it. 

Catalytic hydrogenation of benzene derivatives gives the corresponding cyclohexanes, 

and cannot be stopped at the ¢yclohexadiene or cyclohexene stage. The reason follows 

from the enthalpies of hydrogenation of benzene, 1,3-cyclohexadiene, and cyclohexene. 
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ar H, —-_ ie INGE 

Oe ae 6 AH® = —111 kJ/mol (—26.5 kcal/mol) (16.44b) 

ar H, ge gs! eon AMEE 

The hydrogenation of most ordinary alkenes is exothermic by 133-126 kJ/mol (27-30 

kcal/mol); yet the reaction in Eq. 16.44a is endothermic. The unusual AH? of this reaction 

reflects the aromatic stability of benzene. Because this reaction is endothermic, energy 

must be added for it to take place—thus the harsh conditions required for the hydrogena- 

tion of benzene derivatives. The hydrogenations of 1,3-cyclohexadiene and cyclohexene 

proceed so rapidly under these vigorous conditions that once these compounds are formed 

in the hydrogenation of benzene, they react instantaneously. 

+24.3 kJ/mol (+5.8 kcal/mol) (16.44a) 

II —118 kJ/mol (—28.3 kcal/mol) (16.44c) 
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16.30 Using benzene and any other reagents, outline a synthesis of each of the following 
compounds. 

*(a) cyclohexylcyclohexane (b)  tert-butylcyclohexane 

LODE ODORS GODIOOUGH RO ORIG OO OOOCOIOGOOOUSUCCUCUOC OOO OOO OOC OHO DCO CO COU OC OUCC TCO CONDO OCT OOGOOUE UOC I OCOO OOO CONNCOUOGO HOTEL HOOO OOOO OOOUOHOCHOOOOCOBOBOGAnAG. 

Source and Industrial Use of Aromatic Hydrocarbons 

The most common source of aromatic hydrocarbons is petroleum. Some petroleum 
sources are relatively rich in aromatic hydrocarbons, and aromatic hydrocarbons can be 
obtained by catalytic reforming of the hydrocarbons from other sources. Another poten- 
tially important, but currently minor, source of aromatic hydrocarbons is coal tar, the 
tarry residue obtained when coal is heated in the absence of oxygen. Once a major source 
of aromatic hydrocarbons, coal tar may increase in importance as a source of aromatic 
compounds as the use of coal increases. 

Benzene itself is obtained by separation from petroleum fractions, and by demethyl- 
ation of toluene. Annual production of benzene in the United States is about 1.6 billion 
gallons. Benzene serves as a principal source of ethylbenzene, styrene, and cumene (see 
Eq. 16.45), and as one of the sources of cyclohexane. Because cyclohexane is an important 
intermediate in the production of nylon, benzene has substantial importance to the nylon 
industry. 

Toluene is also obtained by separation from reformates, the products of hydrocarbon 
interconversion over certain catalysts. As previously noted, some toluene is used in the 
production of benzene. Toluene is also used as an octane booster for gasoline and as a 
starting material in the polyurethane industry. 

Ethylbenzene and cumene are obtained by the alkylation of benzene with ethylene 
and propene, respectively, in the presence of acid catalysts (Friedel-Crafts alkylation). 
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H = 
(+ cic Aw Cp cnicin) (16.45) 

204 

propene 
cumene 

Cumene is an important intermediate in the manufacture of phenol and acetone (Sec. 

18.10). The major use of ethylbenzene is dehydrogenation to styrene, one of the most 

commercially important aromatic hydrocarbons. Its principal uses are in the manufacture 

of polystyrene (Sec. 5.7A) and styrene-butadiene rubber (Sec. 15.5). About 1.5 billion 

gallons of ethylbenzene and 1.2 billion gallons of styrene are produced annually in the 

United States. 

The xylenes are obtained by separation from petroleum and by reforming Cg petro- 

leum fractions. Of the xylenes, p-xylene is the most important commercially. Virtually 

the entire production of p-xylene is used for oxidation to terephthalic acid (Eq. 16.46), 

an important intermediate in polyester synthesis (for example, Dacron; Sec. 2 AZA) 

(Oxidation of alkylbenzenes is discussed in Sec. N75) 

ne—{ cH, +0, eee Hoc) —coul (16.46) 

p-xylene terephthalic acid 

The relationships of many of the compounds discussed here to the chemical industry 

as a whole are shown in Fig. 5.3. 

AROMATIC COMPOUNDS AND CANCER 

Most people appreciate that certain chemicals are hazardous. Among the most 

worrisome chemical hazards is carcinogenicity—the proclivity of a substance 

to cause cancer. Certain aromatic compounds are carcinogens, or cancer- 

causing chemicals. Both the historical aspects of this finding and the reasons 

underlying it are interesting. 

After the great fire of London in 1666, Londoners began the practice of 

building homes with long and tortuous chimneys. The use of coal for heating 

resulted in deposits of black soot that had to be periodically removed from 

these chimneys, but the only people who could negotiate these narrow passages 

were small boys, called “sweeping boys.” It was common for these boys to 

contract a disease that we now know is cancer of the scrotum. In 1775 Percivall 

Pott, a surgeon at London’s St. Bartholomew’s, Hospital, identified coal dust 

as the source of “this noisome, painful, and fatal disease,” and Pott’s findings 

subsequently led to substantial reform in the child-labor statutes in England. 

In 1892 Henry T. Butlin, also of St. Bartholomew’s, pointed out that the 

disease did not occur in countries in which the chimney sweeps washed 

thoroughly after each day’s work. 

In 1933, the compound benzo[a]pyrene was isolated from coal tar; this 

compound and 7,12-dimethylbenz[aJanthracene, both polycyclic aromatic 

hydrocarbons, are two of the most potent carcinogens known. 
(continues) 
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CH; 

benzo[a]pyrene CH, 

7,12-dimethylbenz[a]anthracene 
(7,12-DMBA) 

These and related compounds are the active carcinogens in soot. Materials 

such as these are also found in cigarette smoke and in the exhaust of internal 

combustion engines (that is, automobile pollution). About three thousand 

tons of benzo[a]pyrene per year are released as particulates into the 
environment. 

Benzene has also been found to be carcinogenic, and it has been sup- 
planted for many uses by toluene, which is not carcinogenic. (Not all aromatic 

compounds are carcinogens.) However, benzene is much less carcinogenic 

than the polycyclic hydrocarbons above, and continues to be used with due 

caution in applications for which it cannot be readily replaced. 

Organic chemists and biochemists have learned that the ultimate carcino- 
gens (true carcinogens) are not aromatic hydrocarbons themselves, but rather 

certain epoxide derivatives. The diol-epoxide shown in Eq. 16.47, formed 
when living cells attempt to metabolize benzo[a]pyrene, is the ultimate carcin- 
ogen derived from benzo[a]pyrene. 

living tissue 

(enzymes, O2) 

benzo[a]pyrene 

benzo[a]pyrene 
diol-epoxide (16.47) 

This transformation is particularly remarkable in view of the usual resistance 
of benzene rings to addition reactions. This type of oxidation is normally 
employed as a detoxification mechanism; the oxidized derivatives of many 
hydrocarbons, but not the hydrocarbons themselves, can be secreted and thus 
removed from the cell. Benzo[a]pyrene diol-epoxide, however, survives long 
enough to find its way into the nuclei of cells, where the epoxide group reacts 
with nucleophilic groups on DNA, the molecule that contains the genetic 
code. (This reaction is discussed in Sec. 27.12B.) It is strongly suspected, 
although not conclusively proved, that this is a key event in the transformation 
of cells to a cancerous state caused by benzo[a]pyrene. 
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Benzene derivatives are distinguished by the NMR absorptions of their 

ring protons, which occur at lower field than the absorptions of vinylic 

protons. The unusual chemical shifts of aromatic protons are caused by 

the ring-current effect. The CMR absorptions of ring carbons are 

observed in about the same part of the spectrum as the absorptions of 

the vinylic carbons of alkenes. 

The most characteristic reaction of aromatic compounds is electrophilic 

aromatic substitution. In this type of reaction, an electrophile is 

attacked by the 7 electrons of a benzene ring to form a resonance- 

stabilized carbocation. Loss of a proton from this ion gives a new 

aromatic compound. 

Examples of electrophilic aromatic substitution reactions discussed in 

this chapter are halogenation, used to prepare halobenzenes; nitration, 

used to prepare nitrobenzene derivatives; sulfonation, used to prepare 

benzenesulfonic acid derivatives; Friedel-Crafts acylation, used to pre- 

pare aryl ketones; and Friedel-Crafts alkylation, used to prepare 

alkylbenzenes. 

Derivatives containing substituted benzene rings can undergo further 

substitution either at the ortho and para positions or at the meta posi- 

tion, depending on the ring substituent. 

Benzene rings with alkyl substituents or substituent groups that delocal- 

ize positive charge by resonance undergo further substitution at the 

ortho and para positions; these substituent groups are called ortho, 

para-directing groups. 

Benzene rings with substituents that cannot stabilize carbocations or 

delocalize positive charge by resonance undergo further substitution at 

the meta position. These substituents are called meta-directing groups. 

Whether a substituted benzene undergoes substitution more rapidly or 

more slowly than benzene itself is determined by the balance of reso- 

nance and polar effects of the substituents. Benzene rings containing an 

ortho, para-directing group other than halogen react more rapidly in 

electrophilic aromatic substitution than benzene itself. Benzene rings 

containing a halogen substituent or any meta-directing group react 

more slowly in electrophilic aromatic substitution than benzene itself. 

The activating and directing effects of substituent groups must be taken 

into account when planning a synthesis. 

Alkene double bonds can generally be hydrogenated without affecting 

the benzene ring. Benzene derivatives, however, can be hydrogenated 

under relatively harsh conditions to cyclohexane derivatives. 



780 Chapter 16 Chemistry of Benzene and Its Derivatives 

SETTER eee eee eee e eee ee eee eee se EHTS EEEE SEES EEE E HEHE HEE HEHEHE EEE E HEHE THEE HEHEHE EE EE HEHE HEHEHE EEEE EEE HEHEHE EEE EH EHEEEEE EEE SEEEEEEE EEE E EEE EE EE EEE HEED 

*16.31 Give the products expected (if any) when ethylbenzene reacts under the following 

conditions. 

(a) Bro in CCl, (dark) (b) HNO, H,SO, (c) conc. H,SO,4 

(d) ] 

C,H;—C— Cl, AICI, (1.1 equivalent), then H,O 

(e) CHsBr, AICI, (f) “Bry, FeBr; 

16.32 Give the products expected (if any) when nitrobenzene reacts under the following 

conditions. 

(a) “CL, FeCl, heat (b) fuming HNO;3, H,SO, 

(c) ] 

CH;— C— Cl, AICI, (1.1 equivalent), then H,O 

16.33 Show how you would distinguish the compounds within each of the following 

pairs using only simple chemical or physical tests with readily observable results. 
*(a) phenylacetylene and styrene (b) ethylbenzene and styrene 
*(c) benzene and ethylbenzene 

“16.34 | Which of the following compounds cannot contain a benzene ring? How do you 
know? 

(1) CipHi6 (2) CsHeCl, (3) C5H4 (4) CioH,5N 

“16.35 (a) Arrange the three isomeric dichlorobenzenes in order of increasing dipole 
moment (smallest first). 

(b) Assuming that the dipole moment is the principal factor governing their 
relative boiling points, arrange the compounds from part (a) in order of 
increasing boiling point (smallest first). Explain your reasoning. 

“16.36 — Explain how you would distinguish each of the following compounds from the 
others using NMR spectroscopy. Be explicit. 

| 

ee cH, FBC CH nhc CHG! 

B C 

16.37 Explain how you would distinguish between ethylbenzene, p- xylene, and styrene 
using only NMR spectra. 



16.38 

B16:39 

16.40 

16.41 

*16.42 

Additional Problems 781 

Explain why 

*(a) the NMR spectrum of the sodium salt of cyclopentadiene consists of a 

singlet. 

Cs Na’ sodium salt of cyclopentadiene 

(b) the methyl group in the following compound has an unusual chemical shift 

of 5 (—1.67), about four ppm higher field than a typical allylic methyl 

fp 
Show how resonance interaction of the electron pairs on the oxygen with the 

ring 77 electrons can account for the fact that the chemical shift of protons a in 

p-methoxytoluene is smaller than that of protons b in spite of the fact that the 

oxygen has a greater electronegativity than the methyl carbon. 

5 6.8 ——> H? He —— 67.2 

CH;0 CH 

Outline laboratory syntheses of each of the following compounds, starting with 

benzene and any other reagents. (The references to equations will assist you with 

nomenclature. ) 

*(a) p-nitrotoluene (b) p-dibromobenzene 

*(c) p-chloroacetophenone (Eq. 16.12) 

(d) m-nitrobenzenesulfonic acid (Eq. 16.10) 

*(e) p-chloronitrobenzene (f) 1,3,5-trinitrobenzene 

*(g) 2,6-dibromo-4-nitrotoluene (h) 2,4-dibromo-6-nitrotoluene 

*(i) 4-ethyl-3-nitroacetophenone (Eq. 16.12) 

*(j) cyclopentylbenzene (k) methylcyclohexane 

Arrange the following compounds in order of increasing reactivity toward HNO, 

in H,SO,. (The references to equations will assist you with nomenclature. ) 

*(a) mesitylene (Eq. 16.39), toluene, 1,2,4-trimethylbenzene 

(b) chlorobenzene, benzene, nitrobenzene 

*(c) m-chloroanisole, p-chloroanisole, anisole 

(d) acetophenone (Eq. 16.12), p-methoxyacetophenone, p-bromoacetophenone 

Indicate whether each of the following compounds should be nitrated more 

rapidly or more slowly than benzene, and give the structure of the principal 

mononitration product in each case. Explain your reasoning. 

(Problem 16.42 continues ) 
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(a) (b) . 
( )-H0o1, N(CH3)s 

benzeneboronic acid 

biphenyl 

16.43 Rank the following compounds in order of increasing reactivity in bromination. 

In each case, indicate whether the principal monobromination products will be 

the ortho and para isomers or the meta isomer, and whether the compound will 

be more or less reactive than benzene. Explain carefully the points that cause 

any uncertainty. 

CH,N(CHs); N(CH,); 

CO oe © a N(CH); CH, 

*16.44 Two alcohols, A and B, have the same molecular formula CyH; 90 and react with 

sulfuric acid to give the same hydrocarbon C. Compound A is optically active 
and compound B is not. Catalytic hydrogenation of C gives a hydrocarbon D, 
CoHjo, which gives two and only two products when nitrated once with HNO, 
in H,SO,. Give the structures of A, B, C, and D. 

16.45 Give the structures of all the hydrocarbons C,)H;9 that would undergo catalytic 
hydrogenation to give p-diethylbenzene. 

*16.46 (a) Give a curved-arrow mechanism for the following transformation, which 
is an example of an intramolecular Friedel-Crafts alkylation. 

nie CH; 
CH 

2 

CH, 

HG SCH, 
HO—C—CH, 

CH; 

(b) In your mechanism, identify the three basic steps of electrophilic aromatic 
substitution discussed in Sec. 16.4B. 
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16.47. When the following compound is treated with H,SO,, the product of the resulting 

reaction has the formula C,;H»» and does not decolorize Brz in CCly. Suggest a 

structure for this product and give a curved-arrow mechanism for its formation. 

OH oe. 
H2SO4 2 

“16.48 Celestolide, a perfuming agent with a musk odor, is prepared by the following 

sequence of reactions. 

inLC 
OH 3 
i (CHs)3C ae 

(cue) -cHcH.CCH Se + H,0 

1 
CH3 — C — Cl, AICI; (1.1 equiv.), | (b) 

then HzO 

celestolide 

(C\7H 40) 

(a) Give a curved-arrow mechanism for reaction (a). 

(b) From your knowledge of the reaction used in step (b), give the structure 

of celestolide. (Hint: Consider the steric effect of the tert-butyl group.) 

*16.49 An optically active compound A (CoH),Br) reacts with sodium ethoxide in 

ethanol to give an optically inactive hydrocarbon B (NMR spectrum in Fig. 

16.10). Compound B undergoes hydrogenation over a Pd/C catalyst at room 

temperature to give a compound C, which has the formula CyH,. Give the 

structures of A, B, and C. 

500 400 300 200 100 0 Hz 

compound B 

H, > 8 7 6 5 4 3 2 ] 0 6, ppm 

Figure 16.10 NMR spectrum for Problem 16.49. - 
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Figure 16.11 
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500 400 300 200 100 0 Hz 

compound A 

H, > 8 7 6 5 4 3 z 1 0 6, ppm 

500 400 0 Hz 

compound B 

lay == 7. 6 5 4 3 2 1 0 6, ppm 

NMR spectra for Problem 16.50. 

16.50 Identify the two compounds, A and B, both colorless liquids with the formula 
CsH Br and NMR spectra given in Fig. 16.11. 

“16.51 — Identify each of the following compounds. 

(a) Compound A: IR 1605 cm7!, no O—H stretch 
NMR: 6 3.72 (3H, s); 6 6.72 (2H, apparent doublet, J = 9 Hz); 67.15 (2H, 
apparent doublet, J = 9 Hz). 

Mass spectrum in Fig. 16.12a. (Hint: Notice the M + 2 peak.) 
(b) , Compound B: IR 1600, 1640 cm7', no O—H stretch 

UV: Amax = 207 nm (€ = 20,400), 258 nm (€ = 19,000), and 291 nm 
(e = 4450). 

NMR spectrum in Fig. 16.12b. 
CMR (attached protons in parentheses): 6 54.9 (3), 6 111.3 2), 0 1140 
(1,6 12774 (15-6 13050(0)monl3Ges: Gliywoulsor7 (0) 
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H, > 8 

(b) 

Figure 16.12 
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142 

compound A 

alle: Ak : alk il Ah. tee ean, | naa AL AIL. 

10 20. 30 440. 50. 60 7OMESOON90: 5 100 110.5 120, 1305140 a2 

400 300 200 100 0 Hz 

compound B 

7 6 5 4 3 2 l 0 6, ppm 

Spectra for Problem 16.51. 

16.52 A method for determining the structures of disubstituted benzene derivatives 

was proposed in 1874 by Wilhelm Korner of the University of Milan. Korner 

had in hand three dibromobenzenes, A, B, and C, with melting points of 89°, 

6.7°, and —6.5°, respectively. He nitrated each isomer in turn and meticulously 

isolated all of the mononitro derivatives of each. Compound A gave one mono- 

nitro derivative; compound B gave two mononitro derivatives; and compound 

C gave three. These experiments gave him enough information to assign the 

structures of o-, m-, and p-dibromobenzene. 

*(a) Assuming the correctness of the Kekule structure for benzene, assign the 

structures of the dibromobenzene derivatives. 

*(b) Korner had no way of knowing whether the Kekule or Ladenburg-benzene 

structure (Sec. 15.7A) was correct. Assuming the correctness of the Lad- 

enburg-benzene structure, assign the structures of the dibromobenzene 

derivatives. 

(c) It is a testament to Korner’s experimental skill that he could isolate all the 

mononitration products. Of all the mononitration products that he isolated, 

which one(s) were formed in smallest amount? Explain. 
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*(d) Jack Korner, Wilhelm’s grandnephew twice removed, has decided to repeat 

great-uncle Wilhelm’s experiment by using CMR to identify the dibromo- 

benzene isomers. What differences can he expect in the CMR spectra of 

these compounds? 

*16.53 It is found experimentally that the heat liberated upon hydrogenation of an 

alkene is about the same for all alkenes with the same number of alkyl substituents 

at their double bonds. Thus, if benzene were an ordinary alkene, it should 

have about the same heat of hydrogenation (AH® of hydrogenation) as three 

cyclohexenes. 

(a) Using the data in Eq. 16.44a—c, calculate the heat liberated when benzene 

is hydrogenated to cyclohexane. 

(b) Calculate the heat liberated in the hydrogenation of three moles of cyclo- 

hexene to three moles of cyclohexane. 

(c) Calculate the discrepancy between the quantities calculated in (a) and (b). 

This number has been used as another estimate of the empirical resonance 

energy of benzene (Sec. 15.7C). 

16.54 Give the structures of the principal organic product(s) expected in each of the 

following reactions, and explain your reasoning. 

1) Alcl 
benzene (large excess) + ClCH, CH,Cl 9 ——=> 

(b) benzene (large excess) + CHCl, ae (a hydrocarbon CoH ¢) 

“{c) AICI 
O—CH,CH,CH—Cl —— +» (a compound with 

| ten carbons) 
CEL, 

kool 
) 

OC 0-_O.—| ; Neca (3 products, 

es ‘ all isomers 
H 
Ao Sal with formula 

WH 

naphthalene 
a,a-dimethylmalonyl C15H 20>) 

dichloride 

ne) H,SO git 0 a aaeenar soars 

(f) O 

ferrocene (Sec. 15.7D) + CH; —C—Cl SEs, (C,,H1,,0Fe) 
2 

“(g) HNO B 
CH;0 SO3H 3 INS oa, 
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16.55 *(a) Draw all important resonance structures for the carbocation intermediate 

formed in the nitration of naphthalene at carbon-1. 

8 1 

7 2 
naphthalene 

6 3 

5 4 

(b) Draw all important resonance structures for the carbocation intermediate 

formed in the nitration of naphthalene at carbon-2. 

*(c) On the basis of your answers to parts (a) and (b), at which position should 

naphthalene nitrate more rapidly? 

16.56 Would 1-methoxynaphthalene nitrate more rapidly or more slowly than naph- 

thalene at *(a) carbon-4; (b) carbon-5; *(c) carbon-6? 

1-methoxynaphthalene 

*16.57. Furan is an aromatic heterocyclic compound that undergoes electrophilic aro- 

matic substitution. By drawing resonance structures for the carbocation interme- 

diates involved, deduce whether furan should undergo Friedel-Crafts acylation 

more rapidly at carbon-2 or carbon-3. 

3 

0 

*16.58 Given that anisole protonates primarily on oxygen in concentrated H2SO,, 

explain why 1,3,5-trimethoxybenzene protonates primarily on a carbon of the 

ring. As part of your reasoning draw the structure of each conjugate acid. 

*16.59 A Diels-Alder reaction of 2,5-dimethylfuran and maleic anhydride gives a com- 

pound A that undergoes acid-catalyzed dehydration to give 3,6-dimethylphthalic 

anhydride. 

O CH; o 

neal Noes + || seas yfy ete O + H,O 
O 

2,5-dimethylfuran O GH, © 

lei 

AIEEE 3,6-dimethylphthalic 
anhydride 

(Problem 16.59 continues ) 
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(a) Deduce the structure of A. 

(b) Using the curved-arrow formalism, give a mechanism for the conversion 

of A into 3,6-dimethylphthalic anhydride. 

*16.60 Using the curved-arrow formalism, propose a mechanism for the following 

reaction. (Hint: Modify Step 3 of the usual aromatic substitution mechanism in 

Sec. 16.4B). 

(CHy.c—K)—CIch NOS eae (inc )—No, oath WOOT: 

16.61 Diphenylsulfone is a by-product that is formed in the sulfonation of benzene. 

Give a mechanism for its formation. 

O 

! 
j diphenylsulfone 

O 

*16.62 At 36° the NMR resonances for the ring methyl groups of “isopropylmesitylene” 

(protons a and b in the following structure) are two singlets at 6 2.25 and 

6 2.13 with a 2:1 intensity ratio, respectively. When the spectrum is taken at 

—60°, however, it shows three singlets of equal intensity for these groups at 6 
2.29, 0 2.1/,,and 6 2.11; Explain these results, 

Le 3 

H KORE SS ‘on 

4,C CH 
Ee “jsopropylmesitylene” 

b 

CH; 

*16.63 Each of the following compounds can be resolved into enantiomers. Explain 
why each is chiral, and why compound (b) racemizes when it is heated. 

(a) Co Cy (b) SO3H 

acne 
hexahelicene 
[a]?> = 3700° 

TTPO eee e armas ase ee renerenssseees ese ses seseesees ener eee esses seseneeseseseseseseseeeesees DOGGUGUGUUCIOTUCTOCOUSOOCOUOUOOORIOUOO OOOO OOUOO COCO OU GO UDECOODOSOOONADOOOOOROONnOOOOOouNM 



Allylic and 

Benzylic Reactivity 

group is a group on a carbon adjacent to a benzene ring or substituted benzene 
. n allylic group is a group on a carbon adjacent to a double bond. A benzylic 

ring. 

allylic chlorine benzylic hydroxy group 

d on 
fe Ge ee Once 

is hydrogen ae hydrogen 

In many situations allylic and benzylic groups are unusually reactive. This chapter examines 

what happens when some familiar reactions occur at allylic and benzylic positions, and 

discusses the reasons for allylic and benzylic reactivity. Sec. 17.6 will show that allylic 

reactivity is also important in some chemistry that occurs in nature. 

Reactions Involving Allylic and Benzylic Carbocations 
AAA TDOODIDO FOOD DCOROOTODOCOOOD OOM OOCOOO SOO OOOO COOCOCUCUCUOCOOM LOR CIOOE IG COO ODD ODOUOUGE CT SS HC ICBM ICU AC SII a Toles SUIS I  2 I Ss 

Recall that allylic carbocations are resonance-stabilized (Sec. 15.4B). 

+ 

[cH,-<CH-CH, <> CH)—CH=CH| (7.1) 
resonance structures of the allyl cation 

These resonance structures symbolize the delocalization of electrons and positive charge 

that results from the overlap of p orbitals, as shown in Fig. 15.6. 

Benzylic carbocations are also resonance-stabilized. 

SE + 
CH, CH, CH, CH, 

<—_> <—_> <=> 

+ + 

resonance structures of the benzyl cation 
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Table 17.1 Comparison of Syl Solvolysis Rates 

of Allylic and Nonallylic Alkyl Halides 

Rei OH OH aH Oe 
R—OC;H, + R—OH + HCl (50% aqueous ethanol) 

R—Cl Relative rate 

ie 
aa ae 162 

CH: 

Gab 

\ 
€— GH CH Gl 38 

f 
CH; 

ie 

CH; 

CH; 

\ 
CH—CH,— CH, — Cl <0.00002 

/ 
CH; 

The charge on a benzylic carbocation is shared not only by the benzylic carbon, but also 
by alternate carbons of the ring. 

The structures and stabilities of allylic and benzylic carbocations have important 
consequences for reactions in which they are involved as reactive intermediates. First, 
reactions involving benzylic or allylic carbocations as intermediates are generally considerably 
faster than analogous reactions involving comparably substituted nonallylic or nonbenzylic 
carbocations. This point is illustrated by the relative rates of Sxy1 solvolysis reactions, 
shown in Tables 17.1 and 17.2. For example, the tertiary allylic alkyl halide in the first 
entry of Table 17.1 is more than one hundred times as reactive as the tertiary nonallylic 
alkyl halide in the third entry. A comparison of the first and third entries of Table 17.2 
shows the effect of benzylic substitution. Tert-cumyl chloride, the third entry, is more 
than six hundred times as reactive as tert-butyl chloride, the first entry. 

The greater reactivities of allylic and benzylic halides are due to the stabilities of the 
carbocation intermediates that are formed when they react. For example, tert-cumyl 
chloride ionizes to a carbocation with four important resonance structures: 



CH 

On C \ 
CH 

3) 

3 
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Table 17.2 Comparison of Syl Solvolysis Rates of 

Benzylic and Nonbenzylic Alkyl Halides 

Dby 
R—Cl + HO —~» R—OH + HCl (90% aqueous acetone) 

Deemer eee meee e merase esse ESSE ee EHH HEHE ESSE ESEEEEESEE OSES ESSE HE EESESEEESEEEESSESSHSESEESssssEEEEEEEESeee 

Compound Common name Relative rate 

(GE) Ga Ol tert-butyl chloride 1.0 

Ph Gil a-phenethyl chloride 1.0 

on 
CH; 

becuh pal tert-cumyl chloride 620 

CH; 

PhCH — Cl benzhydryl chloride 2004 

Ph,G—Cl trityl chloride > 600,000 
eee e eee eee ences cece seer eee rere reese ses erereeeseseseesseesessesssreressseeesseressssreseseresessssE® 

4 Tn 80% aqueous ethanol. 

CH; CH, ne CH, 

ip ff / . 
<> @ <> + G <> @ >Ch~ 

\ \ \ 
cs CH, CH, Cale 

resonance-stabilized carbocation a7 

Ionization of tert-butyl chloride, on the other hand, gives the tert-butyl cation, a carbocat- 

ion with only one important contributing structure. 

CH; i 

cH 6 ¢ — > CH,—Ct t08- (17.4) 

CH; CH; 

The benzylic cation is more stable relative to its alkyl halide starting material than is 

the tert-butyl cation, and Hammond’s postulate says that the more stable carbocation 
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should be formed more rapidly. A similar analysis explains the reactivity of allylic alkyl 

halides. 
Because of the possibility of resonance, ortho and para substituent groups on the 

benzene ring that activate electrophilic aromatic substitution further accelerate Sx1 reac- 

tions at the benzylic position: 

ne ie 

(Hed co )-c—a a 
| 

(GRE: CH, 

relative solvolysis rates 1 3,400 

(90% aqueous acetone, 25°) 

The carbocation derived from the ionization of the p-methoxy derivative above not only 

has the same type of resonance structures as the unsubstituted compound, shown in Eq. 

17.3, but also an additional structure (color) in which charge can be delocalized onto the 
substituent group itself: 

CH, CH: CH 

om ae CH ed CH 64 ad CH3O0 Se Be oe 3% 
= * \ ) \ 

CH. =e TCH. 

i H; + pe 

\ 
CH, 

charge shared by oxygen 

(17.6) 

Other reactions that involve carbocation intermediates are accelerated when the 

carbocations are allylic or benzylic. Thus, dehydration of alcohols (Sec. 10.1) and reaction 
of alcohols with hydrogen halides (Sec. 10.2) are also faster when the alcohol is allylic or 
benzylic. For example, most alcohols require forcing conditions or Lewis acid catalysts 
to react with HCl to give alkyl chlorides, but such conditions are unnecessary when 
benzylic alcohols react with HCl. The addition of hydrogen halides to conjugated dienes 
also reflects the stability of allylic carbocations. Recall that protonation of a conjugated 
diene gives the allylic carbocation rather than its nonallylic isomer because the allylic 
carbocation is formed more rapidly (Sec. 15.4A). 

A second consequence of the involvement of allylic carbocations as reactive interme- 
diates is that in many cases more than one product can be formed. More than one product 
is possible because the positive charge (and electron deficiency) is shared between two 
carbons. Nucleophiles can attack either electron-deficient carbon atom and, if the two 
carbons are not equivalent, two different products result. 
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+ + 
(Or Gea GH = CH Clee (CH Creech CH <= (Cr, ).6 CH — CHI. cla 

allylic cation 

(CH3),C = CRI Clery SF EB — CH= CH, 

:O"-H feu el 

—j © 
er. ie 

HO" apelin - gt 

>OH >OH 

(15% of product) (85% of product) (17.7) 

The two products are derived from one allylic cation that has two resonance forms. Recall 

that similar reasoning explains why a mixture of products (1,2- and 1,4-addition products) 

is obtained in the reactions of hydrogen halides with conjugated alkenes (Sec. 15.4A). 

Several substitution products in the Syl reactions of benzylic alkyl halides might be 

expected for the same reason. 

CH; CH, CH; CH; 

ea os ep Ou me oan C1 Cc <> ¢ <> + C Gis 

\ \ \ 
CH, lon CH; zt CH; | CH; 

ee 

CH; CH; CH; 
| / / 

HCl + C—OH + C + HO G 
| \ \ 

CH; CH; 
OH 

GES 

(only substitution 
product formed) (not formed) 

(17.8) 

But as Eq. 17.8 shows, the products derived from attack of water on the ring are not 

formed. The reason is that these products are not aromatic, and thus lack the stability 

associated with the aromatic ring. Aromaticity is such an important stabilizing factor that 

only the aromatic product (color) is formed. 
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MEE Aah Predict the order of relative reactivities of the compounds within each series in 
PROBLEMS 2 Snl solvolysis reactions, and explain your answers carefully. 

' - *(a) 

Cl Cl " 

| | 
(cia © age. HG CH=CH 

CH;O0 

(1) (2) (3) 

(b) CH; or oa 
| 

© ith ue 5) 
Ort eH CH 3 Cl 3 3 

(1) (2) (3) 

oe) Give the structure of an isomer of the allylic halide reactant in Eq. 17.7 that 

would react with water in an Syl solvolysis reaction to give the same two 

products. Explain your reasoning. 

17.3 Give the structure of an allylic chloride C;HCl that gives only one Sy1 solvolysis 

product with water (not counting stereoisomers). 

*17.4 Why is trityl chloride much more reactive than the other alkyl halides in 

Table 17.2¢ 

Pee eee eee eee eee EE ESTEE SESE HED S EEE E SEES EEE EEE HEHE EEE E EEE HH HEHEHE EEEEEEEEEEEEEEESEEES DEEDES EE EEE EEE EE EH ESE EEE EE DEH OEE EE TEER ED 

Reactions Involving Allylic and Benzylic Radicals 
PRR meee eee eee eee eee e Hest SEES ETE EEE EEEE EEE EESEEE SHOE OEE EE ESSE HEE EEEEEE EEE EEE EEEEE ESSE ED ESEEEE DEE EEEEEeeEeseEsere 

An allylic radical has an unpaired electron at an allylic position. Allylic radicals are 

resonance-stabilized and are more stable than comparably substituted nonallylic radicals. 

aN ; : 
[cH,<cH™“cH, <» ¢H,—CH=cH)] (17.9) 

resonance structures of the allyl radical 

Similarly, a benzylic radical, which has an unpaired electron at a benzylic position, is 
also resonance-stabilized. 

Opn = Gran Pron = Cran om 
UY 

resonance structures of the benzyl radical 

These resonance structures symbolize the delocalization (sharing) of the unpaired electron 
that results from overlap of p orbitals. 
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The enhanced stabilities of allylic and benzylic radicals can be experimentally demon- 

strated with bond dissociation energies. Compare the bond dissociation energies of the 

two types of —CH, hydrogens in 2-pentene: 

H’— CH, CH=—=CH— CH, CH o—! 1 

418 kJ/mol (17.11) 

(100 kcal/mol) 
360 kJ/mol 

(86 kcal/mol) 

fy CH CH— CH= CHy— CH; CH,— CH=CH— CH,—CH, + H: 
allylic radical alkyl radical 

One set of methyl hydrogens is allylic and the other is not. It takes 58 kJ/mol (14 kcal/ 
mol) less energy to remove the allylic hydrogen H* than the nonallylic one H®. As Fig. 

17.1 shows, the difference in bond dissociation energies is a direct measure of the relative 

energies of the two radicals. The allylic radical is stabilized by 58 kJ/mol (14 kcal/mol) 
relative to the nonallylic radical. A similar comparison suggests about the same relative 

stability for a benzylic radical. 
Because allylic and benzylic radicals are especially stable, they are more readily 

formed as reactive intermediates than ordinary alkyl radicals. Consider, for example, the 

bromination of cumene: 

CH; CH; 

er=. iy Ox: + HBr (17.12) 

a a 
cumene tert-cumyl bromide 

(nearly quantitative) 

stabilization of H+ and : 

allylic radical CH;— CH= CH— CH,— CH; 

. - and (nonallylic radical) 

CH) “cH=CH— ci) cH," BBs eee 
(allylic radical) (14 kcal/mol) 

uuuupuerrremmms — — — — — — — — = — — 

360 kJ/mol 
(86 kcal/mol) 

418 kJ/mol 

(100 kcal/mol) 

si a 

or CN GC = CH STANDARD ENTHALEPY, H° 

Figure 17.1 Use of bond dissociation energies to determine the stabilization of an allylic radical. The stabiliza- 

tion of the allylic radical results from the lower energy required (58 kJ/mol, 14 kcal/mol) to remove 

an allylic hydrogen (a) compared to a nonallylic one (b). 
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This is a free-radical chain reaction (Secs. 5.6C, 8.8A). Notice that only the benzylic 

hydrogen is substituted. 
The initiation step in this reaction is dissociation of molecular bromine into bromine 

atoms; this reaction is promoted by heat or light. 

ae 
:Br— Br: ——> 2 :Br- (17.134) 

In the first propagation step, a bromine atom abstracts the one benzylic hydrogen 

in preference to the six nonbenzylic hydrogens. It is in this propagation step that the 

selectivity for substitution of the benzylic hydrogen occurs. 

o hy Un ptnamee ngs SS im oe 
CH; 

CH; 

The reason for this selectivity is the greater stability of the benzylic radical that is formed. 

In the second propagation step, the benzylic radical reacts with another molecule 

of bromine to generate a molecule of product as well as another bromine atom, which 

can react again in Eq. 17.13b. 

CH, 

| 
oz: ABB: —- OF Bri af “Bri (17.13c) 

CH; 

Recall that free-radical halogenation is used to halogenate alkanes industrially (Sec. 

8.8A). Because free-radical halogenation of alkanes with different types of hydrogens gives 

mixtures of products, this reaction is ordinarily not very useful in the laboratory. (It can 

be used industrially because industry has developed efficient fractional distillation methods 

that can separate liquids of very similar boiling points.) However, when a benzylic hydro- 

gen is present, it undergoes substitution so much more rapidly than an ordinary hydrogen 

that a single product is obtained. Consequently, free-radical halogenation can be used 
for the laboratory preparation of benzylic halides. 

Because the allylic radical is also relatively stable, a similar substitution occurs prefer- 
entially at the allylic positions of an alkene. But there is a competing reaction in the case 
of an alkene that is not observed with benzylic substitution: addition of halogen to the 
alkene double bond (Sec. 5.1A). 

Br 
addition ee 

ay 

Br (17.14) 

allylic 
substitution 

ap lBlBye 

(Why doesn’t bromine add to the benzene ring in Eq. 17.12?) 
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Can one reaction be promoted over the other? The answer is yes, if the reaction 

conditions are chosen carefully. Addition of bromine is the predominant reaction if (1) 

free-radical substitution is suppressed by avoiding conditions that promote free-radical 

reactions (heat, light, or free-radical initiators); and if (2) the reaction is carried out in 

solvents of even slight polarity that promote the ionic mechanism for bromine addition. 

Thus, addition is observed at 25° if the reaction is run in the dark in methylene chloride, 

CH,Ch. On the other hand, free-radical substitution occurs when the reaction is promoted 

by heat, light, or free-radical initiators, an apolar solvent such as CCl, is used, and the 

bromine is added slowly so that its concentration remains very low. To summarize: 

25°, CHCl, 
Addition: ale lei, cee (17.15a) 

H Br 

Bae heat or 
Substitution: + + 17.15b 

me light CCL HBr 

added slowly; 
concentration kept low 

The reason for the effect of bromine concentration has to do with the rate laws for 

the competing reactions. Addition has a higher kinetic order in [Br] than substitu- 

tion. Hence, the rate of addition is decreased more by lowering the bromine con- 

centration than the rate of substitution. 

Adding bromine to a reaction so slowly that it remains at very low concentration 

is experimentally inconvenient, but a very useful reagent can be used to accomplish the 

same objective: N-bromosuccinimide (abbreviated NBS). When a compound with allylic 

hydrogens is treated with N-bromosuccinimide in CCl, under free-radical conditions 

(heat, light, and/or peroxides), allylic bromination takes place, and addition to the double 

bond is not observed. 

O 

14; h 
(ayn rs N—Br See Cor N—H (17.16) 

ight; peroxides 

3-bromocyclohexene O 
(82-87% yield) coat pe 

N-bromosuccinimide 
succinimide 

(NBS) 

N-Bromosuccinimide can also be used to effect benzylic bromination. 

O O 

(Soi cny a N—Br Sac ae (cian at a (17.17) 

O° Br O 

(80% yield) 
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The initiation step in allylic and benzylic bromination with NBS is the formation 

of a bromine atom by homolytic cleavage of the N—Br bond in NBS itself. The ensuing 

substitution reaction has three propagation steps. First, the bromine atom abstracts an 

allylic hydrogen from the alkene molecule: 

Ae /, ey 

EX et [Ff 

ape a Be i (17.18a) 
| 
CH, CH, 

alkene allylic radical 

The HBr thus formed reacts with the NBS in the second propagation step (by an ionic 

mechanism) to produce a Br, molecule. 

O 

isllay@ ap N= Be ==> Ni Br, (17.18b) 

O 

NBS 

The last propagation step is the reaction of this bromine molecule with the radical formed 

in Eq. 17.18a. A new bromine atom is produced that can begin the cycle anew. 

\ Aw \f 

[aX 
Chie bie bie © lel (17.18c) 

The first and last propagation steps are identical to those for free-radical substitution 
with Br, itself (Eq. 17.13b,c). The unique role of NBS is to maintain the very low 
concentration of bromine by reacting with HBr in Eq. 17.18b. The Br, concentration 
remains low because it can be generated no faster than an HBr molecule and an allylic 
radical are generated in Eq. 17.18a. Thus every time a bromine molecule is formed, an 
allylic radical is also formed with which the bromine can react. 

The low solubility of NBS in CCl, (S0.005 M) is crucial to the success of allylic 
bromination with NBS. When solvents that dissolve NBS are used, different reactions are 
observed. Hence CCl, must be used as the solvent in allylic or benzylic bromination with 
NBS. During the reaction, the insoluble NBS, which is more dense than CCl,, disappears 
from the bottom of the flask and the less dense by-product succinimide (Eq. 17.16) forms 
a layer on the surface of the CCl,. Equation 17.18b, and possibly other steps of the 
mechanism, occur at the surface of the insoluble NBS. 

Sleiele}elaie)s)ais/e(e'e-sin\a(e eieieieeieie.s ele:e\sislej¢eieieieleisieleiajaiais;e;ei4;e:0/6]0i0]si¢/o)ele)sjn;6ie:eiaie/sihioieieleje|p/6i8/h\s 0.a/sin\nle)bia\nie eixvere, 010'¢/(¢'nlb|sis.n\0. a> 6 Wie sls biel win'n nls igletuinielaisjaiulatn' sw ety'b:einisialule minibicietetes aintalelee See ee 

What products are expected in the reaction of CH ,==CHCH,CH,CH;CH; (1-hexene) 
with NBS in CCl,? Explain your answer. 
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Solution Work through the NBS mechanism with 1-hexene. In the step corresponding 

to Eq. 17.18a the following resonance-stabilized allylic free radical is formed as an 

intermediate: 

[CH,=CH—CH—CH,CH,CH, <-> CH,—CH=CH—CH,CH,CH3| 

A B 

Because the unpaired electron is shared by two different carbons, this radical can react in 

the final propagation step to give two different products. Reaction of Br, at the radical 

site shown in structure A gives product (1), and reaction at the radical site shown in 

structure B gives product (2): 

GE — Cre Cha Grip Gril Chr Goa Chil Cla Chin @li> @lin 

Br Br 

(1) (2) 

Product (1) is chiral, and product (2) can exist as both cis and trans stereoisomers. Hence, 

bromination of 1-hexene gives racemic (1) as well as cis- and trans-(2). 

17.5 What product(s) are expected when each of the following compounds reacts 

with one equivalent of NBS in CCl, in the presence of light and/or peroxides? 

Explain your answers. 

*(a) trans-2-pentene (b) 1-methylcyclopentene 

*(c) 3,3-dimethylcyclohexene 

(d) 4-tert-butyltoluene 

Allylic and benzylic anions are about 59 kJ/mol (14 kcal/mol) more stable than their 

nonallylic and nonbenzylic counterparts. 

onekcieea:, 2-5 Caen een/ 17.19) 
allyl anion 

a pan = oan Con] om 
Ay 3 

benzyl anion 

There are two reasons for the stabilities of these anions. The first is resonance stabilization, 

as indicated by the resonance structures above. The second reason is the polar effect (Sec. 

3.6B) of the double bond (in the allyl anion) or the phenyl ring (in the benzyl anion). 

The polar effect of both groups stabilizes anions. (Opinions differ about the relative 

importance of resonance and polar effects.) 
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The enhanced stability of allylic and benzylic anions is reflected in the pK, values 

of propene and toluene (B:~ = a base): 

CH,=CH—CH,—H + Bi- = CH,=CH—CH,+B—H = 1721) 

propene 
pk, ~ 43 

Ola Cie 

Cr Dp a or + B—H (17.22) 

toluene 
pKa ~ 41 

Although these compounds are very weak acids, their acidities are much greater than the 

acidities of alkanes that do not contain allylic or benzylic hydrogens. The latter compounds 

have pK, values in the range of 55-60. 

Relatively few reactions involve free carbanions as reactive intermediates. However, 

a number of reactions involve species that have carbanion character. Two of these are the 

reactions of Grignard and related organometallic reagents, and E2 eliminations. The 

following sections show how these reactions are affected when carbanion character occurs 
at benzylic or allylic positions. 

A. Allylic Grignard Reagents 
POPP eee e eres r errr ener eee eeereseeseerereraeseer ene eese eee eee eee reser e see e ees eeeeeseeeeeseeeressssececeseeseseseeseseccccseence 

Recall that Grignard reagents have many of the properties expected of carbanions (Sec. 

8.7B). Thus, allylic Grignard reagents resemble allylic carbanions. 

CH,==CH—CH,—MgBr resembles CH, —=CH—CH, MgBr (17.23) 

Allylic Grignard reagents undergo a rapid equilibration in which the —MgBr 
group moves back and forth between the two partially negative carbons at a rate of about 
1000 times per second. 

InlAC = CHw 5- ne EAR sex 5s (Gish 62 
ssh aS CH, —_— > ere mete (17.24) 

°+MeBr °*MeBr 

The transition state for this reaction can be envisioned as an ion pair consisting of an 
allylic carbanion and a *MgBr cation. 

— allylic carbanion 

He CH 
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Because the allylic carbanion is resonance-stabilized, this transition state has relatively 

low energy, and consequently the equilibration occurs rapidly. 
The equilibration in Eq. 17.24 is an example of an allylic rearrangement. An allylic 

rearrangement involves the simultaneous movement of a group G and a double bond so 

that one allylic isomer is converted into another. 

Ss 
C <— we G = any group (17.25) 

| 
G G 

Notice that these two structures are not resonance structures; they are two distinct species 

in rapid equilibrium. 
The rapid allylic rearrangement of an unsymmetrical Grignard reagent, such as the 

one shown in Eq. 17.24, means that the reagent is actually a mixture of two different 

reagents. This has two consequences. First, the same mixture of reagents can be obtained 

from either of two allylically related alkyl halides: 

CH; 

GHe—— C— CH —— Cr Br ft) cleo 

Ls il 

“ re 
CH,;— C==CH—CH,MgBr <———  CH;—C—CH=CH), 

fast | 

GH. MegBr (17.26) 

Second, the same mixture of products is obtained when the Grignard reagent is prepared 

from either allylic halide. The following example illustrates this point for a protonolysis 

reaction: 

CH,;— CH=CH — CH)Br GH,——- CH —CHi-=— CH, 

| 
oe a Br 

CH,—CH=CH—CH,MgBr «== CH,;—CH—CH=CH, 

MgBr 

H,O 

CH,—CH=CH—CH, + CH,—CH,— CH=CH, + HO— MgBr 
. (mixture) (17.27) 
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cece cece cece cece cece cree ence e eee eee rere ee eee eee eres esesesseeseseeeseresesesssesssesseveressesesesesesreseossees 

17.6 What product(s) are formed when a Grignard reagent prepared from each of 

the following allylic halides is treated with D,O? Explain. 

nia) ; CH,Br (b) CH; 

i Br 

1-(bromomethyl)cyclohexene 6-bromo-1-methylcyclohexene 

Bee eee eee eee eee ee eee eee HEE ees ees EEE EEeE Eee tEE EEE H HEHE HEHEHE EHH H HEHEHE HEHE EEE EEEEEEEESEEEEEEHOSEEEEEEHEHEESHEEEEEHEESSEEESELEEEESESEEE ESOS 

Bb. E2 Eliminations Involving 

Allylic or Benzylic Hydrogens 

Recall that the Sy2 (bimolecular substitution) and E2 (bimolecular elimination) reactions 

of alkyl halides are competing reactions, and that the structure of the alkyl halide is one 

of the major factors that determine which reaction is the dominant one (Sec. 9.5F). A 

structural effect in the alkyl halide that tends to promote a greater fraction of elimination 

is the acidity of the B-hydrogens. It is found that a greater ratio of elimination to substitu- 

tion is observed when the B-hydrogens of the alkyl! halide have higher than normal acidity. 

One example of this situation occurs when the B-hydrogens are allylic or benzylic. (Recall 

from the introduction to this section that allylic and benzylic hydrogens are more acidic 

than ordinary alkyl hydrogens.) For example, the E2 reaction of the alkyl bromide in 

Eq. 17.28 is more than 100 times as fast as the E2 reaction of isopentyl bromide 

[(CH3 )»CHCH,CH,Br], a comparably branched alkyl halide. 

benzylic hydrogens 

| ee 

Tracer SHH € \-cim CH, + eS; CH CH) OG Hanae) 

(95% elimination) (5% substitution) 

(Elimination predominates because the E2 reaction is particularly fast; the Sy2 component 
of the competition occurs at a normal rate.) 

Why should an acidic B-hydrogen increase the rate of an E2 reaction? In the transition 
state of the E2 reaction, the base is removing a B-proton, and the transition state of the 
reaction has carbanion character at the B-carbon atom. 

CH. Q 
‘ double-bond character 

‘Ay | (17.29) 
CH — CH, 

carbanion character 

transition state for E2 reaction 
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This partially formed carbanion is stabilized in the same way that a fully formed carbanion 

is; a more stable transition state means a faster reaction. Another reason that benzylic 

E2 reactions are faster is that the alkene double bond which is partially formed in the 

transition state is conjugated with the benzene ring; recall that conjugated double bonds 

are particularly stable (Sec. 15.1A). 

Let’s summarize the structural characteristics of alkyl halides or sulfonate esters that 

favor E2 reactions over Sy2 reactions. Elimination reactions are favored by: 

1. Branching at the a-carbon (Sec. 9.5F) 

2. Branching at the B-carbon (Sec. 9.5F) 

3. Greater acidity of the B-hydrogens (this section). 

cleviele biwiace clelvinja a e'e alu tele 0610 0.0.4.6 60 b:clvleleleie 0\0'e 00\0'0\s\p'n|nleie 0.6.6 010.6 |0 0.0/6.6 icleec'e.0.a.e 0. vc.cnnnenle6 606010000 /0l4010/0l40c 66 00.0 6.0 le clcieleee gene 8eC ee ecaasieseseeceseseresessecovevecieeuesees 

177. Predict the major product that is obtained when each of the following alkyl 

halides is treated with potassium tert-butoxide. Explain your reasoning. 

*(a) (b) OGH: Si ie bier 
Allylic and Benzylic Sxy2 Reactions 
eee reer ere rece eee eee eee ens e rece OOOO D EEO DEC eeeSOSEO OOD E Derr ereseseeeeeEsersrerereseseDeEseseseseserseeeseoeeressonseles 

Sn2 reactions of allylic and benzylic halides are relatively fast even though they do not 

involve reactive intermediates. The following data for allyl chloride are typical: 

relative rate 

Chip —CH CLG) ae =f s Clb ==Cl| Cla as Cli 73 (17.30a) 

CH,—CH,—CH,—Cl + I7 Se CH,;—CH,—CH,—I + Cl7 | (17.30b) 

An even greater acceleration is observed for benzylic halides. 

relative rate 

(nina + [7 i a (no + Cl7 ~ 100,000 (17.31a) 

CH; CH; 

CH—CH,—Cl + I- eral pea ier, + Cl- (17.31b) 

CH; CH; 

Allylic and benzylic Sy2 reactions are accelerated because the energies of their transition 

states are reduced by p-orbital overlap, shown in Fig. 17.2 for an allylic Sy2 reaction. In 

the transition state of the Sx2 reaction, the carbon at which substitution occurs is sp*- 

hybridized (Fig. 9.2); the incoming nucleophile and the departing leaving group are 

partially bonded to a p orbital on this carbon. Overlap of this p orbital with the p orbitals 

of an adjacent double bond or phenyl ring provides additional bonding that lowers the 

energy of the transition state and accelerates the reaction. 
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overlap no p-orbital m 
of p orbitals ae overlap LO 

(a) (b) 

Figure 17.2 Transition states for Sx2 reactions at (a) allylic and (b) non-allylic carbons. Nuc:~ and X:~ are the 

nucleophile and leaving group, respectively. The allylic substitution is faster because the transition 
state 1s stabilized by overlap of the p orbital at the site of substitution with the adjacent m bond. 
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*17.8 Explain how and why the product(s) would differ in the following reactions of 
trans-2-buten-1-ol. 

(1) Reaction with concentrated aqueous HBr 

(2) Conversion into the tosylate, then reaction with NaBr in acetone 

a. 
i” 

17.9 Answer Problem 17.8 for 3-methyl-2-buten-1-ol. 
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Benzylic Oxidation of Alkylbenzenes 
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Treatment of alkylbenzene derivatives with strong oxidizing agents under vigorous condi- 
tions converts the alkyl side chain into a carboxylic acid group. Oxidants commonly used 
for this purpose are Cr(VI) derivatives, such as NayCr3O, (sodium dichromate) or Cro; 
the Mn(VII) reagent KMnO, (potassium permanganate); or O, and special catalysts, a 
procedure that is used industrially (Eq. 16.46). 

Cl 

KMnO Cs a oa : con (17.32) 
100°, 3—4 hr 

o-chlorotoluene 2-chlorobenzoic acid 
(77% yield) 

CrO;, 40% H,SO, ( )-cncricH cae ( )-cot (17.33) 

propylbenzene benzoic acid 
(55% yield) 
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Notice that the benzene ring is left intact, and notice from Eq. 17.33 that the alkyl side- 

chain, regardless of length, is converted into a carboxylic acid group. This reaction is useful 

for the preparation of some carboxylic acids from alkylbenzenes. 
Oxidation of alkyl side chains requires the presence of a benzylic hydrogen. Conse- 

quently, tert-butylbenzene, which has no benzylic hydrogen, is resistant to benzylic 

oxidation. 
The conditions for this side-chain oxidation are generally vigorous: heat, high con- 

centrations of oxidant, and/or long reaction times. It is also possible to effect less extensive 

oxidations of side-chain groups. Thus 1-phenylethanol is readily oxidized to acetophenone 

under milder conditions—the normal oxidation of secondary alcohols to ketones (Sec. 

10.6A)—but it is converted into benzoic acid under more vigorous conditions. 

O 
! 

vigorous C)- C— OH 

benzoic acid 
We 

(near Cr(VI) (17.34) 
vigorous 

1-phenylethanol 0 

mild (Hence 

acetophenone 

You do not need to be concerned with learning the exact conditions for these reactions; 

rather, it is important simply to be aware that it is usually possible to find appropriate 

conditions for each type of oxidation. (See Study Guide Link 16.4.) 

Seem meme eee eee EH EHH O HHH HEHEHE EEE E SEES EE EEE TEESE SESE ETOH OHHH HOHE EE EEE EEE HEHEHE EEE SESE SHEE EEEEEEE EEE EEEHEEEHEEEE EEO OEE ES 

17.10 Give the products of vigorous KMnO, oxidation of each of the following 

compounds. 

*(a) 1-butyl-4-tert-butylbenzene (b) p-nitrobenzyl alcohol 

17.11 *(a) A compound A has the formula CgHjo. After vigorous oxidation, it yields 

phthalic acid. What is the structure of A? 

CO,H 

Ci phthalic acid 

CO,H 

(b) A compound B has the formula CgHj9. After vigorous oxidation, it yields 

benzoic acid (structure in Eq. 17.34). What is the structure of B? 

eee eee reece eee eee reese seen eee sss EEF HHH HEHEHE EEE HESS SS ESEEEEEOEESE SESE TEESESESES HS EEEESESESSE SOOO OESESESEH OHH O SESE EH ESOS 
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People have long been fascinated with the pleasant-smelling substances found in 

nature—for example, the perfume of a rose—and have been curious to learn more about 

these materials, which have come to be called essential oils. 

Essential oils, particularly oil of turpentine, were known to the ancient Egyptians. 

However, not until early in the nineteenth century was an effort made to determine the 

chemical constitution of the essential oils. In 1818, it was found that the C:H ratio in oil 

of turpentine was 5:8. This same ratio was subsequently found for a wide variety of 

natural products. These related natural products became known collectively as terpenes, 

a name coined by August Kekule. The similarity in the atomic compositions of the many 

terpenes led to the idea that they might possess some unifying structural element. 

In 1887, Otto Wallach, a German chemist, pointed out the common structural 

feature of the terpenes: they all consist of repeating units that have the same carbon 

skeleton as the five-carbon diene isoprene. This generalization subsequently became 

known as the isoprene rule. 

i head 

C CH, ; 
| tail 

CH; carbon skeleton 
‘ of isoprene 
isoprene 

For example, citronellol (from oil of rose and other sources) incorporates two isoprene 
units: 

H Gia tal = 

yes \ * 
Pr : 

H,C CH, ] head 

| | head —> ee 

HC =e Chiba OF citronellol OH 
on | 

C 

ro cH, aed, 
tail 

Because of this relationship to isoprene, terpenes are also called isoprenoids. Notice 
carefully that the basis of the terpene or isoprenoid classification is only the connectivity 
of the carbon skeleton. The presence or the positions of double bonds and other functional 
groups, or the configurations of double bonds and asymmetric carbons, have nothing to 
do with the terpene classification. 
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In many terpenes, the isoprene units are connected in a “head-to-tail” arrangement. 

tail 

ge a a fail 
ip connecting bond —> 

head head —* 

connecting bond SS ring closure i 

Because this arrangement is so common, Wallach assumed the generality of the head- 

to-tail connectivity in his original statement of the isoprene rule. However, many examples 

are now known in which the isoprene units have a “head-to-head” connectivity. Further- 

more, some compounds are derived from the conventional terpene structures by skeletal 

rearrangements. Although these compounds do not have the exact terpene connectivity, 

they are nevertheless classified as terpenes. For our purposes, though, it will be sufficient 

to recognize terpenes by two criteria. 

1. A multiple of five carbon atoms in the main carbon skeleton 

2. The carbon connectivity of the isoprene carbon skeleton within each five- 

carbon unit 

Because terpenes are assembled from five-carbon units, their carbon skeletons con- 

tain multiples of five carbon atoms (10, 15, 20, ..., 5n). Terpenes with ten carbon 

atoms in their carbon chains are classified as monoterpenes, those with fifteen carbons 

sesquiterpenes, those with twenty carbons diterpenes, and so on. Some examples of 

terpenes are given in Fig. 17.3 on p. 809. Many of these compounds are familiar natural 

flavorings or fragrances. 

BIIIIRIIIOIIISICICIOICOIOIOOIOIDIOIOIOIDIOIOIDIOIIIOIDIOIIOIOIOOIOOCIOOOOCICICIOOIOIOIOIOIOOIOIOOOOIOOOOOOCCICICICCICCOOOO OOO GOOOOOCOICIOCOCO OOOO OOOUOOIIOOCOG CO OUOUUOROGIOO OCG UCL ke 

Determine whether the following compound, isolated from the frontal gland secretion 

of a termite soldier, is a terpene. 

Solution Because stereochemistry is not an issue, delete all stereochemical details for 

simplicity. First, count the number of carbons. Because the compound has a multiple of 

five carbon atoms, it could be a terpene. To check for terpene connectivity, look first for 

a methyl branch. One is at the end of the long side chain. Identify within this group a 

chain of four carbons with a methyl branch at the second carbon: 
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CH, 

isoprene skeleton 

CH; 

pe ree 
CH; 

Starting at the next carbon, look for the same pattern. Remember that a bond must 
connect each isoprene skeleton. 

CH, 

isoprene skeletons 

ee : Gey 

connecting bond 

(We arbitrarily chose to proceed clockwise around the ring; you should convince yourself 
that in this case a counterclockwise path also works.) Continue in this fashion until either 
the pattern is broken or, as in this case, all carbons are included: 

CH, 

CH; 

pds 
This compound incorporates four isoprene skeletons and is therefore a diterpene. 

SAPS AE SIE BRI O5e 1090) ne AS 066 S.ein tle. 6: ¢\0)ei6)elelstaiaieieininjeieisiais s/s inisieieieidin) e\ele\a/eis,nialala oeieip\e,ejaje\é/e/s;sis!s;0i015'4\6\¢\nini8ia'einiele ww ain, ¥is\s 6i\8\s\€ elece\sinivininjeinidie/eieinieininintevaleraipreysieiatere etre ratetarereietetercioteteretareaieree 

17.12 Show the isoprene skeletons within the following compounds of Fig. 17.3. 
*(a) caryophyllene (b) vitamin A 

Geena ar alc iGo cn canine n> 1m een elal®) S10 Sisheccicieisicjeiee\siele/elalsie:eip-e.eleisis]}s\e\efelsis\e\eieieinie.einiaiaie|sie/e\e)siaieis, «ie /efeselaisjetsieie’a/vi6!s ae(ais)sjale\sie.e'6 e\eieja\afatn'e’slolslaracieletave sisiavare atsiaisielerctsteratetenitere en erties 

Te enese SAP ee sii alsisiaisi sis *iciereinie ie /clciicis siKieleiple)<isisisieisiela\elaie'sie:e\eie e/e\s/alain'a o1s\vie bjeie[4\a\v'e\e.e einisinie/Aie(eieiersieieiejaiaia/es\sls\sleyais/s/nsia\niuierieievsidiviate eeiatelere ciate 

How are terpenes synthesized in nature? What is responsible for the regular repetition 
of isoprene skeletons? To answer this question, chemists have studied the biosynthesis of 
terpenes. Biosynthesis is the synthesis of chemical compounds by living organisms. The 
study of biosynthesis is an active area of research that lies at the interface of chemistry 
and biochemistry. Terpene biosynthesis shows how nature takes advantage of allylic 
reactivity. 
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ae ne 

limonene a-pinene menthol 
(oil of oranges (from oil of (oil of peppermint) 
and lemons) turpentine) 

monoterpenes 

CH,OH 
MFI 

vitamin A 
a diterpene 

caryophyllene 
(oil of cloves) 

a sesquiterpene 

SRS SSSI ONE OS OSS 

B-carotene 
(orange pigment in carrots; 

converted into vitamin A by human liver) 

HC H 

natural rubber 
(a polyterpene) 

Figure 17.3 Examples of terpenes. In the monoterpenes, the isoprene skeletons are shown in color. 

The repetitive isoprene skeleton in all terpenes has a common origin in two simple 

five-carbon compounds: 

CHa CHE 

is CH=CH OPP» fC OE (17.35) 

CH, CH3 

isopentenyl pyrophosphate y,y-dimethylallyl pyrophosphate 
(IPP) (DMAP) 
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The —OPP in these structures is an abbreviation for the pyrophosphate group (color in 

the structure below), which, in nature, is usually complexed to a metal ion such as Mg** 

or Mn’**, 

A(@ I Ore 

at liber ce 
R—O—P—O—P—O:- 

i | ee | aa abbreviated R— OPP 

£Or= care M2t = Me?* or Mn2+ 

M2+ 

a metal-complexed alkyl pyrophosphate 

Alkyl pyrophosphates are esters of the inorganic acid pyrophosphoric acid (Sec. 10.3C). 

pyrophosphoric acid an alkyl pyrophosphate 

Pyrophosphate and phosphate are “nature’s leaving groups.” Just as alkyl halides or alkyl 
tosylates are used in the laboratory as starting materials for nucleophilic substitution 
reactions, alkyl pyrophosphates are used by living organisms. 

Because IPP and DMAP are readily interconverted in living systems by the reaction 
of Eq. 17.35, the presence of one ensures the presence of the other. Like all biochemical 
reactions, including the ones discussed below, this reaction does not occur freely in 
solution, but is catalyzed by an enzyme. The involvement of enzyme catalysts does not alter 
the fact that the chemical reactions of living systems are reasonable and understandable in 
terms of familiar laboratory reactions. 

The biosynthesis of the simple monoterpene geraniol illustrates the general pattern 
of terpene biosynthesis. (Geraniol is the fragrant compound in oil of geraniums.) In the 
first step of geraniol biosynthesis, IPP and DMAP (Eq. 17.35) are bound to the enzyme 
prenyl transferase. The DMAP loses its pyrophosphate leaving group in an Sy1-like process. 

OPP @EE OPP aes ae ee oi re CH, ved 

(17.36) 

DMAP IPP 

held together by the 
enzyme prenyl transferase 

The carbocation formed in Eq. 17.36 is a relatively stable allylic cation (Sec 17.1). Carbo- 
cations, like other electrophiles, can be attacked by the 7 electrons of a double bond. 
(This same type of reaction is involved in Friedel-Crafts acylations and alkylations; see 
Secs. 16.4E and F.) The reaction of this carbocation with the double bond of IPP gives 
a new carbocation. Loss of a proton from a B-carbon of this carbocation gives the 
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monoterpene geranyl pyrophosphate. (B: and BH™ are basic and acidic groups, respec- 

tively, of the enzyme catalyst.) 

new bond 

OPP + BH 

geranyl pyrophosphate (17.37) 

Geraniol is formed in the reaction of water with geranyl pyrophosphate: 

LZ ZB OPP Z x OH 

HO + eis = | eens + HOPP (17.38) 

geranyl pyrophosphate geraniol 

All head-to-tail terpenes are formed by reactions analogous to the ones shown above. 

As these examples illustrate, the biosynthesis of terpenes can be understood in terms of 

carbocation intermediates that are like those involved in laboratory chemistry. As we 

have noted previously (Secs. 10.7, 11.5B), the organic chemistry of living systems is 

understandable in terms of laboratory analogies. 
The biosynthesis of terpenes also illustrates the economy of nature: a remarkable 

array of substances is generated from a common starting material. This economy is 

evident also in other families of natural products. For example, terpenes also serve as the 

starting point for the biosynthesis of steroids (Sec. 7.6D). The isoprene rule is one of the 

unifying elements that underlie the chemical diversity of nature. 

wleleid ole nlalaraidiese/eieie)pjele\n/a)a/a\e.e\e(0)8)e, 6\a\e(as/ele\0-016 s/\n/e/s/¢/4)0)ela\eisls.e.e.0 0,0 0:9,0)u(n)o/0/6\a\4)6)4\616(0;0,6/¢\0:4/0)0/¥,0\0)6(u)e(0) 0\0\0:0,010'6|@.0\0)8\8/¥)0/0\8/0{0'6 4!@.0'4:6,6 1018 0:6)0/4)8\0)a\e/4e'6.016.0 00/0 v\e)s\\4/0\0) 0's ¥ wie 6,0) e)e)8)919\8/ 60's ein) 8/08 

*17.13. (a) Give a biosynthetic mechanism for formation of the cyclic terpene limonene 

(Fig. 17.3) beginning with an intramolecular reaction of the following carbo- 

cation. (Assume acids and bases are present as necessary.) 

+CH, 

(b) Give a curved-arrow mechanism for the biosynthesis of the carbocation 

intermediate in (a) from geranyl pyrophosphate. 
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17.14 Propose a biosynthetic pathway for each of the following natural products. 

Assume acids and bases are present as necessary. 

*(a) (b) yy eZ oe On 

farnesol 

(Hint: Start with geranyl pyrophosphate, Eq. 

a-pinene 17.38.) 

(Hint: Start with 

the carbocation 

intermediate in 

Problem 17.13a.) 

Key IDEAS IN CHAPTER 17 

(\ Functional groups at allylic and benzylic positions are in many cases 
unusually reactive. 

[\ Addition of hydrogen halides to dienes, and solvolysis of allylic and 
benzylic alkyl halides, are reactions that involve allylic or benzylic carbo- 
cations. The acceleration of reactions that involve these carbocations 
can be attributed to their resonance stabilization. 

[\ A mixture of isomeric products is typically obtained from a reaction 
involving an unsymmetrical allylic carbocation as a reactive intermedi- 
ate because charge is shared by more than one carbon in the ion, and a 
nucleophile can attack each charged carbon. A reaction involving a ben- 
zylic carbocation, in contrast, typically gives only the product derived 
from attack of a nucleophile at the benzylic position because only in 
this product is the aromaticity of the ring not disrupted. 

[\ Free-radical halogenation is selective for allylic and benzylic hydrogens 
because of the stability of the allylic or benzylic free-radical intermedi- 
ates that are involved. 

l\ N-Bromosuccinimide (NBS) in CCl, solution is used to carry out 
allylic and benzylic brominations. Benzylic bromination can also be car- 
ried out with bromine and light. 

[\ Because the unpaired electron in allylic radicals is shared on different 
carbons, some reactions that involve allylic radicals give more than one 
product. 
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Allylic and benzylic anions are stabilized by resonance and by the polar Y y My 
effect of double bonds. 

l\ Allylic Grignard and organolithium reagents undergo rapid allylic 

rearrangements. 

Lapee B-elimination reaction involving allylic or benzylic B-hydrogens is 

accelerated because the anionic character in the transition state is stabi- 

lized in the same manner as an allylic or benzylic anion, and because 

the developing double bond in the transition state is conjugated. 

[\  Sw2 reactions at allylic and benzylic positions are accelerated because 

their transition states are stabilized by overlap of p orbitals. 

[\ In aromatic compounds, alkyl side chains that contain benzylic hydro- 

gens can be oxidized to carboxylic acid groups under vigorous 

conditions. 

[\  Terpenes, or isoprenoids, are natural products with carbon skeletons 

characterized by repetition of the five-carbon isoprene pattern. 

l\ Terpenes are synthesized in nature by enzyme-catalyzed processes 

involving the reaction of allylic carbocations with double bonds. The 

biosynthetic precursor of all terpenes is isopentenyl pyrophosphate 

(IPP). 

ROR OCOAOD ODO AOCIOCOCGDD DOTOOUCOCOOGOOOUCIOLE ED OR OOOCKODDOnOCUOUOOUOCUOOOL EG CUOOUUCUCMIOUOC Or OURO COCR CCCI nC SCC CI OC OTIC CIC SOY LSI CU OER AY aI tak UCR 

mE 17.15 Identify the allylic carbons in each of the following structures. 

. 3 *(a) (b) Hi 

OEE, 

SS 

limonene 

17.16 Identify the benzylic carbons in each of the following structures. 

wO 
*17.17 Give the principal organic product(s) expected when 4-methylcyclohexene or 

other compound indicated reacts under the following conditions. Assume one 

equivalent of each reagent reacts in each case. 
(Problem 17.17 continues ) 
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Bry, CHoCly, dark 

N-bromosuccinimide in CCl, light 

product(s) of (b), solvolysis in aqueous acetone 

product(s) of (b) + Mg in ether (e) product(s) of (d) + DO 

17.18 Give the principal product(s) expected when trans-2-butene or other compound 

indicated reacts under the conditions in Problem 17.17. 

*17.19_ Which of the following compounds; all known in nature, can be classified as 
terpenes? Show the isoprene skeletons in each terpene. 

(1) S (2) HC CH, 

O 

io 
HG. CH, 

saffrole 
(oil of sassafras) modhephene 

(from Rayless goldenrod) 

(3) HO 

ipsdienol 
(one component of the pheromone 
of the Norwegian spruce beetle) 

periplanone B 
(pheromone of the female American cockroach) 

(5) CH, (6) 

m-cymene 
H3C CH; 

B-thujone 
(from yellow cedar) 

17.20 Determine whether the following compound (zoapatanol, used as a fertility- 
regulating agent in Mexican folk medicine) is a terpene. 
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17.22 

W228, 

*17.24 

Additional Problems 815 

CH,OH 
zoapatanol 

H 

Explain why two products are formed in the first ether synthesis, but only one 

in the second. 

OH OCH,CH; OCH,CH; 
H2SO 

(1) ae he STS eesrnet Tonnanc: ee G Lo 

OH OCH,CH, 

(2) ae ee qo 

A student Al Lillich has prepared a pure sample of 3-bromo-1-butene (A). Several 

weeks later he finds that the sample is contaminated with an isomer B formed 

by allylic rearrangement. 

(a) Give the structure of B. 
(b) Give a curved-arrow mechanism for the formation of B from A. 

(c) Which should be the major isomer at equilibrium, A or B? Explain. 

Outline a synthesis of each of the following compounds from the indicated 

starting materials and any other reagents. 

*(a) 3-phenyl-1-propanol from toluene 

(b) benzyl methyl ether from toluene 

*(c) (Z)-1,4-nonadiene from 1-hexyne 

(d) 
L_ cH.cr=0 from cyclopentene 

(moo 

1-com from cumene 

(f) 

* 

CO,H from cumene 

“(g) ] 

on ech from benzene 

Rank the following compounds in order of increasing reactivity (least reactive 

first) in an Syl solvolysis reaction in aqueous acetone. Explain your answers. 

(The structure of tert-cumyl chloride is shown in Table 17.2.) 

(1) m-nitro-tert-cumyl chloride (2) p-methoxy-tert-cumyl chloride 

(3) p-fluoro-tert-cumyl chloride (4) p-nitro-tert-cumyl chloride 
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17.25 

o17.26 

ple, 

17.28 

17.29 

Arrange the following alcohols according to increasing rates of their acid- 

catalyzed dehydration to alkene (smallest rate first), and explain your reasoning. 

(1) = 
on{ )—ci—cHt ce 

OH 

(3) = = 
coh pee \ ) 

OH 

Explain why compound A reacts faster than compound B when each undergoes 

solvolysis in aqueous acetone. 

A hydrocarbon A, CyHjo, is treated with N-bromosuccinimide to give a single 
monobromo compound B. When B is dissolved in aqueous acetone it reacts to 
give two compounds, C and D. Catalytic hydrogenation of D gives back A, and 
C can be separated into enantiomers. When optically active C is oxidized with 
CrO; and pyridine, an optically inactive ketone E is obtained. Vigorous oxidation 
of A with KMnO, affords phthalic acid (structure in Problem 17.11). Propose 
structures for compounds A through £, and explain your reasoning. 

A hydrocarbon A, CH)», is treated with N-bromosuccinimide in CCl, in the 
presence of peroxides to give a compound B, CyH,,Br. Compound B undergoes 
rapid solvolysis in aqueous acetone to give an alcohol C, C )H,20, which cannot 
be oxidized with CrO; in pyridine. Vigorous oxidation of compound A with hot 
chromic acid gives benzoic acid, Ph—CO H. Identify compounds A—C. 

Predict which of the following compounds should undergo the more rapid 
reaction with KT (CH;);C—O7, and give the product of the reaction. 

cuss: [cuss 

A B 
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17.30 Complete the following reactions by proposing structures for the major organic 

products. 

O 

*(g) CH,—=CH— CH=CH— CH)MgBr alt H,C— CH, H,0* < 

(b) CH,—=CH—CH—CH—CH,MgBr + D,O — > 

CC) Br CH; — CH= CH— CH(Glia)s a NERF usa ethanol 

(d) same as (c), but with ethanol only; no Na* C,H;S~ 

= CH, + N-bromosuccinimide ee es C,oH,3Br 
(1 eaciy peroxides 

5Cl4,, AIBN 
+ N-bromosuccinimide _ CCl, AIBN 

(1 equiv.) 

"d 

CG: KOH 
Or N-bromosuccinimide ————4——» —————> (Hg 

peroxides ethanol 
(1 equiv. ) 

OnE 

See ~ ethanol — Grol: 

CH==CH—_ CH=CH, + HBr (equiv) > 
(i) 

*G) CH; 

KMnQ,, heat 

*17.31 | When benzyl alcohol (Ayax = 258 nm, € = 520) is dissolved in HSOg, a colored 

solution is obtained that has a different UV spectrum: Ama, = 442 nm, € = 

53,000. When this solution is added to cold NaOH, the original spectrum of 

benzyl alcohol is restored. Account for these observations. 

17.32 Starting with isopentenyl pyrophosphate, propose a mechanism for the biosyn- 

thesis of *(a) zingiberene, compound A, obtained from oil of ginger; (b) eudes- 

mol, compound B, obtained from eucalyptus. 
(Problem 17.32 continues ) 
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17.33, Propose a curved-arrow mechanism for each of the following reactions. 

*(a) 1-penten-4-yne + Na* ~:C==CH; then allyl bromide ——> 

CH=CH — CH — C==CH 

Cla —= (Ciel —— CH, 

(b) CH;(GH>)3—- C=C —- CH, —_ Brat Me = ND os 

Ch (Ga). CHC —@E, =i CH3( CH). _G==€-—- GH: 

) OH 

Sa H30* 
—————— 

HO < 

(d) 

+(¢ 

OGH, 
GH H2SO4 Gre 

(dilute) Oxi or SOE ee OH OC2Hs : 

=(e) 

ig * er 7a 
cymes Sib Gesell S yoe=c( | 

Cl CH, 

17.34 Account for each of the following facts with an explanation. 
*(a) 1,3-Cyclopentadiene is a considerably stronger carbon acid than 1,4-penta- 

diene even though the acidic hydrogens in both cases are doubly allylic. 

pe) ini Jel 

1,3-cyclopentadiene 1,4-pentadiene 
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(b) 3-Bromo-1,4-pentadiene undergoes solvolysis readily in protic solvents, but 

5-bromo-1,3-cyclopentadiene is virtually inert. 

EARS 
Br 

Br 

3-bromo-1,4-pentadiene 5-bromo-1,3-cyclopentadiene 

*17.35 When 2-hexyne is treated with certain very strong bases, it undergoes the follow- 
7 3 « . » . . 

ing reaction, an example of the “acetylene zipper” reaction. Give a curved-arrow 

mechanism for this reaction, and explain why it is irreversible. 

(B? = ?NH—CH,CH,CH,—NH) (pK, = 35) 

17.36 Propose a mechanism for the following reaction, and give at least two structural 

reasons why the equilibrium lies to the right. 

i i 
CH, — CH==CH KaGH.) GOs G CH C H 

: t (CH,);C OH Ser yer 
<— ed | “te | 

H CH; 

(mostly) 

*17.37. When 1-buten-3-yne undergoes HCl addition, two compounds A and B are 

formed in a ratio of 2.2:1. Neither compound shows a C=C stretching absorp- 

tion in its IR spectrum. Compound B reacts with maleic anhydride to give 

compound C below, and compound A undergoes allylic rearrangement to com- 

pound B on heating. Propose structures for compounds A and B and explain 

your reasoning. 

jap 4) 
Cl 

8) O 

Be o 

maleic anhydride C 

*17.38 Around 1900, Moses Gomberg, a pioneer in free-radical chemistry, prepared the 

triphenylmethyl radical, Ph;C-, sometimes called the trityl radical. 

(a) Explain why the trityl radical is an unusually stable radical. 
(b) The trityl radical is known to exist in equilibrium with a dimer which, for 

many years, was assumed to be hexaphenylethane. Show how hexaphenyl- 

ethane could be formed from the trityl radical. 
(Problem 17.38 continues ) 
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(c) In 1968 the structure of this dimer was investigated using modern methods 

and found not to be hexaphenylethane, but rather the following compound. 

Using the fishhook-arrow formalism, show how this compound is formed 

from the trityl radical, and explain why this compound might form instead 

of hexaphenylethane. (Hint: Can you think of any reason why hexaphenyl- 

ethane might be unstable?) 

Ph3C / 
C dimer of trityl radical 

H \ 
Ph 

Triphenylmethane (structure below) has a pK, of 31.5 and, although an 

alkane, it is almost as acidic as a 1-alkyne. (Most alkanes have pK, = 55.) 

By considering the structure of its conjugate base, suggest a reason why 

triphenylmethane is such a strong hydrocarbon acid. 

Fluoradene is structurally very similar to triphenylmethane, except that the 

three aromatic rings are “tied together” with bonds. Fluoradene has a pK, 

of 11! Suggest a reason why fluoradene is much more acidic than 

triphenylmethane. 

OLD CLO 
© 

triphenylmethane fluoradene 

*17.40 The amount of anti addition in the chlorination of alkenes varies with the 

structure of the alkene, as shown in the following table. (See Sec. 7.9C). 

Ro TH : : 
‘ if 
c= +a. v4 SRC= Crt 

\ ZS foo] 
H CH; ClaGl 

Structure of R— Percent anti addition 

Cah — 99 

Suggest a reason for the variation in the stereochemistry of addition as the alkene 
structure is varied. (Hint: What types of reactive intermediate(s) could account 
for the stereochemical observations?) 
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In the late 1970s a graduate student at a major west-coast university began 

synthesizing new classes of drugs and testing them on himself. After being asked 

to leave the university he began making his living by illegally selling synthetic 

meperidine (Demerol) to heroin addicts. After shortening his synthetic procedure 

and self-injecting his product, he developed severe symptoms of Parkinson’s 

disease, as did several of his young clients; one person died. Chemists found 

that his synthetic meperidine contained two by-products, alcohol B and another 

compound MPTP (C,,H5N), which, when independently prepared and injected 

into animals, caused the same symptoms. (Ironically, this has been one of the 

most significant advances in Parkinsonism research.) 
The illicit chemistry is outlined below. Provide the structure of compound 

A, suggest a structure for MPTP, and show how all products are formed. 

1 
N-bromosuccinimide A CH;CH,—C—O= Kr 

CCl4 HO pac 
peroxides 

SINF-—=—Clcle: 4 sa CHa see LEet 

x OH (C,.Hi5N) 

C—=CabGlala B 

VA 
O 

meperidine 

(a) For each of the following two reactions suggest a mechanism that is consis- 

tent with all of the experimental facts given. 

or 

Reaction 1: CH;—CH==CH—CH,—Cl + (C,H;)2NH 
(trans) 

Reaction 2: CH;—CH—CH=CH, + (C,H;),NH 

Gl 
+ 

CH,— CH= CH—CH,;—NH(G,Hs), Cl” 

(82-85% yield) 

Experimental observations: 

(1) Both reactions conform to the following rate law, although the rate 

constants for each reaction are different. 

rate = k{alkyl halide][(C)H;)2NH| 

(2) The alkyl chloride starting materials do not interconvert under the 

reaction conditions. 
(Problem 17.42 continues ) 
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(3) The compound below, prepared separately, is not converted into the 

observed product under the reaction conditions. 

CH; 

ome 
CH, =—CH—CH—NH(CHs), Cla 

In particular, explain the importance of facts (2) and (3) in understand- 

ing the mechanism. 

(b) The mechanism of Reaction 2 is called the Sy2' mechanism. Suggest a 

reason why this reaction occurs by the Sy2’ mechanism and Reaction 1 

does not. 

*17.43 Is the following Sy2’ reaction syn or anti with respect to the plane of the alkene? 

How does this result contrast with the stereochemistry of the Sy2 reaction? 

+ ts 

H H (C)Hs),NH H (C)Hs),NH H 
\ / 25-30° \ / 
C=C = (C,H;),NH ne == Cia. ‘Ca Gla 

/ H wy \ 
D CoH 7" C=-CH: A C= 

ie / 
G) H CH; 
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A n aryl halide is a compound in which a halogen is bound to the carbon of a benzene 

ring (or other aromatic ring). 

I 

; CH,CH, ; CH,CH)I 

, not an aryl halide; 
1-ethyl-2-iodobenzene halogen not attached directly 

(an aryl iodide) to benzene ring 

In a vinylic halide, a halogen is bound to a carbon of a double bond. 

H CH,CH,CH, 
‘ ye 

CH, =CH—Cl Nears 

vinyl chloride Br Hi 
(chloroethylene) 

(E)-1-bromo-1-pentene 
(a vinylic bromide) 

In a phenol, a hydroxy (—OH) group is bound to an aromatic ring. 

OH OH OH 

OZ | CH; 

SS 

phenol - catechol o-cresol 

823 
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CH;CH,— Br + Na* CH;CH,—O: 

Chapter 18 Chemistry of Aryl Halides, Vinylic Halides, and Phenols 

Be sure to differentiate carefully between vinylic and allylic halides (Chapter 17, 

Introduction). Allylic groups are on a carbon adjacent to the double bond. Likewise, be 

sure that the distinction between aryl and benzylic halides is clear. Benzylic groups are on 

a carbon adjacent to an aromatic ring. 

The reactivity of aryl and vinylic halides is quite different from that of ordinary alkyl 

halides. Although phenols and alcohols have some reactions in common, there are also 

important differences in the chemical behavior of these two functional groups. 

The nomenclature and spectroscopy of aryl halides and phenols were discussed in 

Secs. 16.1 and 16.3, respectively. The nomenclature of vinylic halides follows the principles 

of alkene nomenclature (Sec. 4.2A), and the spectroscopy of vinylic halides, except for 

minor differences due to the halogen, is also similar to that of alkenes. 

Lack of Reactivity of Vinylic and 

Aryl Halides under S,2 Conditions 

One of the most important differences between vinylic or aryl halides and alkyl halides 

is their reactivity in nucleophilic substitution reactions. The two most important mecha- 

nisms for nucleophilic substitution reactions of alkyl halides are the Sy2 (bimolecular 

backside attack) mechanism, and the Syl (unimolecular carbocation) mechanism (Secs. 

9.4, 9.6). What happens to vinylic and aryl halides under the conditions used for Sx1 or 

Sy2 reactions of alkyl halides? 

Consider first the Sy2 reaction. One of the most dramatic contrasts between vinylic 

or aryl halides and alkyl halides is that simple vinylic and aryl halides are inert under Sx2 

conditions. For example, when ethyl bromide is allowed to react with Na* C,H;O7 in 

C,H5OH solvent at 55°, the following Sy2 reaction proceeds to completion in about an 

hour with excellent yield: 

50° 
CH;CH,0H 

CH3CH, —-O—CH,CH, + Na*Br~ (18.1) 

Yet when vinyl bromide or bromobenzene is subjected to the same conditions, nothing 
happens! 

H Br Br 
X i, 
vere and imert to Na 9 CoH-O= in CG, HeOlH 55. 

lal H 

Why don’t aryl halides undergo S,2 reactions? First, in reaching the transition state, 

the carbon in the carbon-halogen bond must be rehybridized from sp’ to sp. 

sp-hybridized carbon 

OC t 

RO Ge lee © R! H 
N ee . - 7 eo ie 

= = C— = ae Ba (18.2) 
i \ 7 vy, \ si 

R2 H R2 R2 Nuc 

INE 8 ~ Nuc Om 

transition state 
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Contrast this hybridization change with that involved in the S,2 reaction of an alkyl 

halide: sp’ to sp* (Fig. 9.2). The sp hybridization state has such high energy (Sec. 14.2) 
that conversion of an sp*-hybridized carbon into an sp-hybridized carbon requires about 

21 kJ/mol (5 kcal/mol) more energy than is required for an sp* to sp* hybridization 

change. The relatively high energy of the transition state caused by sp hybridization 

reduces the rate of Sxy2 reactions of vinylic halides. 

A second reason that vinylic halides are unreactive in the Sy2 reaction is that the 

attacking nucleophile (Nuc:~ in Eq. 18.2) must approach the vinylic halide at the backside 

of the halogen-bearing carbon and in the plane of the alkene. This requires that the 

nucleophile and leaving group approach the alkene substituents R* and R', respectively, 
within their van der Waals radii. 

van der Waals repulsion 

nw { x" 
Ln, 
C=—=C—H 

ze 

RY Prvuce 
| 

van der Waals repulsion 

The resulting van der Waals repulsions raise the energy of the transition state and lower 

the reaction rate. 

In summary, both hybridization and van der Waals repulsions (steric effects) within 

the transition state retard the Sy2 reactions of vinylic halides to such an extent that they 

do not occur. 

Sn2 reactions of aryl halides have the same problems as those of vinylic halides and 

two others as well. First, backside attack on the carbon of the carbon-halogen bond would 

place the nucleophile on a path that goes through the plane of the benzene ring—an 

obvious impossibility. Furthermore, since the carbon that is attacked undergoes stereo- 

chemical inversion, the reaction would necessarily yield a benzene derivative containing 

a twisted and highly strained double bond. 

twisted double bond 

Nuc SS ie (18.3) 

If the impossibility of this result is not clear, try to build a model of the product—but 

don’t break your models! 

eee mee HERE OEE E Ee Ee EEE HEHEHE EEE E EEE EEE H HO OHHH E HEHE HOHE EE ESEESEE EEO E HEHE ESE EE HEHEHE REESE EEHHEEEE HEHE ESE E HOHE HEHEHE TEESE 

18.1 Within each set, rank the compounds in order of increasing rates of their Sy2 

reactions. Explain your reasoning. 

*(a) benzyl bromide, (3-bromopropyl)benzene, p-bromotoluene 

(b) 1-bromocyclohexene, bromocyclohexane, 1-(bromomethyl)cyclohexene 

eee eee e EHH HEHE REESE EES E ESHEETS TEST HEHEHE S ESSE EEE HHEEEEEE TEED EDS OEEESESES OOOO EEE EHHESEEEEEH EHS HH HESS ESSE EEE E EES 
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Elimination Reactions of Vinylic Halides 
BCOOCOORIOOOOOIOOOIOOIOCIOOIOOIOOIOOOOIOOIOOIOOIOOOOOIOIOOOOOOOOODOOIO OOOO OOOO OOO OIOUO OOOO OOOO OUUC OOOO OOO OOOO CCT tab ldally 

Although Sy2 reactions of vinylic halides are completely unknown, base-promoted 

B-elimination reactions of vinylic halides do occur and can be useful in the synthesis of 

alkynes. 

PhCH == CH= Bre KOM) SS ph C=O ek Br iO ee 
(molten) (distills from 

reaction mixture; 

67% yield) 

| | C,H;0H 
Ph— CH —CH—Ph + 2KOH Ph—C=C—Ph + 2Kt Br + 2H,O (18.5) 

(67% yield) 

In Eq. 18.5, two successive eliminations take place. The first gives a vinylic halide and 

the second gives the alkyne. 

Although these reactions involve the energetically unfavorable conversion of the sp- 

hybridized alkene carbons of the starting material into the sp-hybridized alkyne carbons 

of the product, these eliminations do not involve the van der Waals repulsions associated 

with vinylic Sy2 reactions, because the base involved attacks a hydrogen rather than the 

backside of a carbon atom. However, the vinylic eliminations require rather harsh condi- 

tions, and some of the more useful examples of this reaction involve elimination of 

B-hydrogens with enhanced acidity. Notice, for example, that the hydrogens which are 

eliminated in Eqs. 18.4 and 18.5 are benzylic (Sec. 17.3B). 

eee eee eee eee eo meee m eae HH eee H HEHEHE HEHEHE HE EE TEESE EEHHHHEH OEE EH SESE SESS OOHRS SEES EEE EHHHH TEESE EEE HEHEHE EEED OEE REESE EEE HEHEHE EEE HEHEHE EE EE 

*18.2 Arrange the following compounds according to increasing rate of elimination 

with NaOC,H; in C,H;OH. What is the product in each case? 

Ph Ph Ph Br oe Ph 4H Br 

C=C C=C —_@ GG 
fi / 

H Br SOx Ph =O Claes Ph 

A B G D 

Seer eee errr sewer eres sense esse ssee EEE EE ESSE OEE EHEHEEEEEEEEES ESOS EOS E EEE EEEEEE ESSE EEE EEEEEEES EE EES EEE EEE ES ESSE OEE EEE D HEED EEE E HEHE ESSE Se eeeesesesesese 

Lack of Reactivity of Vinylic and 

Aryl Halides under S,y1 Conditions 
TOP H Omer er ee eseseceser esses se Reese esse see ES EHELEO SHEETS EEEEEE SO EEESEE SEES SESE SESE SEES OEE e ee eee eeeeeeseseseseseessseeere 

Recall that tertiary and some secondary alkyl halides undergo nucleophilic substitution 
and elimination reactions by the Syl and El mechanisms (Sec. 9.6). Thus, tert-butyl 
bromide undergoes a rapid solvolysis in ethanol to give both substitution and elimination 
products. 
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c 

Strupy GuIDE LINK: 

18.1 

Vinylic Cations 

Cie CH: 
|) 3) (GH,On | 7 ae 

eRe NC ar a Netaee el CH,;— Ct :Briz C,H; 

bs 
| oe 

eur CHs 

CH; CH3 

| . 
CH;— €— OC FH a apa + HBr (18.6) 

| 
CH; CH, 

(72%) (28%) 

Vinylic and aryl halides, however, are virtually inert to the conditions that promote Sy1 

or El reactions of alkyl halides. Certain vinylic halides can be forced to react by the Sy1- 

El mechanism under extreme conditions, but such reactions are relatively uncommon. 

CH, 

GE — GS Bie @oicl © lel = 5 no reaction (18.7) 

«jo + C,H;,OH — >» no reaction (18.8) 

To understand why vinylic and aryl halides are inert under Sy1 conditions, consider 

what would happen if they were to undergo the Sy1 reaction. If a vinylic halide undergoes 

an Syl reaction, it must ionize to form a vinylic cation. 

R 
+ oe 

C=CH, —» R—C=CH, +Bri (18.9) 

a vinylic cation 
:Br:) Y 

A vinylic cation is a carbocation in which the electron-deficient carbon is also part of a 

double bond. An orbital diagram of a vinylic cation is shown in Fig. 18.la. Notice that 

the electron-deficient carbon is connected to two groups, the R group and the other 

carbon of the double bond. Hence, the geometry at this carbon is linear (Sec. 1.3B) and 

the electron-deficient carbon is therefore sp-hybridized. Notice also that the vacant p 

orbital is not conjugated with the z-electron system of the double bond; in order to be 

conjugated, it would have to be coplanar with the double-bond 7 system. Vinylic cations 

are considerably less stable than alkyl carbocations because of their sp hybridization (the 

same reason that alkynes are less stable than isomeric dienes), and because of the electron- 

withdrawing polar effect of the double bond. Hence, one reason that vinylic halides do 

not undergo the Syl reaction is the instability of the vinylic cations that would necessarily 

be involved as reactive intermediates. 
The second reason that vinylic halides do not undergo the Syl reaction is that 

carbon-halogen bonds are stronger in vinylic halides than they are in alkyl halides. A 

vinylic carbon-halogen bond involves an sp* carbon orbital, whereas an alkyl carbon- 

halogen bond involves an sp° carbon orbital. Hence, a vinylic carbon-halogen bond has 

more s character. Recall that bonds with more s character are stronger (Eq. 14.25). 

Consequently, it takes more energy to break the carbon-halogen bond of a vinylic halide. 

This additional energy is reflected in a smaller rate of ionization. 
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H 

H x 

+ 

p orbitals of H 
double bond 

these three carbons 

__-vacant 
p orbital 

sp-hybridized carbon 

(a) vinylic cation (b) aryl cation 

Lewis structures and corresponding orbital diagrams of vinylic and aryl cations. (a) A vinylic cation. 
Notice that the vacant p orbital of the cation (color) is oriented at right angles to the p orbitals of 
the a bond. The carbon with the vacant p orbital is sp-hybridized. (b) An aryl cation. Notice that 
the electron-deficient carbon and the two adjacent carbons cannot become colinear. Consequently, 
the vacant orbital (color) is not a true p orbital; it has more s character than the vacant orbital in 
the vinylic cation. 

Syl reactions of aryl halides would involve aryl cations as reactive intermediates. 

(Be: 
ac an eo— 

> ie SF ‘Br: (18.10) 

phenyl cation 
(an aryl cation) 

An aryl cation is a carbocation in which the electron-deficient carbon is part of an 

aromatic ring. An orbital diagram of an aryl cation is shown in Fig. 18.1b. Because the 

electron-deficient carbon in an aryl cation is bonded to two groups, it prefers a linear 

geometry; but this geometry is impossible, because it would introduce too much strain 

in the six-membered ring. Consequently, the vacant orbital cannot become a p orbital, 

and must remain an sp* orbital. Because an aryl cation is forced to assume a nonoptimal 

geometry and hybridization, it has a very high energy. The electron-withdrawing polar 

effect of the ring double bonds also destabilizes an aryl cation, as it does a vinylic cation. 

Thus, Sy1 reactions of aryl halides do not occur because they would require the formation 
of carbocation intermediates—aryl cations—with very high energy. 

Note that an aryl cation is quite different from the cation formed in electrophilic 

aromatic substitution (Fig. 16.6), in which the carbocation intermediate is stabilized 

by resonance. In an aryl cation, the empty orbital is not part of the ring 7-electron 

system, but is orthogonal (at right angles) to it. Hence, this carbocation is not reso- 

nance-stabilized. Although aryl cations are known, they do not form from aryl 
halides. 

cannot become colinear 
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POORER eee mm meee eee EEE HEHE EHO H THEE E HEE E REESE EEE EE EEE SESE EEEEEHEEEE EEE EERE EE EEE EEE E EEE EERE E ESSE HEHEHE HEE H ERE HEEEEEEEHEEH ESE EESEHEHESHESE EEE SEES 

18.3 Within each series, arrange the compounds according to increasing rates of their 

reactions by the Syl—El mechanism. Explain your reasoning. 

*(a) i ‘i 7 

(cae ( )-cH—ar, (aia 

(1) (2) (3) 

Cin. 

_ PROBLEM © 

Ree e ee ee meee eee EER HEHE HEHEHE HERES ESET EEE SES EE EEE EEEEEE TEESE SEES ESHEETS EE TEED EE EEH HEHEHE SEES ES EEE EEE EESESEEESEEEEEE EEE EEE EEEESEEEE EEE SEES 

eee eee eee eee eee ee eee meee EEE EES EEE EEE E HEHEHE EEEEEEEEEHEE EEE HEE HEEEEEHEHEEEEEEEE EEE EEEEE HEHEHE EEEEES EEE EEE HEE E SEES SEES 

Although aryl halides do not undergo nucleophilic substitution reactions by Sy1 and Sy2 
mechanisms, certain aryl halides do undergo nucleophilic substitution reactions by other 

mechanisms. 

A. Nucleophilic Aromatic Substitution 
eee ee eee eee eee EEE EEE EEE HEHE EE EEE SHEE EEE EEE EEE EE EEE HEHE HHEEESEEEEHEEHEEEESEEE TEETH EEEEHEHEEEEEEEE EEE E THEE SHEESH SEES 

Aryl halides that have one or more strongly electronegative groups (especially nitro 

groups) ortho or para to the halogen undergo nucleophilic substitution reactions under 

relatively mild conditions. 

= po By 67°, 10 min : fs eee ree 
ont \. ar IN (CERO) —~CH.OH O,N OG. skaer (18.11) 

p-fluoronitrobenzene p-nitroanisole 
(93% yield) 

NO, NO, 

: . 170°, 6 hr ie ; 
O,N Cl +:NH, Grea) O,N NG + 2G) (18.12) 

1-chloro-2, 4-dinitrobenzene 2,4-dinitroaniline 
(70% yield) 

These reactions are examples of nucleophilic aromatic substitution: substitution that 

occurs at a carbon of an aromatic ring by a nucleophilic mechanism. 

Let’s examine some of the characteristics of this mechanism. Like Sy2 reactions, 

nucleophilic aromatic substitution reactions involve nucleophiles and leaving groups, and 

they also obey second-order rate laws. 

rate = k{aryl halide] [nucleophile] (18.13) 
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However, nucleophilic aromatic substitution reactions do not involve a one-step backside 

attack for the reasons given in Sec. 18.1. Two clues about the reaction mechanism come 

from the reactivities of different aryl halides. First, the reaction is faster when there are 

more nitro groups ortho and para to the halogen leaving group: 

NO, NO, relative 
rate 

h<: wu, <== ON OCH; + Cl- 10°-10°  asaaay 

on Ya + -OCH, —~> on \—ocn, + Cl- (18.14b) 

O,N 

( \-a cin OCh > aiOmeadcilon 0 (18.14c) 

Second, the effect of the halogen on the rate of this type of reaction is quite different 

from that in the Sy1 or Sy2 reaction of alkyl halides. In nucleophilic aromatic substitution 

reactions, aryl fluorides are most reactive. 

Reactivities of aryl halides: 

Weed ee TW OES Rise 2 Ve (18.15) 

In Sy2 and Sy reactions of alkyl halides, the reactivity order is exactly the reverse: alkyl 

fluorides are the least reactive alkyl halides (Secs. 9.4E, 9.6C). 

These data are consistent with a reaction mechanism in which the nucleophile attacks 

the zr-electron system below (or above) the plane of the aromatic ring to yield a resonance- 

stabilized anion called a Meisenheimer complex. In this anion the negative charge is 

delocalized throughout the z-electron system of the ring. Formation of this anion is the 
rate-determining step in many nucleophilic aromatic substitution reactions. 

OCH; 
ly rate-limiting 

(re Ts if £ 
OOr OCH; OCH; 

O,N <=> ON a <> on xX (18.16) 

F F Lae 

a Meisenheimer complex 

The negative charge in this complex is also delocalized into the nitro group. 

5 oO Kass : ~ OCH, 

N a N= x (18.17) 
oe FR ae E 
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The Meisenheimer complex breaks down to products by loss of the halide ion. 

“TOGH: Bs 
ont x. — onl \-ocn, + 3B: (18.18) OE : 

Let’s see how this mechanism fits the experimental facts. Ortho and para nitro groups 

accelerate the reaction because the transition state resembles the Meisenheimer complex, 

and the nitro groups stabilize this complex by resonance. Fluorine also stabilizes the 

negative charge by its electron-withdrawing polar effect, which is greater than the polar 

effect of the other halogens. Because the loss of halide is not rate-limiting, the basicity of 

the halide, or equivalently, the strength of the carbon-halogen bond, is not important in 

determining the reaction rate. 

Notice how the nucleophilic aromatic substitution reaction differs from the Sy2 

reaction of alkyl halides. First, there is an actual intermediate in the nucleophilic aromatic 

substitution reaction—the Meisenheimer complex. (In some cases this is sufficiently 

stable that it can be directly observed.) There is no evidence for an intermediate in 

any Sy2 reaction. Second, the nucleophilic aromatic substitution reaction is a frontside 

a displacement; it requires no inversion of configuration. The Sy2 reaction of an alkyl 

Stupy GuIDE LINK: halide, in contrast, is a backside displacement with inversion of configuration. Finally, 
118.2 : ee ; ; 

Contrast of Aromatic the effect of the halogen on the reaction rate (Eq. 18.15) is different in the two reactions. 

Sani ton Aryl fluorides react most rapidly in nucleophilic aromatic substitution, whereas alkyl 

Reactions fluorides react most slowly in Sy2 reactions. 

eee eee eee e eee eee eee eee eee EHH H EEE E EHTS SESE EE EEE HESS EEE EEEEEEEEEEEEHEEEEE ESSE THEE HEHEHE HE EEEEEEEESESESEE OSES EEEEEEEEEESEESEESSSES OEE SESESSEE ESS 

18.4 Complete the following reactions. (No reaction may be the correct response.) 

*(a) “s heat 
O,N Cl et C,H;NH, ee 

NO, 

(b) 58 
F + CH,(CH,);8:- —2-#> 

NO, 

Ho 26 CH,OH 
CH;0 F ots CH30:— aes cane 

18.5 Which of the two compounds in each set below should react more rapidly in a 

nucleophilic aromatic substitution reaction with CH,;O7~ in CH;OH? Explain 

your answers. 

(Problem 18.5 continues ) 
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(ay) F F 

NO, NO, 
or 

C 
Ona Cer 

(b) -F F 

Oils 

NO, 
NO, 

FRO eeeeeeee EEE EEEE EEE EEE E HEHEHE HEE HEHEHE EE HEHE EEE ESSE SEES EE EEEEEE HEHEHE EH ESE EEEEEEH HEHE EEEEEEEEEE EEE EEEEEEE EEE EEEEEEEEOES 

eRe eee ee eee eee ee ee eee Hee ee Eee HEHEHE ete set HEHEHE HEE EE HEHEHE EEEEEEE HEHEHE EE HEE HEHEHE EEE HEHEHE EEE HEHE EE EEES 

Recall that vinylic halides undergo B-elimination reactions under vigorous conditions 

(Sec. 18.2). Imagine if an aryl halide were to undergo an analogous reaction. B-Elimination 

of an aryl halide would give an interesting “alkyne” called benzyne. 

H 
nan 6) (18.19) 

Cl 
benzyne 

An orbital picture of benzyne is shown in Fig. 18.2. Notice that one of the two 7 bonds 

in the triple bond of benzyne is perpendicular to the z-electron system of the aromatic 

ring. This extra 7 bond is unusual, because the orbitals from which it is formed are more 
like sp? orbitals than p orbitals. 

Because alkynes require linear geometry, it is difficult to incorporate them into six- 

membered rings. Therefore benzyne is highly strained (Problem 18.36) and, although it 

triple bond 

(a) (b) 

Figure 18.2 Benzyne. (a) A Lewis structure; (b) the corresponding orbital diagram. Notice that the orbitals of 
one 7 bond (color) are perpendicular to the aromatic q-electron system of the ring. As a result, one 
tm bond of the triple bond is not stabilized by aromaticity. Benzyne is highly strained, because the 
ring prevents the triple bond from achieving the preferred linear geometry. 
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is a neutral molecule, it is very unstable. Indeed, benzyne has proven to be too reactive 

to isolate except at temperatures near absolute zero. 

However, despite its instability, benzyne is a reactive intermediate in certain reactions 

of aryl halides. For example, when chlorobenzene is treated with very strong bases such 

as potassium amide (KNH,), a substitution reaction takes place. 

Cl NH, 

“| Kt Ns eg) + K* Cl- (18.20) 

potassium 

chlorobenzene amide aniline 
(42% yield) 

This reaction cannot occur by the Syl or Sy2 mechanism for the reasons given in the 

previous section. Furthermore, since the aryl halide is not substituted with a nitro or 

other electron-withdrawing group, the aryl halide does not appear to be one that should 

undergo nucleophilic aromatic substitution. 

Evidence for a mechanism involving a benzyne intermediate was obtained in a very 

clever isotopic labeling experiment conducted by Professor John D. Roberts and his 

colleagues (of the California Institute of Technology). They carried out the reaction of 

Eq. 18.20 on a chlorobenzene sample in which the carbon bearing the chlorine (and only 

that carbon) was labeled with the radioactive isotope '*C. 

JE! j 

= :NH, =e Oee la (18.21) 

* = carbon-14 (about 50% of each) 

Analysis of the radioactivity in the product showed that in about half of the product, the 

radioactive carbon is adjacent to the substituted carbon, and in the other half, the radioac- 

tive carbon is the substituted carbon itself. Now, radioactivity cannot actually move from 

one carbon to the other. The only way to account for this result is that somehow carbon- 

1 and carbon-2 have become equivalent and indistinguishable at some point in the reaction. 

As a result, subsequent reactions occur at both the labeled and unlabeled carbons with 

identical rates. It is also important to notice that only carbon-1 and carbon-2 have become 

equivalent; the radioactivity is not found at any other carbons. 

Let’s see how a benzyne intermediate can account for these results. The first step in 

the mechanism of this reaction is formation of an anion at the ortho position. Because 

benzene derivatives are only weakly acidic (about as acidic as the corresponding alkenes; 

Sec. 14.7A), this requires a strong base. 

This anion expels chloride ion, thus completing an elimination and forming benzyne. 
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Oi 3 
Cis — i + Cl (18.22b) 

benzyne 

Because benzyne is very unstable, it undergoes a reaction that is not typical of ordinary 

alkynes: it is attacked by the amide ion to give a new anion. Since benzyne is symmetric 

(except for its label), the carbons of the triple bond are indistinguishable. Hence, attack 

of ~NH), occurs with equal probability at each carbon of the triple bond. As a result, 

the —NH, group in half of the product molecules is bound to a carbon adjacent to the 

radioactive carbon. 

<i iy aa + NH, 

ee) Oe 7, ee 

equally probable (18.22c) 

OTP oie ar ir 
NH 

Protonation of each anion gives the mixture shown in Eq. 18.21. 

eo NE . “~H—NH, 
H—NH U 2} 

ee a oF * 
NH, 

| (18.22d) 

NH, at 

or + -:NH, Cie + :NH, 

H NH, 

The reaction that gives benzyne (Eqs. 18.22a and b) is a B-elimination reaction. It 

somewhat resembles an E2 elimination, except that the reaction occurs in two steps. 

(Recall that the E2 elimination takes place in a single step; Sec. 9.5A.) Benzyne is subse- 

quently consumed in an addition reaction (Eqs. 18.22c and d). Therefore, the overall 

substitution shown in Eq. 18.21 is really an elimination-addition process. 

The benzyne mechanism accounts for the fact that, when an aryl halide bears ring 
substituents, more than one product is observed. 

CH; i CH; (lial. 

NH3(liquid 
Cr + NaNH, __NHs(liquid) Cr 4c + NaBr (18.23) 

Br NH, 

(48.5%) NH, 

(51.5%) 

2 



18.4 Nucleophilic Substitution Reactions of Aryl Halides 835 

In Eq. 18.23, the first product results from attack of the amide ion at the carbon of 

benzyne that was originally bound to the halide ion, and the second product results from 

attack at the adjacent carbon of benzyne. 

CH; 

a 
ortho product 

meta product i 

=:NH, 

Substitution at a site different from the one occupied by the leaving group is called 

cine substitution (cine, from Greek kinema, “movement”; pronounced sin’ e). Thus, the 

benzyne mechanism predicts a mixture of direct and cine-substitution products. 

Reactions involving benzyne intermediates are rarely important as preparative proce- 

dures. However, it is important to understand the benzyne mechanism because it accounts 

for some of the side reactions that occur when aryl halides are subjected to strongly basic 

conditions. 

emer renee eee eee eee a EHH HEHEHE EEE HEHEHE HEHEHE SEE SEH ESE EEE E HEHEHE EEEEEESEE HEHEHE HOES SETESESESESEEEEEEES THEE EEEEEEEEEE SESH ESE HSEEEESEESEES 

18.6 According to the benzyne mechanism, what product(s), if any, are expected 

PROBLEM when each of the following compounds reacts with potassium amide in liquid 

; ammonia? 

*(a) H3C Br (b) Br 

H3C 

aC) CH; 

Br 

OCH; 

C. Summary: Nucleophilic Substitution 

Reactions of Aryl Halides 

Aryl halides undergo several different types of nucleophilic substitution reactions. Each 

reaction takes place under a specific set of conditions. 

1. Aryl halides substituted with ortho- or para-nitro groups (or other conju- 

gated, electron-attracting groups) react with Lewis bases in nucleophilic 

aromatic substitution reactions (Sec. 18.4A). This type of reaction involves 

resonance-stabilized anionic intermediates (Meisenheimer complexes) 

resulting from nucleophilic attack on the aromatic 7-electron system, 

followed by loss of the halide from this ion. 



836 Chapter 18 Chemistry of Aryl Halides, Vinylic Halides, and Phenols 

2. Ordinary alkyl halides undergo substitution by the benzyne mechanism 

(Sec. 18.4B) only in the presence of very strong bases such as alkali metal 

amides and organolithium reagents, or with somewhat weaker bases under 

very harsh conditions (high temperature, long reaction times). Except for 

the benzyne reaction, ordinary aryl halides do not undergo nucleophilic 

substitution reactions. 

Aryl and Vinylic Grignard Reagents 
SMe e ee emer eraser eee sees ener ese eee EEE eee eee eH EE eH EEE EEE E HEHE SEEEEEEEES EEE EEEEEEEE SESE HESEEEESE EEE EEEEE SHEE EEE EEE SESE SEES 

Preparation of Grignard and organolithium reagents from aryl and vinylic halides is 

analogous to the corresponding reactions of alkyl halides. 

(pm + Mg eae (poe (18.24) 
Nit 

bromobenzene phenylmagnesium bromide 
(90-95% yield) 

Arylmagnesium bromides or iodides can be prepared from the corresponding bromo- or 

iodobenzenes in either tetrahydrofuran (THF) or diethyl ether solvent (see Sec. 8.7A). 

However, THF rather than ether must be used as the solvent when Grignard reagents are 
formed from chlorobenzenes. 

Mg, THF 
nce \—a Ror chen = nice (18.25) 

(96% yield) 

Because of this solvent effect, the following selective reaction is possible. 

Cl Br Cl MeBr 
Mg 

ether ero) 

The preparation of vinylic Grignard reagents also requires THE as a solvent. 

H;3C H3C 

yiviane + Mg eS C=CH, (18.27) 

Br BrMg 

The reasons for these solvent effects are not clearly understood. 

4\6)/4\0/0/a\0/0)0)0\0|6\0\0\e\0\0\0/0\6 0[e1eie\0:¢lei6ie|e\e'e|6\0 6'0 01v\6[0)010\0\010\e 0\610)B 6 6/010\9)0\6|616|6)0}6\014 © 610 16(610/6/016[0\4\616/b elule\s(eleluleie's'e'6'b/elaieleleeleisia ale'eie Ooo eee creer eeee es ere sees see e eee ee bereeessenesnceeees 

RIT ORES con 18.7 Outline a synthesis of each of the following compounds from benzene and any 
other reagents. 



18.6 Acidity of Phenols 837 

*(a) é CH,CH,— OH (b) ; D 

2-phenylethanol 
Pee e eee meee meee eee eee meres eee eee esse EEE ESE HE OEE HEHE EEEEEE HEHE SESE EEESEEEE SEES EE EE EEE ESET EE EEE EEE SESE ESHEETS ESSE EEEEHEEEEHEEE ESE EEEESEESES EE SESESEEES 

Acidity of Phenols 
eee eee eee eee eee eee EEE HEHEHE E EEE EEEEEEEE HESS EEE E ESHEETS EE EEE EEE E HEHEHE EEEEEE HHH HEHEHE EEEEEE ESHEETS EE EE EES 

Ree emer ee erence esse eee erases e eee H Heese esse esse esses ee eee ese s EHF HEHHE HEHEHE EEESEHEEEEEE EEO E EEE SS EEE EEEEEEE EEE EEE E HHS EEEEEEES 

Phenols, like alcohols, can ionize. 

( )-o-8 ain H,0 <== C )-8 +P HO” (18.28) 

phenol phenoxide ion 
(phenolate ion) 

The conjugate base of a phenol is named, using common nomenclature, as a phenoxide 

ion or, using substitutive nomenclature, as a phenolate ion. Thus, the sodium salt of phenol 

is called sodium phenoxide or sodium phenolate; the potassium salt of p-chlorophenol is 

called potassium p-chlorophenoxide or potassium 4-chlorophenolate. 

Phenols are considerably more acidic than alcohols. For example, the pK, of phenol 

is 9.95, but that of cyclohexanol is about 17. Thus phenol is approximately 10’ times as 

acidic as an alcohol of similar size and shape. 

eae oe 

pKa ~10 ~17 

Recall from Sec. 3.6B, Fig. 3.2, that the pK, of an acid is decreased by stabilizing its 

conjugate base. The enhanced acidity of phenol is due to stabilization of its conjugate-base 

anion. 
What is the source of this enhanced stability? First, the phenolate anion is stabilized 

by resonance: 

O:- CA. QO: Q: 
A. 

resonance structures for the phenoxide anion 

Second, the polar effect of the benzene ring stabilizes the negative charge. Both resonance 
Stupy GUIDE LINK: SEG, te : F 

iss stabilization and polar effects are the same effects that stabilize benzylic carbanions (Sec. 

Resonance Effects on 17.3). Of course, a phenoxide anion is a benzylic anion in which the benzylic group is 

Phenol Acidity an oxygen instead of a carbon. 
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Alkoxides are stabilized neither by resonance nor by the polar effect of benzene rings 

or double bonds. 

O: cyclohexanolate anion 
no resonance structures; 
no polar effect of double bonds 

Because phenoxide ions are stabilized by both resonance and polar effects, less energy is 

required to form phenoxides from phenols than is required to form alkoxides from 

alcohols. Since pK, is directly proportional to free energy of ionization (Eq. 3.38), phenols 

have lower pK, values, and are thus more acidic, than alcohols. 

Substituent groups can also affect phenol acidity by both polar and resonance effects. 

For example, the relative acidities of phenol, m-nitrophenol and p-nitrophenol reflect 

the operation of both effects. 

OH OH OH 

NO, 

NO, 

phenol m-nitrophenol p-nitrophenol 
pKa QOS) 8.35 HIM 

m-Nitrophenol is more acidic than phenol because the nitro group is very electronegative. 

The polar effect of the nitro substituent stabilizes the conjugate-base anion for the same 
reason that it would stabilize the conjugate base of an alcohol (Sec. 8.5B). Yet p-nitrophe- 
nol is more acidic than m-nitrophenol by more than one pK, unit, even though the 
p-nitro group is farther from the phenol oxygen. This cannot be a polar effect, for polar 
effects on acidity decrease as the distance between the substituent and the acidic group 
increases. The reason for the increased acidity of p-nitrophenol is that the p-nitro group 
stabilizes the conjugate-base anion by resonance (colored structure). 

Os aye 

. 
CX INE Nae 

hen on OC manOs =C 
charge delocalized 
into nitro group (18.30) 

The colored structure is especially important because it places charge on the electronega- 
tive oxygen atom. In m-nitrophenol, however, it is not possible to draw resonance struc- 
tures that delocalize the negative charge into the nitro group. 
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fewer important structures than the para-isomer nee 
18.31) 

Since p-nitrophenoxide has more resonance structures, it is more stable relative to its 

corresponding phenol than m-nitrophenoxide. Hence p-nitrophenol is the more acidic 

of the two nitrophenols. The acid-strengthening resonance effect of ortho- and para-nitro 

groups is so large that 2,4,6-trinitrophenol (picric acid) is actually a strong acid. 

OH 

O,N NO, ty: 
2,4,6-trinitrophenol 
(picric acid) 
pKa = 0.96 

NO, 

Let’s summarize the factors that govern acidity as we’ve seen them in operation 

so far: 

1. Element effects: Other things being equal, compounds are more acidic 

when the element to which the acidic hydrogen is bound has higher 

atomic number within either a row or group of the periodic table. 

a. The effect within a row (period) of the periodic table is dominated by 

relative electronegativities (or electron affinities). Thus, water is much 

more acidic than methane, and phenol is much more acidic than tol- 

uene, because oxygen (higher atomic number) is more electronegative 

than carbon (lower atomic number). 

b. The effect within a column of the periodic table is dominated by rela- 

tive bond energies. Thus, thiols are more acidic than alcohols because 

the S—H bond is weaker than the O—H bond. 

2. Resonance effects: enhanced delocalization of electrons in the conjugate 

base enhances acidity. 

3. Polar effects: stabilization of charge in the conjugate base enhances acidity. 

A RUORODOGROE OOD NDAONODONOHOOO HOOD ODDOCOOCOGOOUCUDODOOOO OUOUDOLO OO SON OO OOOUCOOCOUCUOOUTUOUG DUO OC OCOCOOOOO TOOTS COOTOUOUOMOUCUOUOTOUOUOUUUCOUOUCUDLOL I OOIEGICI TIS 

GEE i 18.8 Which of the two phenols in each set is more acidic? Explain. 

. *(a) 2,5-dinitrophenol or 2,4-dinitrophenol 

(b) phenol or m-chlorophenol is. gp 

itis” 4 
(Problem 18.8 continues ) 
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*(c) OH OH 

or 

¢cH—O 

CH=O 

(d) OH OH 
+ 

N(CH3)3 

or 
+ 

N(CHs3)3 
POPPE P meee emer ease eee a ae ae eee Hees EEE HEE EEEE HEHE EHHE HEHEHE EESE SEH EEEEEESESEE ESE EEESEEEEESEHEEEEE ESSE EEE E ESSE HEE EEEEE EES 

Alcohols are not converted completely into alkoxides by aqueous NaOH solution because 

the pK, values of water and alcohols are similar (Sec. 8.5A). In contrast, the equilibrium 

for the reaction of phenol and NaOH lies almost completely to the right: 

pk, = 15.7 
phenol phenoxide 

DK, = 995 ion 

Because the difference in pK, values of water and phenol is about 6, the equilibrium 
constant for this reaction is about 10° (Sec. 3.4D). Thus, for all practical purposes, phenols 
are converted completely into their conjugate-base anions by NaOH solution. Although 
the stronger bases used to ionize alcohols (Sec. 8.5A) can also be used for phenols, 
hydroxide ion is often perfectly adequate for the purpose. Thus, when phenol is treated 
with one equivalent of sodium hydroxide solution, the phenol O—H proton is titrated 
completely to give a solution of sodium phenoxide. 

The acidities of phenols can sometimes be used to separate them from mixtures 
with other organic compounds. For example, suppose that we wish to separate the water- 
insoluble phenol, 4-chlorophenol, from a water-insoluble alcohol, 4-chlorocyclohexanol. 
Although the phenol itself is water insoluble, its sodium or potassium salt, like many 
other alkali metal salts, has considerable solubility in water because it is an ionic compound. 
(Recall from Sec. 8.4B that water is one of the best solvents for ionic compounds.) 

a )-ox a) Oe Ne" at )-ou 

4-chlorophenol sodium 4-chlorophenolate 4-chlorocyclohexanol 
soluble in ether insoluble in ether soluble in ether 

insoluble in water soluble in water insoluble in water 
(an 1onic compound) 

Thus, when a mixture of the phenol and the alcohol in ether solution is treated with 
aqueous NaOH, the phenol is selectively extracted into the aqueous solution as its sodium 
salt, sodium 4-chlorophenolate, while the alcohol, which is not significantly ionized by 
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NaOH, remains in the ether. (Although alcohols of low molecular mass are soluble in 

water, the chlorine and hydrocarbon parts of 4-chlorocyclohexanol dominate its solubility 

properties.) Acidification of the aqueous solution gives the phenol, which separates from 

solution because, after acidification, it is no longer ionized. 
It is usually said that phenols are “soluble in sodium hydroxide solution.” What is 

really meant by this statement is that if sodium hydroxide solution is added to a phenol, 

the phenol is converted into its conjugate-base phenoxide ion, which, because it is ionic, 

is the species that actually dissolves in the aqueous solution. Solubility in 5% NaOH 

solution is a qualitative test for phenols (and other compounds of equal or greater acidity). 

Phenoxides, like alkoxides, can be used as nucleophiles. For example, aryl ethers can 

be prepared by the reaction of a phenoxide anion and an alkyl halide. 

Seen meee eee meee ene eeeeenee 

TET EO OR ar 
ti, 

Pia i 

Cen 
ah ‘ 
€ PROBLEMS | 

Wiis Z 
ee nee 

Poeeeeee eer rere eee ere 

1-bromopropane 

phenoxide propoxybenzene 
ion (63% yield) 

This is another example of the Williamson ether synthesis (Sec. 11.1A). Note that the 

reaction of sodium propoxide, the sodium salt of 1-propanol, with bromobenzene, would 

not be a satisfactory synthesis of this ether. (Why? See Sec. 18.1.) 
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18.9 Outline a preparation of each of the following compounds from the indicated 

starting material and any other reagents. 
*(a) 2-phenoxyethanol from phenol _—_(b) 4-nitroanisole from 4-nitrophenol 

*18.10 The following compound, unlike most phenols, is soluble in acid, but insoluble 

in base. Explain this unusual behavior. 

0010.00 00 0.0 00 60 06 bebe ele ence ccc nn FFF eee ces e ease eee eee ener ee eee rece Denes enssse sees ee reeserercreersesesccessccsesseeeeecceise 
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Even though phenols do not have hydrogen at their a-carbon atoms, they do undergo 

oxidation. The most common oxidation products of phenols are quinones. 

OH O 

Na ,CrO, 

H,SO, 2 (18.34) 

OH O 

hydroquinone p-benzoquinone 
(86-92% yield) 
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OH O 
[BL CH; H3C CH; 

NazCr2O7 
50% yield 18.35 

a (50% yield) ( ) 

H3C #20 H3C 

O 
2,3,6-trimethylphenol 

2,3,5-trimethyl- 
1,4-benzoquinone 

OH O 

dry ether 
eo H3C O (68% yield) (18.36) H3C OH 

4-methylcatechol 4-methyl-1,2-benzoquinone 
(unstable red crystals) 

Notice that p-hydroxyphenols (hydroquinones), o-hydroxyphenols (catechols), and phe- 
nols with an unsubstituted position para to the hydroxy group are oxidized to quinones. 

As the examples above suggest, a quinone is any compound containing either of 
the following structural units. 

O ®) 

) 
O 

ap-quinone ano-quinone 

If the quinone oxygens have a 1,4 (para) relationship, the quinone is called a para- 
quinone; if the oxygens are in a 1,2 (ortho) arrangement, the quinone is called an ortho- 
quinone. The following compounds are typical quinones. 

‘ oa a6 derived from 

o-benzoquinone naphthalene 
(1,2-benzoquinone) 

p-benzoquinone 1,4-naphthoquinone 
(1,4-benzoquinone) 

O 

8 ) ] 

7 2 

“i derived from 
6 3 

5 10 4 

O 
anthracene 

9,10-anthraquinone 
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As indicated above, the names of quinones are derived from the names of the correspond- 

ing aromatic hydrocarbons: benzoquinone is derived from benzene, naphthoquinone from 

naphthalene, and so on. 

Ortho-quinones, particularly ortho-benzoquinones, are considerably less stable than 

the isomeric para-quinones. One reason for this difference is that in ortho-quinones, the 

C=O bond dipoles are nearly aligned, and therefore have a repulsive, destabilizing 

interaction. In para-quinones these dipoles are further apart. 

tle Pe 

era ol 
o-quinone p-quinone 

bond dipoles nearly aligned bond dipoles further apart 

A number of quinones occur in nature. Juglone occurs in walnut shells. Doxorubicin 

(adriamycin), isolated from a microorganism, is an important antitumor drug. 

O CH;0 O OH O-sugar 

juglone doxorubicin 
(adriamycin) 

The oxidation of phenols by air (Oz) to colored, quinone-containing products is 

the reaction responsible for the darkening that is observed when some phenols are stored 

for long periods of time. The oxidation of hydroquinone and its derivatives to the 

corresponding p-benzoquinones can also be carried out reversibly in an electrochemical 

cell. Oxidation potentials of a number of phenols with respect to standard electrodes are 

well known. 

Practical Applications of Phenol Oxidation The oxidation of phenols has 

several important practical applications. For example, phenols are sometimes used to 

inhibit free-radical reactions that result in the oxidation of other compounds (Sec. 5.6C). 

The basis of this effect is that many free radicals (R- in Eq. 18.37a) abstract a hydrogen 

from hydroquinone to form a very stable radical called a semiquinone. 

rR R—H 

6H” O- 

Cy —— sy (18.37a) 

:0 :0 

| | 
H il 

semiquinone 
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(The semiquinone radical is resonance-stabilized; draw its resonance structures.) A second 

free radical can react with the semiquinone to complete its oxidation to quinone. 

O: O: O: 
Os 

a Nee —> neers 7 <I (18.37b) 

:0 :O :O 

Hydroquinone thus terminates free-radical chain reactions by intercepting free-radical 

intermediates R: and reducing them to R—H. 

The effectiveness of several widely used food preservatives is based on reactions such 

as these. Examples of such preservatives are “butylated hydroxytoluene” (BHT) and 
“butylated hydroxyanisole” (BHA). 

OH OH OH 

(CH3)3C C(CH3)s C(CHs)3 
a 

C(CH3)3 

CH; OCH; OCH; 

BHT BHA 

Oxidation involving free-radical processes is one way that foods discolor and spoil. A 
preservative such as BHT inhibits these processes by donating its O—H hydrogen atom 
to free radicals in the food (as in Eq. 18.37a). The BHT is thus transformed into a 
phenoxy radical, which is too stable and unreactive to propagate radical chain reactions. 
Although the use of BHT and BHA as food additives has generated some controversy 
because of their potential side effects, without such additives foods could not be stored 
for reasonable periods of time and transported over long distances. 

Recent research indicates that vitamin E, a phenol, is the major compound in the 
blood responsible for preventing oxidative damage by free radicals. Vitamin E acts by 
terminating radical chains in the manner shown in Eq. 18.37a. 

Ca, 

a-tocopherol 
CH; a major form 

of vitamin E 

CH; 
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PHOTOGRAPHY AND PHENOL OXIDATION 

The oxidation of hydroquinone lies at the heart of the photographic process. 

When photographic film is exposed to light, grains of silver bromide in the 

photographic emulsion on the film absorb light and are activated or sensitized. 

AgBr + light ——> _ [AgBr]* (18.38) 
sensitized 

silver bromide 

Because silver bromide is trapped in the photographic emulsion, it is immo- 

bile. Thus sensitized silver bromide molecules provide a faithful record of the 

positions on the film that have been struck by light. Now, sensitized silver 

bromide is a much better oxidizing agent than silver bromide that has not 

been exposed to light. When exposed film is treated with a solution of hydro- 

quinone (a common photographic developer), [AgBr]* oxidizes hydroqui- 

none to p-benzoquinone (which is subsequently washed away), and the 

silver(I) is reduced to finely divided silver metal, which remains trapped in 

the photographic emulsion. 

2[AgBr]* + Ho" )—o1 a 

hydroquinone 

of )mo + 2Ag(black) + 2HBr (18.38) 

p-benzoquinone 

Because unactivated AgBr oxidizes hydroquinone much more slowly, silver 

metal forms only where light has impinged on the film. This precipitated 

silver is the black part of a black-and-white negative. 

18.11 | Given the structure of phenanthrene, below, draw structures of 
*(a) 9,10-phenanthraquinone (b) 1,4-phenanthraquinone 

Ss Indicate whether each is an o- or a p-quinone. 
oa 

phenanthrene 
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18.12 Complete the following reactions. 

*(a) OH (b) OH 

NO, 
Cr(VI) Cr(VI) 

HO OH 
H2SO4 H SO, 

18.13 Draw the important resonance structures of the radicals formed when each of 

the following reacts with R-, a general free radical. 

*(a) vitamin E (b)" BHT 

18.8 ~—Electrophilic Aromatic Substitution Reactions of Phenols 

Phenols are aromatic compounds, and they undergo electrophilic aromatic substitution 
reactions like those described in Chapter 16. In some of these reactions, the —OH 
group has special effects that are not common to ther substituent groups. 

Because the —OH group is a strongly activating substituent, phenol can be halo- 
genated once under mild conditions that do not affect benzene itself. 

un \-on Bye ot \-on ++ HBr (18.40) 
or CS, 

phenol p-bromophenol 
(82% yield) 

Notice the mild conditions of this reaction. A Lewis acid such as FeBr; is not required. 
(A solution of Br, in CCl, is the reagent usually used for adding bromine to alkenes.) 
But when phenol reacts with Br, in H,O (bromine water), more extensive bromination 
occurs and 2,4,6-tribromophenol is obtained. 

OH OH 

Br Br 
H20 

+ 3Br, —— > + 3HBr (18.41) 

phenol Br 

2,4,6-tribromophenol 
~100% yield 
(precipitates) 

This more extensive bromination occurs for two reasons. First, bromine reacts with water 
to give protonated hypobromous acid, a more potent electrophile than bromine itself. 

Se 5 a6 
Br, HO: == Bre Bi _- Ol bee Bie (18.42) 

protonated hypobromous 
hypobromous acid acid 
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Second, in aqueous solutions near neutrality, phenol partially ionizes to its conjugate- 

base phenoxide anion. Although only a small amount of this anion is present, it 1s very 

reactive and brominates instantly, thereby pulling the phenol-phenolate equilibrium to 

the right. 

OH On On OH 

H20 Bro/H2O H30t (more acidic 

=e very rapid than phenol) 

130" Br Br 

Br2/H20 

(two reactions) 

OH O7- 

Br Br Br Br 

————— 
(18.43) 

H;0+ 

Br Br 

(very insoluble; 
precipitates) 

Phenoxide ion is much more reactive than phenol because the reactive intermediate is 

not a carbocation, but is instead a more stable neutral molecule (colored structure). 

Ory :O: 

—>, 2) <> 0 <> etc. (18.44) 
+ 

Biaee tal Bir lel 

+H,0 
H,O—Br H 

p-Bromophenol is also in equilibrium with its conjugate base p-bromophenoxide anion, 

which brominates again until all ortho and para positions have been substituted. Notice 

in Eq. 18.43 that in the second and third substitutions the powerful ortho, para directing 

and activating effects of the —O:~ group override the weaker deactivating and directing 

effects of the bromine substituents. In strongly acidic solution, in which formation of 

the phenolate anion is suppressed, bromination can be stopped at the 2,4-dibromophenol 

stage. 
Br 

( \-on + 2Br, > Br OH +2HBr (18.45) 

phenol 2,4-dibromophenol 
(87% yield) 
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Phenol is also very reactive in other electrophilic substitution reactions, such as 

nitration. Phenol can be nitrated once under mild conditions. (Notice that H,SO, is not 

present as it is in the nitration of benzene; Eq. 16.8.) 

NO, 

HNO; 
OH —CHch OH + O,N (URL se laifO) (18.46) 

15°, 

phenol o-nitrophenol p-nitrophenol 
(26% yield) (61% yield) 

Because phenol is activated toward electrophilic substitution, it is also possible to nitrate 

phenol two and three times. However, direct nitration is not the preferred method for 

synthesis of di- and trinitrophenol, because the concentrated HNO; required for multiple 
nitrations: is also an oxidizing agent, and phenols are easily oxidized (Sec. 18.7). Thus 
2,4-dinitrophenol is synthesized instead by the nucleophilic aromatic substitution reaction 
of 1-chloro-2,4-dinitrobenzene with ~OH (Sec. 18.4A). 

NO, NO, 

i HNO; 1) “OH 
eS @| H,SO, > ON @i 2) H,0* > ON OH (18.47) 

chlorobenzene 1-chloro-2, 4-dinitrobenzene 2,4-dinitrophenol 

The great reactivity of phenol in electrophilic aromatic substitution does not extend 
to the Priedel-Crafts acylation reaction, because phenol reacts rapidly with the AICI, 
catalyst. 

es A + iS OH os AICL G—AICh 
sien GI Cr ae ie (18.48) 

a ELE 

The adduct of phenol and AICI; is much less reactive than phenol itself in electrophilic 
aromatic substitution reactions because, as shown in Eq. 18.48, the oxygen electrons are 
delocalized onto the electron-deficient aluminum. Because of their delocalization away 
from the benzene ring, these electrons are less available for resonance stabilization of the 
carbocation intermediate formed within the ring during Friedel-Crafts acylation (Eq. 
16.14). Thus, Friedel-Crafts acylation of phenol occurs slowly, but can be carried out 
successfully at elevated temperatures. Because it is not highly activated, the ring is acylated 
only once. 
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OH 
O 

Oleh ae Aceny ee Yel me nb eS 

(as a complex) 

OH ] OH 

G—(CH),CrH3 

= + 
Stupy GuIDE LINK: 

ca 18.4 (34% yield) . 
ries Kearrangement A 

O-aia(CH ers 

(47% yield) (18.49) 

Alkylation of phenol under Friedel-Crafts conditions is also possible. 

na ae 

( )-oH 4 mae ae cH G—{)—01 HsH5O WK 18.86) 
| 

CH: Cu 

p-tert-butylphenol 
(80% yield) 

BG AOA DORE BOE DCOOCOCOODOCINODC ONO OC OOO UND DOOTIICTTOOOOCOCIODOUCTOGOCOOCOOIOOT UTC UCI COCO CU ORO KORO OOOO OGUOUOUUMOUTULOCOCOSOOUOCUUUOLU CSC UCIT ICA A TTS SS KILN CICS TNE 

SEO, 18.14 | Give the principal organic product(s) formed in each of the following reactions. 

_ Prosiems . *(a)ienoscresOl. 4-8 Bia 10 CCl) a (b) p-cresol + Br, in HO —~> 

—— *(c) m-chlorophenol + HNO, low temperature ——> 

(d) O 
| . 

p-bromophenol + CH;—C—Cl AOS 

*18.15 Give acurved-arrow mechanism for the reaction in Eq. 18.50. Be sure to identif | y 
the electrophilic species in the reaction and to show how it is formed. 

taleialeVcle\n(alalele/Ble.el0(wiealsca’ereie.6 sib le\etavereleie oie) bielels,t\¢le ¢.0.6.¢.0/0\6/0\n/e\s/sie aimivio.bid\p\alo\e\e\e)aieje qieje(nia(e;8/0\0(0.@1e(@ S(O © 01'u\0\4/4 61010 O/etpiuin\e\a/6/m ere) Efe ©:4 0,8(06(0'0\0/6.0(0/6 0 :6'¥ 5164 (5 e\6)0.6 9,0) e'u n\n wim st B18 610/810 \0)8/0\06/ 9:8 916 

Just as the reactions of alcohols that break the carbon-oxygen bond have close analogy 

to the reactions of alkyl halides that break the carbon-halogen bond, the carbon-oxygen 

reactivity of phenols follows the carbon-halogen reactivity of aryl halides. (That 1s, we 

can think of phenols as “aryl alcohols.”) Recall that aryl halides do not undergo Sy1 or 
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El reactions (Sec. 18.3); for the same reasons, phenols and phenyl ethers also do not 

react under conditions used for the Syl or El reactions of alcohols. Thus phenols do not 

form aryl bromides with concentrated HBr; they do not dehydrate with concentrated 

H2SOq. (Notice, however, that they do undergo sulfonation; see Sec. 16.4D.) The reasons 

for these observations are exactly the same as those that explain the lack of reactivity of 

aryl halides. (What are those reasons? See Secs. 18.1 and 18.3.) 

More generally, any derivative of the form 

«p> 
in which X is a good leaving group, such as tosylate, mesylate, or even ==76)85, has the 

same lack of reactivity toward Sy1 and Sy2 conditions as aryl halides—and for the same 

reasons. 

The lack of reactivity of the aryl-oxygen bond can be put to good use in the cleavage 
of aryl ethers. Recall that when ethers cleave—depending on the particular ether and the 

mechanism—products resulting from cleavage at either of the carbon-oxygen bonds are 

possible (Sec. 11.3). In the case of aryl ethers, cleavage occurs only at the alkyl-oxygen 

bond; consequently, only one set of products is formed: 

(pot ie ee (oH ae Clete lBir (18.51) 

cleavage occurs here observed products 

( = COHLOH 

(not observed) 

In this example, ether cleavage gives phenol and methyl bromide rather than bromo- 
benzene and methanol because Sy2 attack of bromide ion can only occur at the methyl 
group of the protonated ether: 

| 
Se ae ( )-oH cs CH;—Br: (18.52) 

Sy2 reaction of the Br~ cannot occur here 

<\e)sis\a!a/¢/s\e\e\e\o/e\ele/s\eie\elej8{e\a!s/ece!efoleie{eleteiei¢ie}e/e)e{¥i6ias¢0\8/8)9)a\\e[0/u\s\e[e/s\ejele(elaie/oieialé]s}eieis\e/eje(e\eleiste/eieisieis\slaieva/eletelatelalsterstaielolnieislelaislateterstaletstetcvete Cee errr rece sasereeerecesececeseseveseeseces 

; 18.16 Within each set, identify the ether that would not readily cleave with concentrated 
PROBLEM > HBr and heat, and explain. Then give the products of ether cleavage and the 

2 mechanisms of their formation, for the other ether(s) in the set. 
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Stupy Guipe LINK: 
418.5 

The Cumene 
Hydroperoxide 
Rearrangement 

18.10 Industrial Preparation and Use of Phenol 851 

) ie 

Orpen OD 
CH; 

diphenyl ether 
tert-butyl phenyl ether (phenoxybenzene) 
(tert-butoxybenzene) 

*(a 

(b) 

[. 
(= th—0— ch cK 0c ( pro encon, 

CH; 
benzyl methyl ether 4-methoxytoluene 

(2,2-dimethylpropoxy) benzene 
(neopentyl phenyl ether) 

RRRINIIOIIIIOOIOOIOIOIIOIOIOIDIOIOOIIIIOIIOIIOIOIOIOCOIOOUIO ICD OCO COCOONS a a dal 

COCO e eee SEES SHOOTER RECESS HOODOO DDE DOODLES OEE OCEO OCOD ESOS CES CROCE MOTHER DDE O RSET eee reser ee seceneceserereiCesiCeee se eeees sens 

Historically, phenol has been made in a variety of ways, but the principal method used 

today is an elegant example of a process that gives two industrially important compounds, 

phenol and acetone, (CH;),C==O, from a single starting material. The starting material 

for the manufacture of phenol is cumene (isopropylbenzene), which comes from benzene 

and propylene, two compounds obtained from petroleum (Sec. 16.7). The production of 

phenol and acetone is a two-stage process. In the first stage, cumene undergoes an 

autoxidation to form cumene hydroperoxide. (An autoxidation is a reaction with atmo- 

spheric oxygen that gives peroxides). 

CH, CH; 

Autoxidation: SP se tee i) i eee (18.53a) 

H O—O—H 

cumene cumene hydroperoxide 

In the second stage, cumene hydroperoxide undergoes an acid-catalyzed rearrangement 

that yields both acetone and phenol. 

CH; 
O 

| 5-25% 

NOIRE) NAN Cio G8) ao Pi Oue CH; 0 —SChi, 

I ===) —— phenol acetone 

(18.53b) 

Phenol is a very important article of commerce. The annual U.S. production of 

phenol is about 3.7 billion pounds. Phenol is a starting material for the production of 

phenol-formaldehyde resins (Sec. 19.15), which are polymers that have a variety of uses, 

including plywood adhesives, glass fiber (Fiberglass) insulation, molded phenolic plastics 

used in automobiles and appliances, and many others. Fig. 5.3 shows how the manufacture 

of phenol and acetone fits into the overall chemical economy. 
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oi *18.17, Compound A below is a by-product of the autoxidation of cumene, and com- 
€ PROBLEM 2 pound B is a by-product of the acid-catalyzed conversion of cumene hydro- 

lis, ‘ a peroxide to phenol and acetone. 

i i. 
A Ph—C—OH m—e—< 0H B 

| 
CH; CH; 

Give a curved-arrow mechanism that shows how compound A can react with 

phenol under the conditions of Eq. 18.53b to give compound B. 

Key IDEAS IN CHAPTER 18 

[\ Neither aryl halides, vinylic halides, nor phenols undergo Sx2 reactions 

because of the sp hybridization of the Sy2 transition states and because 
backside attack of nucleophiles is sterically blocked. 

[\ Neither aryl halides, vinylic halides, nor phenols undergo Syl reactions 

because of the instability of the carbocation intermediates that would 
be involved in such reactions. 

[\ Because the aryl-oxygen bond is unreactive in both Syl and Sy2 reac- 

tions, the cleavage of aryl alkyl ethers occurs exclusively at the alkyl- 
oxygen bond to give phenols. 

[| Vinylic halides undergo B-elimination reactions in base under vigorous 
conditions to give alkynes. Strong bases can also promote B-elimina- 
tion in aryl halides to give benzyne intermediates, which are rapidly 
consumed by addition reactions with the bases. 

[\ Aryl halides substituted with ortho- or para-electron-attracting groups, 
particularly nitro groups, undergo nucleophilic aromatic substitution. 
This type of reaction involves attack of the nucleophile to form a reso- 
nance-stabilized anion (Meisenheimer complex), which then expels the 
halide leaving group. 

[\ Aryl and vinylic halides form Grignard reagents. However, formation 
of Grignard reagents from chlorobenzene, and formation of most 
vinylic Grignard reagents, require tetrahydrofuran (THF) rather than 
ether as a solvent. 
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*18.18 

*18.19 

18.20 

Phenols are considerably more acidic than alcohols because phenoxide 

ions, the conjugate bases of phenols, are stabilized both by resonance 

and by the electron-attracting polar effect of the aromatic ring. Phenols 

containing substituent groups that stabilize negative charge by reso- 

nance and/or polar effects are even more acidic. 

Phenols dissolve in dilute hydroxide solution because they are con- 

verted into salts of their conjugate-base anions, which are water-soluble 

ionic compounds. 

Phenols are oxidized to quinones. 

Some electrophilic aromatic substitution reactions of phenols show 

unusual effects attributable to the —OH group. Thus phenol bromi- 

nates three times in bromine water because the —OH group can ion- 

ize; and phenol is rather unreactive in Friedel-Crafts acylation reactions 

because the —OH group reacts with the AICI, catalyst. 

The preparation of phenol and acetone by the autoxidation of cumene 

and rearrangement of the resulting hydroperoxide is an important 

industrial process. 

What reaction (if any) takes place when p-iodotoluene is subjected to each of 

the following conditions? 
(a) CH;30H, 250 (b) Git Om in CH;30OH, DS 

(c) CH3O™, pressure, heat (d) Mg in THF 

(e) Li in hexane (f) product of (d) + D,O 

Give the product(s) expected (if any) when m-cresol is subjected to each of the 

following conditions. 

(a) concentrated H,SO, (b) Br, in CCl, (dark) 

(c) Br, (excess) in CCly, light (d) dilute HCl 

(e) 0.1.M NaOH solution (f) HNO;, cold 

(g) O (h) Na>Cr,07 in H,SO, 

C,H; —C—Cl, AICl;, heat; then H,O 

Arrange the compounds within each set in order of increasing acidity, and 

explain your reasoning. 
*(a) cyclohexyl mercaptan, cyclohexanol, benzenethiol 

(b) cyclohexanol, phenol, benzyl alcohol 
(Problem 18.20 continues ) 
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*(c) O: 
eee? 

p-nitrophenol, p-chlorophenol, cea 

Oke 
(d) 4-nitrobenzenethiol, 4-nitrophenol, phenol 

*(e) 2,4-dimethylphenol, 2,6-di(tert-butyl) phenol, 2,6-dichlorophenol 

*(f) OH OH OH OH 

Gi 
NO; 

(1) NO. (4) 

(2) 

*18.21 Although enols are unstable compounds (Sec. 14.5A), suppose that the acidity 

of an enol could be measured. Which would be more acidic: enol A or alcohol 

B? Why? 

OH OH 

A CH,—C=—cH, GH2— CH Cham 

*18.22 Identify compounds A, B, and C from the following information. 
(a) Compound A, CH, 00, is insoluble in water but soluble in aqueous NaOH 

solution, and yields 3,5-dimethylcyclohexanol when hydrogenated over a 
nickel catalyst at high pressure. 

(b) Aromatic compound B, CgH,90, is insoluble in both water and aqueous 
NaOH solution. When treated successively with concentrated HBr, then 
Mg in THE, then water, it gives p-xylene. 

(c) Compound C, C,H,,0, is insoluble in water and in NaOH solution, but 
reacts with concentrated HBr and heat to give m-cresol and a volatile alkyl 
bromide. 

18.23 Complete the following reaction sequence by giving the major organic product. 

cincie—{ 0H _NaOH solution, _ dimethyl sulfate, Hi, catalyst_ 
high pressure 

*18.24 Contrast the reactivities of cyclohexanol and phenol with each of the following 
reagents, and explain. 

(a) aqueous NaOH solution 

(b) p-toluenesulfonyl chloride in pyridine 



18.25 (a) 
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NaH in THF 
concentrated aqueous HBr, H,SO, catalyst 
Br in Cel (f) Na»Cr O07 in H,SO, (g) H,SO,, heat 

Give the products (if any) when each of the following compounds reacts 

with HBr and heat. 

OH OH 

CH,OH OCH; 

3-(hydroxymethyl)phenol 3-methoxyphenol 

(b) Give the products (if any) when each of the following compounds reacts 

with Br, in CCl, in the dark. 

OH ,OH 

CH; CH; 

m-cresol cis-3-methylcyclohexanol 

*18.26 Choose the one compound within each set that meets the indicated criterion, 

and explain your choice. 

(a) 

(b) 

(c) 

The compound that reacts with alcoholic KOH to liberate fluoride ion: 

F F 
or 

O.N 

CH,—NO, CH; 

The compound that cannot be prepared by a Williamson ether synthesis: 

C= pon OO 
The compound that gives an acidic solution when allowed to stand in 

aqueous ethanol: 

Br CH; 

sf 
‘nu i 3 Of js Br 

CH; CH; 

(Problem 18.26 continues ) 
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(d) The compound that reacts with magnesium in ether: 

p-chlorotoluene or benzyl chloride 

(e) The ether that would cleave more rapidly in HI: 

phenyl cyclohexyl ether or diphenyl ether 

(f) The compound that gives two products when it reacts with KNH) in liquid 

ammonia: 

GH CH; 

CH, CH; 

*18.27. Explain the following observations, which were recorded in the chemical litera- 

ture, concerning the reaction between tert-butyl bromide and potassium ben- 

zenethiolate (the potassium salt of benzenethiol): “The attempts to prepare 

phenyl tert-butyl sulfide by this route failed. If the reactants were kept at room 

temperature KBr was formed, but the benzenethiol was recovered unchanged.” 

18.28 What products (if any) are formed when 3,5-dimethylbenzenethiol is treated 

first with one equivalent of Nat C,H;O7 in ethanol, and then with each of the 
following? 

(a) allyl bromide (b) bromobenzene 

(c) 2-bromo-2-methylbutane and heat 

“18.29 A mixture of p-cresol, pK, = 10.2, and 2,4-dinitrophenol, pK, = 4.11, is dissolved 

in ether. The ether solution is then vigorously shaken with one of the following 

aqueous solutions. Which solution effects the best separation of the two phenols 

by dissolving one in the water layer and leaving the other in the ether solution? 
Explain. (Hint: Apply Eq. 3.14.) 

(1) a0.1 M aqueous HCl solution 

(2) a solution that contains a large excess of pH = 4 buffer 

(3) a solution that contains a large excess of pH = 7 buffer 
(4) 0.1 M NaOH solution 

*18.30 Phenols, like alcohols, are Bronsted bases. 
(a) Write the reaction in which phenol reacts as a base with the acid H,SQ,. 
(b) On the basis of resonance and polar effects, decide whether phenol or 

cyclohexanol should be the stronger base. 

18.31 The UV spectrum of p-nitrophenol in aqueous solution is shown in Fig. 18.3 
(trace A). When a few drops of concentrated NaOH are added, the solution 
turns yellow and the spectrum changes (trace B). On addition of a few drops 
of concentrated acid, the color disappears and the spectrum shown in trace A 
is restored. Explain these observations. 
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? 

eeadaaadl 5 

0.5 

absorbance 

200 280 360 440 520 A,nm 

Figure 18.3 UV spectra for Problem 18.31. 

18.32 

*18.33 

ON 

18.34 

Vanillin is the active component of the natural flavoring vanilla. 

OCH; 

| | vanillin 

lekG OH 

When a few drops of vanillin are added to an aqueous NaOH solution, the 

characteristic vanilla odor is not present. Upon acidification of the solution, a 

strong vanilla odor is present. Explain. 

It has been suggested that the solvolysis of 2-(bromomethyl)-5-nitrophenol at 

alkaline pH values involves the intermediate shown in brackets below. 

CH,Br CH, CH,OH 

H>0O, SOH H5,O 
SSS SSS OH O,N On ON OH 

+ NaBr 

Give a curved-arrow mechanism for the formation of this intermediate and for 

its reaction with water to give the final product. 

When a suspension of 2,4,6-tribromophenol is treated with an excess of bromine 

water, the white precipitate of 2,4,6-tribromophenol disappears and is replaced 

by a precipitate of a yellow compound that has the following structure. Give a 

curved-arrow mechanism for the formation of this compound. 

O 

Br Br 

Br Br 
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18.35 Complete each reaction by giving the major organic product(s). No reaction may 

be an appropriate response. 

*(a) 

(b) 

=e) 

()) 

*(k) 

on 8 GH. S = 

Cl 

O,N NO, 

OH 

NO, 

NO, 

Ne ol or CH3CH,CH,NH, aa ee 

« pa GH CH GH —= Nie = 

OCH; 
ell + KNH, —NEMiauia) 

Br 

a + Kt (CH,),c—O7 —#, 

OH 

HO OH 

CCl, 
(bles = (C.H.O;Br) 

pyrogallol 

resorcinol + Br) sso 

OH 

Co ail K,Cr,O7 a 

m-chlorophenol + Na,Cr,0, pall SOeS 

CH,SO,Cl CH,07 
> 2,4-dinitrophenol — 

pyridine CH;0H 



Additional Problems 859 

Br NO, 

sis (CH3),CHCH,S— wer 

NO, 

*(m) heat CHO O een aie 

(n) OCH; 

OU Seip ee 
(conc.) 

*18.36 The heat (or enthalpy) of hydrogenation is the heat liberated when a substance 

undergoes catalytic hydrogenation. The hydrogenation reactions of all ordinary 

internal alkynes (alkynes with alkyl substituents at both carbons of the triple 

bond) to the corresponding cis-alkenes give off about the same amount of heat. 

(a) Using the heats of formation below, calculate the approximate heat of 

hydrogenation of an ordinary internal alkyne. 

AH;¥ AH} 

Compound (kJ/mol) (kcal/mol) Compound (kJ/mol) — (kcal/mol) 

2-butyne 146 350 benzyne 494 118.0 

cis-2-butene = Hail =I 7/ benzene 83 19.8 

2-pentyne 29 30.8 

cis-2-pentene SHS SO// 

(b) Calculate the heat of hydrogenation of benzyne to benzene. Use the discrep- 

ancy between this number and the number you calculated in (a) to estimate 

the energy by which benzyne is destabilized relative to an ordinary alkyne. 

18.37. Outline a synthesis for each of the following compounds from the indicated 

starting material and any other reagents. 

*(a) 1-chloro-2,4-dinitrobenzene from benzene 

(b) 1-chloro-3,5-dinitrobenzene from benzene 

Alc) eal C=CH 
Cy from m-bromochlorobenzene 

(d) ee H 

Ph—C==C—Ph from oe 

(Problem 18.37 continues ) 
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*(e) O N 0 2 

CHa=-@ {\. SC>H; from chlorobenzene 

(f) 2-chloro-4,6-dinitrophenol from chlorobenzene 

*(g) “butylated hydroxytoluene” (BHT; Sec. 18.7) from p-cresol 

O 

(CH3)3C i. O from catechol 

o— CHC <<) from fluorobenzene 

and bromobenzene 

2 NO 

peas from benzene 

*18.38 Explain why, in the following reactions, different isomers of the starting material 

give different products. 

*() 

Br OC)H; 

C=C aes CH;—C=C—0GH; 
ee 7 (only elimination product observed) 

Br H 

\ aes ip KOH ss ey 
C—_@ ee Che @== C—O L- aI CH,=C=CH— OCG)H,; 

H3C OCH; 

*18.39 (a) The following reaction was once used in a major commercial method for 
the preparation of phenol (Dow phenol process). Suggest a mechanism for 
this reaction. (Notice the temperature!) 

(rat acon 5 ( JH0" Not + Nat cI + HO 

(b) A major by-product in the Dow phenol process is diphenyl ether. Use your 
mechanism from (a) to account for the formation of this by-product. 

18.40 — Explain why biphenyl forms as a by-product when phenyllithium is synthesized 
by the reaction of bromobenzene and lithium metal. (Hint: Phenyllithium is a 
strong base.) 
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*18.41 The herbicide 2,4,5-T is synthesized by heating 2,4,5-trichlorophenol with chlo- 

roacetic acid and NaOH, followed by treatment with dilute acid. A by-product 

of this process is the toxic compound dioxin. Dioxin accumulates in the environ- 

ment because it is degraded very slowly. Give mechanisms for the formation of 

both 2,4,5-T and dioxin. 

| 
1 cl O=cl = G OnE! O cdl 

Beare ae en I 
Cll Cl Cll O Cl chloroacetic acid 

2,4,5-T dioxin 

*18.42 The following reaction occurs readily at 95° (X = halogen): 

a J Ph OGH: 

C= Gi GH Onn C=C axe 
heat 

Ph H Ph H 

The relative rates for the various halogens are 290 (X = F), 1.4 (X = Cl), and 

1.0 (X = Br). When there is a nitro group in the para position of each benzene 

ring, the reaction is substantially accelerated. Give a detailed mechanism for this 

reaction, and explain how it is consistent with the experimental facts. 

*18.43 When 1,3,5-trinitrobenzene [NMR: 6 9.1(s)] is treated with Na* CH;O7, the 

ionic compound formed has the following NMR spectrum: 6 3.3 (3H, s); 6 6.3 

(1H, t, J = 1 Hz); 68.7 (2H, d, J = 1 Hz). Suggest a structure for this compound. 

*18.44 (a) The following compound, 1,1-dichlorocyclohexane containing radioactive 

4C only at carbon-2, was subjected to an E2 reaction in base to give labeled 
1-chlorocyclohexene. What is the distribution of radioactive carbon in 

1-chlorocyclohexene? 

Cl 

(b) When the labeled 1-chlorocyclohexene formed in (a) was treated with phe- 

nyllithium (a strong base) at 150°, 1-phenylcyclohexene was formed. Pro- 

pose a curved-arrow mechanism that accounts for the following distribution 

of radioactive carbon in 1-phenylcyclohexene: 

On Oe Onn On 
. »* 

(25% of each 
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18.45 Using the curved-arrow formalism where appropriate, give stepwise mechanisms 

for the following reactions. 

*(a) 

__DMSO_ t ) = 

Nac )-# oN > 95° 6 hea. 

(b) Br 

\ aE Na* C)H,O7- e200" CL oc + NaBr 

O 

*() 
Ol ePhC r= Clee 

mon \—o H+ HCl 

(Hint: ZnCl, is a Lewis acid; see Sec. 16.4F.) 

* Spoon 8 ane OH ais (GEE) €— EEF > (CH3)3 

*18.46 The following reaction, used to prepare the drug Mephenesin (a skeletal muscle 

relaxant), appears to be a simple Williamson ether synthesis. 

OH OH 

nc \—o Na* + aelarerstuc byt x 

OH 

nc \-o Riya CH,—OH + Nat Cl7 

Mephenesin 

During this reaction a precipitate of NaCl forms after only about ten minutes, 

but a considerably longer reaction time is required to obtain a good yield of 

Mephenesin. Taking these facts into account, suggest a mechanism for this 

reaction. (Hint: See Sec. 11.6.) 

*18.47. Explain why the dipole moment of 4-chloronitrobenzene (2.69 D) is less than 

that of nitrobenzene (3.99 D), and the dipole moment of 4-nitroanisole 

(1-methoxy-4-nitrobenzene, 4.92 D) is greater than that of nitrobenzene, even 

though the electronegativities of chlorine and oxygen are about the same. 
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*18.48 In the following conversion the Diels-Alder reaction is used to trap a very 
interesting intermediate by its reaction with anthracene. From the structure of 

the product deduce the structure of the intermediate. Then write a mechanism 

that shows how the intermediate is formed from the starting material. 

CI eee + MgBrF 

F oO se 
1-bromo-2-fluorobenzene 

triptycene 

*18.49 Propose a structure for the product A obtained in the following oxidation of 

2,4,6-trimethylphenol. (Compound A is a rather unstable type of compound 

called generally a quinone methide.) 

OH 

HC Gi: 

CH, 

Proton NMR of A: 6 1.90 (6H), 6 5.49 (2H), 6 6.76 (2H), all broad singlets. 

*18.50 For the reactions below, explain why different products are obtained when 

different amounts of AIBr; catalyst are used. (Hint: See Sec. 18.8B.) 

CH,O 
AIBr3 (3 equiv) fel we STOO CHO O 

CH,0 
AIBr3 (1 equiv) ie) ee “SIO CH;0 O 
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*18.51 When the following unusual epoxide reacts with water, p-cresol is the only 

product formed, and it has the labeling pattern shown. This rearrangement is 

called the “NIH shift,” because it was discovered by chemists at the National 

Institutes of Health. 

CH, CH; CH, 
H20 

Denn (aqueous acetamide) 

Yt HO HO 

H D H 
(75% of product) (25% of product) 

(a) Suggest a mechanism for this reaction that accounts for the position of the 
label, and explain why some of the deuterium is lost. 

(b) Explain why only p-cresol and no m-cresol is formed. 

POPE eee sess sees esse Heese eases esses ESTEE EEEE SEES OEE EEE EEEEEEEEEESESEDESE SES EEE EE ESESESESEEEH HEHE EEEESESEEEEEEEEEEEES EEE EEEEE EOE EEEEE ESSE ESOS 



Chemistry of 

Aldehydes and 

Ketones; 

Carbonyl-Addition 
Reactions 

the carbonyl group, C=O. Aldehydes, ketones, carboxylic acids, and the carbox- 

are all car- 

ck chapter begins the study of carbonyl compounds—compounds containing 

ylic acid derivatives—esters, amides, anhydrides, and acid chlorides 
bonyl compounds. 

This chapter focuses on the nomenclature, properties, and characteristic carbonyl- 

group reactions of aldehydes and ketones. Chapters 20 and 21 will consider carboxylic 

acids and carboxylic acid derivatives, respectively. Chapter 22 deals with ionization, enoli- 

zation, and condensation reactions, which are common to the chemistry of all classes of 

carbonyl compounds. 

Aldehydes and ketones have the following general structures: 

| «—— carbonyl group ———> || 

R—C—H R==@— Re 

aldehyde ketone 

Examples: 

1 i 
acetaldehyde acetone 
(an aldehyde) (a ketone) 

865 
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ar bond 

Figure 19.1 Bonding in a typical carbonyl compound. The carbonyl group and the two R groups lie in the same 
plane, and there are both a o bond and a w bond between the carbonyl carbon and oxygen. 

In a ketone, the groups bound to the carbonyl carbon (R and R’ in the structures above) 

are alkyl or aryl groups. In an aldehyde, at least one of the groups at the carbonyl carbon 

atom is a hydrogen, and the other may be alkyl, aryl, or a second hydrogen. 

The carbonyl carbon of a typical aldehyde or ketone is sp?-hybridized with bond 

angles approximating 120°. The carbon-oxygen double bond consists of a o bond and a 

am bond, much like the double bond of an alkene (Fig. 19.1). Just as C—O single bonds 

are shorter than C—C single bonds, C—O bonds are shorter than C=C bonds (Sec. 

1.3B). The structures of some simple aldehydes and ketones are given in Fig. 19.2. 

O CH, 
ot a <t! = alee 

= 124° |} 3 3 125° | @ 
C | G Pia) h G | G 

) i \\ oe s \ \ 

H A oH ous > ace a CH, one “Ss H 

formaldehyde acetaldehyde acetone propene 

(b) (c) 

Figure 19.2 Structures of aldehydes and ketones, (a) The structures of formaldehyde, acetaldehyde, and acetone 
compared to the structure of propene. Notice that the C=O bonds are shorter than the C=C 
bond. Notice also that the carbonyl carbon is trigonal planar with bond angles very close to 120°. 
(b) Ball-and-stick model of acetone. (c) Space-filling model of acetone. 
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19.1 : Nomenclature of Aldehydes and Ketones 

Common names are almost always used for the simplest aldehydes. In common nomencla- 

ture the suffix aldehyde is added to a prefix that indicates the chain length. A list of 

prefixes is given in Table 19.1. 

CH,=O CH;— CH, CH, -CH=O 

formaldehyde butyr + aldehyde = butyraldehyde 

Acetone is the common name for the simplest ketone. 

O 

(Clalg—C— Clay acetone 

Benzaldehyde is the simplest aromatic aldehyde. 

«> CHO benzaldehyde 

Certain aromatic ketones are named by attaching the suffix ophenone to the appropriate 

prefix from Table 19.1. 

ree ee RSE 
acet + ophenone = acetophenone benzophenone 

The common names of some ketones are constructed by citing the two groups on 

the carbonyl carbon followed by the word ketone. 

Table 19.1 Prefixes Used in Common 

Nomenclature of Carbonyl Compounds 

R— in R—CH=O R— in R—CH—O 

Prefix or R—CO,H Prefix or R—CO,H 

form l—= isobutyr (Gla) Cla 

acet Calg valer CH3;CH,CH,CH,— 

propion, propi4 CaCl — isovaler (CH), CHCH 

butyr CH3;CH,CH,— benz, benzo? Ph— 

4 Used in phenone nomenclature as discussed in the-text. 

b Used in carboxylic acid nomenclature (Sec. 20.1A). 
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i i 

Cy 'e) Cy 1 

cyclohexyl phenyl ketone dicyclohexyl ketone 

Simple substituted aldehydes and ketones can be named in the common system by 

designating the positions of substituents with Greek letters, beginning at the position 

adjacent to the carbonyl group. 

O O 
: ! ! ¥ B 

Clal, = CR Cla = C BiG, Chip Git 

6-bromopropionaldehyde 

As suggested by this nomenclature, a carbon adjacent to the carbonyl group is termed 

the a-carbon, and the hydrogens on the a-carbon are termed a-hydrogens. 

Many common carbonyl-containing substituent groups are named by a simple exten- 

sion of the terminology in Table 19.1: the suffix yl is added to the appropriate prefix. 
The following names are examples: 

1 i i i 
he C— CH,—C—  CH,CH,—C— Pha Ca 

formyl group acetyl group propionyl group benzoyl group 

Such groups are called in general acyl groups. (This is the source of the term acylation, 
used in Sec. 16.4E.) To be named as an acyl group, a substituent group must be connected 
to the remainder of the molecule at its carbonyl carbon. 

O 
! 

O 

Che © (Gale p-acetylbenzaldehyde 

Be careful not to confuse the benzoyl group, an acyl group, with the benzyl group, an 
alkyl group. 

O 

! 
Pie <6) sp 

benzoyl group benzyl group 

A great many aldehydes and ketones were well known long before any system of 
nomenclature existed. These are known by traditional names that are illustrated by the 
following examples: 

Cai, 
PhCH Ch _CH—© O CH,—=CH— CHO 

cinnamaldehyde furfural acrolein 
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bB. Substitutive Nomenclature 
TERRE meee eee eee ee Eee EEE HEHE EEE EEE EEE EEE EEEEEEEEEEHHEEEEHEEHEE EEE E HEHEHE HEHE HEHE HEHEHE EEE SHEE EEEEE EEE SESE SHEE EE EES 

The substitutive name of an aldehyde is constructed from a prefix indicating the length 

of the carbon chain followed by the suffix al. The prefix is the name of the corresponding 

hydrocarbon without the final e. 

CH3CH,CH,CH =O butan¢g + al = butanal 

In numbering the carbon chain of an aldehyde, the carbonyl carbon receives the number 

one. 

‘ese a 
eke 16) 2-methylbutanal 

GH: 

Note carefully the difference in chain numbering of aldehydes in common and substitutive 

nomenclature. In common nomenclature, numbering begins at the carbon adjacent to 

the carbonyl (the a-carbon); in substitutive nomenclature, numbering begins at the 

carbonyl carbon itself. 

As with diols, the final e is not dropped when the carbon chain has more than one 

aldehyde group. 

O=>CH— CH. CH. CH, CH, — Ci=O hexanedial 

When an aldehyde group is attached to a ring, the suffix carbaldehyde is appended 

to the name of the ring. (In older literature, the suffix carboxaldehyde was used.) 

e- CHO cyclohexanecarbaldehyde 

In aldehydes of this type, carbon-1 is not the carbonyl carbon, but rather the ring carbon 

attached to the carbonyl group. 

2-methylcyclohexanecarbaldehyde 

The name benzaldehyde (Sec. 19.1A) is used in both common and _substitutive 

nomenclature. 

A ketone is named by giving the hydrocarbon name of the longest carbon chain 

containing the carbonyl group, dropping the final e, and adding the suffix one. The 

position of the carbonyl group is given the lowest possible number. 

O five-carbon chain: 
| pentan¢é + one = pentanone 

@Giie Ch Ole Clie position of carbonyl: 2-pentanone 
! 3 2 | 5 

O 

(Jeo cyclohexan¢g + one = cyclohexanone © GH: 3,3-dimethylcyclohexanone 

Ger 
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STUDY 
PROBLEM 

19.1 

Chemistry of Aldehydes and Ketones; Carbonyl-Addition Reactions 

As with diols and dialdehydes, the final e of the hydrocarbon name is not dropped in 
the nomenclature of diones, triones, etc. 

O O six-carbon chain: 
| hexane + dione = hexanedione 

Clals positions of carbonyls: 2,4-hexanedione CH; —C—_CH-_C—_Ch, 

Aldehyde and ketone carbonyl groups receive higher priority than —OH or —SH 
groups for citation as principal groups (Sec. 8.1B). 

Priority for citation as principal group: 

O O 

— CH (aldehyde) > —C— (ketone) > —OH > —SH (19.1) 

Provide a substitutive name for the following compound. 

fines ab 
CH; —C — CH, — CH— CH— CH, — CH, — CH; 

(The numbers are utilized in the solution below.) 

Solution To name this compound use the nomenclature rules in Sec. 8.1B. First, identify 
the principal group. Possible candidates are the carbonyl group at carbon-2 and the 
hydroxy group at carbon-4. Because ketones have a higher citation priority than hydroxy 
groups (Eq. 19.1), the compound is named as a ketone with the suffix one. Next, identify 
the principal chain. This is the longest carbon chain containing the principal group and 
the greatest number of double and triple bonds. This chain (numbered in the structure 
above) contains seven carbons. Notice that the longer carbon chain within the molecule 
is not the principal chain because the presence of double bonds takes precedence over 
length. Hence, the compound is named as a heptenone with hydroxy, methyl, and propyl 
substituents cited in alphabetical order. Finally, number the principal chain. Number from 
the end of the chain so that the principal group—the carbonyl group—receives the lowest 
possible number. Thus, the carbonyl carbon is carbon-2, the hydroxy carbon is carbon-4, 
the carbon bearing the propyl group is carbon-5, and the first alkene carbon is carbon-6 
(see numbering in the structure above). Cite the substituent groups in alphabetical order. 
The name is thus: 

4-hydroxy-6-methyl-5-propyl-6-hepten-2-one 

position of 
carbonyl carbon 

position of 
positions of double bond 

substituent groups 
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When a ketone carbonyl group is treated as a substituent, its position is designated 

by the term oxo. 

O O 

| principal group: aldehyde carbonyl 
ik AG — Ole i Oley — tl OLE name: 4-oxopentanal 

2 ) } ) 

190 Give the structure of the following compounds. 

*(a) isobutyraldehyde (b) valerophenone 

(c) o-bromoacetophenone (d) y-chlorobutyraldehyde 

*(e) 4-(2-chlorobutyryl) benzaldehyde (f) 3-cyclohexenone 

(g) 
( 

* 

*(g) 2-oxocyclopentanecarbaldehyde (h) 3-hydroxy-2-butanone 
*(i) m-methoxypropiophenone 

19:2 Give the substitutive name for each of the following compounds. 

*(a) diisopropyl ketone (b) acetone 

7(C) O O (d) C,H;0 H 

Gr ee yi 

CH,— CH=CH; # eee 

*(é) CH=O (f) O 

H{Ge CH, 

Seem mm meme eee e errr ears eee eee eres esses eee ees sees eee eee ese HEE HEE EEEEEEES ESE OES EHR ED ED OOO EEE ERE SEES ee eee Eeeeseerereseveses 

Most simple aldehydes and ketones are liquids. However, formaldehyde is a gas, and 

acetaldehyde has a boiling point (20.8°) very near room temperature, although it is usually 
sold as a liquid. 

Aldehydes and ketones are polar molecules because of their C=O bond dipoles. 

Because of their polarities, aldehydes and ketones have higher boiling points than alkenes 

or alkanes with similar molecular masses and shapes. But because aldehydes and ketones 
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are not hydrogen-bond donors, their boiling points are considerably lower than those of 
the corresponding alcohols. 

CH3;CH—CH, CH;CH=O CH;CH,0OH 
boiling point —47,4° 20:8" T8238 
dipole moment 0.4 D ND 17 wD) 

[ i ie 
C C Gri she NO ke Yate H,C~ CH, 

boiling point ogee) DO. 82.3° 
dipole moment 0.5 D ED 7 

Aldehydes and ketones with four or fewer carbons have considerable solubilities in 
water because they can accept hydrogen bonds from water at the carbonyl oxygen. 

HO—H.  _|H—OH 

Acetaldehyde and acetone are miscible with water (that is, soluble in all proportions). 
The water solubility of aldehydes and ketones along a series diminishes rapidly with 
increasing molecular mass. 

Acetone and 2-butanone are especially valued as solvents because they dissolve not 
only water but also a wide variety of organic compounds. These solvents have sufficiently 
low boiling points that they can be easily separated from other less volatile compounds. 
Acetone, with a dielectric constant of 21, is a polar solvent, and is often used as a solvent 
or co-solvent for nucleophilic substitution reactions. 

The principal infrared absorption of aldehydes and ketones is the C~O stretching absorption, a strong absorption that occurs in the vicinity of 1700 cm™!. In fact, this is one of the most important of all infrared absorptions. Because the C=O bond is stronger than the C=C bond, the stretching frequency of the C=O bond is greater. 
The position of the C=O stretching absorption varies predictably for different types of carbonyl compounds. It generally occurs at 1710-1715 cm7! for simple ketones and at 1720-1725 cm™ for simple aldehydes. The carbonyl absorption is clearly evident, for example, in the IR spectrum of butyraldehyde (Fig. 19.3). The stretching absorption of the carbonyl-hydrogen bond of aldehydes near 2710 cm7! is another characteristic absorption; however, NMR spectroscopy provides a more reliable way to diagnose the presence of this type of hydrogen (Sec. 19.3B), 
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wavelength, micrometers 

MS Defs 33 Spo AL ALS 5 DD) © 7 eS) IN) sy AE Vi 

100 

cD) 

= 80 
‘se 

E 60 
| 
S 
= 40 

a 
Q stretch 

an = CH3CH,CH,CH= O 
; stretch 

3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 

wavenumber, cm7 ! 

Figure 19.3 Infrared spectrum of butyraldehyde. 

Compounds in which the carbonyl group is conjugated with aromatic rings, double 

bonds, or triple bonds have lower carbonyl stretching frequencies than unconjugated 

carbonyl compounds. 

1 1 1 
( p-c— cis Ch — CH C—_ CH, compare. 5 Ch, —_ CHCE CH, CH, — G—_CELCH. 

3-buten-2-one 1-butene 2-butanone 

acetophenone 

O 1685 cm7! 1670°cm = iis cme. 

i = = all € 1600 cm7! 1613 cm 1642 cm — 

Xf (19.2) 

Note that the carbon-carbon double-bond stretching frequencies are also lower in the 

conjugated molecules. These effects can be explained by the resonance structures for these 

compounds. Since the C=O and C=C bonds have some single-bond character, as 

indicated by the following resonance structures, they are somewhat weaker than ordinary 

double bonds, and therefore absorb in the IR at lower frequency. 

:0: :Of 

i | 
GHeSei eee <> *CH,—CH—C—CH; (19.3) 

single-bond character 

In cyclic ketones with rings containing fewer than six carbons, the carbonyl absorp- 

tion frequency increases significantly as the ring size decreases. 
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l 

Stupy GuipE Link: eV 5 ay IR Absorptions sorptions of a 0 0 
Cyclic Ketones O CH,=C=0O 

cyclohexanone cyclopentanone cyclobutanone cyclopropanone ketene C=O 1715 cm"! 1745 cm! 1780 cm! 1850 cm“! 2150 cm"! 
(normal) 

(19.4) 

19.3 Explain how IR spectroscopy could be used to differentiate the isomers within 
PROBLEM each of the following pairs. 

*(a) 3-cyclohexenone and 2-cyclohexenone 
(b) cyclohexanone and hexanal *(c) 2-butanone and 3-buten-2-ol 

The characteristic NMR absorption common to both aldehydes and ketones is that of the 
protons on the carbons adjacent to the carbonyl group—the a-protons. This absorption is 
in the 6 2.0-2.5 region of the spectrum (see also Table 13.2). This absorption is slightly 
farther downfield than the absorptions of allylic protons; this makes sense because the 
C=O group is more electronegative than the C—C group. In addition, the absorption 
of the aldehydic proton is quite distinctive, occurring in the 6 9-10 region of the NUR 
spectrum, at lower field than most other NMR absorptions. 

a-protons aldehydic 
a-protons proton 

I i L ! | 
CHa Ole CH; G CE, Gi: Cho 0 

emir hae, 8 Rage ead| ee 
O27 02.15 62.40 60.99 62.2 6 9.8 

In general, aldehydic protons are significantly deshielded. The reason for this deshielding is the same as that for the deshielding effects of the carbon-carbon double bond (Sec. 
13.6A). However, the carbonyl group has a greater deshielding effect because of the electronegativity of the carbonyl oxygen. 

Se ee Cae ang ea aed arate Wan aaiis ei sazoneat acd dc enPuse sae wrasse een tc ee ee 

Es >, 19.4 Deduce the structures of the following compounds. 
PROBLEM *(a) C40: IR 1720, 2710 cm! 

4 NMR in Fig. 19.4, 
(b) G2H.O: TRoIgl7 cme 

INMIROO.0.95(GEate jens Hz); 6 2.03 (3H, s); 6 2.38 (2H, q, J = 8 Hz) 
*(c) CoH 20>: IR 1690 cm=1, 1612 cm! 

INMIRSOsIa (Gite ae Iz); 6 2.5 3H, s); 6 41 (2H, q, J = 8 Hz): 
O65 1s dai 09 BAR is (OO (ASE al = © Hz) 

Paid de liad sages oo 8G ISIOS00R 050500 006500) .7c0nG pcp dn secoub coc on CUdABOBBDEUABOSaauscoUnOa co acet is 
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Figure 19.4 

PROBLEMS 

500 400 300 200 100 0 Hz 

increased 
sensitivity 

H, > 8 7 6 5 4 3 py) 1 0 6, ppm 

NMR spectrum for Problem 19.4(a) 

©. Carbon NMR Spectroscopy 

The most characteristic absorption of aldehydes and ketones in CMR spectroscopy is that 

of the carbonyl carbon, which occurs typically in the 6 190-220 ppm range. This large 

downfield shift is due to the induced electron circulation in the 7 bond, as in alkenes 

(Fig. 13.15, Sec. 13.6A), and to the additional chemical-shift effect of the electronegative 

carbonyl oxygen. Because the carbonyl carbon of a ketone bears no hydrogens, its CMR 

absorption, like that of other quaternary carbons, is characteristically rather weak (Sec. 

13.8). This effect is evident in the CMR spectrum of propiophenone (Fig. 19.5). 

The a-carbon absorptions of aldehydes and ketones show modest downfield shifts, 

typically in the 5 30-50 ppm range, with, as usual, greater shifts for more branched 

carbons. The a-carbon shift of propiophenone, 31.7 ppm (Fig. 19.5, carbon b) is typical. 

Because shifts in this range are also observed for other functional groups, these absorptions 

are less useful than the carbonyl carbon resonances for identifying aldehydes and ketones. 

a9 5 Propose a structure for a compound C,H,,0 that has IR absorption at 1705 

cm7', no proton NMR absorption at a chemical shift greater than 6 3, and the 

following CMR spectrum: 6 24.4, 6 26.5, 6 44.2, 6 212.6. The resonances at 6 

44,2 and 6 212.6 have very low intensity. 

19.6 The CMR spectrum of 2-ethylbutanal consists of the following absorptions: 

6 11.5, 6 21.7, 6 55.2, 6 204.7. Draw the structure of this aldehyde, label each 

chemically nonequivalent set of carbons, and assign each absorption to the 

appropriate carbon(s). 
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Figure 19.5 

Chemistry of Aldehydes and Ketones; Carbonyl-Addition Reactions 

Gad eae) 

(sweep offset) 
5 200.1 { 

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm 

CMR spectrum of propiophenone. Notice two things particularly about the spectrum: the large down- 
field shift of the carbonyl carbon g, and the small signals for the two carbons (f and g) that bear no 
protons. Recall (Sec. 13.8) that, although signal intensities in carbon spectra generally do not accu- 
rately correspond to numbers of carbons, quaternary carbons generally have weaker signals than pro- 
ton-bearing carbons. 

D. UV Spectroscopy 

The 7 — 7* absorptions (Sec. 15.2B) of unconjugated aldehydes and ketones occur at 
about 150 nm, a wavelength well below the operating range of common UV spectrometers. 
Simple aldehydes and ketones also have another, much weaker, absorption at higher 
wavelength, in the 260-290 nm region. This absorption is caused by excitation of the 
unshared electrons on oxygen (sometimes called the n electrons). This high-wavelength 
absorption is usually referred to as an n > 7* absorption. 

(Cie) .c—O ni — > 17* 271 nm (€ = 16) (in ethanol) 

i 
n electrons 

This absorption is easily distinguished from a 7 —> 1* absorption because it is only 107? 
to 10~° times as strong. However, it is strong enough that aldehydes and ketones cannot 
be used as solvents for UV spectroscopy. 

Like conjugated dienes, the 7 electrons of compounds in which carbonyl groups are 
conjugated with double or triple bonds have strong absorption in the UV spectrum. The 
spectrum of 1-acetylcyclohexene (Fig. 19.6) is typical. The 232-nm peak is due to light 
absorption by the conjugated 7-electron system and is thus a 7 — 7* absorption. It has 
a very large extinction coefficient, much like that of a conjugated diene. The weak 308- 
nm absorption is an n > 7* absorption. 

conjugated | Amax = 232 nm (€ = 13,200) conjugate a 
-electron system C— CH; Amax = 308 nm (€ = 150) 

(in methanol) 

1-acetylcyclohexene 
[1-(cyclohexen-1-yl)ethanone] 
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Figure 19.6 Ultraviolet spectrum of 1-acetylcyclohexene [1- (cyclohexen- I EEE The spectrum of a more 

concentrated solution (color) reveals the “forbidden” n — 7* absorption, which is so weak that it 1s 

not apparent in the spectrum taken on a more dilute solution (black). 

The Amax Of a conjugated aldehyde or ketone is governed by the same variables that 

affect the Amax Values of conjugated dienes: the number of conjugated double bonds, 

substitution on the double bond, and so on. When an aromatic ring is conjugated with 

a carbonyl group, the typical aromatic absorptions are more intense and shifted to higher 

wavelengths than those of benzene. 

Coils Serine nat 
Amax = 204 (€ = 7900) max = 240 (€ = 13,000) 

254 é =i) 278 : = 1100) 

319 (ec = 50)(n > 7*) 

The 7— 7* absorptions of conjugated carbonyl compounds, like those of conjugated 

alkenes, arise from the promotion of a 7 electron from a bonding to an antibonding 

(a*) molecular orbital (Sec. 15.2B). An n > 7* absorption arises from promotion of 

one of the (unshared) electrons on a carbonyl oxygen to a 7* molecular orbital. As 

stated above, n > 7* absorptions are weak. Spectroscopists say that these absorptions 

are forbidden. This term refers to certain physical reasons for the very low intensity of 

these absorptions. The 254 nm absorption of benzene, which has a very low extinction 

coefficient of 212, is another example of a “forbidden” absorption. 

Maen rilalaiereieseisienictelerelcieieyelalara\eleleioleisiu/s/aluie a e7sia\e)6\ele(el6i¢ie.n\e/a{eis| 6,0 o(eleloleie/n\binle\e\e\nivie[e/0je[¢\¢/0)e:010]o,e\einiaie\sa(e.eie 0,6 0\¢]0\0(6\/e\e,6:910/¥)¢)e/e/s\e\a\ejeiieininis)a/¢)4i¢ eels; e's)s}e)sisie(eiele sieio/e\eie\s}eie)e\s sicislois 2ialaisice.e 

19.7 Explain how the compounds within each set can be distinguished using only 

UV spectroscopy. 
(Problem 19.7 continues ) 
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*(a) O O 

( b) 2-cyclohexenone and 3-cyclohexenone 
*(c) 1-phenyl-2-propanone and p-methylacetophenone 

o19.5 Which one of the following compounds should have 7 7* UV absorption 
at the greater A,,.x when the compound is dissolved in NaOH solution? Explain. 

CH;0 HO 

wl) cic ano’ )-cimo 

vanillin isovanillin 

A B 

19.9 In neutral alcohol solution, the UV spectra of p-hydroxyacetophenone and 
p-methoxyacetophenone are virtually identical. When NaOH is added to the 
solution, the Ajax of p-hydroxyacetophenone increases by about 50 nm, but that 
of p-methoxyacetophenone is unaffected. Explain these observations. 

Important fragmentations of aldehydes and ketones are illustrated by the mass spectrum 
of 5-methyl-2-hexanone (Fig. 19.7). The three most important peaks occur at m/z = 71, 
58, and 43. The peaks at m/z = 71 and m/z = 43 arise from cleavage of the parent ion 
at the bond between the carbonyl group and an adjacent carbon atom by two mechanisms 
that were discussed in Sec. 12.6C: inductive cleavage and a-cleavage. Inductive cleavage 
accounts for the m/z = 71 peak. In this cleavage the alkyl fragment carries the charge 
and the carbonyl fragment carries the unpaired electron. 

Figure 19.7 

43 

relative abundance 

0 hi I ne ull : ia aes ia aC ae 

O10 20 30 4050 160 570 50. 50 100. 11 ORES 
Mass spectrum of 5-methyl-2-hexanone. Notice particularly the odd-electron ion at m/z = 58. 
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i te 
T(r H @ 

I5 e| 
(GH;),CHCH;.Ch>—-¢ — Cl [3 Se (CH3),CHCH,CH, C GHs Sa 

molecular ion from loss of unshared electron 

Ole 

f | 
(CHs),>CHCHL CH, + °C ——=CH, (19.5) 

m/z = 71 

a-Cleavage accounts for the m/z = 43 peak. In this case the same molecular ion fragments 

in such a way that the carbonyl fragment carries the charge and the alkyl fragment carries 

the unpaired electron: 

+ 

=O, 

cle ; + 

(CH) ;CHCE. CH= -@—- CH," "(CH }CHCHGH, +0 =-6 CH. 
m/z = 43 

(19.6) 

An analogous cleavage at the carbon-hydrogen bond accounts for the fact that many 

aldehydes show a strong M — 1 peak. 

What accounts for the m/z = 58 peak? This peak is an odd-electron ion. As discussed 

in Sec. 12.6C, a common mechanism for formation of odd-electron ions is hydrogen 

transfer followed by loss of a stable neutral molecule; indeed, exactly such a mechanism 

is responsible for the m/z = 58 peak. The oxygen radical in the molecular ion abstracts 

a hydrogen atom from a carbon five atoms away, and the resulting radical then undergoes 

a-cleavage. 

Bey H + + + 
fe ce MA . Ge a ae 

Gp. Lees” "aS Tee Gaon” Se tase Se so, 19.7) 
GED GE CH, 

hydrogen transfer a-cleavage miz = 58 

Re 

PROBLEMS | 

If we count the hydrogen that is transferred, the rearrangement occurs through a transient 

six-membered ring. This process is called a McLafferty rearrrangement, after Professor 

Fred McLafferty, now of Cornell University, who investigated this type of fragmentation 

extensively. The McLafferty rearrangement and subsequent a-cleavage is a common mech- 

anism for the production of odd-electron fragment ions in the mass spectrometry of 

carbonyl compounds. 

Explain each of the following observations resulting from a comparison of the 

mass spectra of 2-hexanone (A) and 3,3-dimethyl-2-butanone (B). 

(a) The m/z = 57 fragment peak is much more intense in the spectrum of B 

than it is in the spectrum of A. 

(b) The spectrum of compound A shows a fragment at m/z = 58, but that of 

compound B does not. 
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19.11 Using only mass spectrometry, how would you distinguish 2-heptanone from 
3-heptanone? 

Be ei OC CICUOOLIOCIO OOO CCOOT OCOO CO COOTER OTC DOG CT ICDOOC CUS OCLIOUTIOOUTOCOCOOOODRCDOOKODOD COCOONS ODA DDR OCOGCMOTATIORNe Sc: 

Several reactions already presented can be used for the preparation of aldehydes and 
ketones. The three most important of these are 

1. Oxidation of alcohols (Sec. 10.6A). Primary alcohols can be oxidized to 
aldehydes, and secondary alcohols can be oxidized to ketones. 

ine) . Friedel-Crafts acylation (Sec. 16.4E). This reaction provides a way to syn- 
thesize aryl ketones. It also involves the formation of a carbon-carbon 
bond—the bond between the aryl ring and the carbonyl group. 

3. Hydration and hydroboration-oxidation of alkynes (Sec. 14.5) 

Other reactions have been discussed that give aldehydes or ketones as products, but 
these are less important as synthetic methods: 

4. Ozonolysis of alkenes (Sec. 5.4) 

5. Periodate cleavage of glycols (Sec. 10.6C) 

Ozonolysis and periodate cleavage are reactions that break carbon-carbon bonds. 
Because an important aspect of organic synthesis is the making of carbon-carbon bonds, 
use of these reactions in effect wastes some of the effort that goes into making the alkene 
or glycol starting materials. Nevertheless, these reactions can be used synthetically in 
certain cases. 

Other important methods of preparing aldehydes and ketones start with carboxylic 
acid derivatives; these methods are discussed in Chapter 21. 

The reactions of aldehydes and ketones can be conveniently grouped into two categories: 
(1) reactions of the carbonyl group, which are considered in this chapter; and (2) reactions 
involving the a-carbon, which are presented in Chapter 22. 

The great preponderance of carbonyl-group reactions of aldehydes and ketones fall 
into three categories: 

1. Reactions with acids. The carbonyl oxygen is weakly basic and thus reacts 
with Lewis and Bronsted acids. With E* as a general electrophile, this reac- 
tion can be represented as follows: 

a Re (19.8) 

Carbonyl basicity is important because it plays a role in several other 
carbonyl-group reactions. 



H,0+ + 
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2. Addition reactions. The most important carbonyl-group reaction is addi- 

tion to the C=O double bond. With E—Y symbolizing a general 

reagent, addition can be represented in the following way: 

1 ee 

BON YB \ > ane (19.9) 

Y 

Superficially, carbonyl addition is analogous to alkene addition (Sec. 4.6). 

Many reactions of aldehydes and ketones are simple additions that 

conform exactly to the model in Eq. 19.9. Others are multistep processes 

in which addition is followed by other reactions. 

3. Oxidation of aldehydes. Aldehydes can be oxidized to carboxylic acids: 

] O 

Catt oxidation ms @ OH (19.10) 

Basicity of Aldehydes and Ketones 
BAIOIIIIIOICICRIOICIDIOIDINIOIDIOOOIOOIOIOIOIOIOIIIOIOOOOIOOIOIIOIO GOO OOOO COCO OOOO ee 

Aldehydes and ketones are weakly basic and react at the carbonyl oxygen with protons 

or Lewis acids. 

Ge TOE :O—H 

“| | pe 
€ <> C <> + H,0: (19.11) 

eRe Note Ree GE, emer oONGEE 
acetone protonated acetone 

ka = =O = 7 

As Eq. 19.11 shows, the protonated form of an adehyde or ketone is resonance-stabilized. 

The resonance structure on the right shows that the protonated carbonyl compound has 

carbocation character. In fact, in some cases the conjugate acids of aldehydes and ketones 

undergo typical carbocation reactions. 
Closely related to protonated aldehydes and ketones are a-alkoxy carbocations: cations 

in which the acidic proton of a protonated ketone is replaced by an alkyl group. 

>OH :>OH COR :>OR 

Giife. @ CHC aC Gil, Gah SOO == eh Ooh, 

protonated acetone (an a-alkoxy carbocation) 
(an a-hydroxy carbocation) 

a-Hydroxy carbocations and a-alkoxy carbocations are considerably more stable than 

ordinary carbocations. For example, a comparably substituted a-alkoxy carbocation is 

about 100 kJ/mol (24 kcal/mol) more stable than an ordinary tertiary carbocation in the 

gas phase. 
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CH;0 a CHO MGH; 

Chia Ga Cr is much more stable than CH;—CH— Ct (19.12) 
em 

CH; 
CH; 

An a-alkoxy carbocation, like a protonated aldehyde or ketone, owes its stability to the 
resonance interaction of the electron-deficient carbon with the neighboring oxygen. This 
resonance effect far outweighs the electron-attracting polar effect of the oxygen, which, 
by itself, would destabilize the carbocation. 

Many 1,2-diols, under the acidic conditions used for dehydration of alcohols, undergo a 
PROBLEM reaction called the pinacol rearrangement: 

OH? OH CH; ] 
| | 

Leia ec ee oe ae Om 
| | 

CH; CH CH, 

2,3-dimethyl-2,3-butanediol 3,3-dimethyl-2-butanone 
(pinacol) (pinacolone) 

(65-72% yield) 

Propose a curved-arrow mechanism for this reaction, and explain why the rearrangement 
step is energetically favorable. 

Solution First, analyze the connectivity changes that take place. A methyl group shifts 
to an adjacent carbon, and one of the —OH groups is lost as water. The fact that a 
rearrangement occurs suggests a carbocation intermediate; such a carbocation can be 
generated (as in the dehydration of any alcohol) by protonation of an —OH group and 
loss of H5O: 

+ Vale: s 
[LO hice OH WOH HOH) SO OH 
U C | + 7 CH; 7 7 Che === DEERE? «<= CH;—C C—CH; + H,O 

GHamecH: CHomGH: CHeecHE 

+ H,0 (19.14) 

The rearrangement can now take place. The product of the rearrangement is an a-hydroxy 
carbocation. 

mH Git (OH CH O=—H 
+ 

nny ener oat i hie ibaa <> alaska ans (19.14b) 

Cromer cu eae 
an a-hydroxy carbocation 

You've just learned that such carbocations are especially stable, a fact indicated by their 
resonance structures. Thus, the rearrangement step is favorable because the a-hydroxy 
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carbocation is more stable than the tertiary carbocation. The second resonance structure 

in Eq. 19.14b emphasizes the point that an a-hydroxy carbocation is also a protonated 

ketone. Removal of a proton from the carbonyl oxygen gives the product. 

ta) LN os 
‘i aa >OH, ie a 

ames TT se? — Cay etch Aaa (19.14) 

GH Gleb 

Aldehydes and ketones in solution are considerably less basic than alcohols (Sec. 

8.6). In other words, their conjugate acids are more acidic than those of alcohols. 

Ost 
| 
ee C Rae RW SR 

Dik, SS 25) Da = = 7 

Because protonated aldehydes and ketones are resonance-stabilized and protonated alco- 

hols are not, we might have expected protonated carbonyl compounds to be more stable 

relative to their conjugate bases and therefore less acidic. The relative acidity of protonated 

alcohols and carbonyl compounds is an example of a solvent effect. In the gas phase, 

aldehydes and ketones are indeed more basic than alcohols. One reason for the greater 

basicity of alcohols in solution is that protonated alcohols have more O—H protons to 

participate in hydrogen bonding to solvent than do protonated aldehydes or ketones. 

[o—---: On. He2=2OH 

t On 
Raia R Rs H_---- Ons 
protonated ketone protonated alcohol: 

better hydrogen bonding 

4 19.12 *(a) Write an Syl mechanism for the solvolysis of CH;—O—CH.Cl 

PROBLEMS | [chloro(methoxy)methane] in ethanol; draw appropriate resonance struc- 

tures for the carbocation intermediate. 

(b) Explain why the alkyl halide in part (a) undergoes solvolysis much more 

rapidly than 1-chlorobutane. (In fact, it reacts in ethanol more than 100 

times as rapidly.) 

19.13 Predict the product of the pinacol rearrangements of each of the following diols. 

*(a) ay OH (b) HOMO H AGS) HOwOr 

| eri 

CH; ely Vee 
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19.14 Use resonance arguments to explain why 
“(a) p-methoxybenzaldehyde is more basic than p-nitrobenzaldehyde 
(b) 3-buten-2-one is more basic than 2-butanone 

One of the most typical reactions of aldehydes and ketones is addition to the carbon- 
oxygen double bond. To begin with, let’s focus on two simple addition reactions, hydration 
and addition of hydrogen cyanide (HCN). 

Hydration (addition of water): 

O OH 

CH,—C—H + H—OH —= Se (19.15) 

acetaldehyde OH 

acetaldehyde hydrate 

The product of water addition is called a hydrate, or gem-diol. (The prefix gem stands 
for geminal, from the Latin word for twin, and is used in chemistry when two identical 
groups are present on the same carbon.) 

Addition of HCN: 

O OH 
| pH 9-10 | 

CH;,—C—CH; + H—C=N == ee (19.16) 

acetone CN 

acetone cyanohydrin 
(77-78% yield) 

The product of HCN addition is termed a cyanohydrin. Cyanohydrins constitute a special 
class of nitriles (organic cyanides). (The chemistry of nitriles is considered in Chapter 
21.) Notice that the preparation of cyanohydrins is another method of forming carbon- 
carbon bonds. 

All carbonyl-addition reactions are regioselective. The more electropositive species 
(for example, the hydrogen of H—OH in hydration) adds to the carbony| oxygen, and 
the more electronegative species (for example, the —OH in hydration) adds to the 
carbonyl carbon. 

Rll et Cele gen neces eed ZR C LEE Coe eCE ZAC OC D0 cb 00r00 20 por Gap oop pe Gen aC EOL a OGOONC UBBAS LER aBaoonndededospaaoeseronk 

Carbonyl-addition reactions occur by two general types of mechanisms. The first occurs 
under basic conditions. In this mechanism, a nucleophile attacks the carbonyl group at 
the carbonyl carbon, and the carbonyl oxygen becomes negatively charged. In cyanohydrin 
formation, for example, the cyanide ion, formed by ionization of HCN, is the nucleophile. 

HCN OU Ae NUE H,O (19.17a) 
pk, = 914 cyanide ion 
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@ ‘CN <> —_ — (19.17b) 

The negatively charged oxygen—essentially an alkoxide ion—is a relatively strong base, 

and is protonated by either water or HCN to complete the addition: 

SP HLEN OH 

cae O_o (19.17¢) 

CN CN 

This mechanism, called nucleophilic addition, has no analogy in the reactions of 

ordinary alkenes. This pathway occurs with aldehydes and ketones because, in the transition 

state, negative charge is placed on oxygen, an electronegative atom. The same reaction 

of an alkene would place negative charge on a relatively electropositive carbon atom. 

negative charge on oxygen negative charge on carbon 

P| se | | 
ae ee eee 
ih Sit rage ev aie aa 

ON CN :ON CN 

observed not observed with 
ordinary alkenes 

cS Attack of the nucleophile occurs on the carbon of the carbonyl group rather than on the 

Srupy GuipE Link: oxygen for the same reason: negative charge is “pushed” onto the more electronegative 

¥'19.2 atom—oxygen. Notice that this mechanism accounts for the regioselectivity of carbonyl 

Why Nucleophiles additions under basic conditions. The nucleophile—the species with unshared electron 
React at the Chon Carton pairs—is typically the more electronegative partner of the groups that add, and the 

nucleophile always attacks the carbonyl carbon. 
i An orbital picture of nucleophilic addition, along with the geometry of nucleophilic 

Seno CurpRLInt attack on the carbonyl group, is shown in Fig. 19.8. 

19.3 The second mechanism for carbonyl addition occurs under acidic conditions, and is 

Analogy for closely analogous to the mechanism for the addition of acids to alkenes (Secs. 4.7, 4.9B). 

Nucleophilic Addition Acid-catalyzed hydration of aldehydes and ketones is an example of this mechanism. The 

first step in hydration is protonation of the carbonyl oxygen (Sec. 19.6). 

yo. eee TOR + OH, (19.18a) 

Protonation of the carbonyl oxygen gives it a positive charge. A positively charged oxygen 

attracts electrons even more strongly than the oxygen of an unprotonated carbonyl group. 
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a bond 

transition state GC 

I 
N (a) 

R t R Re Be ee “ as _ S=0 R'—C====08- BS 2s om 
ae / / 

H 

:CN 8-CN EN 
(b) 

Figure 19.8 Nucleophilic attack on a carbonyl group. (a) A diagram showing how the a molecular orbital is 
converted into a o bond to the nucleophile and a hybrid orbital containing one of the oxygen 
unshared electron pairs. Notice that the nucleophile approaches the carbonyl carbon from above or 
below the plane of the molecule. Notice also that the bond angle between the R and R' groups 
changes from 120° in the carbonyl compound to 109° in the addition product; thus the R and R' 
groups are closer to each other in the product than they are in the starting material. (b) The curved- 
arrow formalism and Lewis structures for the same reaction. 

In other words, the protonated carbonyl compound is a much stronger Lewis acid (electron 
acceptor) than an unprotonated carbonyl compound. As a result, even the relatively weak 
base H2O can react at the carbonyl carbon. Loss of a proton to solvent completes the 
reaction. 

a a5 a 
Cee H >O—H >OH 

l ! | H,0: | + 
Stupy GurpeE LINK: Pes Gin <= a A SP EROR (19.18b) 

V19.4 oe - ea nie 
Acids and Bases in : , | \) aS 

Reaction Mechanisms 
H 

Hydration of aldehydes and ketones also occurs in neutral and basic solution 
(Problem 19.15). 
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Write a curved-arrow mechanism for the hydroxide-catalyzed hydration of 

acetaldehyde. 

19.16 Write a curved-arrow mechanism for *(a) the acid-catalyzed addition of meth- 

anol to benzaldehyde; and for (b) the methoxide-catalyzed addition of methanol 

to benzaldehyde. 

elul6.e era.ecala esis bbleele dieoe 6.0 bb eU me Gcaue om wieinie Sinlelsie'o Slele wie e.g 9 Sion /6/nl0\n lees dea P.O06.6.0.0.6 U/C\ul0\6)0.0 101m 6(6.0(6 0.0.0:0 00 0:0 010, b\F 81015 (0/0 UR O18 0m 00.0 0 SIP ROD 0 01RIN18\010'6 0.00.6 0.0: 9'0. 8181610 00 6.6 e p)an\e\us 600 2.0.8 

RIRISSISSOIOIOIDICOIIOICOIOIOOICOOIOOIOOIOOICOIOIOIOOOIOU UOC nO OOOO OOOO ODOR i tain ede ill 

Hydration and cyanohydrin formation are both reversible reactions. (Not all carbonyl 

additions are reversible.) Whether the equilibrium for a reversible addition favors the 

addition product or the carbonyl compound depends strongly on the structure of the 

carbonyl compound. For example, cyanohydrin formation favors the cyanohydrin addition 

product in the case of aldehydes and methyl ketones, but the equilibrium favors the 

carbonyl compound when aryl ketones are used. 
The effect of aldehyde or ketone structure on the addition equilibrium for hydration 

is illustrated by the data in Table 19.2. Note the following trends in the table. 

1. Addition is more favorable for aldehydes than for ketones. 

2. Electronegative groups near the carbonyl carbon make carbonyl addition 

more favorable. 

3. Addition is less favorable when groups are present that donate electrons 

by resonance to the carbonyl carbon. 

Table 19.2 Equilibrium Constants for 

Hydration of Aldehydes and Ketones 

O OH 

Keg | 
H,O + R—C—R’ =~ R—C—R’ 

| 
OH 

Aldehydes Kea Ketones Ke 

CH=O aon oe INO (CHa). G=—© A 0s 

CH;CH==O 1.0 ° 

GH;),CHCH =O 05-110 
ek A sears es Ph—C—CH; 66 >C 105 

aot a B - Ph,C—=O Ie 1054 

ee (ICH). e—0 10 
CECeHL—O DB X Oe 

(CF; ),C—=O too large to measure 
BRIOOOORIOOIOIOIDOOOIOIOIOOOOOIOOOO OOOO OOOOOOCOOOOOOCOC COCO OUOOOO COSI OU OCCU OOOO GUS OOOO Oot. 
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The trends in this table and the reasons behind them are important for two reasons. 
First, the equilibria for all addition reactions show similar effects of structure. Second, 
and more important, the rates of carbonyl addition reactions, that is, the reactivities of 
carbonyl compounds, follow similar trends. In other words, the more a compound favors 
addition at equilibrium, the more rapidly it reacts in addition reactions. 

What is the reason for the effect of structure on carbonyl addition? The stability of 
the carbonyl compound relative to that of the addition product governs the AG® for 
addition. This point is illustrated in Fig. 19.9. The conclusion from this figure is that 
added stability in the carbonyl compound increases the energy change (AG°), and hence 
decreases the equilibrium constant, for formation of an addition product. 

What stabilizes carbonyl compounds? The major effects involved can be understood 
by considering the resonance structures of the carbonyl group: 

R—C—R ~<~> R—C—R (19.19) 

The structure on the right, although not as important a contributor as the one on the 
left, reflects the polarity of the carbonyl group, and has the characteristics of a carbocation. 

Figure 19.9 

7 OH 
| sey CH3CH,CH 

| | OH OH 
AG? 

i AG? wa gonna n= n= CH;CH,CH 
+ HO 

stabilization of 

ketone relative 

STANDARD FREE ENERGY 

if to aldehyde 

CH3CCH3 --¥------------------- 

i lO) 
larger AG° smaller AG° 
smaller Keg larger Keg 

The greater stability of a ketone relative to an aldehyde causes the ketone to have a greater standard free energy of hydration and therefore a smaller equilibrium constant for hydration. (The two hydrates have been placed at the same energy level for comparison purposes.) Because the transition states for addition reactions resemble the addition products, then the hydrates approximate transi- tion states, and the free energies approximate standard free energies of activation. The less stable car- bonyl compound—the aldehyde in this example—has the smaller standard free energy of activation, and hence reacts more rapidly in addition reactions. 
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Therefore anything that stabilizes carbocations also tends to stabilize carbonyl compounds. 

Because alkyl groups stabilize carbocations, ketones (R = alkyl) are more stable than 

aldehydes (R = H). This stability is reflected in the relative heats of formation of aldehydes 

and ketones. For example, acetone, with AH; = —218 kJ/mol (—52.0 kcal/mol), is 

26 kJ/mol (6.1 kcal/mol) more stable than its isomer propionaldehyde, for which 

AH} = —192 kJ/mol (—45.9 kcal/mol). Because alkyl groups stabilize carbonyl com- 

pounds, the equilibria for additions to ketones are less favorable than those for additions 

to aldehydes (Trend 1). Formaldehyde, with two hydrogens and no alkyl groups bound 

to the carbonyl, has a very large equilibrium constant for hydration. 
Electronegative groups such as halogens destabilize carbocations by their polar effect, 

and for the same reason destabilize carbonyl compounds. Thus, halogens make the 
equilibria for addition more favorable (Trend 2). In fact, chloral hydrate (known in 

medicine as a hypnotic) is a stable crystalline compound. 

i 1. 
CLG CH ear O = => Cl. — CH (19.20) 

chloral OH 
(2,2,2-trichloroethanal) 

chloral hydrate 

Groups that are conjugated with the carbonyl group, such as the phenyl group of 

benzaldehyde, stabilize carbocations by resonance, and hence stabilize carbonyl 

compounds. 

Resonance stabilization cannot occur in the hydrate because the carbonyl group is no 

longer present. Consequently, aryl aldehydes and ketones have relatively unfavorable 

hydration equilibria (Trend 3). 
The trends in relative rates of addition can be predicted from the trends in equilib- 

rium constants. That is, compounds with the most favorable addition equilibria tend to 

react most rapidly in addition reactions. Thus, aldehydes are generally more reactive than 

ketones in addition reactions; formaldehyde is more reactive than many other simple alde- 

hydes. The reason for the parallel trends in rates and equilibria is that the transition states 

for addition reactions resemble the addition products. Just as destabilization of aldehydes 

or ketones decreases the AG® for their addition reactions (Fig. 19.9), the same destabiliza- 

tion decreases the free energy of activation AG** for addition and thus increases the rate 

of addition. 
This section has covered two examples of addition to the carbonyl group. Subsequent 

sections will deal with other addition reactions as well as more complex reactions that 

have mechanisms in which the initial steps are addition reactions. These addition reactions 

all have mechanisms similar to the ones discussed in this section. Addition to the carbonyl 

group is a common thread that runs throughout most of aldehyde and ketone chemistry. 
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PROBLEMS © 

Chemistry of Aldehydes and Ketones; Carbonyl-Addition Reactions 

“19.17 The compound ninhydrin exists as a hydrate. Which carbonyl group is hydrated? 
Explain, and give the structure of the hydrate. 

O 

O ninhydrin 

O 

19.18 Which carbonyl compound should form the greater proportion of cyanohydrin at 
equilibrium? Draw the structure of the cyanohydrin, and explain your reasoning. 

( \-ci=o or  CH,;CH,—CH=O 
propanal 

benzaldehyde 

19.19 Within each set, which compound should be more reactive in carbonyl-addition 
reactions? Explain your choices. 

ph dal i 
Ciiz;— C— CLL CH Br or CH;— C—CH>Br 

(b) Oo 0 O 

CH;.—-C—— C—_ GH. or Crip @—— Ch Ch. 

*() é on )—cH=0 or cin )—cit=0 

*(d) 
[ yo oe 

(Hint: Note the bond angles in Fig. 19.8a.) 
dis Mimics < caaeir sich hada = “levelcicuntecol*inieelele\Sieisielole/slela/slelsfe\s.e'oeieje\s)aleie(s/alaiaie'oiesslelolelalalelste sjeisisialatsisle(stelsisinieie cleete sieiseiee see eee eer CEE ETE 

Aldehydes and ketones are reduced to alcohols with either lithium aluminum hydride, 
LiAIH,, or sodium borohydride, NaBH,. These reactions result in the net addition of the 
elements of H, across the C=O bond. 

Ome H 

: ih O OH =f dae Se eLiAL EL ee eee nar +Lit AOH), (19.22) 
cyclobutanone _ lithium cyclobutanol 

aluminum (90% yield) 
hydride 
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sco) —C=0 S2AGH Onc Na Boe 

sodium 
p-methoxybenzaldehyde borohydride 

| 
sco )—C—01 + Nat B(OCHS3)4 (19.23) 

H 

p-methoxybenzyl alcohol 
(96% yield) 

As these examples illustrate, reduction of an aldehyde gives a primary alcohol, and 

reduction of a ketone gives a secondary alcohol. 

Lithium aluminum hydride is one of the most useful reducing agents in organic 

chemistry. It serves generally as a source of H:”, the hydride ion. This is understandable 

because hydrogen is more electronegative than aluminum (Table 1.1). Thus, the Al—— 

bonds of the ~ AIH, ion carry a substantial fraction of the negative charge. In other words, 

i i 
He AL H reacts as if it were rte Fite (19.24) 

| 
H H 

The hydride ion in LiAIH, is very basic. For example, LiAlH, reacts violently with 

water and therefore must be used in dry solvents such as anhydrous ether and THF. 

| | 
Lit H-AL-“H H—OH —» H—Al + H—H + Lit “OH (19.25) 

| hydrogen gas 

H H 
(reacts further 

lithium aluminum with water) 

hydride 

Like many other strong bases, the hydride ion in LiAIH, is a good nucleophile. The 

reaction of LiAIH, with aldehydes and ketones involves the nucleophilic attack of hydride 

(delivered from ~ AIH,) on the carbonyl carbon. A lithium ion coordinated to the carbonyl 

oxygen acts as a Lewis-acid catalyst. 

(ui a Lit 

Vo <> Sr + AIH; (19.26a) 

| 

H— AIH, H 
lithium alkoxide 

The product, an alkoxide salt (which actually exists as a complex with the Lewis acid 

AIH; or other trivalent-aluminum species present in solution), is converted by protonation 
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into the alcohol product. The proton source is water (or an aqueous solution of a weak 
acid such as ammonium chloride), which is added in a separate step. 

+ 

(O: 1=Orm Ot 
v re 

=C—= ——S== (C= + HO (19.26b) 

| | 
H H 

As the stoichiometry of Eq. 19.22 indicates, all four hydrides of LiAlH, are active. 
The reaction of sodium borohydride with aldehydes and ketones is conceptually 

similar to that of LiAIHy. The sodium ion, however, does not form so strong a bond to 
the carbonyl oxygen as the lithium ion. For this reason, NaBH, reductions are carried 
out in protic solvents such as alcohols. Hydrogen bonding between the alcohol solvent 
and the carbonyl group serves as a weak acid catalysis that activates the carbonyl group. 
NaBH, reacts only slowly with alcohols and can even be used in water if the solution is 
not acidic. 

hydrogen bond 

>O:" OCH sO)—=15 OCH, | | poe 
poe BLUE NG ~ + ~BH; Na (19.27) fi H yi H 

sodium 
methoxyborohydride 

(active in further 
reductions) 

As Eq. 19.23 shows, all four hydride equivalents of NaBH, are active in the reduction. 
Because LiAIH, and NaBH, are hydride donors, reductions by these and related 

reagents are generally referred to as hydride reductions. The important mechanistic point 
about these reactions is that they are further examples of nucleophilic addition. Hydride 
ion from LiAIH, or NaBH, is the nucleophile, and the proton is delivered from acid 
added in a separate step (in the case of LiAIH, reductions) or solvent (in the case of 
NaBH, reductions). 

(from acid or solvent) 

O “Ht” OH 

|| | 
a —> caer (19,28) 

“—3H” H 

(from ~AlH4 or ~BH4) 

Unlike the additions discussed in Sec. 19.7, hydride reductions are not reversible. Reversal of carbonyl addition would require that the original attacking group, in this 
case, H:", be expelled as a leaving group. As in Syl or Sy2 reactions, the best leaving groups are the weakest bases. Hydride ion is such a strong base that it is not easily 
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expelled as a leaving group. Hence, hydride reductions of all aldehydes and ketones are 

not reversible—they go to completion. 

Both LiAIH, and NaBH, are highly useful in the reduction of aldehydes and ketones. 

Lithium aluminum hydride is, however, a much more reactive agent than sodium boro- 

hydride. A number of functional groups react with LiAIH, but not NaBH,, for example, 

alkyl halides, alkyl tosylates, and nitro groups. Sodium borohydride can be used as a 

reducing agent in the presence of these groups. 

CH=O CH,OH 

NaBH4 82% yield (19.29 
CH;OH a a 

ON O,N 

3-nitrobenzaldehyde F niontentane 
(m-nitrobenzyl alcohol) 

nitro group not reduced by NaBH4 

Sodium borohydride is also a much less hazardous reagent than lithium aluminum 

hydride. The greater selectivity and safety of NaBH, make it the preferred reagent in 

many applications, but either reagent can be used for the reduction of simple aldehydes 

and ketones. Both are very important in organic chemistry. 

Discovery OF NaBH, REDUCTIONS 

The discovery of NaBH, reductions illustrates that interesting research find- 

ings are sometimes obtained by accident. In the early 1940s, the U.S. Army 

Signal Corps became interested in methods for generation of hydrogen gas 

in the field. NaBH, was proposed as a relatively safe, portable source of 

hydrogen: addition of acidified water to NaBH, results in the evolution of 

hydrogen gas at a safe, moderate rate. In order to supply the required quan- 

tities of NaBHy, a large-scale synthesis was necessary. The following reaction 

appeared to be suitable for this purpose. 

4NaH + B(OCH3;); ——» NaBH, + 3NaOCH3; (19.30) 

The problem with this process was that the sodium borohydride had to be 

separated from the sodium methoxide by-product. Several solvents were tried 

in the hope that a significant difference in solubilities could be found. In the 

course of this investigation, acetone was tried as a recrystallization solvent, 

and it was found to react with the NaBH, to yield isopropyl alcohol. Thus 

was born the use of NaBH, as a reducing agent for carbonyl compounds. 

These investigations, carried out by Herbert C. Brown (1912— ), now 

Professor Emeritus of Chemistry at Purdue University, were part of what was 

to become a major research program in the boron hydrides, shortly thereafter 

leading to the discovery of hydroboration (Sec. 5.3B). Brown even describes 

his interest in the field of boron chemistry as something of an accident, 

because it sprung from his reading a book about boron and silicon hydrides 

that was given to him by his girlfriend (now his wife) as a graduation present. 

; (continues) 



894 Chapter 19 Chemistry of Aldehydes and Ketones; Carbonyl-Addition Reactions 

Mrs. Brown observes that the choice of this particular book was dictated by 
the fact that it was among the least expensive chemical titles in the bookstore; 
in the depression era students had to be careful how they spent their money! 
For his work in organic chemistry Brown shared the Nobel Prize in Chemistry 
in 1979 with Georg Wittig (Sec. 19.13). 

Aldehydes and ketones can also be reduced to alcohols by catalytic hydrogenation. 
This reaction is analogous to the catalytic hydrogenation of alkenes (Sec. 4.9A). 

O OH 

shy Ni catalyst Hi toa 
102 atm 230) 
Os 

cycloheptanone cycloheptanol 
(92% yield) 

Catalytic hydrogenation is less important for the reduction of carbonyl groups than it 
once was because of the modern use of hydride reagents. 

It is usually possible to use catalytic hydrogenation for the selective reduction of an 
alkene double bond in the presence of a carbonyl group. Palladium catalysts are particu- 
larly effective for this purpose. 

CHO CH=0O 
H 

a 5% Pd/C H ee (19.32) 
H H 

H 
3-cyclohexenecarbaldehyde 

cyclohexanecarbaldehyde 
(81% yield) 

carbonyl not reduced 

pein taas aber scr cc cack meee cr isis: Sorin! Soles siveniailsialsles osinleie'sasie alsalesloaien eis eicle lees aes eptyaaeinewitee epee tsne aera, 

19.20 From what aldehyde or ketone could each of the following be synthesized by 
reduction with either LiAIH, or NaBH,? 

*(a) (b) OH *(c) OH CH,OH | 
CH;CHCH,CH; 

OH 

“19.21 Which of the following alcohols could not be synthesized by a hydride reduction 
of an aldehyde or ketone? Explain. 



19.9 Reactions of Aldehydes and Ketones with Grignard and Related Reagents 895 

The reaction of Grignard reagents with carbonyl groups is the most important application 

of the Grignard reagent in organic chemistry. Addition of Grignard reagents to aldehydes 

and ketones in an ether solvent, followed by protonolysis, gives alcohols. 

O OH 

(CHINGHCH MEIBiMc—CEbOrg 6 Eo kt (CH CHCHCIGER (19.33) 

2-methylpropanal ethylmagnesium 2-methyl-3-pentanol y yamag Weber sy 
bromide (68% yield) 

O OH 

: | 
Ge © CH aeCHCH-CHy—=MeBrg tt CH GH (19.34) 

acetone 0 a CH CH-CH 

romide 
2-methyl-2-pentanol 

(68% yield) 

The reaction of Grignard reagents with aldehydes and ketones is another example 

of carbonyl addition. In this reaction, the magnesium of the Grignard reagent, a Lewis 

acid, bonds to the carbonyl oxygen. This bonding, much like protonation in acid-catalyzed 

C hydration, makes the carbonyl carbon more electrophilic (that is, makes it more reactive 

Stupy GUIDE Bi toward nucleophiles) by making the carbonyl oxygen a better acceptor of electrons. The 
19.5 carbon group of the Grignard reagent attacks the carbonyl carbon. Recall that this group 

WaT SANGRE is a strong base that behaves much like a carbanion (Secs. 8.7B, 11.4C). 

6+ 6+ oe + 

aire ad ey MgBr 

Gs R —> —C—R (19.35a) 
pe ee | 

a bromomagnesium alkoxide 

The product of this addition, a bromomagnesium alkoxide, is essentially the magnesium 

salt of an alcohol. Addition of dilute acid to the reaction mixture gives an alcohol. 

ye af a 
BrMg :O:— ie Ors :>OH 

[isis chose | 
SG _  — > —C—R+H,0 + Bro + Mg** (19.35b) 



896 Chapter 19 Chemistry of Aldehydes and Ketones; Carbonyl-Addition Reactions 

Because of the great basicity of Grignard reagents, this addition, like hydride reduc- 
tions, is not reversible, and works with just about any aldehyde or ketone. 

The reactions of organolithium and sodium acetylide reagents with aldehydes and 
ketones are fundamentally similar to the Grignard reaction. 

O OH 

hexane H,O | . CH;(CH2);— Li + CH,—C—CH, ee o> (CH; (Chg) C — CH aliOn s(isce 

CGH. 

(80% yield) 

O HO G==CH 

= NH3 (liq. H20 gba NEWS (te) —-(iohge ENE) + NaOH (19.37) 

sodium acetylide 
(Sec. 14.7B) cyclohexanone 1-ethynylcyclohexanol 

(65-75% yield) 

The reaction of Grignard and related reagents with aldehydes and ketones is 
important not only because it can be used to convert aldehydes or ketones into alcohols, 
but also because it is an excellent method of carbon-carbon bond formation. 

Srupy Gurpe Linx: 
/19.6 O OH <— carbonyl group 

Reactions that Form I HOt | is reduced Carbon-Carbon we + RMeBr aa 2s C (19.38) Bonds 
| <—— new C—C bond 
R 

The possibilities for alcohol synthesis with the Grignard reaction are almost endless. 
Primary alcohols are synthesized by the addition of a Grignard reagent to formaldehyde. 

Cymer sO Oe SON cs Cho On (19.39) 

formaldehyde 
cyclohexylmagnesium cyclohexylmethanol chloride (66% yield) 

Because Grignard reagents are made from alkyl halides, which in many cases can be synthesized from alcohols, this reaction can be used as a net one-carbon chain extension 
of an alcohol: 

Mg R= Olel > R—Br 
ether 

fe (Si heie oe UO yes ether a 
OH (19.40) 

net one-carbon 

chain extension 

Addition of a Grignard reagent to an aldehyde other than formaldehyde gives a secondary alcohol (Eq. 19.33), and addition to a ketone gives a tertiary alcohol (Eq. 19.34). The Grignard synthesis of a tertiary alcohol or, in some cases, a secondary alcohol can also be turned into an alkene synthesis by dehydration of the alcohol with strong acid during the protonolysis step. 
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O HO CH; CH; 

I H,0 H2SO, 
+ CH,Mel ————>- — a ee. +H,O (19.41) 

(68% yield) 

When you are asked to prepare an alcohol, you can determine whether it can be 

synthesized by the reaction of a Grignard reagent with an aldehyde or ketone if you 

understand that the net effect of the Grignard reaction, followed by protonolysis, is 

addition of R—H (R = an alkyl or aryl group) across the C=O double bond: 

O O== 

Cx + R—MgBr > 24> ' R (19.42) 

L - ; 
é Once you grasp this relationship, you can determine the starting materials for a particular 

Stupy GurpE LINK: ue grasp p yi 8 p 

V19.7 synthesis by mentally subtracting R and H from the target alcohol. This approach is 

Alcohol Syntheses illustrated in the following Study Problem. 

Propose a synthesis of 2-butanol by the reaction of a Grignard reagent with an aldehyde 
STUDY 

PROBLEM or ketone. 
19.3 : ; 
‘ Solution The carbonyl carbon of the starting material becomes the a-carbon of the 

alcohol. Consequently, any alkyl group bound to this carbon in the product can be 

derived from a Grignard reagent. The O—H proton is derived from the water or acid 

used in the protonolysis step. Thus, one possible analysis of the required synthesis is as 

follows: 

O—H O 
| subtract | 

H and CH2CH3 

CH, -— CH— CH, — Hy == CH, — CH + BrMg —_ CECH then i OH G3) 
target compound 

(The double arrow is read, “Implies as starting materials.”) Another possibility for a 

Grignard synthesis of 2-butanol can be found by a similar analysis; what is it? 

AROSASE HOD CRDOOOODC CONDUC OTIOOOOCOOCDOOCIECOCOOOCOJOOODCOCOCOCODUOUNOUCONe CCU UOC OO UOORUOCCOUCOOOT OLE OOO. AOC UDUCUIOL sO UUM T DIOL RE TI OCI tit Hae Hod) 

yO 
Pa 19.22 Show how ethyl bromide can be used as a starting material in the preparation of 

- each of the following compounds. (Hint: How are Grignard reagents prepared?) 

*(a) OH (b) OH 

PhCHCH,CH, (CH{CH, 3CCH, 

*(c) 1-butanol (d) 1-propanol 

*(e) ie (f) c- 

id thenak oO borat Clint CH,CH; 
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m-nitrobenzaldehyde 
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Outline two different Grignard syntheses for each of the following compounds. 

*(a) OH (b) ie 
| 

)-en—on, 

LoS 

PhCH,COH 

cir mn lamest * OMS; Sieie.e 8[eiy-e: 6a e/e) elu /b\miole iG aie/¢\8\0/6 [64/0] e[0lure e'e(e.¢:n10/6 einieiulv\umin(p, ain \e.0/8 01416 /Qleie'e'e'e lesa nie jeleielea o a\ablelb.eieisiavainiainjaleleiaielelelelaicieveiaiate 

The preceding sections dealt with simple carbonyl-addition reactions—first, reversible 
additions (hydration and cyanohydrin formation); then, irreversible additions (hydride 
reduction and addition of Grignard reagents). This and the following sections consider 
some reactions that begin as additions but incorporate other types of mechanistic steps. 

A. Preparation and Hydrolysis of Acetals 

When an aldehyde or ketone reacts with a large excess of an alcohol in the presence of 
a trace of strong acid, an acetal is formed. 

OCH, 

CoO H.s0, ON 
(trace) +; 2CH30H ae IalO (19.44) 

m-nitrobenzaldehyde 
dimethyl acetal 
(76-85% yield) 

O CH,O 
| vs 
C H2SO SS ae 4 SS 

Cee ie oe, Eee CH; 

OCH; 
v2 

“taki (19.45) 

acetophenone acetophenone 
dimethyl] acetal 
(82% yield) 

An acetal is a diether in which both ether oxygens are bound to the same carbon. In 
other words, acetals are the ethers of gem-diols (Sec. 19.7). (Acetals derived from ketones 
were once called ketals, but this name is no longer used.) 

Notice that two equivalents of alcohol are consumed in each of the reactions above. 
However, 1,2- and 1,3-diols contain two —OH groups within the same molecule. Hence, one equivalent of a 1,2- or 1,3-diol can react to form a cyclic acetal, in which the 
acetal group is part of a five- or six-membered ring, respectively. 
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HO O 

O as ' p-toluenesulfonic ) C3 ‘ ae acid (Sec. 10.3A) O +H,O 1946) 

CH, 

H yo 
cyclohexanone : cyclohexanone 

ethylene acetal 
Lae (85% yield) 
glyco 

The formation of acetals is reversible. The reaction is driven to the right by applying 

LeChatelier’s principle (Sec. 9.2). In acetal formation this is accomplished either by the 

use of excess alcohol as the solvent, by removal of the water by-product, or both. In Eq. 

19.46, for example, the water can be removed as an azeotrope with benzene. (The benzene- 

water azeotrope is a mixture of benzene and water that has a lower boiling point than 

either benzene or water alone.) 

The first step in the mechanism of acetal formation is acid-catalyzed addition of the 

alcohol to the carbonyl group to give a hemiacetal—a compound with an —OR and 

—OH group on the same carbon (hemi = half; hemiacetal = half acetal). 

O OH 

acid | 

ex ROE == eae hemiacetal (19.47a) 

OR 

Hemiacetal formation is completely analogous to acid-catalyzed hydration. (Write the 

stepwise mechanism of this reaction; see Problem 19.16a.) 

cS The hemiacetal reacts further when the —OH group is protonated and water is 

Srupy GuIpDE Link: lost to give a relatively stable carbocation, an a-alkoxy carbocation (Sec. 19.6). 

419.8 

Hemiacetal fe 7 e + 

Protonation :OR :OR us OR 

| | Syl | ] “3 = 
— a ee Ce op Ss ON <—> yo + H,O0 (19.47b) 

2 | al 
H,O—H ‘O-—_H ;O—H a-alkoxy carbocation 

Ce) Cae | 
H 

+ HO 

Loss of water from the hemiacetal is an Syl reaction analogous to the loss of water in 

the dehydration of an ordinary alcohol (Eq. 10.2b). Attack of an alcohol molecule on the 

cation and deprotonation of the attacking oxygen complete the mechanism. 

:OR :OR :OR 

Fe | ROH + 

:OR -OR 
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The mechanism for acetal formation is really a combination of other familiar mecha- 
nisms. It involves an acid-catalyzed carbonyl addition followed by a substitution that occurs 
by the Sy] mechanism. 

Because the formation of acetals is reversible, acetals in the presence of acid and 
excess water are transformed rapidly back into the corresponding carbonyl compounds 
and alcohols; this process is called acetal hydrolysis. (A hydrolysis is a cleavage reaction 
involving water.) As expected from the principle of microscopic reversibility, the mecha- 
nism of acetal hydrolysis is the reverse of the mechanism of acetal formation. Hence, 
acetal hydrolysis, like hemiacetal formation, is acid-catalyzed. 

The formation of hemiacetals is catalyzed not only by acids, but by bases as well 
(Problem 19.16b). However, the conversion of hemiacetals into acetals is catalyzed only 
by acids (Eqs. 19.47b and c). This is why acetal formation, which is a combination of 
the two reactions, is catalyzed by acids but not by bases. 

catalyzed by 
acids and bases 

catalyzed 
only by acids 

oe + INO ==== at ———— i ar lalfO) (19.47d) 

OR OR 

hemiacetal acetal 

As expected from the principle of microscopic reversibility, the hydrolysis of hemiacetals 
to aldehydes and ketones is also catalyzed by bases, but the hydrolysis of acetals to 
hemiacetals is catalyzed only by acids. Hence, acetals are stable in basic and neutral solution. 

Hemiacetals, the intermediates in acetal formation (Eq. 19.47), in most cases cannot 
be isolated because they react further to yield acetals (in alcohol solution) or decompose 
to aldehydes or ketones plus water. Simple aldehydes, however, form appreciable amounts 
of hemiacetals in alcohol solution, just as they form appreciable amounts of hydrates in 
water (see Table 19.2). 

‘a 

C= Ci O's GeO ss CH —— Cr (97% at equilibrium) (19.48) 
solvent | 

OC3H; 

Five- and six-membered cyclic hemiacetals form spontaneously from the corresponding 
hydroxy aldehydes, and most are stable, isolable compounds. 

lake Tek 

: 
O a cyclic hemiac a cyclic hemiacetal HOCH,CH,CH,CH,CH=O <— (94% at equilibrium) (19.49) 

5-hydroxypentanal 
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HOwee it 

HOCH,CH,CH,CH=O0 ~~ O (89% at equilibrium) (19.50) 

4-hydroxybutanal 

The five- and six-carbon sugars are important biological examples of cyclic hemiacetals. 

i\CH=O 

HOH 

HO CH,OH_-O 
H OH HO p~ ; 

5 = ‘ a iH (19.51) 
H : OE HO 3 OH 

CH,0H OH 

(+)-glucose a-(+)-glucopyranose 
(Fischer projection) (a cyclic form of glucose) 

STORAGE OF ALDEHYDES AS ACETALS 

Some aldehydes are stored as acetals. Acetaldehyde, when treated with a trace 

of acid, readily forms a cyclic acetal called paraldehyde. Each molecule of 

paraldehyde is formed from three molecules of acetaldehyde. (Notice that an 

alcohol is not required for formation of paraldehyde.) Paraldehyde, with a 

boiling point of 125°, is a particularly convenient way to store acetaldehyde, 

which itself boils near room temperature. Upon heating with a trace of acid, 

acetaldehyde can be distilled from a sample of paraldehyde. 

ie 
GH 

On ~~ 

id 
3CH;CH=O a | | paraldehyde 

CHE HG @ 
He City Oe eC: (19.52) 

Formaldehyde can be stored as the acetal polymer paraformaldehyde, which 

precipitates from concentrated formaldehyde solutions. 

HO+ cH,—o-+H 

paraformaldehyde 

(An alcohol is not involved in paraformaldehyde formation.) Because it is a 

solid, paraformaldehyde is a useful form in which to store formaldehyde, 

itself a gas. Formaldehyde is liberated from paraformaldehyde by heating. 
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BE Oe, 19.24 Write the structure of the product formed in each of the following reactions. 
- PROBLEMS » *(a) d 4 ee ach itis” [ yo + CHjCH,OH —“ > 

eae (solvent) 

(b) ] 

CHLCH,CHLCH =(CH, .cuOM me = 
(solvent) 

19.25 Propose syntheses of each of the following acetals from carbonyl compounds 
and alcohols. 

*(a) = (b) a 

19.26 Suggest a structure for the acetal product of each reaction. 

(2) ee Ome EL 

O acid 
=F C,H;OH Sea a (C7H, 40>) 

(excess) 

(b) CH; 

(=o * Oe ee ee a 

a 
(excess) 

A common tactic of organic synthesis is the use of protecting groups. The method is 
illustrated by the following analogy. Suppose you and a friend are both unwelcome at a 
party, but are determined to attend it anyway. To avoid recognition and confrontation 
you wear a disguise, which might be a wig, a false mustache, or even more drastic 
accoutrements. Your friend doesn’t bother with such deception. The host recognizes your 
friend and throws him out of the party, but, because you are not recognized, you remain 
and enjoy the evening, removing your disguise only after the party is over. Now, suppose 
two groups in a molecule, A and B, are both known to react with a certain reagent, but 
we want to let only group A react and leave group B unaffected. The solution to this 
problem is to disguise, or protect, group B in such a way that it cannot react. After group 
A is allowed to react, the disguise of group B is removed. The “chemical disguise” used 
with group B is called a protecting group. The following study problem illustrates the 
use of a protecting group. 
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Pee eter ale arenes Stat: oreiev clave atetarara(a cia’ (nia eidincesmelnipicie die eielaia teat’ /ein eldie ela ie]eiaisie sieluleinieieiaisialaielaia pls pie sie-o:sa\sinii
ainigisinieln.s’a.e-s eisipinies¥ipicipielpe.n #isiainieisisissic cis ctisiccs CSG Sot ec Te 

eeeeels Propose a method for carrying out the following conversion. 

PROBLEM 
19.4 O O 

| | 
a cee = HO—CHCH.—{)—-C—CH (19.53) 

Solution It might seem that the way to effect this conversion would be to convert the 

starting halide into the corresponding Grignard reagent, and then allow this reagent to 

react with ethylene oxide, followed by dilute aqueous acid (Sec. 11.4C). However, Grignard 

reagents react with ketones (Sec. 19.9). Hence, the Grignard reagent derived from one 

molecule of the starting material would react with the carbonyl group of another molecule, 

and thus the ketone group would not survive this reaction. However, the ketone can be 

protected as an acetal, which does not react with Grignard reagents. (Acetals are really 

ethers, and ethers are unaffected by Grignard reagents.) The following synthesis incorpo- 

rates this strategy. 

acetal protecting group; 

inert to Grignard reagent 

O OCH; 

(Se | S Mg, eth 

Br <<) G Gur a —_— Br <)- C GHa g, ether 

; | \ 

introduction of formation of 
protecting group Grignard reagent 

oe x es 

ii SEs 2 
2 tf 

BrMg ac es =  BrMet “oct oct eo 

OCH; OCH; of 

protonolysis of alkoxide 
and hydrolysis of acetal 
(removal of protecting group) 

| 
2CH,OH + HOCH,CH, {C= (19.54) 

Notice that in this synthesis, all steps following acetal formation involve basic or neutral 

conditions. Acid can be used only when destruction of the acetal is desired. 

ee eer ie se era a ce ere ein oasoioe efeleteleiterelesie ernie cisioloois olele(asiataresinuisinis ssisiun n
asa: sinslsialncelapls “pblelbeperlscusinge icin Seatac nc Sees e ana hae 

Carbonyl groups react with a number of reagents that react with other functional 

groups. Acetals are commonly used to protect the carbonyl groups of aldehydes and 

ketones from basic, nucleophilic reagents. Once the protection is no longer needed, the 
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PROBLEM 

19.11 

(> 

Chemistry of Aldehydes and Ketones; Carbonyl-Addition Reactions 

protecting group is easily removed, and the carbonyl group re-exposed, by treatment 
with dilute aqueous acid. Because acetals are unstable in acid, they do not protect carbonyl 
groups under acidic conditions. 

19.27 Outline a synthesis of each of the following compounds from p-bromobenz- 
aldehyde and any other reagents. 

*(a) OH (b) OH O 

| | | 
p< )cuen.cn, cncn—{)—C—a 

\. Reaction with Primary Amines and Other 
Monosubstituted Derivatives of Ammonia 

A primary amine is an organic derivative of ammonia in which only one ammonia 
hydrogen is replaced by an alkyl or aryl group. An imine is a nitrogen analog of an 
aldehyde or ketone in which the C=O group is replaced by a CHN—R group, where 
R= alkyl aryl, or H. 

: eet apres R— NH, G0 C=N—R 
tee 7 

aldehyde or ketone imine 

primary amine 

(Imines are sometimes called Schiff bases.) Imines are prepared by the reaction of 
aldehydes or ketones with primary amines. 

CHO} Ph NH (nso + HO (19.55) 
a primary (separates from 
amine an imine the reaction 

(84-87% yield) mixture) 

Formation of imines is reversible, and generally takes place with acid or base catalysis, 
or with heat. Imine formation is typically driven to completion by precipitation of the 
imine, removal of water, or both. 

The mechanism of imine formation begins as a nucleophilic addition to the carbonyl 
group. In this case, the nucleophile is the amine, which reacts with the aldehyde or 
ketone to give an unstable addition product called a carbinolamine. A carbinolamine is 
a compound with an amine group (—NH>, —NHR, or —NR,) and a hydroxy group 
on the same carbon. 
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O OH 

| oo H,0T | 

‘NHR 

carbinolamine 

l (You should write the detailed mechanism, which is analogous to the mechanism of 

Srupy Guipe Link: other reversible additions.) Carbinolamines are not isolated, but undergo acid-catalyzed 

¥19.9 dehydration to form imines. This reaction is essentially an alcohol dehydration (Sec. 

Mechanism of ; 10.1), except that it is typically much faster than dehydration of an ordinary alcohol. 
Carbinolamine 

Formation OH 

| wie acid \ ee : 
CINK > C==NR+ H,O  (acid-catalyzed (19.56b) 

| | 7. dehydration) 

H AMG 
: P imine 

carbinolamine 

t (Write the mechanism of this reaction as well.) 

Srupy GurpE Link: Typically the dehydration of the carbinolamine is the rate-limiting step of imine 

719.10 formation. This is why imine formation is catalyzed by acids. Yet the acid concentration yi y y 
Dehydration of ge cannot be too high becuase amines are basic compounds. 
Carbinolamines 

ee oe Sa oe 

RN, 0% =e RNEG HO: (19.57) 

Protonation of the amine pulls the equilibrium in Eq. 19.56a to the left and carbinolamine 

formation cannot occur. For this reason, many imine syntheses are carried out in very 

dilute acid. 

To summarize: imine formation is a sequence of two reactions that have close 

analogies to familiar reactions: carbonyl addition followed by B-elimination. 

Imines are used to prepare amines (Section 23.7B). Before NMR spectroscopy 

assumed a central role in structure elucidation, certain types of N-substituted imines 

were especially important in organic chemistry. These derivatives and the amines from 

which they are derived are given in Table 19.3 on p. 906. For example, the 2,4-DNP 

derivative of acetone is prepared as follows: 

NO, 

\ 
NO, es: 

] irae NO, 

ee 90 dilute H,SO 
CH;—C—CH; + H,N—NH NO, ae (Rp Se SOE AES) 

A (precipitates ) 

2,4-dinitrophenylhydrazine a 2,4-dinitrophenylhydrazone 

(2,4-DNP) (2,4-DNP derivative of acetone) 

(19.58) 

When a new compound was synthesized, it was typically characterized by conversion 

into two crystalline derivatives. These derivatives served as the basis for subsequent 

identification of the new compound when it was isolated from another source or from 

a different reaction. The reason it was important to prepare derivatives is that they 
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Table 19.3 Some N-Substituted Imine Derivatives of Aldehydes and Ketones 

Amine 

H,N—OH 

H,N—NH, 

HS) 

NO, 

H,N—NH 

O 

LN NH © NE 

RC=O 4s HN—=Ro RON a ELO 

Name Carbonyl Derivative Name 

hydroxylamine R,C=N—OH oxime 

hydrazine R,C—=N—NHy hydrazone 

phenylhydrazine mc=i—Nn—{ phenylhydrazone 

NO Bo 2,4-dinitrophenyl- : 2,4-dinitrophenyl- 
hydrazine ‘oe hydrazone 

NO, (2,4-DNP) RENN NO, (2,4-DNP derivative) 

O 

semicarbazide R,C=N NH—¢ NH, semicarbazone 

eliminate the ambiguity that can arise if two different compounds have the same melting 
points or boiling points. It almost never happens that two compounds with the same 
melting or boiling points give two crystalline derivatives that also have the same melting 
and boiling points. The derivatives in Table 19.3, because they are almost always crystalline 
solids, were widely used to characterize aldehydes and ketones. 

To illustrate how such derivatives might be used in structure verification, suppose 
that a chemist has isolated a liquid that could be either 6-methyl-2-cyclohexenone or 2- 
methyl-2-cyclohexenone. The boiling points of these compounds are too similar for an 
unambiguous identification. Yet the melting point of either a 2,4-DNP derivative or 
a semicarbazone (see Table 19.3) would quickly establish which compound has been 
isolated. 

O O 

H3C CH, 

boiling point 69-71° (18 mm) 69-70° (16 mm) 
semicarbazone, mp 177-178° 207—208° 
2,4-DNP derivative, mp 162-164° 207-—208° 

Of course, the identity of the compound could be readily established today by spectros- 
copy. (Explain how.) 

It is important to be familiar with the imine derivatives in Table 19.3 because 
references to the use of such derivatives are commonplace in the older literature of 
chemistry. 
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19.28 Draw the structure of 

0) *(a) the semicarbazone of cyclohexanone 

a (b) the 2,4-DNP derivative of 2-methylpropanal 

*(c) the imine formed in the reaction between 2-methylhexanal and ethylamine 

(C,HsNH)). 

*19,29 Write a curved-arrow mechanism for the acid-catalyzed formation of the hydra- 

zone of acetaldehyde. 

19.30 Write a curved-arrow mechanism for the acid-catalyzed hydrolysis of the imine 

derived from benzaldehyde and ethylamine (CH;CH2NHz). Use the principle of 

microscopic reversibility (Sec. 10.1) to guide you. 

Be ee See eye TOP ere ele cial olatelevelosalaleirisvaiele’olevalere nia\elefeleta steisie oeie’o.(<[oie{s elbiei\iols\aTeiu/ala(0’e|s{ejeiajsisin 0) s1e\sielale/eieinlein\sim:n.r.e/eis'elese) sie sie\sie\siv\s\s's\e\e) ose, elS\ej6/ iene 
PIR. 6 is cialis ices Seatac aaa 
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A secondary amine has the general structure R,NH, in which two ammonia hydrogens 

are replaced by alkyl or aryl groups. An enamine has the following general structure: 

C=C general enamine structure 

Formation of an enamine occurs when a secondary amine reacts with an aldehyde or 

ketone, provided that the carbonyl compound has an a-hydrogen. 

a-hydrogen 

DE HC CH, 
Nt : ny 
Cis AG sae ae ak od Je eee! (19.59) 

(removed 

ae 
Ph H3C Ph as it is 

f d 
isobutyraldehyde a secondary (879 yield) ormed) 

amine 

O O 

° (2 
a [ ‘ eee NN + H,O (19.60) 

N (removed as 

H 
it is formed) 

cyclohexanone 
morpholine 

Gseandag, (72-80% yield) 
amine) 

Notice that the two alkyl groups of a secondary amine, as in Eq. 19.60, may be part of 

a ring. . 

Like imine formation, enamine formation is reversible, and must be driven to com- 

pletion by the removal of one of the reaction products (usually water; see Eq. 19.60). 
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Enamines, like imines, revert to the corresponding carbonyl compounds and amines in 
aqueous acid. 

The mechanism of enamine formation begins like the mechanism of imine formation, 
as a nucleophilic addition to give a carbinolamine intermediate. (Write the mechanism 
of the this reaction.) 

O HO NR, 

R,N—H te Ge (19.61a) 

Because no hydrogen remains on the nitrogen of this carbinolamine, imine formation 
cannot occur. Instead, dehydration of the carbinolamine involves loss of a hydrogen from 
an adjacent carbon. 

HO NR, NR, 
H 

ae Onl (19.61b) 

Why don’t primary amines react with aldehydes or ketones to form enamines rather 
than imines? The answer is the enamines bear the same relationship to imines that enols 
bear to ketones. 

HNR NR 
H 

H 

on = Tt) (19.62a) 

enamine imine 

(more stable) 

OH O 
H 

H ae =H aN 
(19.62b) 

enol ketone 

(more stable) 

Just as most aldehydes and ketones are more stable than their corresponding enols (Sec. 
14.5A), most imines are more stable than their corresponding enamines. Because second- 
ary amines cannot form imines, they form enamines instead. 

To summarize: aldehydes and ketones react with primary amines (RNH,) to give 
imines, and with secondary amines (R,NH) to give enamines. In a third type of amine, 
a tertiary amine (R3N), all hydrogens of ammonia are replaced by alkyl or aryl groups. 
Tertiary amines do not react with aldehydes and ketones to form stable derivatives. Although 
most tertiary amines are good nucleophiles, they have no N—H hydrogens, and therefore 
cannot even form carbinolamines. Their adducts with aldehydes and ketones are unstable 
and can only break down to starting materials, 
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@): :O:7 

! | 
R3N: + ON “== Seth (19.63) 

R3N* 

, i 19.31 Give the enamine product formed when each of the following pairs react. 

_ PRosiem 2 *(a) (b) PhCH;CH=O and (CH;),NH 
TT acetone and H—N: 
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The most common reductive transformation of aldehydes or ketones is their conversion 

into alcohols (Sec. 19.8). But it is also possible to reduce the carbonyl group of an 

aldehyde or ketone completely to a methylene (—CH,—) group. One procedure for 

effecting this transformation involves heating the aldehyde or ketone with hydrazine 

(NH,—NH,) and strong base. 

O 

KOH, heat, 1 hr = 
triethylene glycol 

Ph—CH,CH,CH; + H,0 + N> (19.64) 

propiophenone hydrazine propylbenzene 

(85% aqueous (82% yield) 

solution) 

CH;0 CHO \ CH30 CH3 
H»NNH)p, heat - « 

_ triethylene glycol / 17,65) 

CH;30 KOH CH;0 

3,4-dimethoxybenzaldehyde 3,4-dimethoxytoluene 
(81% yield) 

This reaction, called the Wolff-Kishner reduction, typically utilizes ethylene glycol or 

similar compounds (triethylene glycol in the above cases) as co-solvents. The high boiling 

points of these solvents allow the reaction mixtures to reach the high temperatures 

required for the reduction to take place at a reasonable rate. 

The Wolff-Kishner reduction is an extension of imine formation (Sec. 19.11A) 

because a hydrazone (Table 19.3) is an intermediate in the reaction. A series of Bronsted 

acid-base reactions (not discussed here) lead ultimately to expulsion of nitrogen and 

formation of the product. 

i eer i H,0, “OH Loe : 
oy 4° Nikb—Nish > ee eee C (19.66) 

hydrazine | hydrazone H 

+ H,0 
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The Wolff-Kishner reduction takes place under strongly basic conditions. The same 
overall transformation can be achieved under acidic conditions by a reaction called the 
Clemmensen reduction. In this reaction, an aldehyde or ketone is reduced with zinc 
amalgam (a solution of zinc metal in mercury) in the presence of HCl. 

O 

Zn/Hg, C,H50H 

HCl, 24 hr + HO (19.67) 

CH; CH; 

(93% yield) 

CH3(CH,);CH—=O Zu CH (CH er HOS 
pice 25% HCl 3(CH2)sCH3 

heptanal heptane 

(87% yield) 
There is considerable uncertainty about the mechanism of the Clemmensen reduction. 

One of the most useful applications of the Wolff-Kishner or Clemmensen reductions 
is the introduction of alkyl substituents into benzene rings. This is illustrated in the 
following Study Problem. 

Outline a synthesis of butylbenzene from benzene and any other reagents. 

Solution When you are asked to prepare an alkylbenzene from benzene, Friedel-Crafts 
alkylation (Sec. 16.4F) should come to mind. Indeed, this reaction is useful for introducing 
groups that do not rearrange, such as methyl groups, ethyl groups, and tert-butyl groups, 
into benzene rings. But when this reaction is used to prepare butylbenzene from benzene 
and 1-chlorobutane, a major amount of rearranged product is observed: 

(pH CH GheCH- CH) Clam 

benzene 

( p-cictict + ( )-cticrscHcH + HCl — (19.69a) 

CH; 
butylbenzene 

sec-butylbenzene (35%) 
(65%) 

Butylbenzene can be easily prepared free of isomers, however, by the Wolff-Kishner 
reduction of butyrophenone: 

O 

(He crscHict SN OF ( )Giicrcict, (19.69b) 

In turn, butyrophenone is readily prepared by Friedel-Crafts acylation (Sec. 16.4E), which 
is not plagued by the rearrangement problems associated with the alkylation. 
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O 

| . . 
« ) so eipeyo =o eRe ty ee ee 

butyryl chloride 

benzene 

O 

| 
C—CH,CH,CH; + HCl (19.69c) 

butyrophenone 
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*19.32 Outline a synthesis of 1,4-dimethoxy-2-propylbenzene from hydroquinone and 

any other reagents. 

19.33 Draw the structures of all aldehydes or ketones that could in principle give the 

following product after application of either the Wolff-Kishner or Clemmensen 

reduction. 

Our tour through aldehyde and ketone chemistry started with simple additions; then 

addition followed by substitution (acetal formation); then additions followed by elimina- 

tion (imine and enamine formation). Another addition-elimination reaction, called the 

Wittig reaction, is an important method for preparing alkenes from aldehydes and 

ketones. 

An example of the Wittig reaction is the preparation of methylenecyclohexane from 

cyclohexanone. 

60) = + fe oc 

ee: ciel ONG aed hy rm (ect i PsP =O: (19.70) 

an ylid 
triphenylphosphine 

cyclohexanone methylenecyclohexane oxide 

The Wittig reaction is especially important because it gives alkenes in which the 

position of the double bond is unambiguous; in other words, the Wittig reaction is 

completely regioselective. It can be used for the preparation of alkenes that would be 

difficult to prepare by other reactions. For example, methylenecyclohexane, which is 

readily prepared by the Wittig reaction (Eq. 19.70), cannot be prepared by dehydration 

of 1-methylcyclohexanol; 1-methylcyclohexene is obtained instead, because alcohol 
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dehydration gives the alkene isomer(s) in which the double bond has the greatest number 
of alkyl substituents (Sec. 10.1). 

OH 
Ca Se (cn, + H,O 

cu 

1-methylcyclohexene 

= CH, (none formed) 

methylenecyclohexane 

(IQ-ZAL) 

The nucleophile in the Wittig reaction is a type of ylid. An ylid is any compound 
with opposite charges on adjacent, covalently bound atoms, each of which has an electronic 
octet. 

complete octet on 
each charged atom 

Ph 

ae 
Ph =P CH, 

| 
Ph 

an ylid 

Because phosphorus, like sulfur (Sec. 10.9), can accommodate more than eight valence 
electrons, a phosphorus ylid has an uncharged resonance structure. 

ten electrons around 
phosphorus 

sian 1S 
pnb“ Cu, —— PhyP—=CH, | nae 

Although the structures of phosphorus ylids are sometimes written with phosphorus- 
carbon double bonds, the charged structures, in which each atom has an octet of electrons, 
are very important contributors. 

The mechanism of the Wittig reaction, like the mechanisms of other carbonyl reac- 
tions, involves attack of a nucleophile on the carbonyl carbon. The nucleophile in the 
Wittig reaction is the anionic carbon of the ylid. The anionic oxygen in the resulting species 
reacts with phosphorus to form an oxaphosphetane intermediate. (An oxaphosphetane is 
a saturated four-membered ring containing both oxygen and phosphorus as ring atoms.) 

Navet's les 
\ {\ shee Ga Os ee CO: C=O: —:C—PPh, —> | > — fee (19.73a) pe ees | =O — PPh Sa 

oxaphosphetane 
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Under the usual reaction conditions, the oxaphosphetane spontaneously decomposes to 

the alkene and the by-product triphenylphosphine oxide. 

\ - 
—~c—0: Pisce O: 

Ins] met? I aa (19.73b) 
=O PPh, oe PPh, 

oxaphosphetane alkene _ triphenylphosphine 
oxide 

The ylid starting material in the Wittig reaction is prepared by the reaction of an 

alkyl halide with triphenylphosphine (Ph3P) in an Sy2 reaction to give a phosphonium 

salt. 

EE See a BA + A AAS 

Ph;P: — petal venrene Ph;,P — CH; :Br: (19.74a) 
2 days Os 

triphenytphosphine methyl bromide methyltriphenyl- 
phosphonium bromide 
(a phosphonium salt; 

99% yield) 

The phosphonium salt can be converted into its conjugate base, the ylid, by reaction with 

a strong base such as an organolithium reagent. 

+ ar or 

Ph3P Ce Bua —— Ph,P— CH, Ar H—CH,CH,CH,CH; aR LiBr (19.74b) 

I an ylid 

( Li— CH,CH,CH,CH; 

butyllithium 

To plan the synthesis of an alkene by the Wittig reaction, consider the origin of 

each part of the product, and then reason deductively. Thus, one carbon of the alkene 

double bond originates from the alkyl halide used to prepare the ylid; the other is the 

carbonyl carbon of the aldehyde or ketone: 

R! Re Re R° R° 

: 2 tf ah + 7 

C=C = G== Oi te PhP C => Ph,P—CH Br + base 

i 4 ‘ ‘ 
R? Re R° R} R} 

carbonyl 
compound Wy 

R° 
he 

Phee ss) br — Or (19.75) 

Rt 

alkyl halide 

(Again, the double arrows used in this deductive analysis are read “implies as starting 

material.”) This analysis also shows that there are, in principle, two possible Wittig 
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syntheses for any given alkene; in the other possibility, the R! and R2 groups could 
originate from the alkyl halide and the R* and R‘ groups from the aldehyde or ketone. 
However, remember that the reaction used to form the phosphonium salt is an Sy2 
reaction; consequently, this reaction is fastest with methyl and primary alkyl halides. In 
other words, most Wittig syntheses are planned so that the most reactive alkyl halide can 
be used as one of the starting materials. 

Outline two Wittig alkene syntheses of 1-hexene. Is one synthesis preferred over the 
other? Why? 

Solution The analysis in Eq. 19.75 suggests that the “right-hand” part of the alkene can 
be derived from the aldehyde pentanal: 

+ aie 

CH,==CHCH,CH,CH,CH; = Pier Cr. hs O==CHCH,CH,CH,CH, 

1-hexene Wy pentanal 

Phs5P + CH,Br 

methyl bromide (19.76) 

Another possibility, however, is that the “left-hand” part of the alkene is derived from 
formaldehyde: 

+ oe 
CH,—CHCH,CH,CH,CH, => jal({C==©) sr PhP — CHC CH CH CH: 

1-hexene Wy 

Ph3P aI BrCH,CH,CH,CH,CH; 

1-bromopentane (19.77) 

Both syntheses are reasonable. However, because methyl bromide is more reactive than 
1-bromopentane in the Sy2 reaction (why? Sec. 9.4C), the first reaction is preferred. 

PO ee SUB eS Oe eRe I GR slo 2 He hecebise piven ie se ei eels craic saat llene(te dea balasnianiseduie MOR ae coi misrdee Nave cake ee aaa EE 

Ph H Ph Ph ‘ eth Pe \ i \ PheHCha= "= SPhCH = pent Gl : ae “ Cac 4 aay (19.78) : : / \ Vi \ 
Ph H H 

(62% yield) (20% yield) 

Although certain modifications of the Wittig reaction that avoid this problem have been 
developed, these are outside the scope of our discussion. 
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DISCOVERY OF THE WITTIG REACTION 

The Wittig alkene synthesis is named for Georg Wittig (1897-1987), who was 

Professor of Chemistry at the University of Heidelberg. Wittig and his cowork- 

ers discovered the alkene synthesis in the course of other work in phosphorus 

chemistry; they had not set out to develop this reaction explicitly. Once the 

significance of the reaction was recognized, it was widely exploited. Wittig 

shared the Nobel Prize for Chemistry with H. C. Brown (Sec. 19.8) in 1979. 

The Wittig reaction is not only important as a laboratory reaction; it 

has also been industrially useful. For example, it is an important reaction in 

the industrial synthesis of vitamin A derivatives. 

19.34 Give the structure of the alkene(s) formed in each of the following reactions. 

al) Ol SEOs Cyl BE at butyllithium acetone 

@ Cau G22. due. a 

19.35 Outline a Wittig synthesis for each of the following alkenes; give two Wittig 

syntheses of (a). ) 

*(a) (b) CH, 

CH;0 CH=CH | 
CH, = CCH,CH; 

(mixture of cis and trans) 

*(c) cH,CH=X 

Aldehydes can be oxidized to carboxylic acids. 

° 
HRCA Fete Tee os LOTT ORES CO (19.79) 

C,H; 
C,H; 

2-ethylhexanal 2-ethylhexanoic acid 
(78% yield) 

Other common oxidants such as aqueous Cr(VI) reagents also work in this reaction. 

These oxidizing agents are the same ones used for oxidizing alcohols (Sec. 10.6A). 

Some aldehyde oxidations begin as addition reactions. For example, in the oxidation 

of aldehydes by Cr(VI) reagents, the hydrate, not the aldehyde, is actually the species 

oxidized. (See Eq. 10.37, p. 468.) 
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O OH O 

aun aes a ‘ ep ER en (19.80) 
aldehyde te 

aldehyde 
hydrate 

That is, the “aldehyde” oxidation is really an “alcohol” oxidation, the “alcohol” being 
the hydrate formed by addition of water to the’aldehyde carbonyl group. For this reason, 
some water should be present in solution in order that aldehyde oxidations with Cr(VI) 
occur at a reasonable rate. 

In the laboratory, aldehydes can be conveniently oxidized to carboxylic acids with 
Ag(I) reagents. 

CHO CO,H 

THEF-water 
ai : + AgyO on 2Ag (19.81) 

3-cyclohexene- 3-cyclohexene- 
carbaldehyde carboxylic acid 

(75% yield) 

The expense of silver limits its use to small-scale reactions, as a rule. However, the Ag,O 
oxidation is especially handy when the aldehyde to be oxidized contains double bonds 
or alcohol —OH groups, functional groups that react with other oxidizing reagents 
but do not react with Ag,O. 

Sometimes, as in Eq. 19.81, the Ag(I) is used as a slurry of brown Ag,O, which 
changes to a black precipitate of silver metal as the reaction proceeds. If the silver ion is 
solubilized as its ammonia complex, *Ag(NH3)), oxidation of the aldehyde is accom- 
panied by the deposition of a metallic silver mirror on the walls of the reaction vessel. 
This observation can be used as a convenient test for aldehydes, known as Tollens’ test. 

Many aldehydes are oxidized by the oxygen in air upon standing for long periods 
of time. This process, another example of autoxidation (Sec. 18.10), is responsible for the 
contamination of some aldehyde samples with appreciable amounts of carboxylic acids. 

Ketones cannot be oxidized without breaking carbon-carbon bonds (see Table 10.1, 
p. 466). Ketones are resistant to mild oxidation with Cr(VI) reagents, and acetone can 
even be used as a solvent for oxidations with such reagents. Potassium permanganate, 
however, oxidizes ketones, and it is therefore not useful as an oxidizing reagent in the 
presence of ketones. 

FY Vie a ota a LT SELL UCSC CON OC a EDA OOS eT ObOTH Bach osanrooponaaeecnecoon Moc iermkicantc 

*19.36 Give the structure of an aldehyde CsHgO, that would be oxidized to terephthalic 
acid by KMnQ,. 

i i ! 
HOG <)> €— OH terephthalic acid 
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19.37. What product is formed when the following compound is treated with Ag,O% 
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The most important commercial aldehyde is formaldehyde, which is manufactured by 

the oxidation of methanol over a silver catalyst. 

Ag catalyst 
GHy=-OF —O;, 600-650" Fee CH,—=O (19.82) 

About 7 billion pounds of formaldehyde, valued at approximately $625 million, is pro- 

duced annually in the United States. 

The single most important use of formaldehyde is in the synthesis of a class of 

polymers known as phenol-formaldehyde resins. (A resin is a polymer with a rigid three- 

dimensional network of repeating units.) Although the exact structure and properties of 

a phenol-formaldehyde resin depend on the conditions of the reaction used to prepare 

it, a typical segment of such a resin can be represented schematically as follows: 

OH 
Paes, 

OH 
H CH, OH 

CH, 

ort CH. OH 

| eee 
Ea Gres 

OH 
GH. g ye 

OH OH 

Phenol-formaldehyde resins are produced by heating phenol and formaldehyde with 

acidic or basic catalysts. The —CH,— groups (color) are derived from the formalde- 

hyde, which in some cases is supplied in the form of its addition product with ammonia. 

Different formulations of these resins are used for telephones, adhesives in exterior-grade 

plywood, and heat-stable bondings for brake linings. A phenol-formaldehyde resin called 

Bakelite, patented in 1909 by the Belgian immigrant Leo H. Baekeland, was the first useful 

synthetic polymer. 

The simplest ketone, acetone, is co-produced with phenol by the autoxidation- 

rearrangement of cumene (Sec. 18.10). About 2.4 billion pounds of acetone, valued at 

$528 million, is produced annually in the United States. Acetone is used both as a solvent 

and as a starting material for polymers. 
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Key IDEAS IN CHAPTER 19 

Celis ate Cnshee ama Sat 

The functional group in aldehydes and ketones is the carbonyl group. 

Aldehydes and ketones are polar molecules. Simple aldehydes and 
ketones have boiling points higher than those of hydrocarbons but 
lower than those of alcohols. The aldehydes and ketones of low molecu- 
lar mass have substantial solubilities in water. 

The carbonyl stretching absorption is the most important infrared 
absorption of aldehydes and ketones. The proton NMR spectra of alde- 
hydes have distinctive low-field absorptions at 6 9-11 for the aldehydic 
protons; and a-protons of both aldehydes and ketones absorb near 
6 2.5. The most characteristic absorptions in the CMR spectra of alde- 
hydes and ketones are the carbonyl carbon resonances at 6 190-220. 
Aldehydes and ketones have weak n > 7* UV absorptions, and com- 
pounds that contain double bonds conjugated with the carbonyl group 
have 7 — 7* absorptions. a-Cleavage, inductive cleavage, and the 
McLafferty rearrangement are the important fragmentation modes 
observed in the mass spectra of aldehydes and ketones. 

Aldehydes and ketones are weak bases, and are protonated on their car- 
bonyl oxygens to give a-hydroxy carbocations. The interaction of a pro- 
ton or Lewis acid with a carbonyl group activates it toward addition 
reactions. 

The most characteristic carbonyl-group reactions of aldehydes and 
ketones are carbonyl-addition reactions, which, depending on the reac- 
tion, occur under acidic or basic conditions or both. Hydration and 
cyanohydrin formation are examples of simple reversible carbonyl addi- 
tions. Hydride reductions and Grignard reactions are examples of sim- 
ple additions that are not reversible. 

Acetal formation is an example of addition to the carbonyl group fol- 
lowed by substitution. 

Imine formation, enamine formation, and the Wittig alkene synthesis 
are examples of addition to the carbonyl group followed by elimination. 

The carbonyl group of an aldehyde or ketone can be reduced to a meth- 
ylene group by either the Wolff-Kishner or Clemmensen reduction. 

Aldehydes can be oxidized to carboxylic acids; ketones cannot be oxi- 
dized without breaking carbon-carbon bonds. 

Aldehydes and ketones can be converted into alcohols (Grignard reac- 
tions, hydrogenation, and hydride reductions), alkenes (Wittig reac- 
tion), and alkanes (Wolff-Kishner and Clemmensen reductions). 
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Give the products expected (if any) when acetone reacts with each of the following 

reagents. 

(@) ie (b) NaBH, in CH,OH, then H,O 

(c) CrO3;, pyridine (d) NaCN, pH 10, H,O0 

(e) CH,OH (excess), (f) 
H,SO, (trace) ___)» trace of acid 

N 
H 

(g) semicarbazide, dilute acid (h) CH,Mgl, ether, then H,;O* 

(i) Product of (b) + Na,Cr,O7 in H,S0,4 

(j) Product of (h) + H,SO, (k) H,, PtO, 

(i CH5 PPh, (m) Zn amalgam, HCl 

19.39 Give the product expected (if any) when butyraldehyde (butanal) reacts with 

each of the following reagents. 

(a) PhMgBr, then H;O* (b) LiAIH, in ether, then H;O* 

(c) alkaline KMnO,, then H;O* (d) aqueous H,Cr,O,7 

(ce) =NELOL, pH 5 (f) Ag,O ) 
(g) Zn amalgam, HCl 

19.40 Sodium bisulfite adds reversibly to aldehydes and a few ketones to give bisulfite 

addition products. 

| 

sodium bisulfite :Ore Naw 

*(a) Write a curved-arrow mechanism for this addition reaction; assume water 

is the solvent. 

*(b) The reaction can be reversed by adding either H;O* or ~OH. Explain this 

observation using LeChatelier’s principle and your knowledge of sodium 

bisulfite reactions from inorganic chemistry. 

(c) Deduce the structure of the bisulfite addition product of 2-methylpentanal. 

19.41 Each of the following reactions gives a mixture of two separable isomers. What 

are the two isomers formed in each case? 

*(a) O 

: H30* 
HC +LiAIH; —> ———> 

(b) PhCH=O + CH;—CH=PPh; —> 
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19.42 — Give the structures of the four separable isomers Cy5H,,O; formed in the reaction 
of hexanal with glycerol (1,2,3-propanetriol) in the presence of an acid catalyst. 

19.43 (a) What are the two structurally isomeric cyclic acetals that could in principle 
be formed in the acid-catalyzed reaction of acetone and glycerol (1,2,3- 
propanetriol)? 

(b) Only one of the two compounds is actually formed. Given that it can be 
resolved into enantiomers, which isomer in (a) is the one that is produced? 

“19.44 — Give the structures of the two separable isomers formed in the following reaction. 

+ Phe CH=O acid catalyst 

OH 

OH 

19.45 on the following reactions by giving the principal organic product(s). 

ie + NH,OH pyridine 

dilute acid + PhNHNH, 

H2SO, (catalyst) =) 3-methylcyclopentanone + 1,3-propanediol *(C) 

(d) tol Ifonic acid (catal CH, A CH OH p-toluenesulfonic acid (cata a 

(solvent) 

*(e) 

eur i i Hd CHOH (colvent) == aes cao. 

(f) Ce O CH, 

lean ctenve ta conwalniniscic 

Hc{ 80.8 (catalyst) 
—— Ss (CO) 

*(g) Br Cl 
Ly Meyether PhCH=O0 «HOF 

> > = —> 
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ether HOF 
a > (h) propiophenone + Ph—MgBr 

G8) CH,Br  CH,Br 

: ii 
i HC Ci. 

cae ae QP = > a > CicHio 

Glie Gey Clie Cty eat PhsG—=O 
SS 

benzene 
(j) CHI + Ph3P > 

19.46 Using known reactions and mechanisms discussed in the text, complete the 

following reactions. 

*(a) O 
Ph,P~ ; 

NaBH, NaH 

GH; Ci CH CH = C= Ch Cr cone a 

(Hint: See Eqs. 19.73a and b.) 

(b) O 

CH;CH,CH,CCH; + H)N—Ph NaBH 

(Hint: The C=N bond undergoes addition much like the C=O bond.) 

*19.47. Compound A, CsHgsO, when treated with Zn amalgam and HCl, gives a xylene 

isomer that in turn gives only one ring monobromination product with Br, and 

Fe. Propose a structure for A. 

19.48 Complete the following series of reactions by giving the major organic product. 

| NH,—NH, 
AICI, H30+ heat co) + or C=C] s ot 

ethylene glycol 

19.49 Suggest routes by which each of the following compounds could be synthesized 

from the indicated starting materials and any other reagents. 

*(a) 1-phenyl-1-butanone (butyrophenone) from butyraldehyde 

(b) 2-cyclohexyl-2-propanol from cyclohexanone 

*(c) cyclohexyl methyl ether from cyclohexanone 

(d) (CH;),CHCH=CH,; from isobutyraldehyde 

*(e) 2,3-dimethyl-2-hexene from 3-methyl-2-hexanone 

(f) 2,3-dimethyl-1-hexene from 3-methyl-2-hexanone 

*(g) 
co) CH,OH from p-bromoanisole 

(Problem 19.49 continues ) 
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*19.50 

S19 31 

19°52 

(h) 3-methyl-3-hexanol from propyl bromide 

) 1,6-hexanediol from cyclohexene 

) 1-butyl-4-propylbenzene from benzene 

*(k) ] 

( pre-K) from benzaldehyde as the 

only source of carbon 

Ww CH,0H 

or from CH,—=CH—CH=O (Hint: See Sec. 533) 

(iam) CH; CH; 

H3C | 
from O=CH—C CH=CH, 

HO 
O CH; 

(Hints: 1. BH; in THF reduces aldehydes and ketones to alcohols. 
2. Can you find an aldehyde lurking somewhere in the target 

molecule?) 

(n) O 

| 
CH3;— cp from bromobenzene 

(a) The following compound is unstable and spontaneously decomposes to 
acetophenone and HBr. Give a mechanism for this transformation. 

OH 

| 

Br 

(b) Use the information in (a) to complete the following reaction: 

Gi — CH = bretO.0 ee 

The product A of the following reaction hydrolyzes in dilute aqueous acid to 
give acetophenone. Identify A and give a mechanism for its formation that 
accounts for the regioselectivity of the reaction. 

a5 H,SO, Ph C=C Hi CHO cate [Al GipHi0>) 
(solvent) ; 

What are the starting materials for synthesis of each of the following imines? 



*19.53 

19.54 

19.55 
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N 

(b) 
CH,CH,CH,;,CH, —-CH==N— NH OCH; 

Compound A, C,,;H,.0, which gave no Tollens’ test, was treated with LiAlH,, 

followed by dilute acid, to give compound B, which could be resolved into 

enantiomers. When optically active B was treated with CrO; in pyridine, an 

optically inactive sample of A was obtained. Heating A with hydrazine in base 

gave hydrocarbon C, which, when heated with alkaline KMnOg, gave carboxylic 

acid D. Identify all compounds and explain your reasoning. 

HO,C CO,H 

HO,C CO,H 

Compound A, C¢H 20>, was found to be optically active, and was slowly oxidized 

to an optically active carboxylic acid B, C6H,.03, by *Ag(NH3)2. Oxidation of 

A by anhydrous CrO; gave an optically inactive compound that reacted with Zn 

amalgam/HCl to give 3-methylpentane. With aqueous H,CrO,, compound A 

was oxidized to an optically inactive dicarboxylic acid C, CsH,)O4. Give structures 

for compounds A, B, and C. 

Remembering that a protonated aldehyde or ketone is a type of carbocation, 

and that carbocations are electrophiles, propose curved-arrow mechanisms for 

the following electrophilic aromatic substitution reactions. (See Sec. 16.4B.) 

(a) eed O 
HO OH 

HCl 

phenol CH; 

4-methylcyclo- 
hexanone GH 

(70% yield) 

(b) 
Cl,C—CH=O + 2 fel 

chloral 

chlorobenzene 

GGle 

| 
aX jai a ECO 

DDT (an insecticide) 
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19.56 From your knowledge of the reactivity of LiAIH, as well as the reactivity of 
epoxides with nucleophiles, predict the product (including stereochemistry, if 
appropriate) in each of the following reactions: 

Ay) H30+ 
O- LAlD. — = 

+ 
H30 ~ 

H3C Sy Baa ee CH; 4 LiAlH, eae 

19.57 Give curved-arrow mechanisms for the following reactions. 

*(a) | O 

Phe C= Phe pn C= 

(b) Ph—CH—OCH, —2°> phCH=O + CH,OH + HCl 

Cl 

Ete) 
ex 

(GH.O}sP: ae PCa CH CH. a ee 

(CH;0);P—=O + CH,;CH=CH, 

‘(d) GiHe 

+ O=CH CH=O ada 
C,H; —NH, == a 

| HC CH, 

(e) H CH; 

HC] ea 

19.58 Thumbs Throckmorton, a graduate student in his twelfth year of study, has 
designed the following synthetic procedures. Comment on what problems (if 
any) each synthesis is likely to encounter. 
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£19.59 

*19.60 

19.61 

aLS:62 

(b) Ph3P at (GEa).C—- Chi br > CH3(CH))3Li 

_fh= C0  PhcH=CH— C(CH); 

(a) You are the chief organic chemist for Bugs and Slugs, Inc., a firm that 

specializes in environmentally friendly pest control. You have been asked 

to design a synthesis of 4-methyl-3-heptanol, the aggregation pheromone 

of the European elm beetle (the carrier of Dutch elm disease). Propose a 

synthesis of this compound from starting materials containing five or fewer 

carbons. 

(b) After successfully completing the synthesis in part (a) and delivering your 

compound, you are advised that it appears to be a mixture of isomers. 

Assuming that you have prepared the correct compound, provide an 

explanation. 

Trichloroacetaldehyde, CCl, —CH=O, forms a cyclic trimer analogous to par- 

aldehyde (Sec. 19.10A). 

(a) Account for the fact that two forms of this trimer are known (a, bp 223° 

and mp 116°; 8, bp 250° and mp 152°). 

(b) Assume you have in hand samples of both the a- and f-forms, but you 

do not know which is which. Show how NMR spectroscopy could be used 

to distinguish one isomer from the other. 

Starting with any organic compound you wish, outline synthetic procedures for 

preparing each of the following isotopically labeled materials using the indicated 

source of the isotope. 

*(a) hal (b) OH 

Ph— CH—CH,—Ph Ph—CD—CH,— Ph 

using H,'*O using LiAID, 

Offer a rational explanation for each of the following observations. 

(a) Although biacetyl(2,3-butadione) and 1,2-cyclopentanedione have the same 

types of functional groups, their dipole moments differ substantially. 

O 

O O 
| || 

Che ¢—- @__ CH. 

biacetyl 1,2-cyclopentanedione 
w= 1.04D o> 

(Problem 19.62 continues ) 
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Figure 19.10 NMR spectrum for Problem 19.63. 

(b) When acetaldehyde is mixed with a tenfold excess of ethanethiol, its 
n — * absorption at 280 nm is nearly eliminated. 

(c) The following compound gives a Tollens’ test much more slowly than 
benzaldehyde. 

oan O 

CH,0OH 

19.63 Identify the following compounds. 
*(a) CioHioO2 NMR: 8 2.82 (6H, s), 6 8.13 (4H, s) 

IR: 1681 cm7!, no O—H stretch 
(b) CsHio0 NMR: 6 9.8 (1H, s), 6 1.1 (9H, s) 

*(c) Cs5H,\gO NMR in Fig. 19.10 

(R170 emie 3970 cme 
UV: Amax = 215 nm (€ = 17,400), 329 nm (€ = 26) 

This compound gives a positive Tollens’ test. 

*19.64 Identify the compound with the mass spectrum and proton NMR spectrum 
given in Fig. 19.11. This compound has IR absorptions at 1678 and 1600 cm7!. 

19.65 Identify the compound that has the following spectroscopic properties: 
IR: 1686, 1600 cm7! 

Mass spectrum: Molecular ion and base peak at m/z = 82 
NMR spectrum in Fig. 19.12. 
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Figure 19.11 Spectra for Problem 19.64. 
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Hy) > 8 7 6 ) 4 3 2 ] 0 6, ppm 

Figure 19.12 NMR spectrum for Problem 19.65. 

*19.66 Identify the compound A (C,H,O;) that has IR absorption at 1710 cm7! (no 
absorption in the 3200-3400 cm™! region), as well as the following CMR-DEPT 
spectrum (attached hydrogens in parentheses): 5 30.6 (3), 6 47.2 (2), 6 53.5 (3), 
6 101.7 (1), 6 204.9 (0). One of the proton NMR absorptions of compound A 
is a singlet at 6 2.1. 



Chemistry of 

Carboxylic Acids 

T characteristic functional group in a carboxylic acid is the carboxy group. 

O carboxy group 

ee! 
; : condensed structure 

acetic acid 
(a simple carboxylic acid) 

Carboxylic acids and their derivatives rank with aldehydes and ketones among the most 

important organic compounds because they occur widely in nature, and because they 

serve important roles in organic synthesis. This chapter is concerned with the structures, 

properties, acidities, and carbonyl-group reactions of carboxylic acids themselves. Chapter 

21 is devoted to a study of carboxylic acid derivatives. 

This chapter also surveys briefly some of the chemistry of sulfonic acids. 

] sulfonic acid group 

(sey — Ol CH,;—-S038 

I condensed structure 

methanesulfonic acid 
(a simple sulfonic acid) 

Nomenclature of Carboxylic Acids 
on 010.die\eisia.e 01010 010 pie.ele 014.0 0.0100 0101010101010 61a 0 u'n u101e|e 101076 0.010 0 © 010 0.4 ,016)010)01¢|0)010)0.0 001910 0101610101610 0.6 0,0 0100/6 \0]0|010|6 0.6 010,010/016/610'0.0 0 0 0 0 0 10 Bie seivieie 46. e eeieiviejsjeieie 

nip avelalelaieia(a.avnje'e.01016(6 /6(e/eiwielsco\s)s (bisie/s\e/e,616/6\6 0:0)8) 01016) 8/616 6 0 0 0 bl0injei0)sieialwie © 016 6/6 010 |a)sleis'u/eje/5:6| 6)6(5)6\0)0(6/616)0 6 0.0 010 616[6)6/6)6/6)8\¥ @:0'S'0)016/6/6(¥\6\8)¢,6 10,0 9 0\0/0)8)s\n 81a '0-8/8 

Common nomenclature is widely used for the simpler carboxylic acids. A carboxylic acid 

is named by adding the suffix ic and the word acid to the prefix for the appropriate group 

given in Table 19.1. 

929 



930 Chapter 20 Chemistry of Carboxylic Acids 

CH3;—C—OH prefix (Table 19.1): acet + ic acid = acetic acid 

i 
( )-e-0H benzo + ic acid = benzoic acid 

Some of these names owe their origin to the natural source of the acid. For example, 

formic acid occurs in the venom of the red ant (Latin, formica, ant); acetic acid is the 

acidic component of vinegar (Latin, acetus, vinegar); and butyric acid is the foul-smelling 

component of rancid butter (Latin, butyrum, butter). The common names of carboxylic 

acids, given in Table 20.1, are used as much or more than the substitutive names. 

As with aldehydes and ketones, substitution in the common system is denoted with 
Greek letters rather than numbers. The position adjacent to the carboxy group is desig- 
nated as a. 

O 
y B a 
Chri Ohio CHa OOH a-bromobutyric acid 

Br 

Carboxylic acids with two carboxy groups are called dicarboxylic acids. The 
unbranched dicarboxylic acids are particularly important, and are invariably known by 
their common names. Some important dicarboxylic acids are also listed in Table 20.1. 

HO,C Cli 1,CI 1, COE { succinic acid 

CH; 

HO,C— Ch,CCH,— CoH B,B-dimethylglutaric acid 

| 
er 

A mnemonic device used by generations of organic chemistry students for remembering 
the names of the dicarboxylic acids is the phrase, “Oh, My, Such Good Apple Pie,” in 
which the first letter of each word corresponds to the name of successive dicarboxylic 
acids: oxalic, malonic, succinic, glutaric, adipic, and pimelic acids. 

Phthalic acid is an important aromatic dicarboxylic acid. 

CO,H 

ek phthalic acid 

CO,H 

Many carboxylic acids were known long before any system of nomenclature existed, 
and their time-honored traditional names are widely used. The following are examples 
of these. 

CO,H 

OH 

HO,C —CH —CH—CO,H Ph—CH—CH—CO.H 

OO cinnamic acid 
Una salicylic acid 

tartaric acid 
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Names and Structures 

of Some Carboxylic Acids 
Table 20.1 

BOOOIOIOOIOOIOIOOOOIOIOIOOIOIOIOIOIIIOIOIOIUIOIOIOIOOG OOOO OOOO OOOO COCCI SI I Sella il esd ds 

Systematic name Common name Structure 

methanoic4 acid formic acid HCO,H 

ethanoic? acid acetic acid CH;3CO,H 

propanoic acid propionic acid C,H;CO,H 

butanoic acid butyric acid CH3;CH,CH,CO,H 

2-methylpropanoic acid isobutyric acid (CH3)»CHCO3H 

pentanoic acid valeric acid CH3(CH,)3;CO,H 

3-methylbutanoic acid isovaleric acid (CH3),CHCH,CO,H 

2,2-dimethylpropanoic acid pivalic acid (CH3)3CCO2H 

hexanoic acid caproic acid CH3(CH))4CO2H 

octanoic acid caprylic acid CH;(CH,),CO,H 

decanoic acid capric acid CH;3(CH,)gsCO,H 

dodecanoic acid 

tetradecanoic acid 

hexadecanoic acid 

octadecanoic acid 

2-propenoic@ acid 

2-butenoic® acid 

lauric acid 

myristic acid 

palmitic acid 

stearic acid 

acrylic acid 

crotonic acid 

CH3(CH))i0CO2H 
CH;(CH>)2CO.H 
CH3(CH2);4CO2H 
CH;(CH3)6CO2H 
CH,=CHCO,H 
CH3;CH=CHCO,>H 

benzoic acid benzoic acid PhCO,H 

Dicarboxylic acids 

ethanedioic® acid oxalic acid ©) Goa Onl 

propanedioic? acid malonic acid HO,CCH,CO3H 

butanedioic4 acid succinic acid HO,C(CH,),;CO,H 

pentanedioic® acid glutaric acid HO,C(CH,)3;CO,H 

hexanedioic® acid adipic acid HO,C(CH;)4CO 2H 

heptanedioic@ acid pimelic acid HO,C(CH,);CO2H 

€@>H 

1,2-benzenedicarboxylic? acid phthalic acid Ge 

¢€O>H 

HO;C CO,H 

\ / 
(Z)-2-butenedioic# acid maleic acid (6 

aX 
H H 

HO,C H 

(E)-2-butenedioic® acid fumaric acid e—_G 

H CO,H 
BRIO OOOOOOODOCIOCIOCOOOROOOOOOOOOOOICICICOOCOOOOOOOOO OOOO OOOO OOOO OOOO ROMIOGOOCUOUOCOOO OO OCG OURO CCS Ik i ICSI III 

4 Substitutive name is almost never used. 

B. Substitutive Nomenclature 
ARE NO AOIOICOOUDDOUCIOOCOCOUCUBCIODUOCOCCGR COC UO OD UOUI SC UOO UOC CCOOU COR COICOIO0 CUO OOGUC DOOD OUR CE OO OOOO CEOS! Sie OCC AEGIS Ks) 

A carboxylic acid is named systematically by dropping the final e from the name of the 

hydrocarbon with the same number of carbon atoms and adding the suffix oic and the 

word acid. 
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O 

CH3CH,—C—OH _propan¢ + oic acid = propanoic acid 

The final e is not dropped in the name of dicarboxylic acids. 

HO,C— CH,CH,CH,CH,;CH,CH,—CO,H  octanedioic acid 

When a carboxylic acid is derived from a cyclic hydrocarbon, the suffix carboxylic and 
the word acid are added to the name of the hydrocarbon. (This nomenclature is similar 
to that for the corresponding aldehydes; Sec. 19.1B.) 

CO.H 

( CO.H HO,C CO 

cyclohexanecarboxylic acid _1,2,4-benzenetricarboxylic acid 

One exception to this nomenclature is benzoic acid (Sec. 20.1A), for which the [IUPAC 
recognizes the common name. 

The principal chain in substituted carboxylic acids is numbered, as in aldehydes, by 
assigning the number | to the carbonyl carbon. 

CH; 

| 
CH3;— CH, —- CH— CH, —CO,H 3-methylpentanoic acid 
5 4 3 2 I 

This numbering scheme should be contrasted with that used in the common system, in 
which numbering begins with the Greek letter a@ at carbon-2. 

In carboxylic acids derived from cyclic hydrocarbons, numbering begins at the ring 
carbon bearing the carboxy group. 

Hc CO,H 4-methylcyclohexanecarboxylic acid 

4-bromobenzoic acid 
bcos (or p-bromobenzoic acid) 

When carboxylic acids contain other functional groups, the carboxy groups receive priority 
over aldehyde and ketone carbonyl groups, over hydroxy groups, and over mercapto 
groups for citation as the principal group. 

Priority for citation as principal group: 

i I dotnet | 
60H 2 CH = -_C- = OL > ==Sll (20.1) 
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ee OE eg a FRG EO ea baie EREREREPEMEC CUD UN CRI EDSTTCLELUMA SD EELEFSEL ELLE CERN OTAL OLD PECTS ECOL EEEEES OL OLILV LICL IESE OL EOP ELFPE OR TEU APES EL ELSA S LORIE ELE LSS 

O 

ack ve 

C=C O 

OH 

Solution First, decide on the principal group. From the order in Eq. 20.1, the carboxy 

group has highest priority. The aldehyde oxygen and the hydroxy group are treated as 

substituents. The structure has seven carbons and one double bond, and hence is a 

heptenoic acid. The carboxy group is given the number 1; hence, the double bond is at 

carbon-5, and the molecule is a 5-heptenoic acid. The —OH group is named as a 4- 

hydroxy substituent, and the aldehyde oxygen as a 7-oxo substituent. Application of the 

priority rules for double-bond stereochemistry (Sec. 4.2B) shows that the double bond 

has E stereochemistry. The name is therefore (E)-4-hydroxy-7-oxo-5-heptenoic acid. 

Although carbon-5 is an asymmetric carbon, its stereochemistry is not specified in the 

structure, and is therefore omitted in the name. 

aaa ae CUT ce ee SOR CE A OAC add Dae d eee ee Mar EGLODEIEN DS CENT IT OUAISECETS SE IERRT CD OIELEL OECD FOLLIOICOLERS OF OP TA LMEE PCR RP EDM PCR O OEE ARR e niet wcities 

The carboxy group is sometimes named as a substitutent: 

carboxymethyl group 

HO,C— CH; 
| 

HO,C—CH,CHCH,CH,— CO,H 3-(carboxymethyl)hexanedioic acid 
1 eee ny 6 

A complete list of nomenclature priorities for all of the functional groups covered 

in this text is given in Appendix I. 

Vo Cone utn de uden dead dadpscusssseernredersss de sarlAnsdangh as LOtOn REA DASE ODER EOL IESD HOES EG SERS READ AGMA CARTER LL OTE RII PPACEEACL US HONOR EOS A PEAR ABENE LES ARE SE EN = 

20.1 Give the structure of each of the following compounds. 

*(a) y-hydroxybutyric acid (b) ,B-dichloropropionic acid 

*(c) (Z)-3-hexenoic acid (d) 4-methylhexanoic acid 

*(e) 1,4-cyclohexanedicarboxylic acid (f) p-methoxybenzoic acid 

*(g) a,a-dichloroadipic acid (h) oxalic acid 

20.2 Name each of the following compounds. Use a common name for at least one 

compound. 

“(Bi CH; (b) HO,C(CH,)7,CH(CH3)2 

CH;—C—CO,H 

| 
C,H; 

(Problem 20.2 continues ) 
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‘) OH (d) Cl 

O CO>H Cl CO,H 

“(€) i HO,¢—ChH—— COs (f) |>—co,H 

The structure of a simple carboxylic acid, acetic acid, is compared with the structures of 
other oxygen-containing compounds in Figure 20.1. Carboxylic acids, like aldehydes and 
ketones, have trigonal geometry at their carbonyl carbons. Notice that the two oxygens 
of a carboxylic acid are quite different. One, the carbonyl oxygen, is part of the C=O 
double bond. Fig. 20.1 demonstrates that the C=O bonds of aldehydes, ketones, and 
carboxylic acids have the same length. The other oxygen, called the carboxylate oxygen, 
is part of the C—O single bond. Notice from Fig. 20.1 that the C—O bond in a car- 
boxylic acid is considerably shorter than the C—O bond in an alcohol or ether (1.36 A 
vs. 1.42 A). One reason for this is that the C—O bond in an acid is an sp°-sp’ single 
bond, whereas the C—O bond in an alcohol or ether is an sp*-sp° single bond. Another 
reason is that a carboxylic acid has a resonance structure in which the C—O bond has 
some double-bond character. 

STN ine 4 

Ree Ce Obi Ly C=OH (20.2) 

double-bond character 

The carboxylic acids of lower molecular mass are high-boiling liquids with acrid, 
piercing odors. They have considerably higher boiling points than many other organic 
compounds of about the same molecular mass and shape: 

O O 
o< o< ot 
q a q 

Pee, Cavan H ims WE iO) Sb Y6 Pf can ob YL 5 e ee ee : a — a aie ee 7 
3 <= l 10.6°-7 3 H HC eo 116° es CH; H;C NS 1] 1.5°-7 CH; 

acetic acid acetaldehyde acetone dimethy] ether 

Figure 20.1 Comparison of the structures of acetic acid and other oxygen-containing compounds, Notice that the 
carbonyl compounds have identical C=O bond lengths, and that the C—O bond in a carboxylic 
acid is shorter than that in an ether. 



O OH O CH, 

/ / 1 
CH, = © CHa== GH. CH= C Cilgae @ 

\ \ ‘ x 
OH CH; CH, CH; 

acetic acid isopropyl alcohol acetone isobutylene 

boiling point Mb ee 82.3° 56:3) 619" 

The high boiling points of carboxylic acids can be attributed not only to their polarity, 

but also to the fact that they form very strong hydrogen bonds. In the solid state, and 

under some conditions in both the gas phase and solution, carboxylic acids exist as 

hydrogen-bonded dimers. (A dimer is any structure derived from two identical smaller 

units. ) 

O:---H—O: 
U ee 

HG G@ y —CH, acetic acid dimer 

OF ase 38) 

The equilibrium constants for the formation of such dimers in solution are on the order 

of 10° to 107 M~!. (The equilibrium constant for dimerization of ethanol, in contrast, is 

i ie) 
Many aromatic and dicarboxylic acids are solids. For example, the melting points 

of benzoic acid and succinic acid are 122° and 188°, respectively. 

The simpler carboxylic acids have substantial solubilities in water, as expected from 

their hydrogen-bonding capabilities; the unbranched carboxylic acids below pentanoic 

acid are miscible with water. Many dicarboxylic acids also have significant water 

solubilities. 
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*20.3 At a given concentration of acetic acid, in which solvent would you expect the 

amount of acetic acid dimer to be greater: CCl, or water? Explain. 
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Spectroscopy of Carboxylic Acids 
Slaleisinintetelelereielets’slelssaie'e/eic-a(elels\6(bi0(o/e/eiein/eieiela\ele\s) ¢16)Bie\s|e)e/a\eleio:a-n\s/o/h/n)01016(0!s(4]0'0°, ¢]6,610)8[b) 0 s16(W)a(e]6,016 16 B\8(b/6(6/0\6) 616 6101@0/6/8)8(0\" (al. 6\6. 0)8)0\e/9\6ia\o/e\¢'e.e]e\2}8\8\8)\0\0)8I0 

cielo a claibialeiaie e[bidceleislelele {ele tele (ole\eiele.e)e.0.e\¢'e/a «jain 'ain\e|el0[e 0[0/016 6/6 \e\a/e{n'a\a16|e)a.0)0(4)a\e1e\@)4|01010 0010 /010/0/0,6/0)¥\8\u\5 win 1u\6:0,0/6 (8 014/016 \016 0\0| e's 0\6)B[8/n/010)9/0/8) 6/0) 0)0:e\ale/n(e)sieieio’e 

Two important absorptions are found in the infrared spectrum of a typical carboxylic 

acid. One is the C—O stretching absorption, which occurs near 1710 cm™! for carboxylic 

acid dimers. (The IR spectra of carboxylic acids are nearly always run under conditions 

such that they are in the dimer form. The carbonyl absorptions of carboxylic acid mono- 

mers occur near 1760 cm7! but are rarely observed.) The other important carboxylic 

acid absorption is the O—H stretching absorption. This absorption is much broader 

than the O—H stretching absorption of an alcohol or phenol, and covers a very wide 

region of the spectrum—typically 2400-3600 cm7~'. (In many cases this absorption 

obliterates the C—H stretching absorption of the acid.) The carbonyl absorption and 
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Figure 20.2 

wavelength, micrometers 

MA Diss 3) 25) AW ASS 5) Sho) = 6) 7 fy % 110) loa 

100 

vu 

= 80 
i 

cae! O-H 
< stretch 
= 40 
| 
is) 1S 
20 Cat) 
Sy stretch 

0 

3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 

(a) wavenumber, cm~! 

500 400 300 200 100 0 Hz 

proton a 

proton ¢ proton b 
ae 10.5 

H, > 8 7 6 5 4 3 

(b) 

i) i 0 6, ppm 

(a) IR spectrum of propanoic acid. Notice particularly the very broad O—H stretching absorption. 
(b) Proton NMR spectrum of propanoic acid. Notice that the O—H absorption occurs at very low 
field, and that the chemical shifts of the other hydrogens are in about the same positions as shifts of 
the corresponding protons in aldehydes and ketones. 

this broad O—H stretching absorption are illustrated in the IR spectrum of propanoic 
acid (Fig. 20.2a); these absorptions are hallmarks of a carboxylic acid. A conjugated 
carbon-carbon double bond affects the position of the carbonyl absorption much less in 
acids than it does in aldehydes and ketones. A substantial shift in the carbonyl absorption 
is observed, however, for acids in which the carboxy group is on an aromatic ring. Benzoic 
acid, for example, has a carbonyl absorption at 1680 cm7!, 

B. NMR Spectroscopy 

The a-protons of carboxylic acids, like those of aldehydes and ketones, show proton 
NMR absorptions in the 6 2.0-2.5 chemical shift region. The O—H proton resonances 
of carboxylic acids occur at positions that depend on the acidity of the acid and on its 
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concentration. Typically, the carboxylic acid O—H proton resonance is found far down- 

field, in the 5 9-13 region, and in many cases it is broad. It is readily distinguished from 

an aldehydic proton because the acid proton, like an alcohol O—H proton, rapidly 

exchanges with D,O (Sec. 13.6D). The proton NMR spectrum of propanoic acid is shown 

in Fig. 20.2b. 

The CMR absorptions of carboxylic acids are similar to those of aldehydes and 

ketones, although the carbonyl carbon of an acid absorbs at somewhat higher field than 

that of an aldehyde or ketone. 

O O 

| | 
© C 

Owe \ ~OH ae \ CH; 
6 178.1 6 206.7 

6 20.6 6 30.6 

acetic acid acetone 

This is contrary to what is expected from the relative electronegativities of oxygen and 

carbon; electronegative atoms generally cause shifts to lower fields. This unusual chemical 

shift is caused by shielding effects of the unshared electron pairs on the carboxylate 

oxygen. 
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*20.4 Give the structure of the compound with molecular mass = 88 and the following 

spectra. 

Proton NMR: 6 1.2 (6H, d, J = 7 Hz); 6 2.5 (1H, septet, J = 7 Hz); 

6 10 (1H, broad s) 

IR: 2600-3400 cm7! (broad), 1720 cm™! 

20.5 Give the structure of the compound C;H;O0,Cl that has an IR absorption at 

1685 cm7! as well as a strong, broad OH absorption, and the following proton 

NMR spectrum: 6 7.56 (2H, leaning d, f=" 10 Hz) 0.6.00 Qo vleaningsd).) = 

10 Hz); 6 8.27 (1H, broad s, exchanges with D,O) 

*20.6 Explain how you would distinguish between the two isomers a,a-dimethyl- 

succinic acid and adipic acid by (a) CMR; (b) proton NMR. 

The acidity of a carboxylic acid is due to ionization of the O—H group to give the 

conjugate-base carboxylate ion. 
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O O 

/ / . 
RC Stately @) ee } ube + H30 (20.3) 

O—H Or 
carboxylic acid carboxylate ion 

The conjugate bases of carboxylic acids are called generally carboxylate ions. Carboxylate 
salts are named by replacing the ic in the name of the acid (in any system of nomenclature) 
with the suffix ate. 

O O 
VA 1 

CH3-—— x i 

ON On Ka 

sodium acetate potassium benzoate 
(aceti¢ + ate = acetate) 

ts Carboxylic acids are among the most acidic organic compounds; acetic acid, for 
Stupy Gurpe LINK: example, has a pK, of 4.76. This pK, 1s low enough that an aqueous solution of acetic 

¥20.2 acid gives an acid reaction with litmus or pH Paper. 
Bases that React with Carboxylic acids are more acidic than alcohols or phenols, other compounds with Carboxylic Acids 

OH bends, 

increasing acidity ———_—> 

i C;H;—O—H ( )-o-H CH;—C—O—H 

pK, 15.9 9.95 4.76 

The acidity of carboxylic acids is due to two factors. First is the polar effect of the 
carbonyl group. The carbonyl group, because of its sp*-hybridized atoms and the presence 
of oxygen, is a very electronegative group. The carbonyl group is much more electronega- 
tive than the phenyl ring of a phenol or the alkyl group of an alcohol. The polar effect 
of the carbonyl group stabilizes charge in the carboxylate ion. Remember that stabilization 
of a conjugate base enhances acidity (Sec. 3.6B). 

iS The second factor that accounts for the acidity of carboxylic acids is the resonance 
Stupy Guipe Linx: stabilization of their conjugate-base carboxylate ions. 

¥ 20.3 
Resonance Effect On 

Carboxylic Acid . PR en 
Acidity 0: fe 

Cri 6 <—> Ch G (20.4) A \ 
2Oog O 

resonance structures of acetate ion 

Although typical carboxylic acids have pK, values in the 4—5 range, the acidities of 
carboxylic acids vary with structure. Recall, for example (Sec. 3.6B), that halogen substitu- 
tion within the alkyl group of a carboxylic acid enhances acidity by a polar effect. 
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CHE © ©5H FEES CO, {OEIk-—(COalal F;C—CO,H (2035) 

acetic acid fluoroacetic acid difluoroacetic acid __ trifluoroacetic acid 

pK, 4.76 2.66 1.24 ORS 

Trifluoroacetic acid, commonly abbreviated TFA, is such a strong acid that it is often 

used in place of HC] and H,SO, when an acid of moderate strength is required. 

The pK, values of some carboxylic acids are given in Table 20.2, and the pK, values 

of the simple dicarboxylic acids in Table 20.3. The data in these tables give some idea of 

the range over which the acidities of carboxylic acids vary. 

Sulfonic acids are much stronger than comparably substituted carboxylic acids. 

:O: 

[ee p-toluenesulfonic acid 
H3C SU) (TsOH, or tosic acid) 

| a strong acid; pK, ~ —1 
s(O)2 

One reason that sulfonic acids are more acidic than carboxylic acids is the high oxidation 

state of sulfur. The octet structure for a sulfonate anion indicates that sulfur has consider- 

able positive charge. This positive charge stabilizes the negative charge on the oxygens. 

—QO:— sulfonate anion 

octet structure 

Table 20.2 pK, Values of Some Table 20.3 pK, Values of Some 

Carboxylic Acids Dicarboxylic Acids 

Acid@ pK, Acid4 First pK, Second pK, 

formic IoD carbonic 3.58 38 

acetic 4.76 oxalic bg 4.27 

propionic 4.87 malonic 2.86 5.70 

2,2-dimethylpropanoic (pivalic) 5.05 succinic 4.2] 5.64 

acrylic 4.26 glutaric 4.34 pee 

chloroacetic 2.85 adipic 4.4] 5.28 

phenylacetic 4.3] phthalic AOS 5.41 

benzoic 4.18 Kot baredte ane Sree BOGOR OCA UO IOC COO RI NEOLOUONO 

p-methylbenzoic (p-toluic) 4.37 See Table 20.1 for structures. 

p-nitrobenzoic 3.43 

p-chlorobenzoic 3.98 

p-methoxybenzoic (p-anisic) 4.47 

2,4,6-trinitrobenzoic : 0.65 
cece eee e reece eee reser nse seesssessenesssseseeeee 

4 See Table 20.1 for structures. 
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Sulfonic acids are useful as acid catalysts in organic solvents because they are more 
soluble than most inorganic acids. For example, p-toluenesulfonic acid is moderately 
soluble in benzene and toluene and can be used as a strong acid catalyst in those solvents. 
(Sulfuric acid, in contrast, is completely insoluble in benzene and toluene.) 

Many carboxylic acids of moderate molecular mass are not soluble in water. Their 
alkali metal salts, however, are ionic compounds, and in many cases are much more 
soluble in water. Therefore many water-insoluble carboxylic acids dissolve in solutions 
of alkali metal hydroxides (NaOH, KOH) because the insoluble acids are converted 
completely into their soluble salts. 

i i 
R—C—OH + NaOH —» R—C—O:- Nat + H,0 (20.6) 

Even 5% sodium bicarbonate (NaHCO;) solution is basic enough (pH ~ 8.5) to 
dissolve a carboxylic acid. This can be understood from the equilibrium expression for 
ionization of a carboxylic acid RCO>H with a dissociation constant Ke 

= + = [RCOz ][H3;0*] 
(20.7a) [RCO,H] 

or 

Re RCO] 
(20.7b) 

[HEOF] = IRCO, A] 

In order for the carboxylic acid to dissolve in water, it has to be mostly ionized and in 
its soluble conjugate-base form RCO; that is, in Eq. 20.7b, the ratio [RCOZ]/[RCO,H] 
has to be large. As a practical matter, we can say that when this ratio is 100 or greater, 
the acid has been completely converted into its anion. (Of course, there is no pH at 
which the acid exists completely as its anion; but when this ratio is = 100, the concentration 
of acid is negligible.) Since K, is a constant, Eq. 20.7b shows that this ratio can be made 
large by making the hydrogen-ion concentration [H30*] small. In other words, [H;0*] 
must be small in comparison with the K, of the acid. Taking negative logarithms of Eq. 
20.7b gives the following result: 

[RCO; | 
[RCO>H] 

pH — pK, = log (20.7c) 

If [RCO;z]/[RCO,H] is =100, then the logarithm of this ratio is =2. Equation 20.7c 
shows that, for conversion of an acid into its anion, the pH of the solution must be two 
or more units greater than the pK, of the acid. Since 5% sodium bicarbonate solution 
has a pH of about 8.5, and most carboxylic acids have pK, values in the range 4—5, 
sodium bicarbonate solution is more than basic enough to dissolve a typical acid, provided 
of course that enough bicarbonate is present that it is not completely consumed by 
reaction with the acid. 

A typical carboxylic acid, then, can be separated from mixtures with other water- 
insoluble, nonacidic substances by extraction with NaOH, Na,CO3, or NaHCO; solution. 
The acid dissolves in the basic aqueous solution, but nonacidic compounds do not. After 
separating the basic aqueous solution, it can be acidified with a strong acid to yield the 
carboxylic acid, which may be isolated by filtration or extraction with organic solvents. 
(A similar idea was used in the separation of phenols; Sec. 18.6B.) Carboxylic acids can 
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also be separated from phenols by extraction with 5% NaHCO, if the phenol is not one 

that is unusually acidic. Since the pK, of a typical phenol is about 10, it remains largely 

un-ionized and thus insoluble in a solution with a pH of 8.5. (This conclusion follows 

from an equation for phenol ionization analogous to Eq. 20.7c.) 
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SOO >», *20.7 (a) Write the equations for the first and second ionizations of succinic acid. 

_ PROBLEMS @ Label each with the appropriate pK, values from Table 20.3. 

4 (b) Why is the first pK, value of succinic acid lower than the second pK, value? 
a ee 

20.8 Explain why the first and second pK, values of the dicarboxylic acids become 

closer together as the lengths of their carbon chains increase (Table 20.3): 

*20.9 Imagine that you have just carried out a conversion of p-bromotoluene into 

p-bromobenzoic acid and wish to separate the product from the unreacted 

starting material. Design a separation of these two substances that would enable 

you to isolate the purified acid. 

AGROB ATE COTO DO TOCOCCOOT ODD TOUOUOOCU AAC cOLUOOTON OD OCOUOD UID OOOO CUOROCOOUOTCOOCOUD ODOnCOCU DUD OOUOOURDRUURUNCUCOCGURDEUTOUOCUL TORO: OU OGDOULO CCG kid Ns 
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Although we think of carboxylic acids primarily as acids, the carbonyl oxygens of acids, 

like those of aldehydes or ketones, are weakly basic. 

protonated carboxylic acid 
pha = 6 (20.8) 

The basicity of carboxylic acids plays a very important role in many of their reactions. 

Protonation of an acid on the carbonyl oxygen occurs because, as Eq. 20.8 shows, 

a resonance-stabilized cation is formed. Protonation on the carboxylate oxygen is much 

less favorable because it does not give a resonance-stabilized cation, and because the 

positive charge on oxygen is destabilized by the polar effect of the carbonyl group. 

resonance-stabilized not resonance- 
(Eq. 20.8) stabilized; 

does not form 
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(205) Fatty Acids, Soaps, and Detergents 

Carboxylic acids with long, unbranched carbon chains are called fatty acids because many 
of them are liberated from fats and oils by a hydrolytic process called saponification (Sec. 
21.7A). Some fatty acids contain carbon-carbon double bonds. Fatty acids with cis-double 
bonds occur widely in nature, but those with trans-double bonds are rare. The following 
compounds are examples of common fatty acids: 

CH3(CH));4CO,H or CH;CH,CH,CH,CH,CH3¢H,CH»CH,CH,CH,CH,CH,CH,CH,CO,H 

palmitic acid 
(from palm oil) 

CH;3(CH))z penne 

CH3(CH), ),«<CO,H oa 

stearic acid H H 
(Greek, stear, “tallow,” or “beef fat”) 

oleic acid 

The sodium and potassium salts of fatty acids, called soaps, are the major ingredients 
of commercial soap. 

O 

CH3(CH,);,.—C—O7 Nat sodium stearate: a soap 

Soaps are one type of detergent. A detergent is any substance used for cleaning a solid 
object (such as cloth) by immersing it in a liquid solution. Closely related to soaps are 
synthetic detergents. The following compound, the sodium salt of a sulfonic acid, is used 
in household laundry detergent formulations. 

Na* ~O—S (CH2),,CH3 

Many soaps and detergents have not only cleansing properties, but also germicidal 
characteristics. 

Soaps and synthetic detergents are two examples of a larger class of molecules known 
as surfactants. Surfactants are molecules with two structural parts that interact with water 
in Opposing ways: a polar head group, which is readily solvated by water, and a hydrocarbon 
tail, which, like a long alkane, is not well solvated by water. In a soap, the polar head 
group is the carboxylate anion, and the hydrocarbon tail is obviously the carbon chain. 
The soap and the detergent shown above are examples of anionic surfactants, that is, 
surfactants with an anionic polar head group. Cationic surfactants are also known: 

CH, 

‘ benzylcetyldimethylammonium chloride EuGrip—N (Ch Cer Ole benzalkonium chloride 
| a cationic surfactant and germicide 
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nnn OE single surfactant molecule 

charged polar head group 

lt Pe (with counterions) 

oi, 
7ON nonpolar tail 

Schematic diagram of micelle structure. Each micelle contains 50-150 molecules and is approxi- 

mately spherical. Notice that the polar head groups within the micelle are directed outward toward 

the solvent water, and that the nonpolar tails interact with each other and are isolated from water 

within the interior of the micelle. 

Although small amounts of surfactant molecules dissolve in water, when the surfac- 

tant concentration is raised above a certain value, called the critical micelle concentration 

(CMC), the surfactant molecules spontaneously form micelles, which are approximately 

spherical aggregates of 50-150 surfactant molecules (Fig. 20.3). Think of a micelle as a 

large ball in which the polar head groups are exposed on the outside and the nonpolar 

tails are buried on the inside. The micellar structure satisfies the solvation requirements 

of both the polar head groups, which are close to water, and the “greasy groups” —the 

nonpolar tails—which associate with each other on the inside of the micelle. (Recall 

“like-dissolves-like”; Sec. 8.4B.) 

The detergent properties of surfactants are easy to understand once the rationale 

for the formation of micelles is clear (Fig. 20.4). When a fabric with greasy dirt is exposed 

Figure 20.4 

ox 

grease on cloth fibers clean fibers grease trapped in micelle 

Schematic description of the detergent action of a surfactant. (The size of the surfactant micelle 1s 

greatly enlarged.) Dirt (grease) is extracted from the fibers into the “greasy” interior of the micelle. 
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to an aqueous solution containing micelles of a soap or detergent, the dirt associates with 
the “greasy” hydrocarbon chains on the interior of the micelle and is incorporated into 
the micellar aggregate. Then the dirt is lifted away from the surface of the fabric and 
carried into solution. The antiseptic action of some surfactants owes its success to a 
similar phenomenon. A cell membrane—the envelope that surrounds the contents of the 
cell—is made up of molecules, called phospholipids, which are also surfactants (Sec. 
21.12B). When the bacterial cell is exposed to a solution containing a surfactant, phospho- 
lipids of the cell membrane tend to associate with the surfactant. In some cases this 
disrupts the membrane enough that the cell can no longer function, and it dies. 

So-called hard water disrupts the cleaning action of detergents, and causes the forma- 
tion of a scum when mixed with soaps. Hard water contains Ca2*+ and Mg’* ions. Hard- 
water scum (“bathtub ring”) is a precipitate of the calcium or magnesium salts of fatty 
acids, which (unlike the sodium and potassium salts) do not form micelles and are 
insoluble in water. These offending ions can be solubilized and removed by complexation 
with phosphates. Phosphates, however, have been found to cause excessive growth of 
algae in rivers and streams, and their use has been curtailed (thus, “low-phosphate 
detergents”). Unfortunately, no completely acceptable substitute for phosphates has yet 
been found. 

Surfactants are used not only in “soap-and-water”-type cleaning operations. They 
are also extremely important as components of fuels and lubricating oils. For example, 
detergents in engine oils assist in keeping deposits suspended in the oil and thus prevent 
them from building up on engine surfaces. 

Synthesis of Carboxylic Acids 

Two reactions covered in previous chapters are important for the preparation of carboxylic 
acids: 

1. Oxidation of primary alcohols and aldehydes (Secs. 10.6B, 19.14) 
2. Side-chain oxidation of alkylbenzenes (Sec. 17.5) 

Ozonolysis (Sec. 5.4) can also be used to prepare carboxylic acids, although it is less 
important because it breaks carbon-carbon bonds. 

Another important method for preparation of carboxylic acids is the reaction of 
Grignard reagents with carbon dioxide, followed by protonolysis. Typically the reaction 
is run by pouring an ether solution of the Grignard reagent over crushed dry ice. 

CH; CHAO 
! CH CH,CHMgBr + CO, ——> = 9h CH. CH= 60s anns 

(76-86% yield) 

Carbon dioxide is itself a carbonyl compound. The mechanism of this reaction is 
much like that for Grignard additions to other carbonyl compounds (Sec. 19.9). 

Addition of the Grignard reagent to carbon dioxide gives the bromomagnesium salt 
of a carboxylic acid. When aqueous acid is added to the reaction mixture in a separate 
reaction step, the free carboxylic acid is formed. 
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SO)R 3) 

oe ee | oo H or | o- 4 

O=C+O —» R—C—O: *MgBr —*—> R—C—OH + Mg" + Br” (20.10) 

bromomagnesium salt a carboxylic 
R— MgBr of a carboxylic acid acid 

Notice that the reaction of Grignard reagents with CO,, unlike the other reactions 

listed at the beginning of this section, is another method for forming carbon-carbon 

bonds. (Be sure to review the others; Appendix V.) 

All of the methods used for preparing carboxylic acids are summarized in Appendix 

IV. A number of these are discussed in the next two chapters. 
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SE Om 20.10 Outline a synthetic scheme for each of the following transformations. 

PROBLEM 2 *(a) cyclopentanecarboxylic acid from cyclopentanol 

~S ae (b) octanoic acid from 1-heptene 
a 
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The reactions of carboxylic acids can be categorized into four types. 

1. Reactions at the carbonyl group 

2. Reactions at the carboxylate oxygen 

3. Loss of the carboxy group as CO, (decarboxylation) 

4 . Reactions involving the a-carbon 

The most typical reaction at the carbonyl group is substitution at the carbonyl carbon. 

Let E—Y be a general reagent in which E is an electrophilic group (for example, a 

hydrogen) and Y is a nucleophilic group. Typically the —OH of the carboxy group is 

substituted by the group —Y. 

O O 

R—C—OH + E—Y ~ = R—C-Y + HO—E (20.11) 

Another reaction at the carbonyl group of carboxylic acids and their derivatives is 

reaction of the carbonyl oxygen with an electrophile (Lewis acid or Bronsted acid), that 

is, the reaction of the carbonyl oxygen as a base: 

as :O—E ese 
ee Wat ee 

Rea Smelt eas iro) ELS re © | a 20) 12) 

One such reaction, protonation of the carbonyl oxygen, was discussed in Sec. 20.4B. 

Many substitution reactions at the carbonyl carbon are acid-catalyzed; that is, the reactions 

of nucleophiles at the carbonyl carbon are catalyzed by the reactions of acids at the 

carbonyl oxygen. 
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You've already studied one reaction at the carboxylate oxygen: the ionization of 
carboxylic acids (Sec. 20.4A): 

H(@)8 BION :O:- 

: . hen 164 eres 
R—C—O—H+H,0: «= |R—C—O:- <—>» R—C=0O: cid O's (20.13) eh 

Another general reaction involves reaction of the carboxylate oxygen as a nucleophile 
(Y:~ = halide, sulfonate ester, or other leaving group). 

O O 
| <9) 4 | oe , > 

RoC Ocna. EXY 5 ae C—O Bey (20.14) 

R—C—O—H —> R—H + 0O=C—=O0 (20.15) 

This reaction is more important for some types of carboxylic acids than for others (Sec. 
20511): 

This chapter concentrates on the first three types of reactions—reactions at the 
carbonyl group, reactions at the carboxylate oxygen, and decarboxylation. Chapter 21 
considers for the most part reactions at the carbonyl group of carboxylic acid derivatives. 
Chapter 22 takes up the fourth type of reaction—reactions involving the a-carbon—for 
both carboxylic acids and their derivatives. 

Conversion of Carboxylic Acids into Esters 
te tien Se aco Begin’ DUCOCCCECOCICAOS OC RO COODCIOH0COCDOROCH CCOCOGOTCSUMCGOT TOD IrCC HADOOU AU DOR DOGADFETOSOnGCBGE SeSnGcrcr, 

Be re in aad ane eicueraie, 98 *\*i¢lnfese)e]es}ale)a)a[a\e\a{etale) fele\ale/ajarbse\aje/a)a{a’aiele («01K ieTs{a(sleisfa\s|aie/elele elefelelais(n’s di eieis)aialo[eie'alcielelielevere tisialeceiaciets cece 

Esters are carboxylic acid derivatives with the following general structure: 

O 

R= €--O— hy (R = H, alkyl, or aryl; R’ = alkyl or aryl) 

When a carboxylic acid is treated with a large excess of an alcohol in the presence 
of a strong acid catalyst, an ester is formed. 

O O 
yt 

C—OH + CH,;0H —?-4 C—OGH. + HO (20.16) 

3 methanol 
benzoic acid methyl benzoate 

(an ester; 85-95% yield) 

This reaction is called acid-catalyzed esterification, or sometimes Fischer esterification 
after the great German chemist Emil Fischer (1852-1919), 

2) 
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The equilibrium constants for esterifications with most primary alcohols are near 

unity; for example, the equilibrium constant for the esterification of acetic acid with ethyl 

alcohol is 3.38. The reaction is driven to completion by applying LeChatelier’s principle. 

Use of the reactant alcohol as the solvent, which ensures that it is present in large excess, 

drives the equilibrium toward the ester product. 

Acid-catalyzed esterification cannot be applied to the synthesis of esters from phenols 

or tertiary alcohols. Tertiary alcohols undergo dehydration (Sec. 10.1) and other reactions 

under the acidic conditions of the reaction, and the equilibrium constants for esterification 

of phenols are much less favorable than those for esterification of alcohols by a factor of 

about 10‘. Although it is possible in principle to drive the esterification of phenols to 

completion, there are simpler ways for preparing esters of both phenols and tertiary 

alcohols that are discussed in Chapter 21. 

A very important question relevant to the mechanism of acid-catalyzed esterification 

is whether the oxygen of the water liberated in the reaction comes from the acid or the 

alcohol. 

O 

O Ph— C—OCHa, HO (20.17a) 

| 2 or 
Ph—C—OH + CH;— OH 0 

Ph—C—OCH; + H30°  (20:17b) 

This question was answered in 1938, when it was found, using the '°O isotope to label 

the alcohol oxygen, that the OH of the water produced comes exclusively from the 

carboxylic acid. Acid-catalyzed esterification is therefore a substitution of —OH at the 

carbonyl group of the acid by the oxygen of the alcohol (Eq. 20.17a). Thus, acid-catalyzed 

esterification is an example of substitution at a carbonyl carbon. 

The mechanism of acid-catalyzed esterification is very important, for it serves as a 

model for the mechanisms of other acid-catalyzed reactions of carboxylic acids and their 

derivatives. In the mechanism that follows, the formation of a methyl ester in the solvent 

methanol is shown for concreteness. The first step of the mechanism is protonation of 

the carbonyl oxygen (Sec. 20.4B): 

ap ey el! 
: 1 Satna’ H “Seu ; : fre 

R—C—OH Ju Fie WEA OW ap HOCH; (20.18a) 

conjugate acid protonated 
of the solvent carboxylic acid 

The catalyzing acid is the conjugate acid of the solvent. Notice that this is the actual acid 

present when a strong acid such as H,SO, is dissolved in methanol. 

Recall (Sec. 19.7A) that protonation of a carbonyl oxygen makes the carbonyl carbon 

more electrophilic because the carbonyl oxygen becomes a better electron acceptor. The 

carbonyl carbon of a protonated carbonyl group 1s electrophilic enough to react with the 
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weakly basic methanol molecule. Attack of methanol on the carbonyl carbon, followed 
by loss of a proton, gives a tetrahedral addition intermediate. 

| 
R—C—OH ~~ R—C—OH = = R—C—OH + HOCH, (20.188) 

= + 
HOCH; ciOCH, : OCH; 

| tetrahedral 
H art addition 

H 6 CH, intermediate 

Formation of the tetrahedral addition intermediate is essentially the same reaction as the 
acid-catalyzed reaction of an alcohol with a protonated aldehyde or ketone to form a 
hemiacetal (Sec. 19.10A). The tetrahedral addition intermediate, after protonation, loses 
water to give the conjugate acid of the ester: 

OH On a 
Samet om 

GO —————— G O Int aac 

| | + 
OCH; OCH; 

+ HOCH; 

:OH :OH +OH 
| SP l R= S005, == R—C==OCH; <—> R—C—OCH;|]+H—GH — Qoise) ue O — 

conjugate acid of the ester 

Loss of a proton gives the ester product. 

in 
Nee at oO H 

R—C—OCH; H =» R—C—OCH; + HOCH, 
+ 

The acid catalyst is also regenerated in this step. 
Notice that the mechanism of esterification is an extension of the mechanism of carbonyl 

addition. In esterification, a nucleophile attacks the carbonyl carbon, just as in carbonyl- 
addition reactions (Sec. 19.7A, Fig. 19.8), and an addition compound is formed. In 
esterification, however, the addition compound—the tetrahedral addition intermedi- 
ate—reacts further; the —OH group from the carboxylic acid, after protonation, is 
expelled from-the addition compound, and a carboxylic acid derivative, an ester, is 
formed. 

Esterification illustrates a very general mechanistic pattern that occurs in many 
substitution reactions of carboxylic acids and their derivatives. An addition intermediate 
is formed, and a leaving group —X is expelled from this intermediate to give a new 
carboxylic acid derivative. 
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can act as a 

leaving group 

O OH O 
| 

R—C—xX + Y—H —~ aa SSS RSC Pe OI! (20.19a) 

iY. 

tetrahedral 
addition 

intermediate 

In other words, substitution at a carbonyl carbon is really a sequence of two processes: 

addition to the carbonyl group followed by elimination to regenerate the carbonyl group. 

Note that although esterification is catalyzed only by acids, a number of other 

carbonyl-substitution reactions, like carbonyl-addition reactions, are base-catalyzed. Sev- 

eral reactions of this type are discussed in Chapters 21 and 22. 

Why don’t aldehydes and ketones undergo substitution at their carbonyl carbons? 

When a nucleophile attacks the carbonyl carbon of an aldehyde or ketone, neither of the 

groups attached to the carbonyl carbon can act as a leaving group. 

O OH 

! | 
R= (CIR 4b VT eS IRC (20.19b) 

| | 
cannot act as 
leaving group 

The reason is that the H— or the R— group of an aldehyde or ketone, in order to act 

as a leaving group, would be expelled as H:~ or R*~, respectively, either of which is a 

very strong base. This cannot occur because in carbonyl-substitution reactions, as in Sy2 

and Syl reactions, the best leaving groups are generally the weakest bases (Secs. 9.4E, 

9.6C). In contrast, one of the groups attached to the carbonyl carbon of a carboxylic acid 

: derivative is either a weak base, or (as in the case of esterification, Eq. 20.18c), is converted 
Stupy GuIDE LINK: aa: oe : 

36%, by protonation into a weak base; in either case, such a group can act as a good leaving 

Orthoesters group, and substitution results. 

BR 8 ABO de OO DOC CDOO DIU DOO CONDOUSOODADODORGOUCOCOAO CO COUD ODOC ODUCOS An GO SOc oO CODD DUD ECAC UO NOUS CCD O ODOR OUG COLO LUO.) INOS Na ae 5 

20.11 Give the structure of the product formed when 

*(a) adipic acid is heated in a large excess of 1-propanol (as solvent) with a 

sulfuric acid catalyst. 

(b) 3-methylhexanoic acid is heated with a large excess of ethanol (as solvent) 

with a sulfuric acid catalyst. 

Re 
Sesh 

*20.12 (a) Using the principle of microscopic reversibility, give a detailed mechanism 

for the acid-catalyzed hydrolysis of methyl benzoate (structure in Eq. 20.16) 

to benzoic acid. 

(b) How would you change the reaction conditions of acid-catalyzed esterifica- 

tion to favor ester hydrolysis rather than ester formation? 
(Problem 20.12 continues ) 
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(c) The hydrolysis of methyl benzoate is also promoted by ~OH. Write a 

mechanism for the hydrolysis of methyl benzoate in NaOH solution. 

(d) Methyl benzoate cannot be prepared from benzoic acid and methanol con- 

taining sodium methoxide (Na* CH;07 ) because the acid reacts with meth- 

oxide in another way. What is this reaction? 

The esterification discussed in the previous section involves attack of a nucleophile at 
the carbonyl carbon. This section considers a different method of forming esters that 
illustrates another mode of carboxylic acid reactivity: nucleophilic reactivity of the carbox- 
ylate oxygen. 

When a carboxylic acid is treated with diazomethane in ether solution, it is rapidly 
converted into its methyl ester. 

O 

a ate ether CH;(CH,)4CH—=CH—C—OH + :CH,—N=n: —<ther, 

2-octenoic acid diazomethane 

O 

CH3(CH,)4CH=CH—C—OCH, + :N=N: (20.20) 

methyl 2-octenoate 
(91% yield) 

Diazomethane, a toxic yellow gas (bp = —23°), is usually generated chemically as it 
is needed and is codistilled with ether into a flask containing the carboxylic acid to 
be esterified. Diazomethane is both explosive and allergenic, and is therefore only 
used in small quantities. Nevertheless, esterification with diazomethane is so mild 
and free of side reactions that in many cases it is the method of choice for the syn- 
thesis of methyl esters, particularly in small-scale reactions. 

The acidity of the carboxylic acid is important in the mechanism of this reaction. 
Protonation of diazomethane by the carboxylic acid gives the methyldiazonium ion. 

O 

amp aaa arsed. ? ‘ 
R-=G@_O—- Hh =: CH, —N=N y= RoC = OF Ce, N=N: (20.21a) 

O 

methyldiazonium ion 

This ion has one of the best leaving groups, molecular nitrogen. An Sy? reaction of the 
methyldiazonium ion with the carboxylate oxygen results in the displacement of N, and 
formation of the ester. 

7 O 

fi tae re — = R--C— 0O— Cee NN: (20.21b) 
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Carboxylate ions are less basic, and therefore less nucleophilic, than alkoxides or 

phenoxides, but they do react with especially reactive alkylating agents. The methyl- 

diazonium ion formed by the protonation of diazomethane is one of the most reactive 

alkylating agents known. Notice, though, that it is the acid that reacts with diazomethane, 

because the acid is required to protonate diazomethane in the first step of the reaction. 

The nucleophilic reactivity of carboxylates is also illustrated by the reaction of certain 

alkyl halides with carboxylate ions. 

O O 

| 
iS =. CH, (EG — CH; 

AACE ae Cr + CH,;—I paesiolesS C1 ae ISIC Oe =e KI (20.22) 

C—O C+ OGH, 

O O 

2-acetylbenzoic acid methyl 2-acetylbenzoate 
(65% yield) 

This is an Sy2 reaction in which the carboxylate ion, formed by the acid-base reaction 

of the acid and K,COs, acts as the nucleophile that attacks the alkyl halide. Because 

carboxylate ions are such weak nucleophiles, this reaction works best on alkyl halides 

that are especially reactive in Sy2 reactions, such as methyl iodide and benzylic or allylic 

halides (Sec. 17.4). 

Let’s contrast the esterification reactions above with acid-catalyzed esterification in 

Sec. 20.8A. In all of the reactions discussed in this section, the carboxylate oxygen of the 

acid acts as a nucleophile. This oxygen is alkylated by an alkyl halide or diazomethane. In 

acid-catalyzed esterification, the carbonyl carbon, after protonation of the carbonyl oxygen, 

acts as an electrophile (a Lewis acid). The nucleophile in acid-catalyzed esterification is 

the oxygen atom of the solvent alcohol molecule. 

MS BR SRE BEORCISDOCODIOCOOOCD OCD DOCOCODC HOC OCUTDODOUDONCOCCCUOOOD OO UEOR DOC O: OU UIE OOOOOUL. SU uIC URC CUE Cr FRC EL II OTS UT a ah A tae a ES 

20.13 Give the structure of the ester formed when 

*(a) isobutyric acid reacts with diazomethane in ether; 

(b) succinic acid reacts with a large excess of diazomethane in ether; 

*(c) isobutyric acid reacts with benzyl bromide and K,CO; in acetone; 

(d) benzoic acid reacts with allyl bromide and K,CO; in acetone. 

- PROBLEMS ~ 

*20.14 — Tert-butyl esters can be prepared by the acid-catalyzed reaction of 2-methylpro- 

pene (isobutylene) with carboxylic acids. 

O HC O CH; 

| bth | | 
CH,;,—C—OH + Ca—- GH: a CH.-—C—_O—C—_CH 

(pressure) | 

acetic acid H3C CH, 

2-methylpropene tert-butyl acetate 
_ (isobutylene) ( 8500 yield) 

(Problem 20.14 continues ) 
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(a) Suggest a mechanism for this reaction that accounts for the role of the acid 

catalyst. (Hint: See Sec. 4.7B.) 

(b) Would you classify this esterification reaction mechanistically as one that 

is related to acid-catalyzed esterification, or one that is related to the reac- 

tions in Sec. 20.8B? Explain. 

20.9 Conversion of Carboxylic Acids 

esis?” into Acid Chlorides and Anhydrides 

A. Synthesis of Acid Chlorides 

Acid chlorides are carboxylic acid derivatives with the following general structure: 

O 

! 
R=C—ClL (R= H, alkyl, or aryl) 

Acid chlorides are invariably prepared from carboxylic acids. Two reagents used for this 
purpose are thionyl chloride, SOCI,, and phosphorus pentachloride, PCls. 

O O 

! ! 
CH; CH, CH,.C—OH == SOG > CH. CH Gh C— Clave HCl: sO, (20.23) 

butyric acid thionyl butyryl chloride 
chloride (an acid chloride; 

85% yield) 

] O 

! 
on \—c—on pi aPC > on cma + POC] + HCl — (20.24) 

phosphorus 
p-nitrobenzoic acid pentachloride p-nitrobenzoyl chloride 

(90-96% yield) 

t Notice that acid chloride synthesis fits the general pattern of substitution at a carbonyl 
Srupy Guipe Link: group; in this case, —OH is substituted by —Cl. 

/ 20.6 
Mechanism of Acid O O 
Chloride Formation | l 

R—C—O0OH ——> R—Cc=—€4 (20.25) 

Notice also that thionyl chloride is the same reagent used for making alkyl chlorides from 
alcohols (Sec."10.3D), a reaction in which —OH is replaced by —Cl at the carbon of 
an alkyl group. 

" As discussed in Chapter 21, acid chlorides are very reactive and for this reason are 
Stupy Gurpe LINK: very useful for the synthesis of other carbonyl compounds. 

v 20.7 Sulfonyl chlorides, the acid chlorides of sulfonic acids, are prepared by treatment of 
More on Synthetic LY sulfonic acids or their sodium salts with PCl.. 

Equivalents : 
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] O 

| 
CH,;,—S—O7 Nat + PCl; —~> CH,—S—Cl + POC + NaCl (20.26) 

! ! 
O phosphorus O 

pentachloride 

sodium methanesulfonyl 

methanesulfonate chloride 
(85% yield) 

Aromatic sulfonyl chlorides can be prepared directly by the reaction of aromatic 

compounds with chlorosulfonic acid. 

O O 

20=05° 
to ACIS Og) S—Cl + H,SO, + HCl (20.27) 

! 
O O 

benzene 
chlorosulfonic benzenesulfonyl 

acid chloride 
(73-77% yield) 

This reaction is a variation of aromatic sulfonation, an electrophilic aromatic substitution 

reaction (Sec. 16.4D). Chlorosulfonic acid, the acid chloride of sulfuric acid, acts as an 

electrophile in this reaction just as SO; does in sulfonation. 

€ \-u ap (Cli SOy)sl == C )-sout ap Je) (20.28a) 

chlorosulfonic 

benzene acid benzenesulfonic acid 

The sulfonic acid produced in the reaction is converted into the sulfonyl chloride by 

reaction with another equivalent of chlorosulfonic acid. 

O 

| 
S—OH + Cl—SO,H — > scl HO—SO3H (20.28b) 

| (excess) 
O sulfuric acid 

benzenesulfonic benzenesulfonyl 

acid chloride 

This part of the reaction is analogous to the reaction of a carboxylic acid with thionyl 

chloride (Eq. 20.23). 

A ADRS Op BHO aEB DODO CEC OCR CROCCO COOCOTCEEEOCOICTICRODGn OO OOOO gO CACO UNG GIH CATR O OOO DTIRRO DONC OCIIOO ai MARIO UO IG 7 ALLEN EI SEES Sid IIS see 

LE Pm 20.15 Draw the structures of the acid chlorides derived from *(a) 2-methylbutanoic 

acid; (b) p-methoxybenzoic acid; *(c) 1-propanesulfonic acid. 

20.16 Give the structure of the acid chloride formed in each of the following 

transformations. 

*(a) sodium ethanesulfonate + PC]; ——> 

(b) benzoic acid + SOClL —~> 
(Problem 20.16 continues ) 
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*(c) toluene + excess chlorosulfonic acid —~> 

(d) chlorobenzene + excess chlorosulfonic acid ——> 

*20.17 Outline a synthesis of the following compound from benzoic acid and any other 
reagents, 

i 
CH;0 c{) 

) (Hint: See Study Guide Link 20.7. 

Ree Ga CUR (Re alkyl, onary) 

The name anhydride, which means “without water,” comes from the fact that an anhydride 
reacts with water to give two equivalents of a carboxylic acid. 

o) O ] ] 

R—C—O—C—R.+ H,O0 —» R—C—OH + HO—C—R (20.29) 
an anhydride 

The name anhydride also graphically describes the way that anhydrides are prepared: 
treatment of carboxylic acids with strong dehydrating agents. 

O 

2CF;— C— OH = P,Os = gs 

trifluoroacetic phosphorus 
acid pentoxide 

io 
CF; — C—O—C— CF, + complex phosphates (20.30) 

trifluoroacetic anhydride 
(74% yield) 

Phosphorus pentoxide (actual formula P,O,,) is an extremely hygroscopic white 
powder that reacts violently with water. It is also used as a potent desiccant. This 
compound is a complex anhydride of phosphoric acid, because it gives phosphoric 
acid when it reacts with water. 

Most anhydrides may themselves be used to form other anhydrides. (As noted above, 
POs Is an inorganic anhydride that is used to form anhydrides of carboxylic acids.) In 
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the following example, a dicarboxylic acid reacts with acetic anhydride to form a cyclic 

anhydride—a compound in which the anhydride group is part of a ring: 

O 

CH,—C—OH ] 1 

nae + CH,;—C—O—C—CH;,; —> 

CH,—C—OH acetic anhydride 
I 

fB-methylglutaric acid 

p 

CH,—C O 
7 \ | 

Cllla—= Cll ©) + 2¢E.— C—O (20.31) 

Clb —=C 

\ 
O 

fB-methylglutaric anhydride 
(>90% yield; a cyclic anhydride) 

Phosphorus oxychloride (POCI,) and POs (Eq. 20.30) can also be used for the formation 

of cyclic anhydrides. Cyclic anhydrides containing five- and six-membered anhydride rings 

are readily prepared from their corresponding dicarboxylic acids. Compounds containing 

either larger or smaller anhydride rings generally cannot be prepared this way. Formation 

of cyclic anhydrides with five- and six-membered rings is so facile that in some cases it 

occurs on heating the dicarboxylic acid. 

O O 
! 

Ge Or @ 
\ 

Ci Se, Cr 72 + H,O (20.32) 

. —OH 1 

O O 

phthalic acid phthalic anhydride 

This reaction, like many other carboxylic acid reactions that have been discussed, 

fits the pattern of substitution at the carbonyl carbon: the —OH of one carboxylic acid 

( molecule is substituted by the acyloxy group (color) of another. 

Srupy GuipE LINK: 

420.8 O O O . 
Mechanism of | 

=a) 

Anhydride Formation Re 6 Ponte tO 2 Ree eR =O -C—R (20.33) 

ac yloxy 

group 
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Anhydrides, like acid chlorides, are used in the synthesis of other carboxylic acid 

derivatives (Sec. 21.8B). 

meee eee eee eee eee eee HEHEHE HHH HEE EEE H HEHEHE HES EHESEEEEHESEEES 

~ 20.18 Complete each of the following reactions by giving the structure of the organic 

PROBLEMS ~ product. 
f *(a) a-chloroacetic acid + P,O0, ——> 

(b) p-chlorobenzoic acid + P,;O;_ —> 

20.19 *(a) Fumaric and maleic acids (Table 20.1) are E,Z-isomers. One forms a cyclic 

anhydride on heating and one does not. Which one forms the cyclic anhy- 

dride? Explain. 

(b) Which one of the following compounds forms a cyclic anhydride on heating: 

a-methylmalonic acid or 2,3-dimethylbutanedioic acid? 

When a carboxylic acid is treated with lithium aluminum hydride, LiAlH,, then dilute 
acid, a primary alcohol is formed. 

O 

2CHSCHLCHG = OM Li AI ee ae OCC CHC == OL ee 

CH; CH; 

2-methylbutanoic acid 2-methyl-1-butanol 
(83% yield) 

This is an important method for the preparation of primary alcohols. 

Before the reduction itself takes place, LiAIH,, a source of the very strongly basic 
hydride ion (H:~), reacts with the acidic hydrogen of the carboxylic acid to give the 

lithium salt of the carboxylic acid and one equivalent of hydrogen gas. 

O: Lit -O: Lit 

R—C+O+H H+AIH; —» R—C=O +H, + AIH; (20.35a) 

The lithium salt of the carboxylic acid is the species that is actually reduced. 
The reduction occurs in two stages. In the first stage, the AIH; formed in Eq. 20.35a 

reduces the carboxylate ion to an aldehyde. The aldehyde is rapidly reduced further to 
give, after protonolysis, the primary alcohol (Sec. 19.8). 

O O 
AIH, (from | 

R—C—O7 Lit S37, p—c—yH UA, 10" Rp CHLOH 20.350) 
4 Because the aldehyde is more reactive than the carboxylate salt, it cannot be isolated. 

Stupy Guipe Link: Notice that the LiAIH, reduction of a carboxylic acid incorporates two different 
20.9 types of carbonyl reactions. The first is a net substitution at the carbonyl carbon to give 

Mechanism of the 
LiAIH, Reduction of 

Carboxylic Acids 

the aldehyde intermediate. The second is an addition to the aldehyde. 
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O O OH 

ne = (015 (substitution) ee er (addition) a (20.36) 

| 
H 

Many of the reactions of carboxylic acid derivatives discussed in Chapter 21 also fit the 

same pattern of addition followed by substitution. 

Note that sodium borohydride, NaBH,, another important hydride reducing agent 

(Sec. 19.8), does not reduce carboxylic acids, although it does react with the acidic 

hydrogens of acids in a manner analogous to Eq. 20.35a. 

The LiAIH, reduction of carboxylic acids can be combined with the Grignard synthe- 

sis of carboxylic acids (Sec. 20.6) to provide a one-carbon chain extension of carboxylic 

acids, as illustrated by the following study problem. 

OEIC TE SOU HCTIGDOOCOCOHATTOC CC RTIO CISD ARCTIA GUO A DIDI UNODHORIGHCNOIOT SODA CTC TUCO OLE OTIC TIDY Y IO ICZM FIT ITA: AKITA iE Mel sd li ESTA) AA! alas ra al 

Fatty acids containing an even number of carbon atoms are readily obtained from natural 

sources, but those containing an odd number of carbons are relatively rare. Outline a 

synthesis of the rare tridecanoic acid, CH3;(CH»),9CH,CO,H, from the readily available 

lauric acid (see Table 20.1). 

Solution The problem requires the synthesis of a carboxylic acid with the addition of 

one carbon atom to a carbon chain. The Grignard synthesis of carboxylic acids will 

accomplish this objective: 

1) Mg, ether 

2) CO,, then H;0* 

1-bromododecane tridecanoic acid 

CH3(CH>),9CH2Br > CH;3(CH,),9CH2,CO2H 

The required alkyl bromide, 1-bromododecane, comes from treatment of the correspond- 

ing alcohol with concentrated HBr; and the alcohol in turn comes from the LiAlH, 

reduction of lauric acid: 

CH;(CH,),9CO.H Sa CHs(CHs CH. OH = wr Gry) @LUbr 
3 

lauric acid 1-dodecanol 1-bromododecane 

BET erie creme eee aleie nin'el sis ais\eiele\elelololajela ela (dle Sle wlelele vieisie.s(Sleleie/aieloieinlejvielslo idea eikinse.s)5,0inia)9 wi nisis
 ie eipieine alias nieia 8\4 em elnial sis sein ONe ¥ies elec ieisie cele cpa nie Pines 6S ak iC aie: Pere aren eesti ak 

er, 20.20 Give the structure of a compound with the indicated formula that would give 

the following diol in a LiAIH, reduction followed by protonolysis. PROBLEMS _ 

haa” 
HOCH, <)- CH,OH 

*(a) CsH,O3 (b) CgH.O4 

20.21 Propose reaction sequences for each of the following conversions: 

*(a) benzoic acid into 3-phenyl-1-propanoic acid 

(b) benzoic acid into phenylacetic acid, PhCH,CO,H 

Pe Ne eae meee trey tere aiclyis ots oiaisisieie sisimie\n bl sla[sia\aieiniofclale)s\sjnistaies)siolelejejnininis sisldie’s(visre.sre'sinisis sisie#\e)e#10,0/0/a\vieislewiatines.e.sie wis citieiesieiticiacs tees ¢< ee eric SS S56 Eee iene 
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Decarboxylation of Carboxylic Acids 

R—C—O—H > R—H + O—=C =O (20.37) 

Although decarboxylation is not an important reaction for most ordinary carboxylic acids, 

certain types of carboxylic acids are readily decarboxylated. Among these are 

1. B-keto acids 

2. malonic acid derivatives 

3. carbonic acid derivatives 

B-Keto acids—carboxylic acids with a keto group in the B-position—readily decar- 
boxylate at room temperature in acidic solution. 

+ CO; (20.38) 

acetoacetic acid 

(a B-ketoacid) 

Decarboxylation of a B-keto acid involves an enol intermediate that is formed by an 
internal proton transfer from the carboxylic acid group to the carbonyl oxygen atom of 
the ketone. The enol is transformed spontaneously into the corresponding ketone (Sec. 
14.5A). 

OH O 

oe Ne , A i 
e S So HOC) CH ee te es CH ene, 

H3C Zz See | So acetone enol acetone 

The acid form of the B-keto acid decarboxylates more readily than the conjugate-base 
carboxylate form because the latter has no acidic proton that can be donated to the 
B-carbonyl oxygen. In effect, the carboxy group promotes its own removal! 

Malonic acid and its derivatives readily decarboxylate upon heating in acidic solution. 

HO;C _COrH Hee EOC. 
ia San CHa COs (20.40) 

CH; CH; 

a-methylmalonic acid propionic acid 

This reaction, which also does not occur in base, bears a close resemblance to the 
decarboxylation of B-keto acids, because both types of acids have a carbonyl group B to 
the carboxy group. 
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i 1 
B a B a 

malonic acid a B-keto acid 

Because decarboxylation of malonic acid and its derivatives requires heating, the 

acids themselves can be isolated at room temperature. 

Carbonic acid is unstable and decarboxylates spontaneously in acidic solution to 

carbon dioxide and water. (Carbonic acid is formed reversibly when CO) is bubbled into 

water; carbonic acid gives carbonated beverages their acidity, and CO) gives them their 

etizze ) 
O 

l CO LEILO rare =f (20.41) 

Ose Or OE ac 

carbonic acid 

Similarly, any carbonic acid derivative with a free carboxylic acid group will also decarbox- 

ylate under acidic conditions. 

O 

H,0* 
roe Sa =~ CREO ae (OO (20.42) 

CH30 OH 

methyl carbonate 

O 

| H,0+ H.0* + 
ees. > GOn NT a NL (20.43) 

H,N OH 

carbamic acid 

Under basic conditions, carbonic acid is converted into its salts and does not decarbox- 

ylate. These salts—sodium bicarbonate (NaHCO;) and sodium carbonate (Na,CO;)—are 

familiar stable compounds. 

Carbonic acid derivatives in which both carboxylate oxygens are involved in ester 

or amide formation are stable. Dimethyl carbonate (a diester of carbonic acid) and urea 

(the diamide of carbonic acid) are examples of such stable compounds. Likewise, the 

acid chloride phosgene is also stable. 

O O 1@) 

ee. C 
GEO; POGH SHIN: MaNH Cle Cl 
dimethyl carbonate urea phosgene 

ee ees ean mone IN eEaTe crave wrote latatelcjaleteie’afele nial sielsio eretorelolsiaioraienvi ciel ¥ie\era sie pie nlossia(aisisie/einielsieia\elelols)e/
aisisieisle <\e"vlele sieleielasisjeisiecinieeeisiele/s eieie tisisieisielaeisie/e€ 06.6 6)8S 515/95 oor eS 

*20.22 Give the product expected when each of the following compounds is treated 

with acid. ~ 

(Problem 20.22 continues ) 
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(c) C;H;—NH—CO; Nat 

20.23 Give the structures of all the B-keto acids that will decarboxylate to yield 
2-methylcyclohexanone. 

*20.24 One piece of evidence supporting the enol mechanism in Eq. 20.39 is that 
£-keto acids which cannot form enols are stable to decarboxylation. For example, 
the following B-keto acid can be distilled at 310° without decomposition. Attempt 
to construct a model of the enol that would be formed when this compound 
decarboxylates. Use your model to explain why this B-keto acid resists decarbox- 
ylation. (Hint: See Sec. 7.6C.) 

Key IDEAS IN CHAPTER 20 

[\ The carboxy group is the characteristic functional group of carboxylic 
acids. 

[\ Carboxylic acids are solids or high-boiling liquids, and carboxylic acids 
of relatively low molecular mass have substantial solubilities in water. 

[\ Carbonyl and O—H absorptions are the most important infrared ab- 
sorptions of carboxylic acids. In proton NMR spectra the a-hydrogens 
of carboxylic acids absorb in the 6 2.0—2.5 region, and the O—H pro- 
tons, which can be exchanged with DO, absorb in the 8 9-13 region. 
The carbonyl carbon resonances in the CMR spectra of carboxylic acids 
occur at 6 170-180, about 20 ppm higher field than the carbonyl car- 
bon resonances of aldehydes and ketones. 

[\ Typical carboxylic acids have pK, values between 4 and 5, although pK, 
values are influenced significantly by polar effects. Sulfonic acids are 
even more acidic. The acidity of carboxylic acids is due to a combina- 
tion of polar and resonance effects. The conjugate base of a carboxylic 
acid is a carboxylate ion. 



Additional Problems 961 
2 ee 

[\ Carboxylic acids with long unbranched carbon chains are called fatty 

acids. The alkali metal salts of fatty acids are soaps. Soaps and other 

detergents are surfactants; they form micelles in aqueous solution. 

[\ Because of their acidities, carboxylic acids dissolve not only in aqueous 

NaOH, but also in aqueous solutions of weaker bases such as sodium 

bicarbonate. 

[\ The reaction of Grignard reagents with CO, is both a synthesis of car- 

boxylic acids and a method of carbon-carbon bond formation. 

{\ The reactivity of the carbonyl carbon toward nucleophiles plays an 

important role in many reactions of carboxylic acids and their deriva- 

tives. In these reactions, a nucleophile attacks the carbonyl carbon to 

form a tetrahedral addition intermediate, which then breaks down by 

loss of a leaving group. The result is a net substitution reaction at the 

carbonyl carbon. Acid-catalyzed esterification and lithium aluminum 

hydride reduction are two examples of nucleophilic carbonyl substitu- 

tion. In lithium aluminum hydride reduction the substitution product, 

an aldehyde, reacts further in an addition reaction. 

A The nucleophilic reactivity of the carboxylate oxygen is important in 

some reactions of carboxylic acids, such as ester formation by alkyla- 

tion with diazomethane or alkyl halides. 

[\ Carboxylic acids are readily converted into acid chlorides with phos- 

phorus pentachloride or thionyl chloride, and into anhydrides with 

P,O5. Cyclic anhydrides containing five- and six-membered rings are 

readily formed on heating the corresponding dicarboxylic acids. 

{\ B-Keto acids as well as derivatives of malonic acid and carbonic acid 

decarboxylate in acidic solution; most malonic acid derivatives require 

heating. The decarboxylation reactions of B-keto acids, and probably 

malonic acids as well, involve enol intermediates. 

DORE CODOOONELOSOODD DOO CODON COGOOOUODOOOSeSUDOUCDOOOC Cod UM HONC DOOCUDOTOCOROSTOOOUCUAC A KCI CC OLICE COT IIIT TCR II IOP IOC A ANS I Ie Te Bali CI BI A Sa) 

*20.25 Give the product expected when butyric acid (or other compound indicated) 

reacts with each of the following reagents. 

(a) ethanol (solvent), H,SO, catalyst (b) NaOH solution 

(c) LiAIH, (excess), then H,0* (d) heat 

(e) SOC], (f) diazomethane in ether 

(g) product of (c) (excess) + CH;CH=O, HCl (catalyst) 

(h) product of (e), AICl,, benzene, then HO 

(i) product of (h), HsNNH)b, base, heat 
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20.26 

*20.27 

20.28 

20.29 

*20.30 

20.31 

*20.32 

20.33 

Give the product expected when benzoic acid reacts with each of the following 

reagents. 

(ent ia ISLC (b) concentrated HNO;, H5SO, 

(mer (Die P3C.. neat (e) CH;MgBr (1 equivalent) in ether 

Draw the structures and give the names of all the dicarboxylic acids with the 

formula CH, QO 4. Indicate which are chiral, which would readily form cyclic 

anhydrides on heating, and which would decarboxylate on heating. 

*(a) What is the molecular mass of a carboxylic acid containing a single carbox- 

ylic acid group if 8.61 mL of 0.1 M NaOH solution are required to neutralize 
100 mg of the acid? 

(b) How many milliliters of 0.1 M NaOH solution are required to neutralize 
100 mg of succinic acid? 

Give the product(s) formed and give the curved-arrow formalism for the reaction 
of acetic acid with one equivalent each of the following reagents. 
‘(a Nate CHeO (DCs OH (On CH.CH>—_MeBr 
@ Gan *(e) NH; (f) NaH 

*(g) O 

Na* ~O—C—OH 

Draw the structure of the major species present in solution when 0.01 mole of 
the following acid in aqueous solution is treated with 0.01 mole of NaOH. 
Explain. 

i i 
Game 3 ork CHC Ol 

C] 

Rank the following compounds in order of increasing acidity. Explain your 
answers. 

CO,H CO,H CO,H 

+ 

OCH, N(CHs3)5 CH; 
A B C 

Common pH paper turns red at pH values below about 3. Show that a 0.1 M 
solution of acetic acid (pK, = 4.76) will turn litmus red, and that a 0.1 M 
solution of phenol (pK, = 9.95) will not. 

What is the pH of a solution containing an acetic acid-sodium acetate buffer in 
which the actual [acetic acid]/[sodium acetate] ratio is (a) 1/3? (b) 3? (c) 1? 
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20.34 *(a) Explain why the most acidic species in any solvent is the conjugate acid of 

*20.35 

20.36 

*20.37 

20.38 

the solvent. 

(b) Show why HBr is a stronger acid in acetic acid solvent than it is in water. 

Explain why all efforts to synthesize a carboxylic acid containing the isotope 

oxygen-18 at only the carbonyl oxygen fail and yield instead a carboxylic acid 

in which the labeled oxygen is distributed equally between both oxygens of the 

carboxy group. (*O = '*O) 

*O =O) O 
! ! | + 

R=G—OH; +=, RG 0H + R—C—OH 
(50% of label on each oxygen) 

Outline a synthesis of each of the following compounds from isobutyric acid 

(2-methylpropanoic acid) and any other reagents. 

*(a) O (b) ] 

*(c) O (d) (CH3;),CHCH,0H 

(CH; Gla Cl aa Ca OCH; 

*(e) 3-methyl-2-butanone (f) isobutyrophenone 

A graduate student, Al Kane, has been given by his professor a very precious 

sample of (—)-3-methylhexane, along with optically active samples of both 

enantiomers of 4-methylhexanoic acid, each of known absolute configuration. 

Kane has been instructed to determine the absolute configuration of (—)-3- 

methylhexane. Kane has come to you for assistance. Show what he should do 

to deduce the configuration of the optically active hydrocarbon from the acids 

of known configuration. Be specific. 

The sodium salt of valproic acid is a drug that has been used in the treatment 

of epilepsy. (Valproic acid is a name used in medicine.) 

CH3;CH,CH, 

CH COOH valproic acid 

CH3CH,CH), 

(a) Give the substitutive name of valproic acid. 

(b) Give the common name of valproic acid. 

(c) Outline a synthesis of valproic acid from carbon sources containing fewer 

than five carbons and any other reagents. 
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*20.39 

20.40 

*20.41 

20.42 

*20.43 

Because the radioactive isotope carbon-14 is used at very low (“tracer”) levels, 

its presence cannot be detected by spectroscopy. It is generally detected by 

counting its radioactive decay in a device called a scintillation counter. The 

location of carbon-14 in a chemical compound must be determined by carrying 

out chemical degradations, isolating the resulting fragments that represent differ- 

ent carbons in the molecule, and counting them. 

A well-known biologist, Fizzi O. Logicle, has purchased a sample of phenyl- 

acetic acid advertised to be labeled with the radioactive isotope carbon-14 only 

at the carbonyl carbon. Before using this compound in experiments designed to 

test a promising theory of biosynthesis, she has wisely decided to be sure that 

the radiolabel is located only at the carbonyl carbon as claimed. Knowing your 
expertise in organic chemistry, she has asked that you devise a way to determine 
what fraction of the '4C is at the carbonyl carbon and what fraction is elsewhere 
in the molecule. Outline a reaction scheme that could be used to make this 
determination. 

You have been employed by a biochemist, Fungus P. Gildersleeve, who has given 
you a very expensive sample of benzoic acid labeled equally in both oxygens 
with '“O. He asks you to prepare methyl benzoate (structure in Eq. 20.16), 
preserving as much '*O label in the ester as possible. Which method(s) of ester 
synthesis would you use to carry out this assignment? Why? 

You are a chemist for Chlorganics, Inc., a company specializing in chlorinated 
organic compounds. A process engineer, Turner Switchback, has accidentally 
mixed the contents of four vats containing, respectively, p-chlorophenol, 
4-chlorocyclohexanol, p-chlorobenzoic acid, and chlorocyclohexane. The presi- 
dent of the company, Hal Ogen (green with anger) has ordered you to design 
an expeditious separation of these four compounds. Success guarantees you a 
promotion; accommodate him. 

Penicillin-G is a widely used member of the penicillin family of drugs. In which 
fluid would you expect penicillin-G to be more soluble: stomach acid (pH = 2) 
or the bloodstream (pH 7.4)? Explain. 

oS a & 
| a CH; icillin-G 

PhCH,CNH penicillin- 
aN Px Xu, 

O if COoH 

(a) The relatively stable carbocation crystal violet has a deep blue-violet color 
in aqueous solution. When NaOH is added to the solution the blue color 
fades because the carbocation reacts with sodium hydroxide in about 1-2 
minutes to give a colorless product. Show the reaction of crystal violet with 
NaOH. 
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(CH3)2N 

cK) N(CH3). crystal violet 

(CH3).N 

(b) When the detergent sodium dodecyl sulfate (SDS) is present in solution 

above its critical micelle concentration, the bleaching of crystal violet with 

NaOH takes several days. Account for the effect of SDS on the rate of this 

reaction. 

CH;CH,CH,CH,;CH,CH,CH,CH,CH,CH,CH,CH,0SO3— Nat 

sodium dodecyl sulfate (SDS) 

20.44 Draw the structure of the cyclic anhydride that forms when each of the following 

acids is heated. 

mal) CO,H (b) meso-a,B-dimethylsuccinic acid 

CO,H 

*(c) 
CO>H 

CO,H 

(Hint: Don’t forget about the chair flip.) 

*(d) HO,C 
CO,H 

CO,H 

20.45 Propose a synthesis of each of the following compounds from the indicated 

starting material(s) and any other reagents. 

*(a) 2-pentanol from propionic acid 

(b) O 

CH,CH,—C—O—CH,CH=CH, from allyl alcohol as the only 

carbon source 

*(c) 2-methylpentane from 4-methylpentanoic acid 

(d) 2-methylheptane from pentanoic acid 

*(e) m-nitrobenzoic acid from toluene 
(Problem 20.45 continues ) 
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(f) 
*(g) 

*(h) 

*(i) 

p-nitrobenzoic acid from toluene 

1,3-diphenylpropane from benzoic acid 

HO,C CO,H 
Sap from (norbornene) 

5-oxohexanoic acid from 5-bromo-2-pentanone. (Hint: Use a protecting 
group.) 

20.46 Complete each of the following reactions by giving the principal organic prod- 
uct(s). Give the reasons for your answers. 

*(a) 

(b) 

Xo) 

(d) 

20.47 *(a) 

(b) 

oo + 
Hc cost OCS Neene Seen 

(> CO,H —KOH, _PhCH.CI 

Hoc )—cosn + ethylene glycol ecru (a polymer) 

CH; 

fle + Hg(OAc), + CH;CO,H (solvent) —» SINCE. 

O O 

CH;,CH,— C— OH KOH (1 equiv.) lIsl¥C Cal = (CISL, id 

Br—CH,CH,CH,CH,—CO;H —2O2. (634,0,) 
acetone 

OH 

AC 
(CH3)2SO4 (excess) K3CO3 (excess) ia 

acetone (solvent) 

HO CO,H 

Decarboxylation of compound A below gives two separable products; draw 
their structures and explain. 
How many products are formed when compound B below is decarbox- 
ylated? 

HO;CCo.r 
Rs CO,H = —#C.., ‘Gai 

S (eens 
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20.48 *(a) Squaric acid (structure below) has pK, values of about 1 and 3.5. Draw the 

reactions corresponding to the two successive ionizations of squaric acid 

and label each with the appropriate pK, value. 

HO OH 

eal squaric acid 

O O 

*(b) Most enols have pK, values in the 10-12 range. Using polar and resonance 

effects, explain why squaric acid is much more acidic. 

(c) Given that squaric acid behaves like a dicarboxylic acid, draw structures for 

the products formed when it reacts with excess SOC1,; with ethanol solvent 

in the presence of an acid catalyst. 

*20.49 Organolithium reagents such as methyllithium (CH;Li) react with carboxylic 

acids to give ketones: 

O O 
P | 

RC Ol SoC i eee ee RO ee 
CH, given off 

Notice that two equivalents of the lithium reagent are required, and that the 

ketone does not react further. Suggest a mechanism for this reaction that accounts 

for these facts. (Hint: Start by looking at Problem 20.29d.) 

20.50 Using the results from the previous problem, give the products of the following 

reaction and the mechanism by which they are formed. 

2g 
+ 

Ge OH + 2CH,CH)—Li ether H30 

CH, 

20.51 Give a curved-arrow mechanism for each of the following known reactions. 

*(a) OC,Hs O 
dil. HCl | 

CH Hocy Anjo 1S CH, 6 —0G He + 2G H.0n 

OCH; 
an orthoester 

(b) O 

| 
GCE dil. HCl C 

(catalyst) Gir tes @n + Hh 
CO,H C 



968 Chapter 20 Chemistry of Carboxylic Acids 

) Cre in 

We & 
CCH, 4 iC=0, =O 0 or, =o =co.n 

carbon 
CHs monoxide CH; 

(d) Ph Ph O 

CHCO.H ee aes H,SO, (catalyst) 
3 2 a = at Peers 

. ie 
Ph ! CH, 

*(e) O 

pies CH-=eoq eee 
Warm 

Ph—-Cii—-Ci—=-O- CO, 

CH; CH; 

*20.52 An unlabeled bottle has been found containing a flammable, water-insoluble 
substance A that decolorizes Br, in CH,Cl, and has the following elemental 
analysis: 87.7% carbon, 12.3% hydrogen. The base peak in the mass spectrum 
occurs at m/z = 67. The proton NMR of A is complex, but integration shows 
that about 30% of the protons have chemical shifts in the 8 1.8—2.2 region of 
the spectrum. Treatment of A successively with OsO,, then periodic acid, and 
finally with Ag,O, gives a single dicarboxylic acid B that can be resolved into 
enantiomers. Neutralization of a solution containing 100 mg of B requires 13.7 
mL of 0.1 M NaOH solution (see Problem 20.28). Compound B, when treated 
with POC, forms a cyclic anhydride. Give the structures of A and B. 

20.53 Give the structure of each of the following compounds. 
“(a) CoH 903: IR 2300-3200, 1710, 1600 cm7! 

NMR spectrum in Fig. 20.5a 
(b) CyH) 903: IR 2400-3200, 1700, 1630 cm7! 

NMR spectrum in Fig, 20.5b 
*“(c) The compound with IR absorptions at 2300-3400, 1710, 1670, and 974 

cm~', UV absorption at 208 nm (€ = 12,300), peaks in the mass spectrum 
at m/z = 86 (molecular ion) and 41, and the NMR spectrum in Fig. 20.5c. 

20.54 Propose reasonable fragmentation mechanisms that explain why 
“(a) the mass spectrum of 2-methylpentanoic acid has a strong peak at m/z = 

74, 

(b) the mass spectrum of benzoic acid shows major peaks at m/z = 105 and 
m/z = 77. 

20.55 *(a) Give a structure for compound A, mp 121°, CoH,9Oq, that can be resolved 
into enantiomers and has the following NMR spectra: 
GMMR 0 1g.59 0 412 acl77.9 

proton NMR: 6 1.13 (6H, d, J = 7 Hz); 6 2.65 (2H, quintet, J] = 7 Hz); 
6 9.9 (2H, broad s, exchanges with D,O) 

(b) Give a structure for compound B, an isomer of A, that has a melting point 
of 208° and both CMR and proton NMR spectra that are virtually identical 
to those of A. 
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500 400 300 200 100 0 Hz 

6 11.34 pani 

(2) ee aa o 7 6 5 4 3) D) | 0 6, ppm 

500 400 300 200 100 0 Hz 

spectrum not run beyond 6 8.3 

broad singlet at ~6 10 not shown 

(>) Ish => & 7 6 5 4 3 2 | 0 6, ppm 

500 400 300 200 100 0 Hz 

6 11.79 

(c) HH) => 38 7] 6 5 4 3 2 | 0 6, ppm 

Figure 20.5 NMR spectra for Problem 20.53. 
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100 

percent transmittance 

500 

wavelength, micrometers 

20ND OS 35 4 45 Br ore oe 7 c © 1@) iat 2 3) AN WISE 

3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 

wavenumber, cm~! 

400 300 200 100 0 Hz 

H, > 8 i 6 5 4 3) 2 ] 0 6, ppm 

Figure 20.6 IR and NMR spectra for Problem 20.56. 

*20.56 Because of your expertise in organic chemistry, O. H. Gruppa, a business manager 
at Phenomenal Phenols, Inc., has asked you to identify a compound A which 
she found in a laboratory in a bottle labeled only “isolated from natural sources.” 
She offers you the following experimental evidence gleaned from the laboratory 
notes of a former employee. Compound A, mp 129-130°, is soluble in NaOH 
solution and in hot water. The IR and NMR spectra of A are given in Fig. 20.6, 
and the mass spectrum of A has prominent peaks at m/z = 166 and 107. It is 
determined by titration that A has two acidic groups with pK, values of 4.7 and 
10.4, respectively. The UV spectrum of A is virtually unchanged as the pH is 
raised from 2 to 7, but the Ama, shifts to much higher wavelength when A is 
dissolved in 0.1 M NaOH solution. Propose a structure for A. Rationalize the 
two peaks in its mass spectrum. 

TE | = 1irigates crv mee qian? ciele ciajeseieleseleleleie\siaie(s)aieralslele:aipferoinia) fafelsio\ajo’e)e)sis\sToie\atniain'alatnleletels(ate(el ole (eialsisiais hiisisieiaiaiers ret ieietoeiihe Meee aen Te 



Chemistry of 

Carboxylic Acid 

Derivatives 

or basic conditions to give a related carboxylic acid. All of them can be conceptu- 

ally derived by replacing a small part of the carboxylic acid structure with other 

groups, as shown in Table 21.1 on page 972. 

Carboxylic acids and their derivatives have not only structural similarities but also 

close relationships in their chemistry. With the exception of nitriles, all carboxylic acid 

derivatives contain a carbonyl group. Many important reactions of these compounds occur 

at the carbonyl group, and the —C==N (cyano) group of nitriles has reactivity that 

resembles that of a carbonyl group. Thus, the chemistry of carboxylic acid derivatives, 

like that of aldehydes, ketones, and carboxylic acids, involves the chemistry of the carbonyl 

group. 

C arboxylic acid derivatives are compounds that can be hydrolyzed under acidic 

Nomenclature and Classification 

of Carboxylic Acid Derivatives 
FE ROR DO SODOCO ODDO CULO Rn DUO OOUODODODUTOC CODCGHO CUO TO TUN OO GU COO DUA UCU CI UUOUOLUUUR OOOO CO OULU ICOM SOOT IG SIA TSS: 

ercterc\ciatelarelalaeleieieie elevetuteie(eva\erdie/aielejelerelelelela/ele(i¢;s/ejelele(elele\n(e\e[e\0l¢'e's 6 1e(616 (6 [016 ale ]o16|slele:6.0/6/6/6(6/0(6]a(aje\elu\e mleis{eis|0i8(0)6\0\e\eleisielots|e|eie)s¢\P)4/P,6 ee) eleiais]0lpieicie: siete 

Esters are named as derivatives of their parent carboxylic acids by applying a variation 

of the system used in naming carboxylate salts (Sec. 20.4A). The group attached to the 

carboxylate oxygen is named first as a simple alkyl or aryl group. This name is followed 

by the name of the parent carboxylate, which, as you have learned, 1s constructed by 

dropping the final ic from the name of the acid and adding the suffix ate. This procedure 

is used in both common and substitutive nomenclature. 

971 
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Table 21.1 Structures of Carboxylic Acid Derivatives 

Derivation 
General structure, Condensed 

name of derivative structure Replace— With— Example 

i i 
ke-G—O—_ R=-CODR 15 eR! CH= C—O) Gn- 

ester ethyl acetate 

O O O O ] O 
| | | ! 

Re CaO) Oak RC LO ll —=—€==R CH, — €— © — GH 
anhydride (acyl group) acetic anhydride 

O O 
| 

RC x RCO —Olal —X (halogen) ChE C—O) 
acid halide acetyl chloride 

O R' R’ Oo 
lane / ! Re aN R—CO—NR —OH ery Clb = C— INE 

\ NG acetamide Re R 

amide 

Rea Oo —=INi RCN ==(COAIEl — GN CH3;— C==N 
nitrile (cyano group) acetonitrile 

4 Within the carboxylic acid structure R—C— OH, replace the group in 
column 3 with the group in column 4 to obtain the derivative. (Note 
that this shows the relationship of structures, but not necessarily how 
they are interconverted chemically.) 

O 

earl 
sk Oe (Oe Ase ethyl acetate (common) 

aceti¢ + ate = acetate ethyl group 

O 

| 
CH;CH,CH,CH,CH,—_C—O = phenyl hexanoate (substitutive) 

Substitution is indicated by numbering the acid portion of the ester as in carboxylic 
acid nomenclature, beginning with the carbonyl as carbon-1 (substitutive nomenclature), 
or with the adjacent carbon as the a-position (common nomenclature). The alkyl or aryl 
group is numbered (using numbers in substitutive nomenclature, Greek letters in common 
nomenclature) from the point of attachment to the carboxylate oxygen. 
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y B a 1 a p y common system numbering 

1 4 d | 2 5 

Date a ee ee 

Cl Br 

substitutive numbering 

common name: B-bromopropy! B-chlorobutyrate 

substitutive name: 2-bromopropyl 3-chlorobutanoate 

Esters of other acids are named by analogous extensions of acid nomenclature. 

Br 

CO,CH; 
O O 

] | 
(CH3;),>CH— O— C— CH,CH, — C— O— CH(CHs) 

methyl 2-bromocyclohex- diisopropyl succinate 
anecarboxylate 

Cyclic esters are called lactones. 

O 

O 
ie O a O 

a: B y 

CH 
> _-y-butyrolactone 

B -butyrolactone 
(a y-lactone) 

(a B-lactone) 

In common nomenclature, illustrated in the examples above, the name of a lactone is 

derived from the acid with the same number of carbons in its principal chain; the ring 

size is denoted by a Greek letter corresponding to the point of attachment of the lactone 

ring oxygen to the carbon chain. Thus, in a B-lactone, the ring oxygen is attached at the 

B-carbon to form a four-membered ring. 

The substitutive nomenclature of lactones is a specialized extension of heterocyclic 

nomenclature that will not be considered. 

B. Acid Halides 
OTT TTT TG OTTER CR TTEROLSAT CSE R OT LESSEE RARESEAE INS ALOR EP LO CRE OR DERE LIL ISOS © PYFPRERD ODES ORO ERA EO SEER YE Meroe Se ee Oe a 

Acid halides are named in any system of nomenclature by replacing the ic ending of the 

acid with the suffix yl, followed by the name of the halide. 

O Br O 

| 4 gel 
CH,—CH,—C—C CH,—¢€— Chr 

propionj¢ + yl = CHLCH, 
propionyl chloride 

a-bromo-a-methylbutyryl bromide (common) 

2-bromo-2-methylbutanoyl bromide (substitutive) 
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O O O 

Cl—C—CH,—C—Cl ( )-e=a 
malonyl dichloride 

cyclohexanecarbonyl chloride 

Notice in the last example the special nomenclature required when the acid halide group 
is attached to a ring: the compound is named as an alkanecarbonyl halide. 

C. Anhydrides 

To name an anhydride, the name of the parent acid is followed by the word anhydride. 

O O O 1 

benzoic anhydride valeric anhydride (common) 
pentanoic anhydride (substitutive) 

O 

! 
O O = 
| | i. 

CH= C=-O-—C-—_H Cl I 

O 

acetic formic anhydride 4-chlorophthalic anhydride 
(a mixed anhydride) (a cyclic anhydride) 

Acetic formic anhydride (above) is an example of a mixed anhydride, an anhydride 
derived from two different acids. Mixed anhydrides are named by citing the two parent 
acids in alphabetical order. 

D. Nitriles 
re sais rin chs are io ib nls eI aicielne sialeiivis/oW)slelale¥j nis sles l\e'e/siae|sieelseia(e/Sloe|slalb ss\oin euielois“einclaielais/acietcioel sateen tesa REC EOE 

Nitriles are named in the common system by dropping the ic or oic from the name of 
the acid with the same number of carbon atoms (counting the nitrile carbon) and adding 
the suffix onitrile. In substitutive nomenclature, the suffix nitrile is added to the name of 
the hydrocarbon with the same number of carbon atoms. 

Ph—C==N: benzonitrile (benzgj¢ + onitrile) 

CH3;—C==N: acetonitrile (aceti¢ + onitrile) 

Che CH — CHC ==Ni isovaleronitrile (common) 
. | 3-methylbutanenitrile (substitutive) 

Grin 

-N==C€— CH,— CH, —G=N: succinonitrile (common) 
butanedinitrile (substitutive) 

The name of the three-carbon nitrile is shortened in common nomenclature: 
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CH, CH= CN propionitrile (not propiononitrile) 

When the nitrile group is attached to a ring, a special carbonitrile nomenclature is used. 

C—ING 

mt 2-methylcyclobutanecarbonitrile 

CH, 

Kk. Amides, Lactams, and Imides 
aie (vleieletvietalecete’e'e/6 (Siaialb es6ie]e an te)o(e)e.aigin:eipieie'e) ejelei6 (ajele{olaie\e|e;e1e ele )elele(oln\n/s (eins is Wisie-9 4.50166 816in{0 0(8/6)$1018 8,6 8,6 0,0 7Ai0\6 O48 64 0is\8\0:5/0 2 Pisa. ele enc oe eae 

Simple amides are named in any system by replacing the ic or oic suffix of the acid name 

with the suffix amide. 

O 

€ )- Ca oONiG benzamide (benz¢i¢é + amide) 

O 

CH. GHOH Chae Genre y-chlorovaleramide (common) 
4-chloropentanamide (substitutive) 

Cl 

When the amide functional group is attached to a ring, the suffix carboxamide is used. 

CH; ] 
C—NH, 2-methylcyclopentanecarboxamide 

Amides are classified as primary, secondary, or tertiary according to the number 

of hydrogens on the amide nitrogen. 

H O 
| / eee gl, 

R==Ga-N Ra-C——N Ra GN 

Ra Re 

primary amide secondary amide tertiary amide 

Notice that this classification, unlike that of alkyl halides and alcohols, refers to substitu- 

tion at nitrogen rather than substitution at carbon. Thus, the following compound is a 

secondary amide, even though there is a tertiary alkyl group bound to nitrogen. 

O tertiary alkyl group 

| 
CH= C= NH==C(CH, 

a secondary amide 

Substitution on nitrogen in secondary and tertiary amides is designated with the 

letter N (italicized or underlined). 
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OF Gr: 
| vi N,N-diethylacetamide 

CH=—CG=aN (double N designation shows that 
both ethyl groups are on nitrogen) 

C,H; 

O 
Vi 

Cl C N-methyl-4-chlorocyclohexanecarboxamide 
‘ 
NH == CH; 

Cyclic amides are called lactams, and the common nomenclature of the simple lactams 
is analogous to that of lactones. Lactams, like lactones, are classified by ring size as y- 
lactams (5-membered lactam ring), B-lactams (4-membered lactam ring), and so on. 

O 

NH y-butyrolactam (a y-lactam) 

Imides are formally the nitrogen analogs of anhydrides. Cyclic imides, of which the 
two compounds below are examples, are of greater importance than open-chain imides, 
although the latter are also known compounds. 

O O 

NH NH 

O O 

succinimide phthalimide 

Gir tater nti jeariesmsnsc spruce Uoniaelwinseiaue.s.e:0)01e,e/eleie/s) es) Wnla\o(elele|¥(s\aloie eis; ietejaia'éia sla, s\e(e's,s\sle'a/p}e{eseis «'slnielb)le(ere(«'ass’alaielejsie/efaisveldainitie narnia Caisie ace 

The priorities for citing principal groups in a carboxylic acid derivative are as follows: 

acid > anhydride > ester > acid halide > amide > nitrile (Qi) 

All of these groups have citation priority over aldehydes and ketones, as well as the other 
functional groups considered in previous chapters. (A complete list of group priorities 
is given in Appendix I.) The names used for citing these groups as substituents are given 
in Table 21.2. The following compounds illustrate the use of these names: 

O 
! 

cin e—w—f GOoe 

p-acetamidobenzoic acid 
4-(acetylamino) benzoic acid 

5-chloroformyl-4-cyano-2-meth- 
oxycarbonylbenzoic acid 
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Table 21.2 Names of Carboxylic Acid Derivatives 

When Used as Substituent Groups 
@ Sulajalu nid a alma ainie wiatelece.eielp! 6th u\6 nidieja/ba\e|e.e\6.46\4:0-510 018: ¥i0\e |S ele \e)6/A\p'e e.0 W A.wlOi9 i010 WIG] A/G18)5 (58 016 @\6.8)610|6 1010 818 uO (e)9(# 0.0016 6 016 0,0'0\9/4,¢:8)0. 918 '\6,8\6 B10 \9 C'9, 0 0 0 .0)0'9:8 00.810 

Group Name Group Name 

O O 

! ! 
=C = Ola carboxy — (a= Cl chloroformy] 

O O 

| ! 
=C = Osh methoxycarbonyl (C= Nab carbamoyl 

O O 
| \ acetamido or 

a Oe OO ial ethoxycarbonyl = INC Cis acetylamino# 

O 

| 
==(Clih— C—O carboxymethyl oN cyano 

O 
! 

SOC Ck acetoxy or acetyloxy4 
ASHORE OCOD OOCOCOCOOUOOODIDOOCIOOUOROCCOOD OOOO OU ODOUCOUCO OOOO OO. SOOO UU UMUC UAC I TIUOO. WIC ts S98 EOC IT) eI SRN a 

4 Used by Chemical Abstracts. 

G. Carbonic Acid Derivatives 
ais (atalalateré'eie'e eiu'e nnipialeidlelaia\aieidin.€ie'elei@(6ie-6,0/4)5,910/6|b16(610\6)6(s/0[0)9 6) 9[a\0,e,0'010\6(6 aiuie\0(n[aje/p)ale.eie!6.0,6/, 616.6) 8)9|6 0/8 in) ¢(0) sis) 6ina/e O[0.0)6/0 aimN/Re S/Si9 16.018 Siecle e © 6.0)sis esis |e /oie Se 

Esters of carbonic acid are named like any other ester, but other important carbonic acid 

derivatives have special names that should be learned. 

O y O 

dimethyl carbonate phosgene urea 

1 1 
HoN=- GOH HN —C— OCH, 

carbamic acid methyl carbamate 
(unstable, but has (a stable carbamic acid 

many stable derivatives) derivative) 

21.1 Give a structure for each of the following compounds. (Refer to Table 20.1 for 

common names of carboxylic acids.) 

*(a) 5-cyanopentanoic acid (b) isopropyl valerate 

*(c) ethyl methyl malonate (d) cyclohexyl acetate 
(Problem 21.1 continues ) 
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*(e) N-methylmaleimide (f) N,N-dimethylformamide 

*(g) y-valerolactone (h) a-chloroisobutyryl chloride 

*(i) glutarimide *(j) 3-ethoxycarbonylhexanedioic acid 

21.2 Name the following compounds. 

*(a) O (b) CH3;CH,CH,CN (s) O 
VA 

p>—c 
\ hh 
Cl 

O 

(d) ] ae) ] 7 

Pits GNI CHa), UHeO--C€ Cha — @— ClLCH. 

(f) ] 

@ 

GS) O 

CH: Cio —-G-—-© —_ CHICH, CH=CH, 

The structures of many carboxylic acid derivatives are very similar to what would be 
expected from the structures of other carbonyl compounds. For example; the €—-@ 
bond length is about 1.21 A, and the carbonyl group and its two attached atoms are 
planar. The nitrile C=N bond length, 1.16 A, is significantly shorter than the acetylene 
C=C bond length, 1.20 A. This is another example of the shortening of bonds to smaller 
atoms (Sec. 1.3B). 

In an amide, not only the carbonyl carbon, but also the amide nitrogen, have 
essentially trigonal planar bonding patterns (Fig. 21.1). The trigonal planar geometry at 
the amide nitrogen can be understood on the basis of the following resonance structures, 
which show that the bond between the nitrogen and the carbonyl carbon has considerable 
double-bond character. 

a a 

Ca (21.2) Bae ae ee ie 

amide resonance structures 

Because of this trigonal planar geometry at nitrogen, secondary and tertiary amides can 
exist in both E and Z conformations about the carbonyl-nitrogen bond; the Z conformation 
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Figure 21.1 Ball-and-stick model of N-methylacetamide. The labeled atoms all lie in the same plane. 

predominates in most secondary amides because, in this form, van der Waals repulsions 

between the largest groups are avoided. 

O O 

| ic | ‘ 
Ghee 3 Cc 

HiG-e Nm > ne Pinel E and Z conformations of (21.3) 
| | N-methylacetamide 

H CH; 

Z E 

The interconversion of E and Z forms of amides is too rapid at room temperature 

to permit their separate isolation, but is very slow compared with rotation about ordinary 

carbon-carbon single bonds. A typical energy barrier for rotation about the carbonyl- 

nitrogen bond of an amide is 71 kJ/mol (17 kcal/mol), which results in an internal 

Stupy GuIDE LINK: ;otation rate of about ten times per second. (In contrast, an internal rotation in butane 

NMR Evidenc a occurs about 10!! times per second.) The relatively low rate of internal rotation is caused 

Toterual Rotation im by the significant double-bond character in the carbon-nitrogen bond; recall that rotation 

Amides about double bonds is much slower than rotation about single bonds. 

C 

BACCO OOOO OOODOOODOOOOOOOUOODOOOOOOOOO COCO OOOOCOOCOOOOOCOMIOO OOO OOO OOOO OOOO OOOO CCOOOOOOUDOUOUUCOO OOOO UCORICO OOOO UO UM DUD OUOR UCC COCO COREG GL te ttt 

*21.3 Draw the structure of an amide that must exist in an E conformation about the 

carbonyl-nitrogen bond. 

ii nis pi cases : ‘ ‘ , ; 

21.4 Draw and label the E and Z conformations of the amino acid derivative 

N-acetylproline. 

GH;5— CN N-acetylproline 

Sictetlavalatetelelplniiatstetocere]p (sig sYerasete ain ieleloleleiuletereface sis /a/a|sta\ele{eiele(n)e/e)a(mia(a[# (e/a /6islale/als)01@\8|0) ¢:070,6:b10\6ieie[e\616(b,¢.6/01€j0101616\0(4\1e10,0's je)bjpieie.nieie 66:6 a)¥)e/B\0)pieiaie)elere'e;e\e-s/sie\6iei0\e'8ie0:6;6/616\9)¥/v/a\s)e\<!9 e/e)e\@isis) sis) sia)8.s 
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21.3 Physical Properties of Carboxylic Acid Derivatives 

Esters are polar molecules, but they lack the capability of acids to donate hydrogen bonds. 

The lower esters are typically volatile, fragrant liquids that have lower densities than 

water. Most esters are not soluble in water. The low boiling point of a typical ester (color) 
is illustrated by the following comparison: 

O O O ie 

C H c (Glial GC CH; G CH FR CE es ee ee LTR aT CH,CH, @ H3C Cia. H3C O H3C a 

propionic acid 2-butanone methyl acetate 2-methyl-1-butene 
boiling point 141° 80° 57> 31.2° 

p2i5 (a) Assuming that the difference in the relative boiling points of methyl acetate 
PROBLEMS ~ and 2-butanone is caused by the difference in their dipole moments, predict 

which compound has the greater dipole moment. 
(b) Use a vector analysis of bond dipoles to show why your answer to (a) is 

reasonable. 

21.6 Propionic acid and methyl acetate are isomers. Which has the higher boiling 
point and why? 

Most of the lower anhydrides and acid chlorides are dense, water-insoluble liquids with 
acrid, piercing odors. Their boiling points are not very different from those of other polar 
molecules of about the same molecular mass and shape. 

i of epee 
C G (© C Hic: Seer Ocninn Chwar. Ci Mancrs 

acetic anhydride 4-methyl-3-penten-2-one 
boiling point 139°6- 10953. 
density 1.082 0.86 

O O O O 
! ! ! 

CH (Cl Chea OCH. oC ==1C)| Pha OCH, 

acetyl chloride methyl acetate benzyl chloride methyl benzoate 
boiling point B09" Sy 19728 Dalley 
density Y.051 0.93 212 1.09 
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The simplest anhydride, formic anhydride, and the simplest acid chloride, formyl chloride, 

are unstable and cannot be isolated under ordinary conditions. 

C. Nitriles 

Nitriles are among the most polar organic compounds. Acetonitrile, for example, has a 

dipole moment of 3.4 D. The polarity of nitriles is reflected in their boiling points, which 

are rather high despite the absence of hydrogen bonding. 

CHe—-C==N: CHsCH> = G==N: CHe=—= C= Ga 

acetonitrile propionitrile propyne 

boiling point 81.6° 97.4° aloe 

Although nitriles are very poor hydrogen-bond acceptors (because they are very weak 

bases; see Sec. 21.5), acetonitrile is miscible with water and propionitrile has a moderate 

solubility in water. Higher nitriles are insoluble in water. Acetonitrile is a particularly 

valuable polar aprotic solvent because of its moderate boiling point and its relatively high 

dielectric constant of 38. 

D. Amides 

The lower amides are water-soluble, polar molecules with high boiling points. Primary 

and secondary amides, like carboxylic acids (Sec. 20.2), tend to associate into hydrogen- 

bonded dimers or higher aggregates in the solid state, in the pure liquid state, or in 

solvents that do not form hydrogen bonds. This association has a noticeable effect on 

the properties of amides and is of substantial biological importance in the structures of 

proteins (Sec. 26.8C). For example, simple amides have very high boiling points; many 

are solids. 

O O O 

[oni ins cheatin 
EGe NTH OsemrOH Mt riG ame OTT 

acetamide acetic acid acetone 

boiling point Bar ios 56.5° 

melting point O35 167 —94° 

Primary amides have two hydrogens on the amide nitrogen that can form hydrogen 

bonds. Along a series in which these hydrogens are replaced by methyl groups, the capacity 

for hydrogen bonding is reduced, and boiling points decrease in spite of the increase in 

molecular mass. 

O O O 

[Stanton 
Hale a NE LO iimNTICH smc H.C 9 Se N(CH), 

acetamide N-methylacetamide N,N-dimethylacetamide 

boiling point 22a 204—206° 166.1° 

melting point ~~ 82.3°. 28° 20m 
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A number of amides have high dielectric constants (see Table 8.2). N, N-Dimethyl- 

formamide (DMF), for example, dissolves a number of inorganic salts, and is widely used 

as a polar aprotic solvent, despite its high boiling point. 

Spectroscopy of Carboxylic Acid Derivatives 
£16 8(0\#10\0\01€\0/0\0\e'e/4)B\4'0|0/a'8\0 9, 4/0\e) 00/0 /0\0\0 e[6/a\0/0\6\6/6\0/6\n/0\4\910)n 1801610101616 \0/ale}6'¢ ole 9101610 10)01010 0/0 ula\ele\u\o\e\e\s 616)6,6 1010101610 161@16 6}0 0 0'6'6l6ie\éisieie /e eleie e vieleleieléleisle oluleleleeie 

Sisi6) ele)/e}u/¢\@}e\aja\6)0\0/0{0/0\4)0/0)0)¢ oieie)e/eje/0) e(0\6/e)0/0\6[6\6]0\916\0 1010's) 9106) 610! 610)6'e ¢i6lpieluleiale\a)e\aip\aie/e [0 6\n\ala(e\e(e\0(eim:e wiwi6 'p(6'p/6.8lbinigieloleieiéclels bie lele bielele\e elaleielmele w eleleleieleie oie 

The most important feature in the IR spectra of most carboxylic acid derivatives is the 
C=O stretching absorption. For nitriles, the most important feature in the IR spectrum 
is the C==N stretching absorption. These absorptions are summarized in Table 21.3, 
along with the absorptions of other carbonyl compounds. Some of the noteworthy trends 
in this table are the following: 

1. Esters are readily differentiated from carboxylic acids, aldehydes, or 
ketones by the unique ester carbonyl absorption at 1735 cm7!. 

2. Lactones, lactams, and cyclic anhydrides, like cyclic ketones, have carbonyl 
absorption frequencies that increase significantly as the ring size decreases. 
(See Study Guide Link 19.1.) 

3. Anhydrides and some acid chlorides have two carbonyl absorptions. The 
two carbonyl absorptions of anhydrides are due to the symmetrical and 
unsymmetrical stretching vibrations of the carbonyl group (Fig. 12.7). 
(The reason for the double absorption of acid chlorides is more obscure.) 

4. The carbonyl absorptions of amides occur at much lower frequencies than 
those of other carbonyl compounds. 

5. The C=N stretching absorptions of nitriles generally occur in the triple- 
bond region of the spectrum. These absorptions are stronger, and occur at 
higher frequencies, than the C=C absorptions of alkynes. (Why? Sec. 12.3B.) 

The IR spectra of some carboxylic acid derivatives are shown in Fig. 21.2a—c on p. 984. 
Other useful absorptions in the IR spectra of carboxylic acid derivatives are also 

summarized in Table 21.3. For example, primary and secondary amides show an N—H 
stretching absorption in the 3200-3400 cm7! region of the spectrum. Many primary 
amides show two N—H absorptions, and secondary amides show a single strong N—H 
absorption. In addition, a strong N—H bending absorption occurs in the vicinity of 
1640 cm™', typically appearing as a shoulder on the low-frequency side of the amide 
carbonyl absorption. Obviously, tertiary amides lack both of these N—H vibrations. The 
presence of these absorptions in a primary amide and their absence in a tertiary amide 
are evident in the comparison of the two spectra in Fig..21.30n p. 985. 

B. NMR Spectroscopy 
C0100 0\0 6 vee Gis cievecieccsicsseciessedesoceveevsececcececece POG OORIBU OOD OC OCUCOOO OH OUGOOOD COOOOOUOOCCCOMOGOOUOODOEOOUanOAGHObooGnCCG 

The a-proton resonances of all carboxylic acid derivatives are observed in the 6 1.93 
region of the proton NMR spectrum (see Table 13.2). In esters, the chemical shifts of 
protons on the alkyl carbon adjacent to the carboxylate oxygen occur at about 0.6 ppm 
lower field than the analogous protons in alcohols and ethers. This shift is attributable 
to the electron-attracting character of the carbonyl group. 
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Compound Carbonyl absorption, cm™! Other absorptions, cm™' 

ketone 1710-1715 

a,B-unsaturated ketone 1670-1680 

aryl ketone 1680-1690 

cyclopentanone 1745 

cyclobutanone 1780 

aldehyde 1720-1725 aldehydic C—H stretch at 2720 

a,B-unsaturated aldehyde 1680-1690 

aryl aldehyde 1700 

carboxylic acid (dimer) 1710 OH stretch at 2400-3000 (strong, broad); 

C—O stretch at 1200-1300 

aryl carboxylic acid 1680-1690 

ester or 6-membered 
lactone (6-lactone) 1735 C—O stretch at 1000—1300 

a,B-unsaturated ester 1720-1725 

5-membered lactone (y-lactone) 1770 

4-membered lactone (/3-lactone) 1840 

acid chloride 1800 a second weaker band is sometimes 

observed at 1700-1750 

anhydride 1760, 1820 (two absorptions) C—O stretch as in ester 

6-membered cyclic anhydride 1750, 1800 

5-membered cyclic anhydride 1785, 1865 

amide 1650-1655 N—H bend at 1640 

N—H stretch at 3200-3400; double 

absorption for primary amide 

6-membered lactam (6-lactam) 1670 

5-membered lactam (y-lactam) 1700 

4-membered lactam (B-lactam) 1745 

nitrile C=N stretch at 2200-2250 
se yctayateiaia\nce!aiela/ele/eleiereevaraleisjatwielaiererele slelpis(bie,sieia/a(a/eie 6:6\°0 016 p1e(b{016)6|0\6-010.010 016 0/)6) a/0idin) wis 0101 10\8)eiN 0(e)a(e\a.4)e,0j0(61819)0\8\@\a/6\6/610/G.e/e)8\s\¥\@\4)a\e(e)e 10\a|s\n\6 n 0]6s]¢,0/6 06) 0\0)¢[\8'4,¢:8:9,0)8/6 8 0\Be\9 9.6 v,5\e\0'8\8)n)8/0)8/a\0 

6 1.22(t 6 3.4(q) O 
! | | 

(CeCe Sich Gia Chip Oa Clipe Cl: CH,—C=_N 

WH 

: diethyl ether ! 
6 1.94(s) 6 4.02(q) 5 2.00 

ethyl acetate acetonitrile 

The N-alkyl protons of amides have chemical shifts in the 6 2.6—3 chemical shift 

region, and the N—H proton resonances of primary and secondary amides are observed 
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Figure 21.2 

Chemistry of Carboxylic Acid Derivatives 
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Infrared spectra of some carboxylic acid derivatives: (a) ethyl acetate; (b) butyronitrile; (c) propionic 
anhydride. 

in the 6 7.5—8.5 region. The resonances for these protons, like those of carboxylic acid 
O—H protons, are sometimes broad. This broadening is caused by a slow chemical 
exchange with the protons of other protic substances (such as traces of moisture) and 
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le, 

Figure 21.3 
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Infrared spectra of amides: (a) 2,2-dimethylpropanamide (pivalamide); (b) N,N-dimethylpropan- 
amide. Notice that the N—H stretching and bending absorptions seen in (a) are absent in (b). 

if 

Stupy GuIDE LINK: 
vo 21.2 

Solving Structure 
Problems Involving 

Nitrogen-Containing 
Compounds 

by unresolved splitting with '*N, which has a nuclear spin. Amide N—H resonances, 

like the O—H signals of acids and alcohols, can be washed out by exchange with DO 

(Sec. 13.6D). 

6 1.97(s) 6 8.18 (broad), exchanges with D,O 

N-methylacetamide 

In carbon NMR (CMR) spectra, the carbonyl chemical shifts of carboxylic acid 

derivatives are in the range 6 165-180, very much like those of carboxylic acids. 

6 20.6 O 6 20.0 O 6 60.0 O 

il t+ | | 

ie : I 
© 178.1 6 170.3 6 13.8 6 169.5 
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6 23.1 O 6 34.4 

+ || | 

fj t 
6 170.4 0 14.7 

The chemical shifts of nitrile carbons are considerably smaller, occurring in the 6 115-120 

range. These shifts are much greater, however, than those of acetylenic carbons. 

Ones Onley, 6 76.9 

| | | 
CGHj-=C==N ee CH,—- C=C = C CH CH. 

I l I 
Omer, OM au), 6 19.6 

Pr aa 21.7 How would you differentiate between the compounds in each of the following 
_ PRoBLeMs 2 pairs? 
al a) Ch; —O— CECH, — 0— CH, CH —-CH, and: ethyl butyrate by IR 

spectroscopy 

(b) p-ethylbenzoic acid and ethyl benzoate by IR spectroscopy 
“(c) 2,4-dimethylbenzonitrile and N-methylbenzamide by NMR spectroscopy 
(d) methyl propionate and ethyl acetate by NMR spectroscopy 

*(e) ethyl butyrate and ethyl isobutyrate by CMR spectroscopy 

*21.8 Identify the compound with the proton NMR spectrum given in Fig. 21.4. This 
compound has molecular mass = 87 and absorptions at 3300 and 1650 cm7! 
in its IR spectrum. 

give oeitiele CORO OCU IOC UR OOOO ODOC OO CORO OU OUOO I OCCOCOCO OOOO OC UCUCOUCUOO ODO OCUDOOOOCOOOCOCOOOOOCOU UO COCCO ONION OUCOIUBCOD CT OOOBOOCUUIOCOADDOROOOrEOCOOGOCOBACBoSC 

500 400 300 0 Hz 

Integral 1H 
Boca tram 

H, > 8 7 6 5 4 3 2 1 0 5, ppm 
Figure 21.4 NMR spectrum for Problem 21.8. 
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Basicity of Carboxylic Acid Derivatives 
POCO ONO DODO COOOOO OO CHOR COON UO UOOOCOITIDOCOCOCOCOGUOCOUOCOO COCO aM OOU CON CO UO OCUGUCOSOOIOOOOUOOUGUE CIEE MCT GGT E ISIS 

Like carboxylic acids themselves, carboxylic acid derivatives are weakly basic at the car- 

bonyl oxygen, and nitriles are weakly basic at nitrogen. These basicities are particularly 

important in some of the acid-catalyzed reactions of esters, amides, and nitriles. 

The basicity of an ester is about the same as the basicity of the corresponding 

carboxylic acid. 

Ore 

CH;—C—OCH; + H;0* <= 

4O—H :O—H :O—H 
ee i. 

CHE, @ = OCH, SS CE OCH; aerate CH, — C= OCH; =F H,O (21.4a) 

protonated ester; 
pha = —6 

Amides are considerably more basic than other carboxylic acid derivatives. This basicity, 

relative to esters, is a reflection of the reduced electronegativity of nitrogen relative to 

oxygen. That is, the resonance structures in which positive charge is shared on nitrogen 

are particularly important for a protonated amide. 

af 

SOS Ye ee 

Aver a Seat 

CH;—C—NH, <> cH,—c-SNu, <> CH;—C=NH, |+H,0 (ib) 
+ 

protonated amide; 
pea —0 to 

Notice carefully that both esters and amides, like carboxylic acids (Sec. 20.4B), 

protonate on the carbonyl oxygen. Protonation of esters on the carboxylate oxygen, or 

amides on the nitrogen, would give a cation that is not resonance-stabilized, and addition- 

ally, that is destabilized by the electron-attracting polar effect of the carbonyl group. The 

site of protonation of amides was for many years a subject of controversy, because 

= ammonia and amines (R;N:) are protonated on nitrogen. It has been estimated, however, 

Seer eT IK: that nitrogen protonation of an amide is less favorable than carbonyl protonation by 

J213 about 8 pK, units. 

Basicity of Nitriles Nitriles are very weak bases; protonated nitriles have a pK, of about —10. 

C+ + OG 

CH7-—{C==N: =F H,0° cise | cH,—c=N—H — CH, é=N—n| a H,O (25) 

protonated nitrile; 
pk, =~ -10 
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eee eee eRe eee EEE EEE E HEHEHE HEE HER EE EEE EHHEEEEEHHEHEEEEHEEEEHEEEEEEEE HEHE SEES EE HEHEHE EEE E SEES 

21.9 Which of the two compounds in each set below should have the greater basicity 

at the carbonyl oxygen? Explain. 

*(a) O O 

Chie ©ri— CH © OC. or Cle Ome One Ol Ol —— Cl 

| | 
CHO) —e—0G, or C=O0CH: 

The reactions of carboxylic acid derivatives can be categorized as follows: 

1. Reactions at the carbonyl group (or cyano group of a nitrile) 

a. Reactions at the carbonyl oxygen or cyano nitrogen 

b. Reactions at the carbonyl carbon or cyano carbon 

2. Reactions involving the a-carbon 

3. Reactions at the nitrogen of amides 

One carbonyl-group reaction of carboxylic acid derivatives is the reaction of the 
carbonyl oxygen—and, by analogy, the nitrile nitrogen—as a base. This type of reaction, 
discussed in the previous section, often serves as the first step in acid-catalyzed reactions 
of carboxylic acid derivatives. 

As with carboxylic acids, the major carbonyl-group reaction of carboxylic acid deriva- 
tives 1s substitution at the carbonyl carbon, also called acyl substitution. Acyl substitution 
can be represented generally as follows, with E = an electrophilic group and Y = a 
nucleophilic group: 

O O 

R—C XK + EY" => R— CY EX (21.6) 
carboxylic acid another 

derivative carboxylic acid 
derivative 

O 

The term acyl substitution comes from the fact that substitution occurs at the carbonyl 
carbon of an acyl group. In other words, an acyl group is transferred, in the general 
example above, between an —X anda —Y group. The group —X might be the —C]l 
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Ce eee ee a 

of an acid chloride, the —OR of an ester, and so on; this group is substituted by another 

group —Y. This is precisely the same type of reaction as esterification of carboxylic 

acids (—X = —OH, E—Y = H—OCH,;; Sec. 20.8A). Acyl substitution reactions of 

carboxylic acid derivatives are the major focus of this chapter. 

Although nitriles are not carbonyl compounds, the C=N bond behaves chemically 

much like a carbonyl group. For example, a typical reaction of nitriles is addition. 

y 

R—C==N: + E—Y —~ RCS Oi) 

(Compare this reaction with addition to the carbonyl group of an aldehyde or ketone.) 

Although the resulting addition products are stable in some cases, in most situations they 

react further. 

Like aldehydes and ketones, carboxylic acid derivatives undergo certain reactions 

involving the a-carbon. The a-carbon reactions of all carbonyl compounds are grouped 

together in Chapter 22. The reactivity of amides at nitrogen is discussed in Sec. 23.11C. 

f 21.7 Hydrolysis of Carboxylic Acid Derivatives 

iii: All carboxylic acid derivatives have in common the fact that they undergo hydrolysis (a 

cleavage reaction with water) to yield carboxylic acids. 

A. Hydrolysis of Esters 

Saponification of Esters One of the most important reactions of esters is the 

cleavage reaction with hydroxide ion to yield a carboxylate salts and an alcohol. The 

carboxylic acid itself is formed when a strong acid is subsequently added to the reaction 

mixture. 

; - Nat Ox OCH; oe Na See 

Lae 20% NaOH HCl 
se © al Seno | ss (21.8) 

— min we 

NO, NO, NO; 

methyl 3-nitrobenzoate + CH3,0H 3-nitrobenzoic acid 
(90-96% yield) 

Ester hydrolysis in aqueous hydroxide is called saponification because it is used in 

the production of soaps from fats (Sec. 21.12B). Despite its association with fatty-acid 

esters, the term saponification is sometimes used to refer to hydrolysis in base of any acid 

derivative. 

The mechanism of ester saponification involves attack by the nucleophilic hydroxide 

anion to give a tetrahedral addition intermediate from which an alkoxide ion is expelled. 
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2O8 :O:- B(@s 

oem 2 aloe Ree 
R—C—OCH,; <= R= C= Oct => R—C—OH+70CH; (2152) 

“HO yE :OH 

tetrahedral 
addition intermediate 

The alkoxide ion thus formed (methoxide in the above example) reacts with the acid to 

give the carboxylate salt and the alcohol. 

OE 2OF 

ia | Yaa P : 
R—C—O—H + OCH, => R—C—O: +H—OCH; (21,9) 

pKa = 4.5 pK, = 15 

The equilibrium in this reaction lies far to the right because the carboxylic acid is a much 

stronger acid than methanol. LeChatelier’s principle operates: the reaction in Eq. 21.9b 

removes the carboxylic acid from the equilibrium in Eq. 21.9a as its salt and thus drives 

the hydrolysis to completion. Hence, saponification is effectively irreversible. Although an 

excess of hydroxide ion is often used as a matter of convenience, many esters can be 

saponified with just one equivalent of ~OH. Saponification can also be carried out in an 

alcohol solvent, even though an alcohol is one of the products of the reaction. If saponifi- 

cation were reversible, an alcohol could not be used as the solvent, because the equilibrium 
would be driven towards starting materials. 

Acid-Catalyzed Ester Hydrolysis Because esterification of an acid with an alcohol 
is a reversible reaction (Sec. 20.8A), esters can be hydrolyzed to carboxylic acids in 
aqueous solutions of strong acids. In most cases this reaction is slow and must be carried 
out with an excess of water, in which most esters are insoluble. Saponification, followed 
by acidification, is a much more convenient method for hydrolysis of most esters because 
it is faster, it is irreversible, and it can be carried out not only in water, but also in a 
variety of solvents—even alcohols. 

As expected from the principle of microscopic reversibility (Sec. 10.1), the mechanism 
of acid-catalyzed hydrolysis is the exact reverse of the mechanism of acid-catalyzed esteri- 
fication (Sec. 20.8A). The ester is first protonated by the acid catalyst: 

+ 

of tote se 

| | : 
Ra OC OCH: <—* K— €—_OCH= H,0: (21.10a) 

As in other acid-catalyzed reactions at the carbonyl group, protonation makes the carbonyl 
carbon more electrophilic by making the carbonyl oxygen a better acceptor of electrons. 
Water, acting as a nucleophile, attacks the carbonyl carbon and then loses a proton to 
give the tetrahedral addition intermediate: 
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lal + ee AG 
om :OH :OH 
| | HO: | O89 afl 

R—C—OCH; ~=* R—C—OCH,; === Sr airs ar dg®) (21.10b) 

f O06 hey le ou, OH ‘OH 
H tetrahedral 

addition 
intermediate 

Protonation of the leaving oxygen converts it into a better leaving group. Loss of this 

group gives a protonated carboxylic acid, from which a proton is removed to give the 

carboxylic acid itself. 

OH OHsH 

eect me Feu 
Ra © —-OCH; = RAO AO 

ee M6 [\S 
OH OH 

oe + oe oe 

OH cOH :OH | :OH 
ae hae Macabre ae 

COS Ae Ce ae ae a ae ae =<— = R—C=077, 4,0 
ae ee ee ) oe 

+ CH30H (21.10c) 

cS Let’s summarize the important differences between acid-catalyzed ester hydrolysis 

Srupy GuipE Link: and ester saponification. First, in acid-catalyzed hydrolysis, the carbonyl carbon can be 

¥ 21.4 attacked by the relatively weak nucleophile water because the carbonyl oxygen is proton- 
Mechanism of Ester Eydroen ated. In base, the carbonyl oxygen is not protonated; hence, a much stronger base than 

water, namely, hydroxide ion, is required to attack the carbonyl carbon. Second, acid 

catalyzes ester hydrolysis, but base is not a catalyst because it is consumed by the reaction 

c= in Eq. 21.9b. Finally, acid-catalyzed ester hydrolysis is reversible, but saponification is 

Stupy GuIDE LINK: irreversible, again because of the ionization in Eq. 21.9b. 

21.5 Ester hydrolysis and saponification are both examples of acyl substitution (Sec. 21.6). 

Cleavage of Tertiary Specifically, the mechanisms of these reactions are classified as nucleophilic acyl substitu- 
Esters and Carbonless 

Gaoneepe: tion mechanisms. In a nucleophilic acyl substitution reaction, the substituting group 

attacks the carbonyl carbon as a nucleophile. This nucleophile is ~OH in saponification, 

and H,O in acid-catalyzed hydrolysis; each group displaces, or substitutes for, the —OR 

group of the ester. With the exception of the reactions of nitriles, most of the reactions 

in the remainder of this chapter are nucleophilic acyl substitution reactions. 

Hydrolysis and Formation of Lactones Because lactones are cyclic esters, they 

undergo many of the reactions of esters, including saponification. Saponification converts 

a lactone completely into the salt of the corresponding hydroxy acid. 



992 Chapter 21 Chemistry of Carboxylic Acid Derivatives 

O O 

! ! 
C COs 
XS a 

ae P ae, Willy sae ne (21.11) 

laly¥C=—=Clals lByC—Clay—Olsl 

y-butyrolactone y-hydroxybutyrate 

Upon acidification, the hydroxy acid formssHowever, if a hydroxy acid is allowed to stand 

in acidic solution, it comes to equilibrium with the corresponding lactone. The formation 

of a lactone from a hydroxy acid is nothing more than an intramolecular esterification 

(an esterification within the same molecule) and, like esterification, the lactonization 

equilibrium is acid-catalyzed. 

acid i CO _ catalyst, OFSE.O Keg ~ 160 (21.12) 

OH 

O 
O 

(on 
catalyst O 
oe Tpit, Ome Ker 50 (21.13) 

OH 

As the examples in Eqs. 21.12 and 21.13 illustrate, lactones containing five- and six- 
membered rings are favored at equilibrium over their corresponding hydroxy acids. 
Although lactones with ring sizes smaller than five or larger than six are well known, they 
are less stable than their corresponding hydroxy acids. Consequently, the lactonization 
equilibria for these compounds favor instead the hydroxy acids. 

O 

I OH acid O 5 

Geena etelvel (almost no lactone 

_ OH set i + H20 present at equilibrium) (21-14) 

65. Hydrolysis of Amides 
wien tae oecmie ercimensieteseiei#ieye\ele/ele m/eleieieieie.ea/¢/e)eje/e\e[e!n(s}eia, ofele'é\e/ale eie%e,»(slele[eis!e bieip!¢|ulo10\s/a\alein e/alefale(uie(e oie /el6(6ielatelelsialalelaiW apsisia/etainin visieie vislainie aiafaimaleit 

Amides can be hydrolyzed to carboxylic acids and ammonia or amines by heating them 
in acidic or basic solution. 

i ] Ph © 

% HS ! ? CH3CH,CHC—NH, + H,0 ATSC, CH,CH,CHC—OH + NH, HSO7 —Q115) 
2-phenylbutanamide 2-phenylbutanoic acid 

(88-90% yield) 

In acid, protonation of the ammonia or amine by-product drives the hydrolysis equilib- 
rium to completion. The amine can be isolated, if desired, by addition of base to the 
reaction mixture following hydrolysis, as in the following example. 
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protonated amine 

O 

| 
INI Go Cl SIN ale NH, 

Br Br Br 

eens eo Tris a Cle (21.16) 

CH; CH, CH; 

+ CH3;CO,H (60-67% yield) 

Hydrolysis of amides in base is analogous to saponification of esters. In base, the 

reaction is driven to completion by formation of the carboxylic acid salt. 

O 

NH—C—CH; NH, 

NO, NO, 
30% KOH 2 

CH30H/H>O + CH3COz K (21.17) 
heat 

OCH; 
OCH; 

(95-97% yield) 

The conditions for both acid- and base-promoted amide hydrolysis are considerably 

more severe than the corresponding reactions of esters. That is, amides are considerably 

less reactive than esters. The relative reactivities of carboxylic acid derivatives are discussed 

in Secr 2127 EB: 

The mechanisms of amide hydrolysis are typical nucleophilic acyl substitution mecha- 

nisms; you are asked to explore this point in Problem 21.10. 

eee ee ee cece eee ee eee Ree REED REED Eee eee EE HUET SESE E EEE EEEEEE EES E EEE HOO EE ETE EE SESE EEE E EEE EEEEEEEEEEE EEE ESTEE EEEEEEESES ESSE HEEEEEEEEEEES EOE O EEO EEEEEEES 

21.10 Show in detail the hydrolysis mechanism of N-methylbenzamide *(a) in acidic 

solution; (b) in aqueous NaOH. Assume that each mechanism involves a tetrahe- 

dral addition intermediate. 

21.11 Give the structures of the hydrolysis products that result from each of the 

following reactions. 

| 
(CHycH—=C—N io. 

RRSIRIISIIISIIOIOIDISOIIIOCIODOIIIOOIOIOIICICIICOOICUIOIOOIOOCOOOIOOIO OO OOCICCOCCOOOOCOOOO OC OCOOIOIC OO COO OOO GUOICIOOC OO COOOOIC OCC OOOO OO UOCOCCGl CG OUOUC OOO UG tO ttn i 
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C. Hydrolysis of Nitriles 
Ree eee eee eee eee E eee HHH HEHEHE EHEHEEEEEEEEE EEE EEE EEEEEE EEE EEEEEEEE SESH EE EEEEE EEE HE EEEEE EEE EEEEE EEE OEEEEEES 

Nitriles are hydrolyzed to carboxylic acids and ammonia by heating them in acidic or 

basic solution. 

PhClG —G=N a ELO + SO, "= Phen, — CO, EIN: HSO eras 
3 hr 

57 wt % : : 
phenylacetonitrile ee phenylacetic acid 

(78% yield) 

i 
C=N C==0F Kt CO,H 

heat H30+t ah 
ar KKQUal =F IELO Sa =e +K (21.19) 

+ N 
1-cyclohexene- re 1-cyclohexene- 
carbonitrile carboxylic acid 

(79% yield) 

Nitriles hydrolyze more slowly than esters and amides. Consequently, the conditions 
required for the hydrolysis of nitriles are correspondingly more severe. 

The mechanism of nitrile hydrolysis in acidic solution involves, first, protonation 
of the nitrogen (Sec. 21.5): 

(ap Md aci.g fe i: af ais R-——C>==N: HOH) <== R—C=N—H + :0H, (21.20a) 

This protonation makes the nitrile carbon much more electrophilic, just as protonation 
of a carbonyl oxygen makes a carbonyl carbon more electrophilic. Attack of the nucleo- 
phile water on the nitrile carbon and loss of a proton gives an intermediate called an 
imuidic acid. 

H, nod HG} 

:OH . 
2» R—C=N—H+H,0° — @120b) 

CU) an imidic acid 

The imidic acid is unstable and is converted under the reaction conditions into an amide: 

R—C—NH, +H,0" G20) 
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Because amide hydrolysis is faster than nitrile hydrolysis, the amide formed in Eq. 21.20c 

does not survive under the vigorous conditions of nitrile hydrolysis, and is hydrolyzed 

to a carboxylic acid and ammonium ion, as discussed in Sec. 21.7B. Thus, the ultimate 

product of nitrile hydrolysis in acid is a carboxylic acid. 

Notice that nitriles behave mechanistically much like carbonyl compounds. Compare, 

for example, the mechanism of acid-promoted nitrile hydrolysis in Eqs. 21.20a and b 

with that for the acid-catalyzed hydration of an aldehyde or ketone (Sec. 19.7A). In both 

mechanisms, an electronegative atom is protonated (nitrogen of the C==N bond, or 

oxygen of the C=O bond), and water attacks the carbon of the resulting cation. 

The parallel between nitrile and carbonyl chemistry is further illustrated by the 

hydrolysis of nitriles in base. The nitrile group, like a carbonyl group, is attacked by basic 

nucleophiles and, as a result, the electronegative nitrogen assumes a negative charge. 

Proton transfer gives an imidic acid (which, like a carboxylic acid, ionizes in base). 

i a Os. —:OH 

== R—C=N:7 Sa ee | NEC NH en Ree Oh NH + H,O 

| | | 
>OH >OH aOR= 

imidic acid ionized 
imidic acid (21.21a) 

As in acid-promoted hydrolysis, the imidic acid reacts further to give the corresponding 

amide, which, in turn, hydrolyzes under the reaction conditions to the carboxylate salt 

of the corresponding carboxylic acid (Sec. 21.7B). 

ae T aay Ch 
R—C=NH <> R—C—NH 

U | 

Jag acheter rt 
R—C—O2 + :NH, (21.21b) 

ace e cece ee eee eee eee eee Ree eR HHH EEE EES EE EEE E HET EEEEEEE SEES SESE SESE ESOS ESSE EEEE SEES SHEE EEEESSSEEESHSESESEETES ES EH EEE 

Acid chlorides and anhydrides react rapidly with water, even in the absence of acid or 

base catalysts. 

O 
Fh _-CO,H 

room temperature, A moon nper ite ae | O-+ 1,0 Fe Gihas | (94% yield) (21.22) 

He Coot 
O 
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O O 
i | pracos PA I 
fra—c—a EG ue ferielie ites (21.23) 

Ph Ph 
(>95% yield) 

However, the hydrolysis reactions of acid chlorides and anhydrides are almost never used 

for the preparation of carboxylic acids, because these derivatives are themselves usually 

prepared from acids (Sec. 20.9). Rather, these reactions serve as reminders that if samples 

of acid chlorides and anhydrides are allowed to come into contact with moisture they 
will rapidly become contaminated with the corresponding carboxylic acids. 

k. Mechanisms and Reactivity in 

Nucleophilic Acyl Substitution Reactions 

As you've seen, all carboxylic acid derivatives can be hydrolyzed to carboxylic acids; 
however, the conditions under which the different derivatives are hydrolyzed differ consid- 
erably. Hydrolysis reactions of amides and nitriles require heat as well as acid or base; 
hydrolysis reactions of esters require acid or base, but require heating only briefly, if at 
all; and hydrolysis reactions of acid chlorides and anhydrides occur rapidly at room 
temperature even in the absence of acid and base. These trends in reactivity, which are 
observed not only in hydrolysis, but in all nucleophilic acyl substitution reactions, can 
be summarized as follows: 

Reactivities of carboxylic acid derivatives in nucleophilic acyl substitution reactions: 

acid chlorides > anhydrides >> esters, acids > amides > nitriles (21.24) 

(The reactions of nitriles are additions, not substitutions, but are included for 
comparison. ) 

The practical significance of this reactivity order is that selective reactions are possible. 
In other words, an ester can be hydrolyzed under conditions that will leave an amide in 
the same molecule unaffected; likewise, nucleophilic substitution reactions on an acid 
chloride can be carried out under conditions that will leave an ester group unaffected. 

Understanding the trends in relative reactivity requires, first, an understanding of the 
mechanisms by which nucleophilic acyl substitution reactions take place. (The reactivity of 
nitriles is considered later.) For the sake of simplicity, imagine a reaction of a nucleophile, 
~?Nuc, with a carboxylic acid derivative containing a leaving group X under neutral or 
basic conditions. The substitution reaction involves formation of a tetrahedral addition 
intermediate. 

OD ee . 

Re 6 eR Oe ee Nee ee (21.25) 

. ( Nuc | UV 
Nuc 

tetrahedral addition 
intermediate 

Which step is rate-limiting depends on the carbonyl compound and the nucleophile. 
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Recall that reactivity is governed by the standard free energy of activation AG*, the 

difference in the standard free energies of the transition state and the reactants (Sec. 

4.8A). Also recall that reactions with larger AG are slower than reactions with smaller 

AG*. The first thing that affects the relative reactivities of the different carboxylic acid 

derivatives is their relative stabilities; a similar effect was discussed in Sec. 19.7B. If the 

carbonyl compound starting material is stabilized relative to the transition state, the 

standard free energy of the starting material is lowered relative to that of the transition 

state and the reactivity of the carbonyl compound is decreased (Fig. 21.5). This effect is 

important regardless of the step that is rate-limiting. 

The major factor affecting the stability of the carbonyl compound is the resonance 

interaction of the unshared electron pairs of the group X with the carbonyl wr electrons. For 

example, this interaction is depicted for an amide, in which —X = —NH), as follows: 

O: O 
I >. ie 

R—C—_NH3) <—>, R—C—NiD (21.26) 

Esters, anhydrides, and acid chlorides all have analogous resonance structures. In an ester, 

such a resonance interaction places a positive charge on oxygen. 

less stable 

carbonyl compound 
is more reactive 

more stable 

carbonyl compound 
is less reactive 

reaction coordinates ———> 

How stability of the carbonyl compound affects reactivity in nucleophilic acyl substitution. The two 

transition states have been arbitrarily placed at the same energy for comparison purposes. Although 

the first step, formation of the tetrahedral addition intermediate, is rate-limiting in this diagram, 

this effect is present regardless of the rate-limiting step. (a) The less stable carbonyl compound is 

more reactive. (b) The more stable carbonyl compound is less reactive. 
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O: 

fi eM a 
r—cL dr’ <> RC 0K" (21.27) 

Because oxygen is more electronegative than nitrogen, this resonance interaction is less 
important in an ester than in an amide; hence, amides are stabilized by resonance more 
than esters. An additional unfavorable interaction occurs in the resonance structure of 
an anhydride: the repulsion between the positive charge on the carboxylate oxygen and 
the partial positive charge on the carbonyl carbon. 

R—C—O—C—R =<» R—C=O—C—R (21.28) 

vy. 
repulsion between 

like charges 

Consequently, anhydrides are stabilized less by resonance than esters and amides. Finally, 
the analogous resonance interaction in an acid chloride requires the overlap of a chlorine 
3p orbital with a carbon 2p orbital. Because this overlap is very ineffective (Fig. 16.9), 
acid chlorides are stabilized even less by resonance than anhydrides. What’s more, the 
polar effect of the chlorine also destabilizes the carbonyl compound through an unfavor- 
able interaction of the carbon-chlorine bond dipole with the partial positive charge on 
the carbonyl carbon: 

ie. repulsive interaction of C—Cl bond dipole 
with partial positive charge 

To summarize: the less important the resonance stabilization of the carbonyl com- 
pound, the more reactive the compound is. 

Resonance stabilization of carbonyl compounds (X = leaving group in Eq. 21.25): 

O 

w= — Ol = — > = 0 Ce X= OR ==INIal, (21.29) 

decreasing reactivity > 

Notice that this is the observed order of reactivity given in Eq. 21.24. 
When loss of the leaving group from the tetrahedral addition intermediate (the 

second step of Eq. 21.25) is rate-limiting, not only is the stabilization of the carbonyl 
compound important in determining reactivity, but a second effect is important as well: 
stabilization of the transition state (Fig. 21.6). The major factor accounting for differences 
in transition-state stability is the relative base strengths of the different leaving groups —X 
As in Sy2, Syl, and other reactions, the best leaving groups are the weakest bases. 
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2 ee ae 
more basic 7 

5- . leaving group; ieaaa os 

less basic O Mescrcn a Raa 

leaving group; | 6- has higher energy | 

transition state Rae Cae x. Nuc 

has lower energy 

reaction coordinates ———> 

Effects of the leaving group on reactivity in nucleophilic acyl substitution. This effect is most 

important in reactions for which the second step, loss of the leaving group from the tetrahedral addi- 

tion intermediate, is rate-limiting as indicated in this diagram. The two carbonyl compounds are 

arbitrarily placed at the same energy to show the transition-state effects. (a) The carbonyl compound 

with the better (less basic) leaving group X has the transition state of lower energy, and is therefore 

more reactive. (b) The carbonyl compound with the poorer (more basic) leaving group Y has the 

transition state of higher energy, and is therefore less reactive. 

Relative basicities of leaving groups: 

O 

—X = —C] < — X = —O—C—R < —X = —OR < —X = — NH, (21.30) 

decreasing reactivity > 

Again, notice that this is the observed reactivity order in Eq. 21.24. 

Now let’s put everything together. Regardless of which step is rate-limiting, and regard- 

less of whether stabilization of the carbonyl compound or basicity of the leaving group 

is the major effect on reactivity, we reach the same conclusion: the reactivity order is 

that shown in Eq. 21.24. 

Although this detailed analysis has been carried out for reactions that involve a 

negatively charged nucleophile, the same conclusions are obtained from an analysis of 

acid-catalyzed reactions. 

What about nitriles? Reactions of nitriles in base are slower than those of other acid 

derivatives because nitrogen is less electronegative than oxygen and accepts additional 

electrons less readily. Reactions of nitriles in acid are slower because of their extremely 

low basicities. It is the protonated form of a nitrile that reacts with nucleophiles in acid 
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solution; but so little of this form is present (Sec. 21.5) that the rate of the reaction is 

very small. 

C1 tie 00) 010 ee 0/0) 0\0/0/0\0)¢/0/0\0\615\0\0\0/0[0/010\0\0'0\¢\a)a/@'@\a)0\a\0\0\0\0\0\0 0)a/e\4:0\0'0\0/0\0 0/010(6/8\6/6\0 016 010\e 9 016\0'01010/0:0:610)018\0 6/6/00 0.0, 0\6/8/eleleisie\e\0\ 00 8 610 /4\0\0 0161010101610 6.6 6.0.0[0 a\e/e!e\0 © .0.6\0 0c leielelnielele.e éie.e.e elejsicvaiciecelscpiciaciee 

*21.12 Use an analysis of resonance effects and leaving-group basicities to explain why 

acid-catalyzed hydrolysis of esters is faster than acid-catalyzed hydrolysis of  PrRosLems ~ 
ee su amides. 

21.13 Which should be faster: hydrolysis of an acid fluoride or hydrolysis of an acid 
chloride? Explain your reasoning. 

21.14 Complete the following reactions. 
*(a) O 

| . H,0 N=C—CH,—C— OCH; + “OH (1 equiv) —S75q> 
(b) 

a : > CO.CH Oa ao 

“(c} ] 

H;N—C—NH, + H,9 2° heat 

(d) O 

NH Bg 
+ H,0 heat 

Sitencm rar aintade oicres clos chen ricinne cue) ues eucbeseielciaieuniezcrove Lelese pn <ietela)eyo/elslale|elais}s(e]si4\e\e\eysjejereie\e[siele)aleloiaiela(e.n, sole ele]e]ale|alelaj8]0\0\elelaiels\a\ale|e\e[elsrela)e\e/a\slolelsielavereis\alelelelelelelstoreiniaieva mevanietctsieieie meee See 

Reactions of Carboxylic Acid 
Derivatives with Nucleophiles 
Siva uicumcniras aciciens cme che miaeie tolvioue eleselejeia)plalali.s|a(e)s[ele\ale1sielptelalejeie[slstale\aleleln/e{o{ele|ecale/als(elofelaleinlelsle\s|e[alnl efelelarsie(e(eleyeieielsialeielereiniersieverereralaieiettieieiarntarercr treet 

The previous section showed that all carboxylic acid derivatives hydrolyze to carboxylic 
acids. Water and hydroxide ion are only two of the nucleophiles that react with carboxylic 
acid derivatives. This section shows how the reactions of other nucleophiles with carbox- 
ylic acid derivatives can be used to prepare other carboxylic acid derivatives. As you 
proceed through this section, notice how all of the reactions fit the pattern of nucleophilic 
acyl substitution. 

Bote eee ee 2 SPREE SERERURD OED OOICROCDODDCOROOOCROUOUCCOCUDOD TG OUDOD CORUM OMnAcD Ha DDAaOB ao cbrinaecooo CoUc ODOnGOCGSbenne 

Among the most useful ways of preparing carboxylic acid derivatives are the reactions 
of acid chlorides with various nucleophiles. Because of the great reactivity of acid chlorides, 
such reactions are typically very rapid and can be carried out under mild conditions. 
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Reactions of Acid Chlorides with Ammonia and Amines Acid chlorides 

react rapidly and irreversibly with ammonia or amines to give amides. Reaction of an 

acid chloride with ammonia yields a primary amide: 

O O 

. eee . 
CHa( CH). —€—-Cl ar 2NH; See CH.(CGH>);-G-—_ NH, ie NH, Gla 

decanoyl chloride ene decanamide H 
shel) (73% yield) 

(21:31) 

Reaction of an acid chloride with a primary amine (an amine of the form R— NH); Sec 

19.11A) gives a secondary amide: 

O O 

| | Ze 
Phe- CCl PhCH,CH,NH, + —» Ph—C—NHCH,CH,Ph + | (21.32) 

a primary amine a secondary amide aN cls 
(89-98% yield) | 

H 

Reaction of an acid chloride with a secondary amine (an amine of the form R,NH; Sec 

19.11B) gives a tertiary amide: 

O O 

! 
Ph—C—Cl + H—N: + NaOH -—>) Ph G—_N: + H,O + Nat Cl (21.33) 

a secondary a tertiary amide 
amine (77-81% yield) 

These reactions are all additional examples of nucleophilic acyl substitution 

l 7. | al eer Ibe 
=O CL: ae =o ae —¢ NH = > (C= INiisl IK (21.34) 

HN—R %H2N—R tals PTLN =k 

Notice that a proton is removed from the amide nitrogen in the last step of the mechanism. 

Unless another base is added to the reaction mixture, the starting amine acts as the base 

in this step. Hence, for each equivalent of amide that is formed, an equivalent of amine 

is protonated. When the amine is protonated, its electron pair is taken “out of action 

and the amine is no longer nucleophilic. 

oe + 

RN Ro NE 

strong base; protonated amine; 
good nucleophile cannot act as a 

nucleophile 

Hence, if the only base present is the amine nucleophile, then at least two equivalents 

must be used: one equivalent as the nucleophile and one as the base in the final proton- 

transfer step. 
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Reaction of Tertiary 
Amines with Acid 

Chlorides 

Chemistry of Carboxylic Acid Derivatives 

The use of excess amine is practical when the amine is cheap and readily available. 

Another alternative is to use a tertiary amine (an amine of the form R;N:) such as 

triethylamine or pyridine as the base (Eq. 21.32). 

| SS 

Zz 

N (CyH5)3N: 

pyridine triethylamine 

The presence of a tertiary amine does not interfere with amide formation by another 
amine because a tertiary amine itself cannot form an amide (why?). The use of a tertiary 
amine is particularly appropriate if the amine used to form the amide is expensive and 
cannot be used in excess. 

Yet another alternative is to use the Schotten-Baumann technique. In this method, 
the reaction is run with a water-insoluble acid chloride in a separate layer (either alone 
or in a solvent) over an aqueous solution of NaOH (Eq. 21.33). Hydrolysis of the acid 
chloride by NaOH is avoided because the water-insoluble acid chloride is not in contact 
with the water-soluble hydroxide ion. The amine, which is soluble in the acid chloride 
solution, reacts to yield an amide. The aqueous NaOH extracts and neutralizes the 
protonated amine that is formed. 

| occurs in organic layer | | occurs in aqueous layer | 

O 

R-—@ Cle R= NH, 
water-insoluble 

OH 

HC Gre 

3,5-dimethylphenol 

| 
SOE 
oe 

Lee 
ee OR NER! 

+ 

PR’ Nie Gla 
water-soluble 

Ra NE EO) (21.35) 

The important point about all the methods for preparing amides is that either two 
equivalents of amine must be used, or an equivalent of base must be added to effect the 
final neutralization. 

Reaction of Acid Chlorides with Alcohols and Phenols Esters are formed 
rapidly when acid chlorides react with alcohols or phenols. In principle, the HCl liberated 
in the reaction need not be neutralized, since alcohols and phenols are not basic enough 
to be extensively protonated by the acid. However, some esters (such as tert-butyl esters; 
see Study Guide Link 21.5) and alcohols (such as tertiary alcohols; Secs. 10.1, 10.2), are 
sensitive to acid. In practice, a tertiary amine like pyridine is added to the reaction mixture 
or is even used as the solvent to neutralize the HCl. 

i 
O | 

ether 
te Clae'Ga= CH aan Te FG) (21.36a) 

acetyl chloride HC CH Paes 

3 dimethylphenyl acetate 
(75% yield) 
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ae | 
Pye ee CO ee PPh Ga O = CLC )g a IC! (21.36b) 

(reacts with 
tert-butyl benzoate quinoline) 
(71-76% yield) 

benzoyl chloride _ tert-butyl alcohol 

As these examples illustrate, esters of tertiary alcohols and phenols, which cannot be 

prepared by acid-catalyzed esterification, can be prepared by this method. 

Sulfonate esters (esters of sulfonic acids) are prepared by the analogous reactions of 

sulfonyl chlorides (the acid chlorides of sulfonic acids) with alcohols. This reaction was 

introduced in Sec. 10.3A. 

1 
@HECH GH Gi, — OH si, Cl——5 4 \-an pyridine 

1-butanol I 

p-toluenesulfonyl 
chloride 

(tosyl chloride) 

O 
! 

cHACH.CHLCH—0—3—{ <r AF el (21.37) 

| (reacts with 
O pyridine) 

butyl p-toluenesulfonate 
(butyl tosylate) 
(88-90% yield) 

Reaction of Acid Chlorides with Carboxylate Salts Even though carboxylate 

salts are weak nucleophiles, acid chlorides are reactive enough to be attacked by carboxylate 

salts to give anhydrides. 

O O O O 

‘ bers AH 
GHs--G—Cl + Nat :O--CG— CH, —“"> CH;—-C—O0—C—CH, + NaCl (1'8) 

propionyl chloride sodium acetate acetic propionic anhydride 
(excess) (60% yield) 

This is a second general method for the synthesis of anhydrides. Unlike the anhydride 

synthesis discussed in Sec. 20.9B, the reactions of acid chlorides with carboxylate salts 

can be used to prepare mixed anhydrides, as the example in Eq. 21.38 illustrates. 

c= Summary: Use of Acid Chlorides in Organic Synthesis One of the most 

Srupy GUIDE LINK: important general methods for converting a carboxylic acid into an ester, amide, or 

¥ 21.7 anhydride is first to convert the carboxylic acid into its acid chloride (Sec. 20.9A) and 

Another Look at 
Fedel Craps then use one of the acid chloride reactions discussed in this section to form the desired 

Acylation carboxylic acid derivative. To summarize: 
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amine 
O O amide 

— ll On SOCI, or Re Ge =6l alcohol or phenol eer (21.39) 

PCls 

carboxylate anhydride 

5. Reactions of Anhydrides with Nucleophiles 

Anhydrides react with nucleophiles in much the same way as acid chlorides: reaction 
with amines yields amides, reaction with alcohols yields esters, and so on. 

O O 

| | 
cno{ Vn, + CH,—C—O— C—CH, acetic acid 

acetic anhydride 
p-methoxyaniline 

O 
! 

eno \—w—c—a + CH;—CO,H (21.40) 

N-(p-methoxyphenyl)acetamide 
(75-79% yield) 

O 
O O | 
| 

OH I C=C — Or. 
Cr CH) = C=) Gear ee ie + CH;CO,H (21.41) 

COoH CO>H 

2-hydroxybenzoic acid 
(salicylic acid) 

acetic anhydride 

2-acetoxybenzoic acid 
(aspirin) 

(80-90% yield) 

Because most anhydrides are prepared from the corresponding carboxylic acids, the use 
of an anhydride to prepare an ester or amide wastes one equivalent of the parent acid 
as a leaving group. (Notice, for example, that acetic acid is a by-product in Eqs. 21.40 
and 21.41.) Therefore, this reaction in practice is used only with inexpensive and readily 
available anhydrides, such as acetic anhydride. 

One exception to this generalization is the formation of half-esters and half-amides 
from cyclic anhydrides: 

Oi 0) aad o vob ldtie i | ye +. CLLOH > CiLO—- GC On (21.42) 
oe 

methanol 
succinic methyl hydrogen succinate 

anhydride (95-96% yield) 

Half-amides of dicarboxylic acids are produced in analogous reactions of amines and 
cyclic anhydrides. These compounds can be cyclized to imides by treatment with dehydrat- 
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ing agents, or in some cases just by heating. This reaction is the nitrogen analog of cyclic 

anhydride formation (Sec. 20.9B). 

O 
O | O 

C— NHPh excess acetic 

| ‘oO +PhNH, —“ Mea eres Nie Ssieeay (21.43) 
C—OH sodium acetate 

aniline | 
O O 

maleic (97% yield) N-phenylmaleimide 

anhydride (75-80% yield) 

©. Reactions of Esters with Nucleophiles 

Just as esters are much less reactive than acid chlorides toward hydrolysis, they are also 

much less reactive toward amines and alcohols. Nevertheless, reactions of esters with 

these nucleophiles are sometimes useful. The reaction of esters with ammonia or amines 

yields amides. 

O O 

| 
N=C—CH,—C— OCH; + NH, 22+ N==C—CH,—C—NH, + C,H;OH (21.44) 

(86% yield) 

The reaction of esters with hydroxylamine (NH,OH, Table 19.3) gives N-hydroxy- 

amides; these compounds are known as hydroxamic acids. 

O O 

R—C—OC,H; IF NH,OH a R—C—NHOH ae C,H;OH (21.45) 

ester hydroxylamine hydroxamic acid 

(Acid chlorides and anhydrides also react with hydroxylamine to form hydroxamic acids.) 

This chemistry forms the basis for the hydroxamate test, used mostly for esters. The 

hydroxamic acid products are easily recognized because they form highly colored com- 

plexes with ferric ion. 

When an ester reacts with an alcohol under acidic conditions, or with an alkoxide 

under basic conditions, a new ester is formed. 

O O 

| K+ CH;(CH));07 | 
Ph—C—OCH; + HO(CH,);CH; <= Ph—C— O(CH?)3CH; + CH3;0H (21.46) 

methyl benzoate 1-butanol butyl benzoate methanol 

(excess) (72% yield) 

This type of reaction, called transesterification, typically has an equilibrium constant 

near unity, because neither ester is strongly favored at equilibrium. The reaction is driven 

to completion by the use of an excess of the displacing alcohol or by removal of a relatively 

volatile alcohol by-product as it is formed. 
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21.15 Using an acid chloride synthesis as a first step, outline a conversion of hexanoic 
acid into each of the following compounds. PROBLEMS 

ssi *(a) ethyl hexanoate (b) N-methylhexanamide 

21.16 Complete the following reactions by giving the major organic products. 

"(aye GH OH COsH meee 
(excess) (excess) 

(b) O 

Sere +HO—~< |] ao, 

©) O 

PhCH,— C—Cl + CH;CH,SH —> 

(d) O O 

CH3CH,CH,— C—Cl + Nat ~“O—C—CH, —» 

*(e) O 

Cl—C— Cl (excess) +-CH,OH — > 

(f) O 

al ear + CH3OH (excess) ——> 

*(g) ] 

Som arorenti + HO—CH,CH;—OH SSI, (C,H,0;) 

(h) phthalic anhydride + CH;0H —>» 

eS *21.17 Contrast the location of '*O in the products of the following two reactions, and 
Stupy Gute Linx: explain. 

a ° 
cles PhCH,—O—S—CH; + #OH7 —» 

I 

(b) O 
! 

PhCH,—O—C—CH; + #OH7 — > 

21.18 How would you synthesize each of the following compounds from an acid 
chloride? 

*(a) Ph (b) 
| i crncHoso.—{ cr cH—C—0-{ No; 
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(d) 

(CH;)3.C-—0 + C-— CH, — C—O — C(CH). 
AROSTIOE AON CODD ODOR CICOOREC OOD HOC CAC OCOD OFOMOTOUOD DOCH CAND OO0 DODD CCUCOCOCOUCUOOGOSOCOCOCDCTOOCD OOOO MSO COORD OUUDECOCOCI Ts kT LIOR SF IGIIOCI NT ASI 

Reduction of Carboxylic Acid Derivatives 
<iv'els sieie.e ¥16\0 oie b/ple nje ojaleleie 010161010 0\0le\ele.6'9)e[6. 6.6 410)8 6 6}6 (04191019 \0\a)a[nloje eieie\eia\e\0inie\elpin\s/einjvie|ui01@)/6ie/016.6\0 (9.010 0°: «)a\8/810/¢\9/0\e0\e)e\ejeieie/eie.e ¢/0.0/0 8s nisieinisieicice 5,8 8 2108 

Most of the reactions discussed in the previous sections have been straightforward nucleo- 

philic acyl substitution reactions. In this and the following section, some reactions are 

considered that involve nucleophilic acyl substitution steps followed by other reactions. 

A. Reduction of Esters to Primary Alcohols 
BEARDOC AC OC OOOOONDDOCDOCOOCDOOUDAUOOOCCOOOUDOUOOUOUNIOC OOD OOOCCODCOODOO OOO LUDUO OOD UOCCOOIUIU GI OUOO ODO A TTT) AA I Nd 

Lithium aluminum hydride reduces all carboxylic acid derivatives. Reduction of esters 

with this reagent, like reduction of carboxylic acids, gives primary alcohols. 

O 

OH CH CH Ome OC Hee tal iAl eee ee 

CH; lithium 
aluminum 

ethyl 2-methylbutanoate hydride 

2CH.CH)— CH — CHj==OH + 20,H,OH Lita Al’ saltsmumclay 

Gre ethanol 

2-methyl-1-butanol 
(91% yield) 

Notice that two alcohols are formed in this reaction, one derived from the acyl group of 

the ester (2-methyl-1-butanol in Eq. 21.47), and one derived from the alkoxy group 

(ethanol in Eq. 21.47). In most cases, a methyl or ethyl ester is used in this reaction, and 

the by-product methanol or ethanol is discarded; the alcohol from the acyl portion of 

the ester is the product of interest. 

As noted several times (Sec. 20.10), the active nucleophile in LiAIH, reductions is 

the hydride ion (H:~) delivered from ~ AIH,, and this reduction is no exception. Hydride 

replaces alkoxide at the carbonyl group of the ester to give an aldehyde. (Write the 

mechanism of this reaction, another example of nucleophilic acyl substitution.) 

O O 

Lit ~AIH, + R—C—OC,H; > R—C—H+ Lit C,H;O + AIH; (21.48a) 
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The aldehyde reacts rapidly with LiAlH, to give, after protonolysis, the alcohol (Sec. 19.8). 

O ie 

| rf 
R—C—H ee Or (21.48b) 

| 
H 

The reduction of esters to alcohols thus involves a nucleophilic acyl substitution 

reaction followed by a carbonyl addition reaction. 

Sodium borohydride, another useful hydride reducing agent, is much less reactive 

than lithium aluminum hydride. It reduces aldehydes and ketones, but reacts very slug- 

gishly with most esters; in fact, NaBH, can be used to reduce aldehydes and ketones 
selectively in the presence of esters. 

Acid chlorides and anhydrides also react with LiAIH, to give primary alcohols. 

However, since acid chlorides and anhydrides are usually prepared from carboxylic acids, 

and since carboxylic acids themselves can be reduced to alcohols with LiAIH,, the reduc- 
tion of acid chlorides and anhydrides is seldom used. 

B. Reduction of Amides to Amines 

Amines are formed when amides are reduced with LiAIH,. 

O 

nL" ie ee h a CN 2Ph— Chip Nis Li Ale salts aH, (21.49) 

benzamide benzylamine 
(80% yield) 

Amide reduction can be used not only to prepare primary amines from primary amides, 
but also secondary and tertiary amines from secondary and tertiary amides, respectively. 

1 
CIN0ClL). === ae CH,—N(CH3)> + Lit, AP* salts (21.50) 

(88% yield) 

Notice carefully that the reaction of LiAIH, with an amide differs from its reaction 
with an ester. In the reduction of an ester, the carboxylate oxygen is lost as a leaving 
group. If amide reduction were strictly analogous to ester reduction, the nitrogen would 
be lost, and a primary alcohol would be formed; clearly, this is not the case. Instead, it 
is the carbonyl oxygen that is lost in amide reduction. 

Ester reduction: 

: + 
R—C—or’ —UAls, _H.0" | R—CHLOH + R/OH (21.51a) 

(carbonyl oxygen retained) 
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Amide reduction: 

O 
! : 

R—C—NR) _AIHs 30" ~R—CH)NR3 (carbonyl oxygen lost) (21.51b) 

Let’s consider the reason for this difference, using as a case study the reduction of a 

secondary amide. (The mechanisms of reduction of primary and tertiary amides are 

somewhat different, but have the same result.) 

In the first step of the mechanism, the weakly acidic amide proton reacts with an 

equivalent of hydride, a strong base, to give hydrogen gas, AIH;, and the lithium salt of 

the amide. 

HOE aby ais Lat, Or Ime 

| Kocuip\wo= | fp | 
PAC Ey — AIH, —~> Cnt = <> GR + AIH; + H, (21.52a) 

N NR NR 
IS ap Ee 

The lithium salt of the amide, a Lewis base, reacts with the Lewis acid AIH. 

Lit Oe onal Lit eal 

G = G 
SS SS (21.52b) 

The resulting species is an active hydride reagent conceptually much like LiAIH,, and 

can deliver hydride to the CN double bond. 

reactive hydride 

H H 
SS 

oe De .. AIF) 

C SSS SC (21.52c) 
BAX, 

SG eS ; st 

Lit ae 
Here is why oxygen rather than nitrogen is lost from the amide. If nitrogen were lost 

from the tetrahedral addition intermediate, it would have to assume a second negative 

charge. On the other hand, loss of oxygen requires expulsion of ~OAIH), which is actually 

a fairly good leaving group. Loss of this group gives an imine (Sec. 19.11). 

J aiiee 
-O 

e : 
=—\C—ls! ee ee eee Li ig alO- 5 (21.52d) 

CNR Lit a 
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Hence, loss of the carbonyl oxygen occurs because it is converted into a better leaving 
group than the nitrogen. 

The C=N of the imine, like the C—O of an aldehyde, undergoes nucleophilic 

addition with “H:~” from ~AIH, or from one of the other hydride-containing species 

in the reaction mixture. Addition of water or acid to the reaction mixture converts the 

addition intermediate into an amine by protonolysis. 

Lit -N ie ane 
| f 

=e — AIS + See Cee, 
<7 | | 

DETORIUGUO DOO OOCCOOUODOOCOUOCOO COO OO OOOO OC CO OOODO USO OOO™ DUOOOOMOOOCIOCCOIOO DOC ODOOCOCONUDOOCCUOGLOOC ODODE CUODNOTOOCODTOATODOGORCH 

Nitriles are reduced to primary amines by reaction with LiAIH,, followed by the usual 
protonolysis step. 

CH,C=N CH,CH,NH, 
+ 

2 or iA. = Le Cie elie Aleaesal ts (21.53) 

lithium 
2-(1-cyclohexenyl)- aluminum 2-(1-cyclohexenyl)ethanamine 

ethanenitrile hydride (74% yield) 

The mechanism of this reaction illustrates again how the C=N and C~O bonds 
react in similar ways. This reaction probably occurs as two successive nucleophilic additions. 

ja ie 
ee 

ee ON > R—C==N: + AIH; (21.54a) 

aie H 
imine salt 

In the second addition, the imine salt reacts in a similar manner with AIH; (or another 
equivalent of AlH,_). 

ee yal nL 
RecN Gi Ng <> R—CH,—N_ 
A AIH, SATHG 

lsl——Mllinl 

(21.54b) 

In the resulting derivative, both the N—Li and the N—AI bonds are very polar, and 
the nitrogen has a great deal of anionic character. Both bonds are susceptible to protono- 
lysis. Hence, an amine is formed when water is added to the reaction mixture. 

R— CH ee H307 NI +A T3+ 
g SA 2 eae R= Gli Ni ae Lal Ne cells (21.54c) 
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A 

Nitriles are also reduced to primary amines by catalytic hydrogenation. 

GHAGH, 10== Naas ee CH.(GH), CHEN (21.54d) 
120-130° 

hexanenitrile 1-hexanamine 

An intermediate in the reaction is the imine, which is not isolated but is hydrogenated 

to the amine product. (See also Problem 21.22.) 

Re ON eR CH Ne eR CO Nie 
imine 

The reductions discussed in this and the previous section allow the formation of the 

amine functional group from amides and nitriles, the nitrogen-containing carboxylic acid 

derivatives. Hence, any synthesis of a carboxylic acid can be used as part of an amine 

synthesis, provided that the amine has the following form: 

jf 
RGN 

G—Oror C—Nearboniat 
the carboxylic acid derivative 

As indicated, the carbon of the carbonyl group or cyano group in the carboxylic acid 

derivative ends up as the —CH,— group adjacent to the amine nitrogen. 

FADO GODGCRO DOE OO TOL OOCOCOODOLONOOOO CO. OC THOU DOTOTOOCOCOOS TO OIOO COR Ci CIC USNS UOr UCUO OOO UC TO ROOOCOUOIURCUOO ONO JORSORO OI TOUS OO OOOO Os IOC eC IU | 

Outline a synthesis of (cyclohexylmethyl)methylamine from cyclohexanecarboxylic acid. 

2Veu | 

Ces CH,— NHCH; 
—_ > 

cyclohexanecarboxylic acid  (cyclohexylmethyl)methylamine 

Solution Any carboxylic acid derivative used to prepare the amine must contain nitro- 

gen; the two such derivatives are amides and nitriles. However, notice that the only type 

of amine that can be prepared directly by nitrile reduction is an amine of the form 

—CH;NH.. Since the desired product is not of this form, the reduction of nitriles must 

be rejected as an approach to this target. 

The amide that could be reduced to the desired amine is N-methylcyclo- 

hexanecarboxamide: 

O 

NHCH; _1)LiAIHy 
2) H30+ 

N-methylcyclohexanecarboxamide 
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This amide can be prepared, in turn, by reaction of the appropriate amine, in this case 

methylamine, with an acid chloride: 

O O 

H)NCH; ! 
C i C a methylamine = me 

Cr Cl (excess) ey i NHCH, + H,NCH, CI- 

cyclohexanecarbonyl chloride 

Finally, the acid chloride is prepared from the carboxylic acid (Sec. 20.9A). 
CCPC COO meee eee eee ee sess ese reser eee sees HEEEEE EEE O OOOO E EEE ES ESS ODDO SEES EEEEEEEESE EERE EE EEEEES EEE ES EEE EEEE ESO SESEEEE DEO EEE EEE DESO REESE eeEeseesese 

Acid chlorides can be reduced to aldehydes by either of two procedures. In the first, the 

acid chloride is hydrogenated over a catalyst that has been deactivated, or poisoned, with 

an amine, such as quinoline, that has been heated with sulfur. (Amines and sulfides are 

catalyst poisons.) This reaction is called the Rosenmund reduction. 

O O 

| | 
CH30 C—Cl Pd/C CH30 C—H 

pean Dla oe + HCl (21.56) 
CH,O CII cx0 

OCH; quinoline OCH; 
sulfur 

3,4, 5-trimethoxybenzoyl chloride 3,4, 5-trimethoxybenzaldehyde 
(54-83% yield) 

The poisoning of the catalyst prevents further reduction of the aldehyde product. 
A second, more recent, method of converting acid chlorides into aldehydes is the 

reaction of an acid chloride at low temperature with a “cousin” of LiAIHy, lithium tri(tert- 
butoxy)aluminum hydride. 

i i 
(CHe),—C—Cl = Li i Al=| OC cH, ae. uO. 

2,2-dimethylpropanoyl 
chloride CH; 2 

lithium tri(tert-butoxy)aluminum hydride 

O CH; 
| 

(CH); — C—H + 3CH,— G@— OH + Lil Als salts rsa) 

2,2-dimethylpropanal CH; 
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The hydride reagent used in this reduction is derived by the replacement of three hydro- 

gens of lithium aluminum hydride by tert-butoxy groups. As the hydrides of LiAlH, are 

replaced successively with alkoxy groups, less reactive reagents are obtained. (Can you 

think of a reason why this should be so?) In fact, the preparation of LiAIH[O — C(CHs)3]3 

owes its success to the poor reactivity of its hydride: the reaction of LiAlH, with tert- 

butyl alcohol stops after three moles of alcohol have been consumed. 

Lit ~AIH, + 3(CH;);C-O—H —» Lit H—AI[O—C(CHs)3]} + 3H: (21.58) 

The one remaining hydride reduces only the most reactive functional groups. Because 

acid chlorides are more reactive than aldehydes toward nucleophiles, the reagent reacts 

preferentially with the acid chloride reactant rather than with the product aldehyde. In 

contrast, lithium aluminum hydride is so reactive that it fails to discriminate to a useful 

degree between the aldehyde and acid chloride groups, and reduces acid chlorides to 

primary alcohols. 

The reduction of acid chlorides adds another synthesis of aldehydes and ketones to 

those given in Sec. 19.4. A complete list of methods for preparing aldehydes and ketones 

is given in Appendix IV. 
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_ PROBLEMS — 

21.19 Show how benzoyl chloride can be converted into each of the following 

compounds. 

*(a) benzyl alcohol (b) benzaldehyde 

ae) = 
PhCH, —N 

(d) PhCH,—NH, 

*21.20 Complete the following reactions by giving the principal organic product(s). 

(a) ] 

iG aa es 
(excess) 

(b) PhCH,C=N + H, ae 

(c) O 

O—C—CH; 

Ph—CH—CO,C)H; + LiAlHy, (excess) ——~> win 

21.21 Give the structures of two compounds that would give the following product 

after LiAlH, reduction. 

(CH3),CHCH,CH,CH,NH, 
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*21.22 (a) In the catalytic hydrogenation of some nitriles to primary amines, second- 

ary amines are obtained as by-products: 

R C=N H, (catalyst) = RCH>NH, ie (RCH,),NH 

secondary amine 

Suggest a mechanism for the formation of this by-product. (Hint: What is 

the intermediate in the reduction? How can this intermediate react with an 
amine?) 

(b) Explain why ammonia added to the reaction mixture prevents the formation 
of this by-product. 
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Recall that the reaction of lithium aluminum hydride with a carboxylic acid (Sec. 20.10) 
or ester (Sec. 21.9A) involves an aldehyde intermediate. But the product of such a reaction 
is a primary alcohol, not an aldehyde, because the aldehyde intermediate is more reactive 
than the acid or ester. The instant a small amount of aldehyde is formed, it is in competition 
with the remaining acid or ester for the LiAIH, reagent. Because it is more reactive, the 
aldehyde reacts faster than the remaining ester does. Hence, the aldehyde cannot be 
isolated under such circumstances. On the other hand, the lithium tri(tert-butoxy)alumi- 
num hydride reduction of acid chlorides can be stopped at the aldehyde because acid 
chlorides are more reactive than aldehydes. When the aldehyde is formed as a product, 
it is in competition with the remaining acid chloride for the hydride reagent. Because 
the acid chloride is more reactive, it is consumed before the aldehyde has a chance to 
react. 

These examples show that the outcome of many reactions of carboxylic acid deriva- 
tives is determined by the relative reactivity of carbonyl compounds toward nucleophilic 
reagents, which can be summarized as follows. (Nitriles are included as “honorary carbonyl 
compounds.”) 

Relative reactivities toward nucleophiles: 

acid chlorides > aldehydes > ketones >> esters, acids > amides > nitriles (21.59) 

The explanation of this reactivity order is the same one used in Sec. 21.7E. Relative 
reactivity is determined by the stability of each type of carbonyl compound relative to 
its transition state for addition or substitution. The more a compound 1s stabilized, the less 
reactive it is; the more a transition state for nucleophilic addition or substitution is stabilized, 
the more reactive the compound is (Figs. 21.5 and 21.6). For example, esters are stabilized 
by resonance (Eq. 21.27) in a way that aldehydes and ketones are not. Hence, esters are 
less reactive than aldehydes. In contrast, resonance stabilization of acid chlorides is much 
less important, and acid chlorides are destabilized by the electron-attracting polar effect 
of the chlorine. Moreover, the transition-state energies for nucleophilic substitution reac- 
tions of acid chlorides are lowered by favorable leaving-group properties of chlorine. For 
these reasons, acid chlorides are more reactive than aldehydes, in which these effects of 
the chlorine are absent. 
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Reactions of Carboxylic Acid Derivatives 

with Organometallic Reagents 
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Most carboxylic acid derivatives react with Grignard or organolithium reagents. One of 

the most important reactions of this type is the reaction of esters with Grignard reagents. 

In this reaction, a tertiary alcohol is formed after protonolysis. (Secondary alcohols are 

formed from esters of formic acid; see Problem 21.24.) 

O 

(CHs);GH—C—OGAH
s + 2CH;Mel ether a H,0+ =A 

ethyl 2-methylpropanoate 

OH 

een Re + C,H;OH + Mg’* salts (21.60) 

CH; 

2,3-dimethyl-2-butanol 
(92% yield) 

i L. 
‘ We ye ; 

\—c—o«r OU = Gapeie ee \—¢— icin ct + CH.OH +p lat 

(CH,)3;CH3 

methyl 
2-methylpropenoate 3-butyl-2-methyl-1-hepten-3-ol (21.61) 

Notice that two equivalents of organometallic reagent react per mole of ester. Notice also 

that a second alcohol is produced in the reaction (ethanol and methanol in Eqs. 21.60 

and 21.61, respectively). Recall that a similar situation occurs in the LiAIH, reduction of 

esters (Sec. 21.9A). This alcohol is generally not the one of interest and is discarded as 

a by-product. 

Like the LiAIH, reduction of esters, this reaction is a nucleophilic acyl substitution 

followed by an addition. A ketone is formed in the substitution step. (Fill in the details 

of the mechanism. ) 

1 i 
R—C—OC,H; + CH;—Mgl —»> R—C—CH,;+I—Mg—OG;Hs — (21.62a) 

The ketone intermediate is not isolated because ketones are more reactive than esters toward 

nucleophilic reagents (Eq. 21.59). The ketone therefore reacts with a second equivalent of 

the Grignard reagent to form a magnesium alkoxide, which, after protonolysis, gives the 

alcohol (Sec. 19.9). 

O 

[Sec. 19.9] aO 
> R—C—CH; + CH; —Mgl oF 

O 

| 
R—C— CH, (21.62b) 

| 
( 
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From what ester and Grignard reagent could 3-methyl-3-pentanol be prepared by a single 

reaction, followed by protonolysis? 

Solution The problem can be rephrased in terms of structures: 

O OH 

| A 
R="0 OR Ro Mepre = SU rel sero 

CH; 

In other words, what choices should be made for R', R*, and R*? There are two keys to 
solving this problem. First, the carbonyl carbon of the ester starting material becomes 
the a-carbon of the target alcohol; hence, R' must therefore be attached to this carbon. 
Second, the two identical groups on the a-carbon of the target alcohol must correspond 
to group R° of the Grignard reagent. 

identical groups; therefore these 
are R° of the Grignard reagent 

OH 

CH;CH, —C — CH, CH, 

CH 

= R! of the ester 

These deductions follow from the examples in the text or from the mechanism of the 
reaction. What about the group R? in the ester? It doesn’t matter, because —OR? is 
the leaving group that becomes the by-product alcohol which is discarded. Since methyl 
or ethyl esters are common and relatively inexpensive, R? = methyl or ethyl is a good 
choice. Hence, the reaction required to prepare the desired alcohol is 

] OH 

Chie © OCH CHy CHIU Mehr === GECH =e =n CEE CH;CH,OH 
ethyl acetate ethylmagnesium CH: ethanol 

bromide i (discarded) 

3-methyl-3-pentanol 
mgt Poe Wea ik pte tc tama mmpeinucie Shas *Vsieieleiele\cle\ceisiejleieielelleialesleisfais/lovele\tale olosislolejnieialsllstetolsiicinvololaslovlertslelsteisteeiaeieteacitetesbiseiasicaeehcence eee rec ene ee erence 

As Study Problem 21.2 demonstrates, the reaction of a Grignard reagent with an 
ester is an important way to prepare alcohols in which at least two of the groups on the 
a-carbon are identical. (A complete list of methods for preparing alcohols is found in 
Appendix IV.) 



O 

GH GHG Cl +: (CH; ),Cu~ Lie 

hexanoyl 
chloride 
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B. Reaction of Acid Chlorides 

with Lithium Dialkylcuprates 

Because acid chlorides are more reactive than ketones, the reaction of an acid chloride 

with a Grignard reagent can in principle be stopped at the ketone. 

7 O 

R—C—Cl + R’—MgBr —> R—C—R’ + Cl—Mg—Br (21.63) 

However, Grignard reagents are so reactive that this transformation is difficult to achieve 

in practice without careful control of the reaction conditions; that is, it is hard to prevent 

the reaction of the product ketone with the Grignard reagent to give an alcohol. 

Another type of organometallic reagent, called a lithium dialkylcuprate, can be used 

to effect this transformation cleanly. Lithium dialkylcuprate reagents are prepared by 

the reaction of two equivalents of an organolithium reagent with one equivalent of 

cuprous chloride, CuCl. The first equivalent forms an alkylcopper compound: 

R—Li + Cu—Cl —~> R—Cu ¢+ LiCl (21.64a) 

The driving force for this reaction is the preference of lithium, the more electropositive 

metal, to exist as an ionic compound (LiCl). Because the copper of an alkylcopper reagent 

is a Lewis acid, it reacts accordingly with “alkyl anion” from a second equivalent of the 

organolithium reagent. 

ee eres =a Teer Sie (21.64b) 
lithium dialkylcuprate 

The product of this reaction is the lithium dialkylcuprate. Although the copper bears a 

negative charge, it is electropositive relative to carbon, and the reagent can be conceptual- 

ized as an alkyl anion complexed to copper: 

R—Cu---=:R Lit 

Lithium dialkylcuprates react in some ways like Grignard or lithium reagents; how- 

ever, because the “alkyl anion” is complexed by copper, a less electropositive element 

than lithium, the alkyl-copper bond has more covalent character, and these reagents are 

less reactive. They typically react with acid chlorides and aldehydes, very slowly with 

ketones, and not at all with esters. The reaction of lithium dialkylcuprates with acid 

chlorides gives ketones in excellent yield. 

O 
oa) | 
15 min HO Sy re 
a; oa camel GH. (GHy),C—- Cheats CH. Outs lin GI 

t 
lithium 2-heptanone ee, 

dimethylcuprate (81% yield) Z (21.65) 

Because ketones are much less reactive than acid chlorides toward lithium dialkylcuprates, 

they do not react further. 

The reaction of acid chlorides with lithium dialkylcuprates is one of several excellent 

methods for the preparation of ketones. Be sure to review the others in Appendix IV. 
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Both this reaction and the reaction of Grignard reagents with esters also provide additional 

methods for the formation of carbon-carbon bonds. You should also review the other 

reactions used for this purpose, found in Appendix V. 

BOOS OUUO LOU COO OC CICOL COOL EM OCCOUOUCOC UOT COS COCO COCO COC CMOUOUO OIC OCC GUC ONO COL OOOO COUO CO SOUOUUUOCOUUOCOACTOONCICOOULOOOOOOOOOOCOOOCOOOOOOCCCCODOOODONG 

& PROBLEMS @ 
21.23 Suggest a sequence of reactions for carrying out each of the following conversions. 

*(a) benzoic acid to triphenylmethanol 
(b) butyric acid to 3-methyl-3-hexanol 

“(c) isobutyronitrile to 2,3-dimethyl-2-butanol (2 ways) 

(d) propionic acid to 3-pentanone 

21.24 *(a) What is the general structure of the alcohols obtained by the reaction of 
Grignard reagents of the form R—MgBr with ethyl formate, followed by 
protonolysis? 

(b) Outline a synthesis of 3-pentanol from a Grignard reagent and ethyl formate. 

21.25  *(a) What is the general structure of the alcohols obtained by the reaction of 
Grignard reagents of the form R—MgBr with diethyl carbonate (Sec. 
21.1G), followed by protonolysis? 

(b) Outline a synthesis of 3-isopropyl-2,4-dimethyl-3-pentanol from diethyl 
carbonate and a Grignard reagent. 

21.26 Predict the product when each of the following compounds reacts with one 
equivalent of lithium dimethylcuprate, followed by protonolysis. Explain. 

*(a) O (b) O O 
! | 

N=C(CH,);)>—C—Cl CH3(CH;)3;0 — C(CH;),C—Cl 
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Synthesis of Carboxylic Acid Derivatives 
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Reactions in this and the previous chapter demonstrate that many syntheses of carboxylic 
acid derivatives begin with other carboxylic acid derivatives. Let’s review the methods 
that have been covered: 

Synthesis of esters: 

1. Acid-catalyzed esterification of carboxylic acids (Sec. 20.8A) 
i) . Alkylation of carboxylic acids or carboxylates (Sec. 20.8B) 
3. Reaction of acid chlorides and anhydrides with alcohols or phenols (Sec. 

DAL SSveN)) 

4. Transesterification of other esters (Sec. PES @) 

Synthesis of acid chlorides: 

1. Reaction of carboxylic acids with SOCI; or PCI; (Sec. 20.9A) 
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Synthesis of anhydrides: 

1. Reaction of carboxylic acids with dehydrating agents (Sec. 20.9B) 

2. Reaction of acid chlorides with carboxylate salts (Sec. 21.8A) 

Synthesis of amides: 

1. Reaction of acid chlorides, anhydrides, or esters with amines (Sec. 21.8A, C) 

Synthesis of nitriles: 

The synthesis of nitriles is an important exception to the generalization that carboxylic 

acid derivatives are usually prepared from other carboxylic acid derivatives. Two syntheses 

of nitriles are: 

1. Cyanohydrin formation (Sec. 19.7A) 

2. Sy2 reaction of cyanide ion with alkyl halides or sulfonate esters 

An Sy2 reaction of cyanide ion, like all Sy2 reactions, requires a primary or 

unbranched secondary alkyl halide or sulfonate ester. 

EtOH/H,O 
PhCH,Cl + Na* ~:CN PhCH>,CN + Na* Cle (21.66) 

benzyl chloride a-phenylacetonitrile 
(80-90% yield) 

EtOH/HO 
Br(GH>).Br, +  2Na’ ~GN NG(CH>),ON oa 2Naseee (21.67) 

1,3-dibromopropane glutaronitrile 
(77-86% yield) 

Both this reaction and the synthesis of cyanohydrins are noteworthy because they 

provide additional ways to form carbon-carbon bonds. You should see how many reac- 

tions you can list that form carbon-carbon bonds; check yourself against the summary 

in Appendix V. 

Because carboxylic acid derivatives can be hydrolyzed to carboxylic acids, any synthe- 

sis of a carboxylic acid derivative can be used as part of the synthesis of a carboxylic acid 

itself, Because nitriles are prepared from compounds other than carboxylic acid deriva- 

tives, the preparation of a nitrile can be particularly useful as an intermediate step in the 

preparation of a carboxylic acid. The following study problem illustrates this approach. 

Outline a synthesis of pentanoic acid (valeric acid) from 1-butanol. 

O 

2 

1-butanol pentanoic acid 

Solution Notice that a new carbon-carbon bond must be formed at some point in this 

synthesis. Because nitriles can be hydrolyzed to carboxylic acids, the immediate precursor 

of the carboxylic acid can be the corresponding nitrile. 
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O 

CH, GH CHiCH, = @=sNy gee CH. GrCH.C i C=- On 
heat 

The nitrile, in turn, can be prepared from the corresponding alkyl halide: 

CH;CH,CH,CH,—Br —“S+ CH,CH,CH,CH,—C=N 
Notice the formation of the new carbon-carbon bond at this point. The alkyl halide is 
formed from the alcohol by any of the methods summarized in Sec. 10.4, for example, 
by reaction with concentrated HBr: 

HBr 
——— CH3;CH,CH,CH,— OH CH3CH,CH,CH,— Br 

Note that this alkyl halide could also be converted into the target carboxylic acid by the 
method discussed in Sec. 20.6. 
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*21.27 Outline two methods for the preparation of 5-methylhexanoic acid from 
1-bromo-4-methylpentane. (See Sec. 20.6.) 

21.28 Outline a preparation of pentanoic acid from 1-butanol different from the one 
shown in Study Problem 21.3. 

“21.29 (a) From what nitrile can 2-hydroxypropanoic acid (lactic acid) be prepared? 
(b) How can this nitrile be prepared from acetaldehyde? (Hint: see Sec. 19.7A.) 

Use and Occurrence of Carboxylic 
Acids and Their Derivatives 
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Two of the most important polymers produced on an industrial scale are nylon and 
polyesters. The chemistry of carboxylic acids and their derivatives plays an important role 
in the synthesis of these polymers. 

Nylon is the general name given to a group of polymeric amides. The two most 
widely used are nylon-6,6 and nylon-6. 

O O O O 

> a = © NE(CH,).NH —C— (CH), C— NH(CH, ),NH—- C—- (CH), ee 

nylon-6,6 

O 
| or --NH(CH;).NHC(CH;),C + 
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Lot 1 
oe -— NH(CH,)s;CNH(CH,);C— - cae OF, NH(CH;)5C 

nylon-6 

About 2.6 billion pounds of nylon are produced annually in the United States. Nylon is 

used in tire cord, carpet, and apparel. 

The starting material for the industrial synthesis of nylon-6,6 is adipic acid. In 

one process, adipic acid is converted into its dinitrile and then into 1,6-hexanediamine 

(hexamethylenediamine). 

HOC Gus ee CO, ee NG (Ch) Os a 

adipic acid 

H,N—(CH,),— NH, (21.68) 

hexamethylenediamine 

When hexamethylenediamine and adipic acid are mixed, they form a salt. Heating the 

salt forms the polymeric amide. 

O O O 

: Biche pan 
—C—O, H,N— <= —C—O8H + HIN—) —— —C—NH— (21.69) 

salt acid amine nylon 
(an amide) 

The reaction of an amine with an acid to form an amide is analogous to the reaction of 

an amine with an ester (Sec. 21.8C). However, much more vigorous conditions are 

required because the equilibrium on the left of Eq. 21.69 strongly favors the salt. In the 

salt, the amine is protonated and therefore not nucleophilic, and the carboxylate ion is 

very unreactive toward nucleophiles (why?). The small amount of amine and carboxylic 

acid in equilibrium with the salt react when the salt is heated, pulling the equilibrium to 

the right. 

Nylon is an example of a condensation polymer, a polymer formed in a reaction 

that liberates a small molecule, in this case HO. This is in contrast to an addition polymer, 

which is formed without the liberation of a small molecule (compare Sec. 5.7A). 

Adipic acid, from which nylon is made, is prepared industrially in several steps from 

petroleum. This is a classic example of the dependence of an important segment of the 

chemical economy on petroleum feedstocks. About 1.8 billion pounds of adipic acid are 

synthesized annually in the United States. 

Polyesters are condensation polymers derived from the reaction of diols and dicar- 

boxylic acids. One widely used polyester, poly(ethylene terephthalate), can be produced 

by the esterification of ethylene glycol and terephthalic acid. 

O O O O 

eee I | 
HOCH;GH.OH -- HOG COH ——> OGE CEH OG ¢€ (21.70) 

ethylene glycol 
terephthalic acid 

poly(ethylene terephthalate) 
(a polyester) 
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Certain familiar polyester fibers and films are sold under the trade names Dacron® and 
Mylar®, respectively. About 3.6 billion pounds of polyester are produced annually in 
the United States. Polyester production also depends on raw materials produced from 
petroleum. 

HG ~< \- CH, ee HO,C 4K - CO,H 

petroleum p-xylene ferephthalic 

CH, = CH, Se HOCH,CH,OH 

ethylene glycol 

polyester (21.71) 

21.30 *(a) What would happen to the polyester in Eq. 21.70 if it were allowed to react 
with LiAlH4, followed by dilute acid? 

(b) Which polymer should be more resistant to strong base: nylon-6,6 or the 
polyester in Eq. 21.70? Explain. 

*21.31 One interesting process for making nylon-6,6 demonstrates the potential of using 
biomass as an industrial starting material. The raw material for this process, 
outlined below, is the aldehyde furfural, obtained from sugars found in oat hulls. 
Suggest conditions for carrying out each of the steps in this process indicated 
by italicized letters. 

sugars _heat_S ESS CH=O catalyst // \ a | \ b 

furfural furan tetrahydrofuran 
(THF) 

(6 
CI(CH),Cl —» N==C(CH,),C=N 

se \ 
H,N(CH))s;NH, HO,C(CH,)4CO,H 

i 

nylon-6,6 

"21.32 €-Caprolactam is polymerized to nylon-6 when it is heated with a catalytic 
amount of water. 
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NH 
heat 

HO (catalyst) 
nylon-6 

e-caprolactam 

Give a mechanism for the polymerization, showing clearly the role of the water. 
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Waxes, fats, and phospholipids are all important naturally occurring ester derivatives of 

fatty acids. A wax is an ester of a fatty acid and a “fatty alcohol,” an alcohol with a long 

unbranched carbon chain. For example, carnauba wax, obtained from the leaves of the 

Brazilian carnauba palm, and valued for its hard, brittle characteristics, consists of about 

80% of esters derived from C4, Cr, and Coe fatty acids and C39, C32, and C3, alcohols. 

The following compound is a typical constituent of carnauba wax. 

O 

CH;(CH>)24—C—O—(CH;)3;CH3 constituent of carnauba wax 

A fat is an ester derived from a molecule of glycerol and three molecules of fatty 

acid. 

O 

| 
Sins iowa: CH,—O—C— (CH,),CH; 

Ce SO==Irl O 

| | derived from stearic 

CH,—O—H = CH—O—C—(CH))\6CH; acid, a fatty acid 

glycerol oO 

GE © — C—(CH;),.CH3 

glyceryl tristearate 
(a typical fat) 

The three acyl groups in a fat may be the same, as in a glyceryl tristearate, or different, 

and they may contain unsaturation, which is typically in the form of one or more cls 

double bonds. Fats with no double bonds, termed saturated fats, are typically solids; lard 

is an example of a saturated fat. Fats containing double bonds, termed unsaturated fats, 

are in many cases oily liquids; olive oil is an example of an unsaturated fat. 
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ae 

olar head group i | 
=\HINCHLCH OP =" Os" CH CH == ch 

| 
O © © 

/ \ 
O=C C=O 

nonpolar tails 

(a) (b) (c) 
Figure 21.7 Different representations of phosphatidylethanolamine, a typical phospholipid. (a) Schematic repre- 

sentation. (b) Space-filling model. (c) Lewis structure. 

Treatment of a fat with NaOH yields glycerol and the sodium salts of the fatty acids 
(soaps; Sec. 20.5). This is the reaction from which saponification (Sec. 21.7A) gets its 
name. 

clas gametes CH,0H 

| 
Gil 0, C\ CH ree + 3NaOH —> ae = 3CH3(CH)),¢CO7 Na* (21872) 
| 

a soap 
Cho OC (CL Cr CH,OH 

Fats, which are stored in highly concentrated form in the body, serve as the biological 
storehouse of energy reserves. 

Phospholipids are closely related to fats, because they too are esters of glycerol. Phospholipids differ from fats in that one of the terminal oxygens of glycerol in a phospholipid is esterified to a special type of organic phosphate derivative, forming a 
polar head group in the molecule. The remaining two oxygens of glycerol are esterified to fatty acids, which serve as “nonpolar tails” (Figs 21-7). 
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polar head group 
a aaa 

i. Examples: 

Ch OC) = name of phospholipid 

| : 
O —CH,CH,N(CH;); _ phosphatidylcholine 

CH— 0,C(CH2),CHs (lecithin) 
derived from ed 
fatty acids —CH,CH,NH; phosphatidylethanolamine 

CH,— 0,C(CH2),CH3 

\ 

nonpolar tails 
(x and y are typically in the range 15-17) 

Phospholipids closely resemble soaps (Sec. 20.5), because both types of molecules are 

amphipathic—that is, they have both polar and nonpolar ends. 

Phospholipids, along with cholesterol (a steroid) and imbedded proteins, are major 

constituents of cell membranes, the envelopes that surround living cells. The phospholipids 

give membranes a bilayer structure in which the polar head groups interact with aqueous 

solution, and the nonpolar tails interact with each other, isolated from the aqueous 

solution (Fig. 21.8). This phospholipid bilayer forms a barrier that is impermeable to most 
ions and to many organic molecules, and allows the cell to control “what gets in” and 

“what gets out.” (Look again at Sec. 20.5; can you see why detergents can disrupt cell 

membranes?) 

outside 

inside of cell 

phospholipid bilayer 

imbedded protein 

Figure 21.8 Schematic view of a cell membrane. The enlargement shows the phospholipid bilayer containing 
imbedded proteins. In this view the phospholipids are represented schematically as shown in Fig. 
21.7a, with the polar head groups as circles and the nonpolar tails as “squiggles.” Note that the 
polar head groups are exposed to water, and the nonpolar tails form a hydrocarbonlike region on 
the interior of the membrane, isolated from the aqueous solvent. 
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The most important occurrence of amides in nature is in proteins, which are polymers 

in which @-amino acid units are connected by amide linkages. Chapter 26 is devoted to 
a discussion of amino acids and proteins. 

Key IDEAS IN CHAPTER 21 

[\ Carboxylic acid derivatives are polar molecules; except for amides, 
they have low water solubilities and low-to-moderate boiling points. 
Because of their capacity for hydrogen bonding, amides have high boil- 
ing points (many are solids) and moderate solubilities in water. 

l\ The carbonyl absorptions (and the C=N absorption of nitriles) are 
the most important absorptions in the infrared spectra of carboxylic 
acid derivatives (Table 21.3). Proton NMR spectra show typical 
6 2—3 absorptions for the a-protons, as well as other characteristic 
absorptions: 6 3.54.5 for the O-alkyl groups of esters, 5 2.6—-3 for the 
N-alkyl groups of amides and 6 7.5-8.5 for the N—H protons of 
amides. 

[\ | In CMR spectra, the chemical shifts of carbonyl carbons are in the 
6 170 region, and those of nitrile carbons are in the 6 115-120 range. 

[\ Carboxylic acid derivatives, like carboxylic acids themselves, are weak 
bases that can be protonated by strong acids on the carbonyl carbon or 
the nitrile nitrogen. 

[\ The most characteristic reaction of carboxylic acid derivatives is nucleo- 
philic acyl substitution. Hydrolysis reactions and the reactions of acid 
chlorides, anhydrides, and esters with nucleophiles are examples of this 
type of reactivity. Nucleophilic acyl substitution typically involves addi- 
tion of a nucleophile at the carbonyl carbon to form a tetrahedral addi- 
tion intermediate, which then loses a leaving group to form product. 

[\ In some reactions of carboxylic acid derivatives, nucleophilic acyl substi- 
tution is followed by addition. This is the case, for example, in the 
LiAlH, reductions and Grignard reactions of esters, in which the alde- 
hyde and ketone intermediates, respectively, react further. 

(\ The relative reactivities of carbonyl compounds and nitriles with nucleo- 
__ philes are in the order: acid chlorides > aldehydes > Ketones: >> 

esters > amides > nitriles. 

[\ Nitriles react by addition, much like aldehydes and ketones. In SOUIC G52 
_ reactions, the product of addition undergoes a second addition (asin 
reduction to primary amines); a) in n other cases it un a a subs 

- tution reaction (as i in ee ess ee ee 
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Se ee 

- ADDITIONAL » 
< PROBLEMS 9 

[\ Polyesters and polyamides (for example, nylon) are important commer- 

cial examples of carboxylic acid derivatives. In nature, waxes, fats, and 

phospholipids are important natural examples of esters. Phospholipids 

spontaneously form bilayers in water; such bilayers are a major constit- 

uent of cell membranes. 

Bree meee eee eee eee eee HEHEHE HEHEHE EEE ESTEE EEE HEHEHE EEE EEE OHHH HEHEHE HEEEEEEEEEEEES ESSE EEEEEEEEEEEEEEE EEE ESSE HEHEHE EE ESSE HEED 

*21.33 Give the principal organic product(s) expected when ethyl benzoate or other 

compound indicated reacts with each of the following reagents. 

a) H,0O, heat, acid catalyst (b) NaOH, H,O 

c) aqueous NH;, heat (d) LiAlH,, then H,O 

e) excess CH;CH,CH,MgBr, then H,O 

f) product of (e) + acetyl chloride, pyridine, 0° 

g) product of (e) + benzenesulfonyl chloride 

h) NaOEt, EtOH 

21.34 Give the principal organic product(s) expected when propionyl chloride reacts 

with each of the following reagents. 
(a) H,O (b) ethanethiol, pyridine, 0° 

(6) (GH; )3COH, pyridine (dy (CH3),Culi, 78. then 150 

(e) Hy, Pd catalyst (quinoline/S poison) 

(f) AlCl, toluene, then H,O (g) (CH3),CHNH) (2 equiv.) 

(h) sodium benzoate (i) p-cresol, pyridine 

21.35 Give the structure of a compound that satisfies each of the following criteria. 

*(a) A compound C3HsN that liberates ammonia on treatment with hot aqueous 

KOH 
(b) A compound C;H;ON that liberates ammonia on treatment with hot aque- 

ous KOH 

*(c) A compound that gives 1-butanol and 2-methyl-2-propanol on treatment 

with excess CH;MgBr followed by protonolysis 

(d) A compound that gives equal amounts of 1-hexanol and 2-hexanol on 

treatment with LiAIH, followed by protonolysis 

*(e) A compound C;H,N, that gives CO, *NHg, and acetic acid after boiling 

in concentrated aqueous HCl 

*21.36 Complete the following diagram by filling in all missing reagents or intermediates. 

NaBHy HBr 
benzene —~> ———»> |C| ——~ 

Ph =, ies C,H; 

CO,H 
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*21.37 When (R)-(—)-mandelic acid (a-hydroxy-a-phenylacetic acid) is treated with 

CH3OH and H,SO,, and the resulting compound is treated with excess LiAlH, 

in ether, then H3O, a levorotatory product is obtained that reacts with periodic 

acid. Give the structure, name, and absolute configuration of this product. 

21.38 Contrast the results to be expected when levulinic acid (4-oxopentanoic acid) is 
treated with (a) excess LiA]Hy, then H;O* and (b) excess NaBH, in methanol, 

then ron 

*21.39 In clinical studies with atherosclerotic patients it was found that one of the 
metabolites of the hyperlipidemia drug (Z)-3-methyl-4-phenyl-3-butenamide (A, 
below) is a compound B which has the formula C,;,H,;NO>. When compound 
B is heated in aqueous acid, lactone C is formed along with the ammonium ion 
(NH7). 

fag [ metabolism HO, acid, heat O Pe ee Pe pee + +NH, 
1 CH) NH) (C,,His5NO}) Ph 

Ph CH; 

¢ 

(a) Propose a structure for compound B, and explain your reasoning. 
(b) Give a curved-arrow mechanism for the conversion of B into C. 

21.40 A major component of olive oil is glyceryl trioleate (structure below). 

C=C O 
/, ! 

CH3(CH)), (CHa G=- OCH 

CG O 
\ | glyceryl trioleate 

CH3( CH), (CH, ),—C—O—CH 

H Vi 

C26 O 
/ 

CH3(CH)), (GH3)7 = G—-O—_GH, 

(a) Give the structures of the products expected from the saponification of 
glyceryl trioleate with excess aqueous NaOH. 

(b) Give the structure of the saturated fat glyceryl tristearate, produced by the 
hydrogenation of glyceryl trioleate. 

21.41 Propose a synthesis for each of the following compounds from the indicated 
starting materials and any other reagents. 



21.42 

*21.43 

21.44 

*21.45 

21.46 

21.47 
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*(a) Compound A from 2-bromobenzoic acid. 

(b) Compound B, the active ingredient in some insect repellants, from 3- 

methylbenzaldehyde. 

CH,Br 7 

C H3C C S ; ~ Cr CH; Ly N(CGoHs)2 
Br 

A B 

Propose a synthesis for each of the following compounds from butyric acid and 

any other reagents. 

*(a) 4-methyl-4-heptanol (b) 2-methyl-2-pentanol 

*(c) 4-heptanol *(d) CH3;CH,CH,CH,CH,CH,NH, 

*(e) CH;CH,CH,CH,CH,NH> (f) CH3CH,CH,CH,NH, 

(a) Draw the structures of all the products that would be obtained when 
(+)-a-phenylglutaric anhydride is treated with (+)-1-phenylethanol. 

Which products should be separable without optical resolution? Which 

products should be obtained in equal amounts? In different amounts? 

(b) Answer the same question for the reaction of the S enantiomer of the same 

alcohol with (+)-a-phenylglutaric anhydride. 

Treatment of acetic propionic anhydride with ethanol gives a mixture of two 

esters consisting of 36% of the higher boiling one, A, and 64% of the lower 

boiling one, B. Identify A and B. 

Predict the relative reactivity of thiol esters (see structure below) toward hydroly- 

sis with aqueous NaOH. 

(1) Much more reactive than acid chlorides 

(2) Less reactive than acid chlorides, but more reactive than esters 

(3) Less reactive than esters 

Explain your choice. 

1 
R—C—SR'’ | general thiol ester structure 

Explain why carboxylate salts are much less reactive than esters in nucleophilic 

acyl substitution reactions. 

You are employed by Fibers Unlimited, a company specializing in the manufac- 

ture of specialty polymers. The vice-president for research, Strong Fishlein, has 

asked you to design laboratory preparations of the following polymers. You are 

to use as starting materials the company’s extensive stock of dicarboxylic acids 

containing six or fewer carbon atoms. Accommodate him. 
(Problem 21.47 continues ) 
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*21.48 

21.49 

21.50 

hy i 1 
NH—(CH3)4—NH—G—(CH,),—C r nylon-4,6 

° 1 1 
O—(CH,)4—O— C— (CH;),— C 

n 

A compound A has prominent infrared absorptions at 1050, 1786, and 1852 
cm” ', and shows a single absorption in the proton NMR at 6 3.00. When heated 
gently with methanol, compound B, CsHgOy, is obtained. Compound B has IR 
absorption at 2500-3000 (broad), 1730, and 1701 cm™', and its proton NMR 
spectrum in D,O consists of two singlets at 6 2.7 and 6 3.7 in the intensity ratio 
4:3. Identify A and B, and explain your reasoning. 

Propose a structure for a compound A which has an infrared absorption at 1820 
' and a single proton NMR absorption at 6 1.5. Compound A reacts with 

water to give a,a-dimethylmalonic acid and with methanol to give the mono- 
methyl ester of the same acid. (Compound A was unknown until its preparation 
in 1978 by chemists at the University of California, San Diego.) 

iii 

Klutz McFingers, a graduate student in his ninth year of study, has suggested 
the following synthetic procedures, and has come to you in the hope that you 
can explain why none of them works very well (or not at all). 

“(a) Noting the fact that primary alcohols + HBr give alkyl halides, Klutz has 
proposed by analogy the following nitrile synthesis: 

Ph Ol Oe HG Nae == PhCH ONES ELO 
(Hint: HCN is a weak acid, pK, = 9.4.) 

*(b) Klutz has proposed the following synthesis for the half-ester of adipic acid: 

HO} e— (Ch, CO CH On H,SO, 

(1.0 mole) (1.0 mole) 

HO,C— (CH, )4—CO,CH; + H,O 

(c) Klutz has proposed the following synthesis of acetic benzoic anhydride: 

O O O O 

eae 7 ae eon as cee eee 
“(d) Noting correctly that methyl benzoate is completely saponified by one molar 

equivalent of NaOH, Klutz has suggested that methyl salicylate should also 
undergo saponification with one equivalent of NaOH. 

oH 

methyI salicylate 
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*(e) Klutz, finally able to secure a position with a pharmaceutical company 

working on f-lactam antibiotics, has proposed the following reaction for 

deamidation of a cephalosporin derivative: 

O 

! 
CH; C—NH R 6 

| H30+ 
Nae OS Cp CH ae 

O 

CO,H 

+ 

HN 5 é 

! 

O 

CO,H 

*21.51 You are a chemist working for the Imahot Pepper Company, and have been 
asked to provide some information about capsaicin, the active ingredient of hot 

peppers. 

O 

CH= NH - C—- (CH) H 

C=C capsaicin 

OCH; 

OH 

How should capsaicin or other compound indicated react under each of the 

following conditions? 

(a) Bro/CCl, (b) 5% aqueous NaOH 

(c) 5% aqueous HCl (d) Hs, catalyst 

(e) product of (d) + 6 M HCL, heat (f) product of (b) + CH3I1 

(g) product of (d) + concentrated aqueous HBr 

*21.52 Exactly 2.00 g of an ester A containing only C, H, and O was saponified with 

15.00 mL of a 1.00 M NaOH solution. Following the saponification the solution 

required 5.30 mL of 1.00 M HCI to titrate the unused NaOH. Ester A, as well 

as its acid and alcohol saponification products B and C, respectively, were all 

optically active. Compound A was not oxidized by K,Cr,07, nor did compound 

A decolorize Br; in CCl. Alcohol C was oxidized to acetophenone by K,Cr2O,. 

When acetophenone was reduced with NaBH,, a compound D was formed 

that reacted with the acid chloride derived from B to give two optically active 

compounds: A (identical with starting ester) and E. Propose a structure for each 

compound that is consistent with the data. (Note that the absolute stereochemical 

configurations of chiral substances cannot be determined from the data.) 
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21.53. An optically active compound A, C,H; )Q>, when dissolved in NaOH solution, 
consumed one equivalent of base. On acidification, compound A was slowly 
regenerated. Treatment of A with LiAIH, in ether followed by protonolysis gave 
an optically inactive compound B that reacted with acetic anhydride to give an 
acetate diester derivative C. Compound B was oxidized by aqueous chromic acid 
to B-methylglutaric acid (3-methylpentanedioic acid). Identify compounds A, 
B, and C and explain your reasoning. 

21.54 Complete the following reactions’ by giving the principal organic products. 
Explain how you arrived at your answers. 

*(a) 1 

pe ee Om ol 

Ph 

aco | 
CH, (C CH, @ @rl ar CH30H CEEOR (trace) 

| 
NH,—NH), + Ph—C —Cl (excess) Sn 

ate) O 

a: | pyridine BOE s CHiz——OH 4 Ph i Cl > a Ola ©) 

O 

(f) 1 

CH, — OH + CHj—- 6 — Ch ae Oe Oo 

*(g) ] 

(Cay).CNE— C= NIK. 10 acid catalyst, heat 

(h) ] 

PhO NE(GH,) GN ee 
heat 

NH 4 LiAIHy (excess) ——> Ses 

C,Hs 
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+ 

O + CH3MeBr (excess) = ==> paca 

CH)(CH))3;CHs 

*(k) O 
| : 

C,H;0— C—OC>H; + EtMgBr (large excess) ——> ABN 

(1) O 

(CHs)s6—=-C — Cl, LiAl ei a(excess) ga —— > H;0° 

*(m) O 
! : 

Ph—MgBr (1 equiv.) + CH;0—C(CH,);CcH=O —> UHLOeS 

(n) glyceryl tristearate + CHJOH —C8° 

stand in CH;0H 
*(o) anit ieee ae (CsH1,NO) 

NH, 

21.55 Identify each of the following compounds from their spectra. (Fig. 21.9 is found 

on pp. 1034-1035.) 

*(a) Compound A: slowly dissolves in hot NaOH solution 

IR29 278212017210 124 2scraes 
proton NMR: 6 1.31 GH, tJ = 7 Hz),0 3.02 (1; s), 6 421 (2H, q, 

a eye Z) 

(b) Compound B: molecular mass 151; IR: 3400, 3200, 1658, 1618 cm7! 

proton NMR spectrum in Fig. 21.9a 

*(c) Compound C: molecular mass 113; gives a positive hydroxamate test 

URe223 70 1 331200;cr a 
proton NMR: 0 1.33 (GH, Ji=77 7) 50 345, Qiles), 0 427 01d, 

J=7 Hz) 

(d) Compound D: molecular mass 71; IR: 3200 (strong, broad), 2250 cm™!; 

no absorptions between 1500-2250 cm7! 
proton NMR spectrum in Fig. 21.9b 

*(e) Compound EF: IR 1724 cm™! 

proton NMR and mass spectra in Fig. 21.9c and 21.9d 

(f) Compound F: UV spectrum: Ama, = 272 nm (€ = 39,500) 

mass spectrum: m/z = 129 (molecular ion and base peak) 

IR: 2200 cm™!, 970 cm7! 

proton NMR spectrum in Fig. 21.9e 

*(¢) Compound G: CsH,9O,4; IR: 1738 cm™! 

MIRT0128.9, 0151.8, 0917297 

(h) Compound H: molecular mass 101; IR: 3397, 3200, 1655, 1622 cm™!; 

CMR: 6 27.5, 5 38.0 (weak), 6 180.5 (weak) 
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Figure 21.9 Spectra for Problem 21.55, parts (a) and (b) 

21.56 Outline a synthesis of each of the following compounds from the indicated 
starting materials and any other reagents. 

*(a) o-methylbutyrophenone from o-bromotoluene 
(b) 1-cyclohexyl-2-methyl-2-propanol from bromocyclohexane 

(©) 
NH from phthalic acid 

(d) PhNHCH,CH,CH(CH;), from isovaleric acid 

(Problem 21.56 continues on p. 1036) 
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500 400 300 200 100 0 Hz 

compound E 

H, > 8 a 6 3 4 3 2 1 0 6, ppm 

compound E 

relative abundance 

40 
152 

20 ys 
| | | | | salle ies Hye 

(d) 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 m/z 

500 400 300 200 100 0 Hz 

compound F 

H, > 8 7 6 5 4 3 

(e) 

Figure 21.9 Spectra for Problem 21.55, parts (c), (d), and (e) 

i) 1 0 6, ppm 
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=(@) O 

GHIGH NH @ CHL Ph CH=O 

(HOS CHUN 

from cyclohexanone 

a) 

1 1 
HO— C— CH,CH,— C— OH from succinic acid; (*O = 180); each oxygen 

partially labeled 

*(h N (h) © c O, 

from benzoic acid as 
Cp) . oe aa the only source of carbon. 

(i) 1 

CH3NH—C < )- OCH; from p-methoxytoluene 

*() O 

PhO—C—OCH; from phosgene (Sec. 21.1G) 

21.57 Rationalize each of the following known reactions with a mechanism, using the 
curved-arrow formalism where possible. 

*(a) 

Ci Omen ©) CN Os 

NO, acid 
NO; catalyst BOE 

i [A] CH30H a 

NO, 
NO, 

(This sequence illustrates a method for making nitriles from aldehydes.) 

*(b) 

: O H3C Ft Gs 
THF H30+ HC OR ig) ee cbs ci ago 

Ph 
CHyI es 

(92% yield) 
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*21.59 

a(C) 

(d) 
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i 
‘ee: ar C,H;OH a HBr(g) oS Br(CH,),C— OG,H; 

O 
nh H,0 

O=C=0 + H,0 =—= HO—C—OH 

O 
NaBH4 

CO,H + Hg (le ; 

(Show the transformation Totnes the NaBHg,, but don’t attempt to write 

the mechanism for that step.) 

_ HO H 
Te 

ZZ 
CO,CH; CO,CH; 

H; CO,CH; CH; mae 

Using the curved-arrow formalism, explain why the following transformation, 

carried out in dilute NaOH solution, occurs with retention of configuration at 
the asymmetric carbon. (Hint: Two inversions = one retention.) 

(a) 

(b) 

(c) 

O O 

sehen. Seas ae 

Br OH 

Build a model of mesitoic acid (2,4,6-trimethylbenzoic acid), below. What 

is the most likely conformation of the molecule at the bond between the 

carbonyl group and the ring? Explain. 

CH; 

H3C CO,H  mesitoic acid 

CH; 

Explain why the acid-catalyzed hydrolysis of the methyl ester of mesitoic 

acid does not occur at a measurable rate. 
Which one of the following methods should be used to make the methyl 

ester of mesitoic acid: acid-catalyzed esterification in methanol or esterifica- 

tion with diazomethane? Explain your choice. 
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*21.60 In aqueous solution at pH 3, the hydrolysis of phthalamic acid to phthalic acid 
(below) is 10° times as fast as the hydrolysis of benzamide under the same 
conditions. Furthermore, an isotope double-labeling experiment gives the follow- 
ingresulis(( = “Or = -G), 

O (oy 
! lg 
C—NH, C—O C— OH 
# pH 3 # # af 

Tre ice: (ee 

O O Oo" 
mathalariencid equal amounts of each 

Phthalic anhydride was postulated as an intermediate in this reaction. 
(a) Using the curved-arrow formalism, show how phthalic anhydride is formed 

from the starting materials. 
(b) Show how the intermediacy of phthalic anhydride can explain the double- 

labeling experiment. 
(c) Explain why this mechanism results in a large rate acceleration. (Hint: See 

Sec; 11°6;) 
tac ac aah As Coe carat se cnc oS nie elsieseiel cicie(lsie oe sfe:eleielnsielsleleainin.enia\a.'olsiesje\a/sls\elvieleela(ol\eleisinelelsicisielsials'eleie(eWisiale Salon cise datrenianiocece cere Re eee E ET TERRE EEE EEE 



Chemistry of 
Enolate lons, Enols, 

and a,B-Unsaturated 

Carbonyl Compounds 

trating largely on reactions at the carbonyl group. This chapter completes the 

survey of carbonyl compounds by considering reactions involving the a-carbon. 

This chapter also covers some unique chemistry of @,B-unsaturated carbonyl com- 

pounds—compounds in which a carbonyl group is conjugated with a carbon-carbon 

double bond. 

‘ik last three chapters examined the chemistry of carbonyl compounds, concen- 

O 

1 1 
CH3— CH=CH — C-_CH, CH,— CH=CH— C—OGH; 

an a,B-unsaturated ester 

a,B-unsaturated ketones 

Acidity of Carbonyl Compounds 
cee ee eee eee eee eee eee HOHE EEE ESSE EEE EEEEEEE ESSE HEHEHE EEEE OES EEEEEEEEEEEEEESSESEEEEEEEEE EHH EE OEE HEEEEE HED E EEE EOEEES 

eee eee ee ee eee EEE HEHEHE HEHEHE ESTEE HOHE HEEEEESEE EEO O TEETH HH HEHE EEE EEEEEEEEES ESE EEEEEEEEEH EEE EE ESEEEEE HEHE ETOH OOOH HEE 

The a-hydrogens of many carbonyl compounds, as well as those of nitriles, are weakly 

acidic. Ionization of an a-hydrogen gives the conjugate-base anion, called an enolate 

ion. 

aO}e TO8 HORS 

feet) | 
Beet Ch, — G— Phy <= “ACEE = Cn See (Ose San | ae Biel (22.1) 

a base tha a-hydrogen -  conjugate-base enolate ion 

pK, = 18.2 

1039 
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T@E sO8 :O:- 

I |I- | 
1S is H— Ch COG, HH. —— Cho OC — OG. SS CH,=C— OCH; + Bismelal 

a-hydrogen conjugate-base enolate ion 
pK, = 25 20) 

C The pK, values of simple aldehydes or ketones are in the range 16—20, and the pK, values 
Stupy Guipe Linx: of esters, although not known with certainty, are probably within a few units of 25. The 

W224 a-hydrogens of nitriles and tertiary amides also have acidities similar to those of esters. 
OR a: Although carbonyl compounds are classified as weak acids, their a-hydrogens are Nucleophilic Attack ae on the Carbonyl much more acidic than other types of hydrogens bound to carbon. For example, the 

Gahon dissociation constants of carbonyl compounds are greater than those of alkanes by about 
thirty powers of ten! What is the reason for the greater acidity of carbonyl compounds? 

First, recall that stabilization of a base lowers the pK, of its conjugate acid (Fig. 3.2). 
Enolate ions are resonance-stabilized, as shown in Eqs. 22.1 and 22.2. Hence, carbonyl 
compounds have lower pK, values—greater acidities—than carbon acids that lack this 
stabilization. Resonance is a symbolic way of depicting the orbital overlap in enolate ions, 
as shown in Fig. 22.1. The anionic carbon of an enolate ion is sp’-hybridized. This 
hybridization allows the electron pair of an enolate anion to occupy a p orbital, which 
overlaps with the zr orbital of a carbonyl group. This additional overlap provides additional 
bonding and hence, additional stabilization. 

The second reason for the acidity of a-hydrogens is that the negative charge in an 
enolate ion is delocalized onto oxygen, an electronegative atom. Thus, the a-hydrogens 
of carbonyl compounds are much more acidic than the allylic hydrogens of alkenes, even 
though the conjugate-base anions of both types of compounds are resonance-stabilized. 

CH; —CH==cH, CH;—CH=0O 
allylic hydrogen a-hydrogen 

pKa =-42 pike =464 

Finally, the polar effect of the carbonyl group stabilizes enolate anions, Just as it 
stabilizes carboxylate anions (Sec. 20.4A). This stabilization results from the favorable 
interaction of the positive end of the C=O bond dipole with the negative charge of the 
ion: 

Figure 22.1 

anionic 

carbon 

The p orbitals of an enolate anion. Notice that the unshared electron pair is in a p orbital that can overlap with the a-electron system of the carbonyl group. Notice also the trigonal planar geometry of the a-carbon. 
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Fe a ee

 

favorable charge-dipole interaction 

a © 

Noe t/ 
C—C 

/ 

A comparison of the pK, values in Eqs. 22.1 and 22.2 shows that aldehydes and 

ketones are about ten million times (seven pK, units) as acidic as esters. What is the 

reason for this difference? First, recall that the standard free energy of ionization AG® 

and the ionization constant K, are related by the simple equation AG® = 2.3RT(pK,) 

(Sec. 3.5). If the free energy of a carbonyl compound is lowered relative to that of its 

conjugate-base enolate ion, then AG? is increased, and its pK, is also increased, that 1s, 

its acidity is reduced (Fig. 22.2). Recall also (Sec. 21.7E) that esters have important 

resonance structures involving the carboxylate oxygen; aldehydes and ketones do not 

have such resonance contributors. This stabilization of esters means that more energy is 

required to form their conjugate-base enolate ions; thus, they are less acidic. Notice that 

this resonance effect overrides the polar effect of the carboxylate oxygen, which, in the 

absence of resonance, would increase the acidity of esters relative to aldehydes and ketones. 

These arguments are much like those used to explain the greater carbonyl reactivity of 

aldehydes and ketones (Sec. 21.9E); the only difference is the identity of the reaction; it 

is ionization rather than nucleophilic addition or substitution. 

Amide N—H hydrogens are also a-hydrogens; that is, they are attached to an atom 

that is adjacent to a carbonyl group. The N—H hydrogens are the most acidic hydrogens 

in primary and secondary amides. 

Bi7 ++ —C—NH, == | —C—NH <> —C=NH]|+B (22.3) 

STANDARD FREE ENERGY 

Figure 22.2 

pk = Wy 

OE Ol 

(ee alte = 
Re © — CH, + Bu RO—C—CH, + BH 

AG° (ketone) 

20: AG° (ester) 

(ESTED R=—C —= Cla + B:- 

smaller AG°, 
smaller pKa 20:6 :O:- 

ale ie | 
ws | RO-—C—CH3 <> RO=C—CH3] + BI 

larger AG®, 
larger pKa 

Resonance stabilization of an ester increases its standard free energy of ionization relative to that 

of a ketone and raises its pK,. (Recall that AG° = 2.3RT(pK,); Eq. 3.27.) The free energies of the 

conjugate-base enolate ions have been placed at the same level for comparison purposes. 
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Similarly, carboxylic acid O—H hydrogens (pK, ~ 4-5) are also a-hydrogens. We can 
think of amide conjugate-base anions as “nitrogen analogs” of enolate ions and carboxylate 
anions as “oxygen analogs” of enolate anions. Notice that the acidity order carboxylic 
acids > amides > (aldehydes, ketones) corresponds to the relative electronegativities of 
the atoms to which the acidic hydrogens are bound—oxygen, nitrogen, and carbon, 
respectively (element effect; Sec. 3.6A). 

= li imaliteind Wiis Gime ae eae CLO 00000 0O COU CO CONDO COO COC OCC ODOOC RUD EDO DOD HOUCHODOOOLTDL. COOOUCOCCUCOCOD ON OSAICOCCrICITOgrBCEOEOGnOSAEACAEA’ tte hosEAOE re 

LEE DR Explain why diethyl malonate (pK, = 12.9) and ethyl acetoacetate (ethyl 3- 
oxobutanoate, pK, = 10.7) are much more acidic than ordinary esters. (To 
answer this question, you first have to identify the acidic hydrogen in each of 
these compounds.) 

kA x 
ane & 

PROBLEMS — 
ig 

IO gee ie, 

MRP Which is more acidic: the diamide of succinic acid or the imide succinimide 
(Sec. 21.1E)? Why? 

Rap mumanntiia ta eatraaieine SS se cle sic l0\o)b s/ala e(cln(s.es n]s)elsinisiale.slalalleielcis/ei0/«|s[elo(e olo(oa|ala|e(als/e!ecaielaie's/o(o(slfe/e\s\eiels/oyaialeiaietsieie(sts(odisielsieisisiete nites Oe cte eRree me pena ee oe 

fii Miami iil acieis i leicalcicie cl [olole eleiel®\ cine sieisieia)eVele/elvjslaiaieim(elbjeve:¥(6)0:e1o10\s|e1sip e)s\elsinlq\aie\a\s\a)sfeleielsielalsjais a\a|ais\ eleiaiele/elsie(eisiatetatelciateta ann ears ein ehtcrecete 

The acidities of aldehydes, ketones, and esters are particularly important because enolate 
ions are key reactive intermediates in many important reactions of carbonyl compounds. 
Let’s consider the types of reactivity we can expect to observe with enolate ions. 

First, enolate ions are Bronsted bases, and they react with Bronsted acids. (The 
reaction of an enolate ion with an acid is the reverse of Eq. 22.1 or 22.2.) The formation 
of enolate ions and their reactions with Bronsted acids have two simple but important 
consequences. First, the a-hydrogens of an aldehyde or ketone—and no others—can be 
exchanged for deuterium by treating the carbonyl compound with a base in D,O. 

© O 

H H D D 
H H D,O/dioxane (22.4) 

(CHs)3 N: (a base) 
heat, 48 hr 

pe ae OPETERGR PGP nm nh Realtor ome elielllazjeste rth icnsie Se ccpters anne nigetaanag otis aia Mean cealsen oan aer eras dee eee ee a 

RTE et PP, ia LEE Pin, “22:3 Write a mechanism involving an enolate ion intermediate for the reaction shown 
in Eq. 22.4. Explain why only the a-hydrogens are replaced by deuterium. 

22.4 Explain how the proton NMR spectrum of 2-butanone would change if the 
compound were treated with D,O and a base. 

Sa ater a eae ae ae i ceca OCCU cucacha echo asp osraordisee icoudcuna Sanen cosicucrtetb one acdv éraaboaanssodSmoce cnr 

The second consequence of enolate-ion formation and protonation is that, if an optically active aldehyde or ketone owes its chirality solely to an asymmetric a-carbon, 
and if this carbon bears a hydrogen, the compound will be racemized by base. 
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Ph i Ai 

| 
at Ph 2 “He mie Wee NOreL et aC Ph Ph (GE tn, 

H ee CHC OTC OF ete /) oe oo H 62.5) 

PhCH) _ || PhCH) _ || |  CH,Ph 

O O O 

optically active racemate 

The reason racemization occurs is that the enolate ion, which forms in base, is achiral 

because of the sp? hybridization at its anionic carbon (Fig. 22.1). That is, the ionic a- 

carbon and its attached groups lie in one plane. The anion can be reprotonated at either 

face to give either enantiomer with equal probability. Although not very much enolate 

ion is present at any one time, the reactions involved in the ionization equilibrium are 

relatively fast, and racemization occurs relatively quickly if the carbonyl compound is left 

in contact with base. 

H Oss Vv, 60 

Sal Rueaay OGG Ream Os 
B:~ + <c=—C—_R <= pe Ae, <> a + BH 

Ree] R’ R R’ R 
Re enolate ion: achiral 

H BOVE 

(a) ‘ll 
(=< Gee Cia + Be 

Re / 

pes Re 

(a) me \ 

Rae O 
te cas 4 enantiomers (22.6) 

noe ™~ 
R )(e) R 

B—H hao 
2) R Oi 

a ay i B Sans ‘GG Rete ae 
(b) 

H 

a-Hydrogen exchange and racemization reactions of aldehydes and ketones occur 

much more readily than those of esters, because aldehydes and ketones are more acidic, 

and therefore form enolate ions more rapidly and under milder conditions. 

Enolate ions are not only Bronsted bases, but Lewis bases as well. Hence, enolate 

ions react as nucleophiles. Like other nucleophiles, enolate ions attack the carbons of 

carbonyl groups: 

O ©) O Oe 

ieeex SI ee | 
—Ca- Cw —O— == ——C—C—C— —- further reactions (22.7) 

enolate ion carbonyl | | 
compound 

This type of process is the first step of a variety of carbonyl addition reactions and 

nucleophilic acyl substitution reactions involving enolate ions as nucleophiles. Much of 

this chapter will be devoted to a study of such reactions. 
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Enolate ions, like other nucleophiles, also react with alkyl halides and sulfonate 
esters: 

1 1 es ae Cb 
—c—Co te mee =< (CSC IR ap :Br: (22.8) 

enolate ion 

This type of reaction, too, is an important part of the chemistry discussed in this chapter. 

22.5 Explain why the compound below does not undergo base-catalyzed exchange in 
D,O even though it has an a-hydrogen. (Hint: see Sec. 7.6C.) PROBLEMS 

“SS ei 

CH, 

CH; 
does not 
exchange H O 

22.6 Indicate which hydrogen(s) in each of the following molecules (if any) would 
be exchanged for deuterium following base treatment in D.O. 

*(a) OH (b) 1 

Carbonyl compounds with a-hydrogens are in equilibrium with vinylic alcohol isomers 
called enols. 

] OH 

Ko = SX 1O-” 
CH ei a ———— _ CH, =>=C—H (22.9) 

acetaldehyde acetaldehyde enol 
(vinyl alcohol) 

O OH 
H 

H 
BY Vege) sii 

ge  —— 
(22.10) 

cyclohexanone cyclohexanone enol 
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O OH 

| Reg © 102° 

€H— €—_ OG EH. qs SS Gp — Ga OC: (22201) 

ethyl acetate enol of ethyl acetate 

Recall that enols are intermediates in the hydration of alkynes (Sec. 14.5A). Enols and 

their parent carbonyl compounds are sometimes said to be tautomers of each other. 

Tautomers are structural isomers that are conceptually related by the shift of a hydrogen 

and one or more 7 bonds. 
As the equilibrium constants in Eqs. 22.9-22.11 suggest, most carbonyl compounds 

are considerably more stable than their corresponding enols. Furthermore, the enolizations 

of esters and carboxylic acids are even less favorable than enolizations of most aldehydes 

and ketones. The major reason for the instability of enols is that the C=O double bond 

of a carbonyl group is a stronger bond than the C=C double bond of an enol. With 

esters and acids, the additional instability of enols results from loss of the stabilizing 

resonance interaction between the carboxylate oxygen and the carbonyl 7 electrons that 

is present in the carbonyl forms. 
Some enols are more stable than their corresponding carbonyl compounds. Although 

phenol is conceptually an enol, it is more stable than its keto tautomers because phenol 

is aromatic. 

O OH O 
H 

H H 
SS 14 

a es (2m) 

a Keq ~ 101! 

H H 
phenol 

(a stable “enol”) 

unstable keto tautomers of phenol 

The enols of B-dicarbonyl compounds are also relatively stable. (B-Dicarbonyl com- 

pounds have two carbonyl groups separated by one carbon.) 

oP 3! - Su oe 

20; Os 

! 7 ! = ! | (22.13) 
C C G G 
Sie WA Ss ee ‘ Baie KO ‘ A Sei, 

H lie 

2,4-pentanedione enol form 
(acetylacetone) 92% in hexane solution 

(a B-dicarbonyl compound) 

There are two reasons for the stability of these enols. First, they are conjugated, but their 

parent carbonyl compounds are not. The resonance stabilization (7-electron overlap) 

associated with conjugation provides additional bonding that stabilizes the enol. 
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H H 5 Ho 
my Sot oye Wah a(O}E 2OR BO} @) B(Oe :O 

Pe “I y y (22.14) 
ae Yee Ga seem AGG Nee HC " CH 

| 
H H H 

The second stabilizing effect is the intramolécular hydrogen bond present in each of 
these enols. This provides another source of increased bonding and hence, increased 
stabilization. 

intramolecular 
hydrogen bond ~s ELS if 

:O i 

! 
G Cc 
“Sage SS nee ¢ iS, 

H 

Ze, Draw all enol tautomers of the following compounds. If there are none, explain 
why. 

*(a) 2-butanone (b) 2-methylcyclohexanone 
*(c) 2-methylpentanoic acid (d) benzaldehyde 
*(e) N,N-dimethylacetamide 

22.8 Draw the “enol” tautomers of the following compounds. 
*(a) O: (b) Or “(CHC —=N: 

+/f/ zi bee Cho — Ph—C—NH, propionitrile 

OF benzamide 

nitromethane 

22.9 *(a) Explain why 2,4-pentanedione (Eq. 22.13) contains much less enol form in 
water (15%) than it does in hexane (92%). 

(b) Explain why the same compound has a strong UV absorption in hexane 
solvent (Amax = 272 nm, € = 12,000), but a weaker absorption in water 
Ome 2740m. 6 = 2050). 

I IY ine EGS ac 22220212025 S234 cc5c 0020 C1300 con op dndae dedcoo Gann gdb gaGaademuuotidacododsonbodbacosdbacbaksanshesnrs 

cs The formation of enols and the reverse reaction, conversion of enols into carbonyl 
Stupy Guipe Link: compounds, are catalyzed by both acids and bases. The rapid conversion of enols into 

Be Recor carbonyl compounds accounts for the fact that enols are difficult to isolate and observe 
Thermodynamic under ordinary circumstances. 

Stability of Enols Base-catalyzed enolization involves the intermediacy of an enolate ion, and is thus a 
consequence of the acidity of the a-hydrogen. 
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reat wees wON eae 
HO: H H H 

7 . BR 
ler ele Oe =a(O)e HOVE 

> | a | | | 
=CS$C—= — ss == —C—C—- <—~ —C—=C— a es (O — Oa 

| | | | 

aldehyde or enolate ion enol 
ketone (conjugate base of 

both carbonyl compound and enol) (22.15a) 

Protonation of the enolate anion by water on the a-carbon gives back the carbonyl 

compound; protonation on oxygen gives the enol. Notice that the enolate ion is the 

conjugate base of not only the carbonyl compound, but also the enol—this is why it 1s 

called an enolate ion! 

Acid-catalyzed enolization involves the conjugate acid of the carbonyl compound. 

Recall that this ion has carbocation characteristics (Sec. 19.6). Loss of the proton from 

oxygen gives back the starting carbonyl compound; loss of the proton from the a-carbon 

gives the enol. Notice that an enol and its carbonyl tautomer have the same conjugate 

acid. 

H H H 
sf a i Ay 

ee igh) H== 0 HO 

a H H ~ H 

He-:© H ae) iO O 

Peal Sal fait | 
ed ee Oe ee el aa —= —«— C= C—_ (22.15b) 

| | | 

aldehyde or (conjugate acid of enol 
ketone both carbonyl compound and enol) 

Exchange of a-hydrogens for deuterium as well as racemization at the a-carbon are 

catalyzed not only by bases (Sec. 22.1B) but also by acids. 

© 

H H D D 

H H ae D D (22.16) 

Ph Ph Ph 

| | | 
AE Ph CG Phe Ge 

a > we we fee 

H / ree H2SO4/H20 H y Ne Se Ce H (0.17) 

(CH3)xCHCH, _ || (CH3)xCHCH) || | CH)CH(CHs)2 
O © O 

optically active eee 

Both acid-catalyzed processes can be explained by the intermediacy of enols. As Eq. 

22.15b shows, formation of a carbonyl compound from an enol introduces hydrogen 

from solvent at the a-carbon; this fact accounts for the observed isotope exchange. This 
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carbon of an enol, like that of an enolate ion, is not asymmetric. The absence of chirality 
in the enol accounts for the racemization observed in acid. 

22.10 Using the curved-arrow formalism, give the mechanism for *(a) the racemization 
PROBLEM shown in Eq. 22.17; (b) the exchange shown in Eq. 22.16. 

This section begins a survey of reactions that involve enols and enolate ions as reactive 
intermediates. 

\. Acid-Catalyzed a-Halogenation 
of Aldehydes and Ketones 

Halogenation of an aldehyde or ketone in acidic solution usually results in the replacement 
of one a-hydrogen by halogen. 

i i Bry + m—{)-c—cH, as mK ool + HBr (zis) 

p-bromoacetophenone 1-(4-bromophenyl)-2-bromoethanone 
(69-72% yield) 

Cl 

+ 

C eo+ a eel Oo + HCl (22.19) 

cyclohexanone 2-chlorocyclohexanone 
(61-66% yield) 

Enols are reactive intermediates in these reactions. 

HO 

=C—CH ~~ === C——€ (22.20a) 

aldehyde or enol 
ketone 

Like other “alkenes,” enols react with halogens; but unlike ordinary alkenes, enols add 
only one halogen atom. After addition of the first halogen to the double bond, the 
resulting carbocation intermediate loses a proton instead of adding the second halogen. 
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:OH (O=a ees O: 
Kew, Gand ee ; i | ; 
=e > C a OC | he OO BE re ) 31 31 

es ee :Br: :Br: :Br: 
Bia DE oe ee oe 

Acid-catalyzed halogenation provides a particularly instructive case study that shows 

the importance of the rate law in determining the mechanism of a reaction. Under the 

usual reaction conditions, the rate law for acid-catalyzed halogenation is found to be 

rate = k[ketone][H30* ] (22.21) 

This rate law implies that even though the reaction is a halogenation, the rate is independent 

of the halogen concentration. This rate law means that halogens cannot be involved in the 

transition state for the rate-limiting step of the reaction (Sec. 9.3B). From this observation 

and others, it was deduced that enol formation (Eq. 22.20a) is the rate-limiting process in 

acid-catalyzed halogenation of aldehydes and ketones. Since halogen is not involved in enol 

formation, it does not appear in the rate law. 

OH 

oe hee oe eee an 
cn ant — ce (fast) —C—C—Br + HBr (22.22) 

rate-limiting 
process 

Because only one halogen can be introduced at a given a-carbon in acidic solution, 

it follows that introduction of a second halogen is much slower than introduction of the 

first. The reason is not known with certainty, but it may be related to the stability of the 

carbocation intermediate that is formed by attack of the halogen on the halogenated enol. 

This carbocation is destabilized by the electron-attracting polar effect of two halogens: 

R 
:Br—+ Br: ey 

HO a oe oe HO ° Br ° 

Vy ear 8 -_ 
OC ao Coe GaaBt ie - Dre (22.23) 

fe s eo 
Br 

halogenated enol carbocation intermediate 
destabilized by two bromines 

If the rate-limiting transition state resembles this carbocation, then the transition state 

should have very high energy and the rate should be small. 

ginle €.o\6 v vidiein o,0\p 0 vvo\e/e e 6:6'e16.0)61010:6'¢)0 isin e\ulclulele oe 9,610\6(0 01a 416 91¢/6\0 ¥/6\0\6(e glee 6 H\01b)s(n\b/61s\¢:4; 6/016 (019/418) 9, /0 o\0)¥[0/¥lein/ele a(8(010 09)8\016)4/4/ 81010 /0)410/6)8)¥\0(018:9,6.6/8'6,b\e]e\e/e\e(4:8/0\ 00:0 0/0\0/¢\4)6\4/6 0mm Bin ae vl ninieulsix.v See 

*22.11. (a) Sketch a reaction-free energy diagram for acid-catalyzed enol formation 

PROBLEMS using the mechanism in Eq. 22.15b as your guide. Assume that the second 

f step, proton removal from the a-carbon, is rate-limiting. 
(b) Incorporating the results of part (a), sketch a reaction-free energy diagram 

for acid-catalyzed halogenation of an aldehyde or ketone. 
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22.12 Explain why: 

*(a) the rate of iodination of optically active 1-phenyl-2-methyl-1-butanone in 

acetic acid/HNO; is identical to its rate of racemization under the same 

conditions 

(b) the rates of bromination and iodination of acetophenone are identical at a 

given acid concentration. 
BUD CIC TICIDIOICIOIUOTO CD ODOCUCIOUOUOROCD OOO OOOOCUUOCOUOOCOOOOCM ODOT DO CUO OOOO ON CD OOOO COO UC. UDO DOUOUOOCUOUUOUOUCOUUOUCUOUOUCOCOUCUOODOOCOCUCOOCOOODDOCHOOOOOOOOUCOOOOOOCOC 

(CH; )3C— C=—=CBirs 

Bb. Halogenation of Aldehydes and 

Ketones in Base: the Haloform Reaction 

Halogenation of aldehydes and ketones with a-hydrogens also occurs in base. In this 
reaction, all a-hydrogens are substituted by halogen. 

O a-hydrogens O 

(CHs),C-C— CH BE NOH 
H,O/dioxane 

(Oia 

(CH;),C —C— CBr, (22.24a) 

no a-hydrogens 

When the aldehyde or ketone starting material is either acetaldehyde or a methyl ketone 
(as in Eq. 22.24a), the trihalo carbonyl compound is not stable under the reaction 
conditions, and it reacts further to give, after acidification of the reaction mixture, a 
carboxylic acid and a haloform. (Recall from Sec. 8.1A that a haloform is a trihalomethane, 
that is, a compound of the form HCX;, where X = halogen.) 

O O 
! Os H3,0f = g > (CH, ).c © Ort + HCEr. (22.24b) 

71-74% yi 
we a) bromoform 

Eqs. 22.4a and b constitute an example of the haloform reaction. Notice that, in a 
haloform reaction, a carbon-carbon bond is broken. 

The mechanism of the haloform reaction involves the formation of an enolate ion 
as a reactive intermediate. 

1 O 

RG Clit Oleh O_O CO (22.25a) 
enolate ion 

The enolate ion reacts as a nucleophile with halogen to give an a-halo carbonyl compound. 

O O 

De eg Ee Bee R—C— CH,Br: + :Br: (22.25b) 

However, halogenation does not stop here, because the enolate ion of the a-halo ketone 
is formed even more rapidly than the enolate ion of the starting ketone. The reason is 
that the inductive effect of the halogen stabilizes the enolate ion and, by Hammond’s 
postulate, the transition state for its formation, Consequently, a second bromination 
occurs. 
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1 1 1 1 1 | ia | 
Re a ng na gab cee R2=C— CHEN Bieta 22) 

| as 

a , + HO =.0H 

The dihalo carbonyl compound brominates again (why?). 

O O 

Re @—- CHR aa > R—C—CBr, + Br~ + H,O (22.254) 

A carbon-carbon bond is broken when the trihalo carbonyl compound undergoes a 

nucleophilic acyl substitution reaction. 

JOE :0: a(O)8 

Cj i. he 
RC — CBr, x= RC CBr, eo RCO CBr 

a trihalomethyl 
anion 

Os 

R—C—O:- ar lel —=(Chbie (22.25e) 

The leaving group in this reaction is a trihalomethyl anion. Usually, carbanions are too 

basic to serve as leaving groups; but trihalomethyl anions are much less basic than ordinary 

carbanions (why?). However, the basicity of trihalomethyl anions, while low enough for 

them to act as leaving groups, is high enough for them to react irreversibly with the 

carboxylic acid by-product, as shown in the last part of Eq. 22.25e. This acid-base reaction 

drives the overall haloform reaction to completion. (This is analogous to saponification, 

which is also driven to completion by ionization of the carboxylic acid product; Sec. 

21.7A.) The carboxylic acid itself can be isolated by acidifying the reaction mixture. 

o O 

R—C—O:- +H,0t —~> R—C—OH + HO (22.25f) 

Occasionally, the haloform reaction is used to prepare carboxylic acids from readily 

available methyl ketones. More often, however, this reaction is used as a qualitative test 

for methyl ketones, called the iodoform test. In this test, a compound of unknown 

structure is mixed with alkaline I. A yellow precipitate of iodoform (HCI) is taken as 

evidence for a methyl ketone (or acetaldehyde, the “methyl aldehyde”). Alcohols of the 

form shown in Eq. 22.26 also give a positive iodoform test because they are oxidized to 

methyl ketones (or to acetaldehyde, in the case of ethanol) by the basic iodine solution. 

OH O 

R—CH—CH, > R-=C==CH; (22.26) 
undergoes iodoform 

reaction 
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Bd dh SOOO UOOOOOOCOIO OOOO OOOO OOOO CIOOOO OOO OOO OOOOOOUOOOOOOOOOCOOOIOOONOCO IC 

22.13 Give the products expected (if any) when each of the following compounds 
reacts with Br, in NaOH. 

*(G) aaOG O *(c) OH Ox CH (b) 

(enae Co 
*22.14 — Give the structure of a compound C,H,90, that gives succinic acid and iodoform 

on treatment with a solution of I, in aqueous NaOH, followed by acidification. 
Ih © tage CORSE CER COD CO CODA COCOOCOCOCOE ORL OCEOCOOO CR ATCO ONO COCO COCUOC OO OOCCD CMON COCCI COOCT ORC URDUCD HUCOCOACOTANCEO Spc RTT AOA AaCAGOAnCBASG ace cAcGocenatc 

ee dt EOC RMI OB ODOT S OUD COCOO TORO UOC O SOOM OOOCNOOCCOOONCD DUR OCUDOOCONOUCOCOCUBCIICDOORCOCON OA COCODABOOOMHOSDOUCaSaSnObqDUS 

Carboxylic acids can be brominated at their a-carbons. A bromine is substituted for an 
a-hydrogen when a carboxylic acid is treated with Br, and a catalytic amount of red 
phosphorus or PBr;. (The actual catalyst is PBrs; phosphorus can be used because it 
reacts with Br) to give PBr;.) 

GHeCH. GFL CH CL CO.H ane LS faeacae mass +HBr (22.27) 
hexanoic acid Be 

2-bromohexanoic acid 
(83-89% yield) 

This reaction is called the Hell-Volhard-Zelinsky reaction after its discoverers, and is 
sometimes nicknamed the HVZ reaction. 

The first stage in the mechanism of this reaction is the conversion of the carboxylic 
acid into a small amount of acid bromide by the catalyst PBr3 (Sec. 20.9A). 

O O 
| Le Mel 

2 CH €— OH; PBr,. => 3 _CH = C= Br P(OH); (22.28a) 
carboxylic acid an acid 

with a-hydrogens bromide 

From this point the mechanism closely resembles that for the acid-catalyzed bromination 
of ketones. The enol of the acid bromide is the species that actually brominates. 

Gel Rac: Eat — CHC Bre C—O Br > = Brit HBr | cece) 
acid bromide enol form | 

Br 

a-bromo acid 
bromide 

When a small amount of PBr, catalyst is used, the a-bromo acid bromide reacts with the 
carboxylic acid to form more acid bromide, which is then brominated as shown above. 
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O O 

| | 4! 
—CH—C—OH + —C—C—Br == —CH—C—Br + —C—C—OH (22.29) 

| enters bromination 
Br sequence at Eq. 22.28b Br 

a-bromo acid 

Thus, when a catalytic amount of PBr; is used, the reaction product is the a-bromo acid. 

If one full equivalent of PBr; catalyst is used, the a-bromo acid bromide is the 

reaction product; this can be used in many of the reactions of acid halides discussed in 

Sec. 21.8A. For example, the reaction mixture can be quenched with an alcohol to give 

an a-bromo ester: 

] O 

Cans C=O SEU os ae ae ee 
Bra | (CH;),N—Ph 

propanoic acid Br (a base) 

O 

| 
GHe=— CH —-C=-OC(CE.)s (22.30) 

Br 

tert-butyl 2-bromopropanoate 

D. Reactions of a-Halo Carbonyl Compounds 

Most a-halo carbonyl compounds are very reactive in Sy2 reactions, and can be used to 

prepare other a-substituted carbonyl compounds. 

CH, O 

GH 9 ae Ch Gms Pt ‘Bro (22.31) 
+ 

acetone/H2,0 

(CH3)2S ee te Nea 25°, 30 min 

(85% yield) 

In the case of a-halo ketones, nucleophiles used in these reactions must not be too basic. 

For example, dimethyl sulfide, used in Eq. 22.31, is a very weak base but a fairly strong 

nucleophile. (Stronger bases promote enolate-ion formation; and the enolate ions of 

a-halo ketones undergo other reactions.) More basic nucleophiles can be used with a-halo 

acids because, under basic conditions, a-halo acids are ionized to form their carboxylate 

conjugate-base anions; a second ionization to give an enolate ion, which would introduce 

a second negative charge into the molecule, does not occur. 

Cl Cl 

1) NaOH = 

r : (2 equiv.) t = 
Cl OH Cl— GH, —CO, He O—CH,—CO,H + Cl (22:32) 

2) H3O0* wy 
ey 

2,4-dichlorophenol 2,4-dichlorophenoxyacetic acid 
(2,4-D, a selective herbicide; 

87% yield) 
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H30+ CN: Cl—_ CLE — CO, > N= OC —_ Ch _CO5H Cle (22.33) 

chloroacetate cyanoacetic acid 
anion (77-80% yield) 

The following comparison gives a quantitative measure of the Sy2 reactivity of 
a-halo carbonyl compounds: 

O O 
| | relative rate: 

Gl Gi Oe Cl Ki Cl © CH ake! 35,000 (22.34a) 

Gl ClCH CH. Ki CH GHC) | (22.34b) 

The explanation for the enhanced reactivity is probably similar to that for the increased 
reactivity of allylic alkyl halides in $2 displacements (Sec. 17.4). 

In contrast, a-halo carbonyl compounds react so slowly by the Sy1 mechanism that 
this reaction is not useful. 

\ ll ae very slow a C—C—CH; + :Cl: (22.35) 3 

Ga: ch 
In fact, reactions that require the formation of carbocations alpha to carbonyl groups generally 
do not occur. Although it might seem that an a-carbonyl carbocation should be resonance- 
stabilized, its resonance structure is not important (why?). 

+ 

CH, SOE CH; TO 

Neel | 
C—C—CH, <> pote 0! (22.36) 

CH, CH, 
not an important structure 

BEI AES ENS AAR Ee PORE TEAS 20 222g cE Raa 238040 0000000024009 003a00.Gn crc 0000.4. dadcobopp cooqonbtia on oaaug cosbdaspdoodeesonBasoonBcnc seoCeBGeKe base 

22.15 What product is formed when 
*(a) propionic acid is treated first with Br, and one equivalent of PBr3, then 

with a large excess of ammonia? 
(b) a-phenylacetic acid is treated first with Br) and one equivalent of PBr;, 

then with a large excess of ethanol? 

22.16 Give the product of each of the following reactions. 

(a) aa O 
| ZA 

CH3;CH,CCH,Br + || 
SS 

1-bromo-2-butanone N 

pyridine 
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i 1 1 
Brel, G—- Phi AP Ci Ca Om Nat eae a 

a-bromoacetophenone sodium acetate 

*22.17 Give the mechanism of the reaction in Eq. 22.32. Your mechanism should show 

why two equivalents of NaOH must be used. 

BRCOOOOIOOCIOOICIOIOOOOIOOIOOOOIOIOOCOCOOOOIOIOOOOIOOIOOIOIOOOOOOOOOOCIOOOOOIOOIOIOOC OOOO OIC OOIOOO OCR OION OOOO OOOO COMO CIC C ia  ddadad leltel liel lied diadi alia 

Aldol Addition and Aldol Condensation 
AIIOOIOOIOIODO OOO OO OOOOOOOOOOOOOOOOCOOOOOOOIOOOOIOGOCUICIOCIOOOOOOIOO OOOO OOOO OOOO OOOO OO ee ddd 

BOOOOOOOOIOOOOCIO OOO OOOOOIOOOOOOOIUIOUICOOOOOIOOIOCOOOIOGICOOIOON OOOO OOOO OOO OOOO INO IOC OC UO Ills laddl aad 

In aqueous base, acetaldehyde undergoes a reaction called the aldol addition. 

i real 
CH= GH a“ CH GH —=CH- — ei (22.37) 

acetaldehyde 3-hydroxybutanal 
(aldol) 

(50% yield) 

The term aldol is both a trivial name for 3-hydroxybutanal and a generic name for 

B-hydroxy aldehydes. The aldol addition is a very important and general reaction of 

aldehydes and ketones that have a-hydrogens. Notice that this reaction is another method 

of forming carbon-carbon bonds. 

The base-catalyzed aldol addition involves an enolate ion as an intermediate. In this 

reaction, an enolate ion, formed by reaction of acetaldehyde with aqueous NaOH, adds 

to a second molecule of acetaldehyde. 

O O 

HO: H--CH,—CH <== ~:CH,—CH + H,0 (22.38a) 
enolate ion 

70% :O:- 10% 

| DEMS: a H — OH 

1@)2 

(eee 
CH;—CH :CH,—CH =» CH,—CH—CH,—CH 

enolate ion 
:OH 7O% 

| | 
CH;—CH—CH,—CH +:OH — (22.38b) 

Notice that the aldol addition is another nucleophilic addition to a carbonyl group. 

In this reaction, the nucleophile is an enolate ion. The reaction may look more complicated 

than some additions because of the number of carbon atoms in the product. However, it 

is not conceptually different from other nucleophilic additions, for example, cyanohydrin 

formation. 
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Cyanohydrin formation: Aldol addition: 

nucleophile CN ~:CH,— CHO: 

+ ( Pe -_ 

aldehyde = CH;—CH=O: CH;—CH=0: 

CN CH,—CH=O: 
Lose bey ees 

CH;—CH— 0: CH;— CH— 0} 

! ine OH protonation | HON {| sro 

CN CH,—CH=O: 
addition | a | os rt 
product CH3— CH OH + =-CN GH; — Gii—_Of + OH (22.39) 

Pe . 22.18 Use the reaction mechanism to deduce the product of the aldol addition reaction 
_ PROBLEM 4 of *(a) a-phenylacetaldehyde; (b) propionaldehyde. 

The aldol addition is reversible. Like many other carbonyl addition reactions (Sec. 
19.7B), the equilibrium for the aldol condensation is more favorable for aldehydes than 
for ketones. 

O OH 

26h _@—— GH Chit G.-C, Cr. (22.40) 

acetone CH, (equilibrium 
lies to the left) 4-hydroxy-4-methyl- 

2-pentanone 
(diacetone alcohol) 

In this aldol addition of acetone, the equilibrium favors the ketone reactant rather than 
the addition product diacetone alcohol. This product can be isolated in good yield only 
if an apparatus is used that allows the product to be removed from the base catalyst as 
it is formed. 

Under more severe conditions (higher base concentration and/or heat), the product 
of aldol addition undergoes a dehydration reaction. 
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OH 
1M NaOH | 

80° 
2 CH;CH,CH,CH=O === =-*GH,GH,CH,CH—= CGH =O. = —> 

| 
butanal CH»CH; 

2-ethyl-3-hydroxyhexanal 
(the aldol addition product) 

CH;CH,CH,CH=CCH=O + H,0 (22.41) 

CH,CH, 

2-ethyl-2-hexenal 
(86% yield) 

The sequence of reactions consisting of the aldol addition followed by dehydration, as 

in Eq. 21.41, is called the aldol condensation. (A condensation is a reaction in which 

two molecules combine to form a larger molecule with the elimination of a small molecule, 

in many cases water.) 

The term aldol condensation has been used historically to refer to the aldol addition 

reaction as well as to the addition and dehydration reactions together. To eliminate 

ambiguity, aldol condensation is used in this text only for the addition-dehydration 

sequence. The term aldol reactions is used to refer generically to both addition and 

condensation reactions. 

The dehydration part of the aldol condensation is catalyzed by base, and occurs in 

two distinct steps through a carbanion intermediate. 

la OH HO: + ¢ 

Psiall al e. | is | \ a 
te oe a eee ee ee C—O ae Ola! (22.42) 

ies ay dl 
>OH Con a, B-unsaturated 

aldol addition carbanion LO ACO Uo 
product intermediate 

Notice that, although this is a B-elimination, it is not concerted. In this respect it differs 

from the E2 reaction. 
A base-catalyzed dehydration reaction of alcohols is unusual; ordinary alcohols do 

not dehydrate in base. However, B-hydroxy aldehydes and B-hydroxy ketones do for 

two reasons. First, their a-hydrogens are relatively acidic. Recall that 6-eliminations are 

particularly rapid when acidic hydrogens are involved (Sec. 17.3B). Second, the product 

is conjugated and therefore is particularly stable. 
The product of the aldol condensation is an a,B-unsaturated carbonyl compound. 

The aldol condensation is an important method for the preparation of certain a,f- 

unsaturated carbonyl compounds. Whether the aldol addition product or the condensa- 

tion product is formed depends on reaction conditions, which must be worked out on 
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a case-by-case basis. You can assume for purposes of problem-solving, unless stated 

otherwise, that either the addition product or the condensation product can be prepared. 

MusIcaAt HIstTory OF THE ALDOL CONDENSATION 

Discovery of the aldol condensation is usually attributed solely to Charles 

Adolphe Wurtz, a French chemist who trained Friedel and Crafts. However, 

the reaction was first investigated during the period 1864-1873 by Aleksandr 

Borodin, a Russian chemist who was also a self-taught and proficient composer 
of music. (Borodin’s musical themes were used as the basis of songs in the 

musical Kismet.) Borodin found it difficult to compete with Wurtz’s large, 

modern, well-funded laboratory. Borodin also lamented that his professional 

duties so burdened him with “examinations and commissions” that he could 

only compose when he was at home ill. Knowing this, his musical friends 

used to greet him, “Aleksandr, I hope you are ill today!” 

Bb. Acid-Catalyzed Aldol Condensation 

Aldol condensations are also catalyzed by acid. 

] CH, 1 
acid 

ICH, —C— CH, ——_—> fe, Es CH; + H,O (22.43) 

acetone CH; 

mesityl oxide 
(79% yield) 

Acid-catalyzed aldol condensations, as in this example, generally give a,G-unsaturated 

carbonyl compounds as products; addition products cannot be isolated. 

In acid-catalyzed aldol condensations, the conjugate acid of the aldehyde or ketone 
is a key reactive intermediate. 

ie Ou H 
10) On 

| | . 
CH, ee Oe CH; a= CH; ry C =— Gis ais OH; (22.44a) 

This protonated ketone serves two roles. First, it is transformed into a small amount of 
the enol (Eq. 22.15b). Second, the protonated ketone is the electrophilic species in the 
reaction. It is attacked by the 7 electrons of the enol to give an a-hydroxy carbocation, 
which is the conjugate acid of the addition product: 
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HO I H;0* 

CH; OH eat ve 
Xe | oe | :0H 

* + 

CH, CH, 

carbonyl carbon attacked by an a-hydroxy carbocation 
enol 7relectrons (protonated ketone; Sec. 19.6) 

CH; :O: 

HO—6 CH, 6— Gi, aro tar 

CH; 

As the second part of Eq. 22.44b shows, the a-hydroxy carbocation loses a proton to give 

the B-hydroxy ketone product. Under the acidic conditions, this material spontaneously 

undergoes acid-catalyzed dehydration to give an a,6-unsaturated carbonyl compound: 

CH, O CH, O 

= HO" \ | 
es nO ==(@ Cl 5 yi OA C=CH—C—CH; + H,0 = (22.44c) 

Stupy GutpeE Link: | 
Vv 22.3 CH, CH, 

Dehydration of 
B-Hydroxy Carbonyl 

Compounds This dehydration drives the aldol condensation to completion. (Recall that without this 
dehydration, the aldol condensation of ketones is unfavorable; Eq. 22.40). 

Let’s contrast the species involved in the acid- and base-catalyzed aldol reactions. 

An enol, not an enolate ion, is the nucleophilic species in an acid-catalyzed aldol condensa- 

tion. Enolate ions are too basic to exist in acidic solution. Although an enol is much less 

nucleophilic than an enolate ion, it reacts at a useful rate because it attacks a potent 

electrophile, a protonated carbonyl compound (an a-hydroxy carbocation). In a base- 

catalyzed aldol reaction, an enolate ion is the nucleophile. A protonated carbonyl com- 

pound is not an intermediate because it is too acidic to exist in basic solution. The 

electrophile attacked by the enolate ion is a neutral carbonyl compound. To summarize: 

Reaction: Nucleophile: Electrophile: 

Base-catalyzed aldol reaction enolate ion neutral carbonyl compound 

Acid-catalyzed aldol condensation enol protonated carbonyl compound 
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C. Special Types of Aldol Reactions 
Ore eee reer rere reer errr eee ee eee eee eee eee eee eee EEE THEE E EEE E HEHEHE HHH H Hee eeeseeseeeees® 

Crossed Aldol Reactions The discussion above considered only aldol reactions 

between two molecules of the same aldehyde or ketone. When two different carbonyl 

compounds are used, the reaction is termed a crossed aldol reaction. In many cases, the 

result of a crossed aldol reaction is a difficult-to-separate mixture, as the following study 

problem illustrates. 

Bee eee eee eee eee eee eee Hee EEE HEHE EEE EEE EEEEEEEEEEEEEOESEEEEEE HEHEHE EE ES EEES 

Give the structures of the aldol addition products expected from the base-catalyzed 

reaction of acetaldehyde and propionaldehyde. 

Solution Such a reaction involves four different species: acetaldehyde (A) and its enolate 

ion (A’), as well as propionaldehyde (P) and its enolate ion (P’): 

i i i i ~ : 

A A’ 1 Pi 

Four possible addition products can arise from the attack of each enolate ion on each 

aldehyde: 

OH OH OH 

CH3;CHCH,CH=O CH;CH,CHCH,CH =O CH;CHCHCH~O CH3;CH,CHCHCH=O 

JN sie AN PAY CH, CH; 

A + P’ [Dae JP 

(Be sure you see how each product is formed; write a mechanism for each, if necessary.) 

Notice also a further complication: diastereomers are possible for the last two products 

because each has two asymmetric carbons. 
SOOO OOOCOOUOOIOOOO OOS OOOO OOOO OOO GOOUOCIOOGOOOOOOOOOOOOOOOOOOOOOOOOOEICMICCOCICrT 

Crossed aldol reactions that provide complex mixtures, such as the one in Study Problem 
22.1, are not very useful, because the product of interest is not formed in very high yield, 
and because isolation of one product from a complex mixture is in most cases extremely 
tedious. Although conditions that favor one product or another in crossed aldol reactions 
have been worked out in specific cases, under the usual conditions (aqueous or alcoholic 
acid or base), useful crossed aldol reactions as a practical matter are limited to situations 
in which a ketone with a-hydrogens is condensed with an aldehyde that has no a-hydrogens. 
An important example of this type is the Claisen-Schmidt condensation. In this reaction, 
a ketone with a-hydrogens—acetone in the following example—is condensed with an 
aromatic aldehyde that has no a-hydrogens—benzaldehyde in this case. 
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1 
] H C—CH; 

PheH =O CH; C— CH, an C=—=G = On 02.45) 

benzaldehyde acetone Ph H 
(excess) 

benzalacetone 
(65-78% yield) 

Notice that the addition product cannot be isolated in this reaction; the highly conjugated 

condensation product is formed as its most stable stereoisomer—the trans isomer in 

Eq. 22.45. 
In view of the complex mixture obtained in the example used in Study Problem 

22.1 it is reasonable to ask why only one product is obtained from the crossed aldol 

condensation in Eq. 22.45. First, because the aldehyde in the Claisen-Schmidt reaction 

has no a-hydrogens, it cannot act as the enolate component of the aldol condensation; 

consequently, two of the four possible products cannot form. The other possible side 

reaction is the aldol addition reaction of the ketone with itself, as in Eq. 22.40; why 

doesn’t this reaction occur? The enolate ion from acetone can react either with another 

molecule of acetone or with benzaldehyde. Recall that addition to a ketone occurs more 

slowly than addition to an aldehyde (Sec. 19.7B). Furthermore, even if addition to acetone 

does occur, the aldol addition reaction of two ketones is reversible (Eq. 22.40) and 

addition to an aldehyde has a more favorable equilibrium constant than addition to a 

ketone (Sec. 19.7B). Thus, in Eq. 22.45, both the rate and equilibrium for addition to 

benzaldehyde are more favorable than they are for addition to a second molecule of 

acetone. Thus, the product shown in Eq. 22.45 is the only one formed. 

The Claisen-Schmidt condensation, like other aldol condensations, can also be cata- 

lyzed by acid. 

1 
O H @=—=Ph 

| H,SO x i. 
Ph CH= On GH: —_ © — pha C=C (22.46) 

CH;CO,H 7. \ 

Ph H 
(95% yield) 

Intramolecular Aldol Condensation When a molecule contains more than 

one aldehyde or ketone group, an intramolecular reaction (a reaction within the same 

molecule) is possible. In such a case the aldol condensation results in formation of a 

ring. Intramolecular aldol condensations are particularly favorable when five- and six- 

membered rings can be formed. 

O 
| ciy—{ SOs 

@rHCHCeue CH) 

——— ae +H,O — (22.47) 
: AG 

O Ce Se 
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eee meee ee eee HEHEHE ETH H HEHE EEE H HEHEHE HHH HHH HHH E HEHEHE EEH EEE H ERE E EEE H HEHEHE EEE HHH H EEE EES HEHE ERE EH EEE HEEEEE EEE ESESEE SESE EEE ES 

22.19 Predict the product(s) in each of the following aldol condensations. 

*(a) ] 

(eae + CH;—C—CH, ~~ 
O ) H30 

NaOH 
(b) acetophenone + hexanal ————> 

(©) O ] 

Ce CCH CHL CH eH == = 

PPT P RRR e eee ese eee e eee eee eee Heese Es SEE SEESEESESESEEEEE EEE SESE EEE EE SHOE OEE EEEESESESEEEEEEESES OEE E EEE EEEEEEEEEEE SESE EEEES ESSE ESET HEE ESESES ESSE SESE E EEE EEEEEEEEEEEES 

POPC e ener eee esesasseeeress sess sees esse eee EOE EEE DOES EE EEE EEEESES ESE E EOE ESESED ED OE HEHEHE E EEE S EES O EEE Eee eeeeeseere 

The aldol condensation can be applied to the synthesis of a wide variety of a,B-unsaturated 

aldehydes and ketones. Notice that it also represents another method for the formation 

of carbon-carbon bonds. (See the complete list in Appendix V.) If you desire to prepare 
a particular a,6-unsaturated aldehyde or ketone by the aldol condensation, you must 
ask two questions: (1) What starting materials are required in the aldol condensation? 
(2) With these starting materials, is the aldol condensation of these compounds a feasible 
one? 

The starting materials for an aldol condensation can be determined by mentally 
“splitting” the a,B-unsaturated carbonyl compound at the double bond: 

O 

: eae CR 
This portion is derived . This portion is derived 
from the carbonyl from the attacking 
compound attacked by Pa = enolate ion or enol. 
the enolate ion or enol. ; 

R R 

(|p (22.48) 

O 

\ 
C=0 + H,C—C—R’ 
/ 

R R’ 

That is, work backward from the desired synthetic objective by replacing the double bond 
on the carbonyl side by two hydrogens and on the other side by a carbonyl oxygen (=O) 
to obtain the structures of the starting materials in the aldol condensation. 

Knowing the potential starting materials for an aldol condensation is not enough; 
you must also know whether the condensation is one that works, or whether instead it 
is one that is likely to give troublesome mixtures(see Study Guide Link 4.5). In other 
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words, you can’t make every conceivable a,@-unsaturated aldehyde or ketone by the aldol 

condensation—only certain ones. This point is illustrated in the following study problem. 

RRR eee eee eee eee eee eee eee eee eee EEE EHH EEE EEEEEEEEE ESSE EE EEEEEEEEE SESE EEE EEE EEE HEHEHE EEEEEEESEEE EEE EEE ESEEESESEH HEHEHE EHESEHHEEE EEE EEEHEEEE ESE O EEE ES 

Determine whether the following a,8-unsaturated ketone can be prepared by an aldol 
STUDY 

PROBLEM condensation. 
Pino CH, O 

\ | 
C=CH— C— CH,CH; 
/ 

CH; 

Solution Following the procedure in Eq. 22.48, analyze the desired product as follows: 

CH, O 
\ 
C= CH— @—CH.CH, 
/ 

CH; 

\y 
CH; ] 

ons On > aie CH,—-4G— CH. GH; 

CH; 

acetone 2-butanone 

|________ required starting materials ————— 

The desired product requires a crossed condensation between two similar ketones. It 

would not be a useful reaction because a number of possible constitutionally isomeric 

products could form (see Study Problem 22.1). As noted above, such a mixture should 

be avoided if possible. 

er ER, 22.20 Some of the following molecules can be synthesized in good yield using an aldol 

« PROBLEMS ‘ condensation. Identify these and give the structures of the required starting 

materials. Others cannot be synthesized in good yield by an aldol condensation. 

Identify these, and explain why the required aldol condensation would not be 

likely to succeed. 

AN 
Oaks 

a “EAS 

*(a) O 

cHo-{ cc —C—cn.cr 

on 
(b) O 

(cree 6—crncr.ci 

vil 
(Problem 22.20 continues ) 
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Alc) CH=O (2) ano ox : 
CH, 

*(e) O (f) O 

ED Fe Ph—CH=CH—C—CH=CH—Ph 

a(g) O *(h) (CH;),C==CH—CH=O 

*22.21_ Analyze the aldol condensation in Eq. 22.47 using the method given in Eq. 22.48. 

Show that there are four possible aldol condensation products that might in 

principle result from the starting material. Argue why the observed product is 

the most reasonable one. 

Condensation Reactions Involving Ester Enolate Ions 

This section begins the use of more compact abbreviations for several commonly occurring 
organic groups. These abbreviations, shown in Table 22.1, not only save space, but also 

Table 22.1 Abbreviations of Some 

Common Organic Groups 
PPPOE e eee eee rere re Eee H eee EEE SEE EEE H OD EE ROHS EE EDO DOSE eee Ee eeeEeeesereseseeS 

Group Structure Abbreviation 

methyl Claly-= Me 

ethyl CH,CH, — Et 

propyl CH3;CH,CH,— Pr 

isopropyl (CH;3),CH— i-Pr 

butyl CH3CH,CH,CH,— Bu 

isobutyl (CH; ),CHCH,— 1-Bu 

tert-butyl (CH; );¢— t-Bu 

1 
acetyl CH;,—C— Ac 

O 

acetate (or acetoxy) CH,—C—O— AcO 
</#\s)a)e)e\e\e ole /€[e'8}6\e:@\sie 614]e\e a .e\sieieisieie ele's $'elu\v 0 0/0 ]0\0 6\e/61e\oia.5\6,0)6|4\010[)a/6\6,e[6\ulv(e\6616'6.0!a'ulé (wl ofelvialaiainlalwlateicinieieivieterealtte 



22-5 Condensation Reactions Involving Ester Enolate Ions 1065 

make the structures of large molecules less cluttered and more easily read. Just as Ph— 

is used to symbolize the phenyl ring, Me— can be used for methyl, Et— for ethyl, 

Pr— for propyl, and so on. Thus, ethyl acetate is abbreviated EtOAc; sodium ethoxide 

(NaOC>Hs) is simply written as NaOEt; and methanol is abbreviated as MeOH. 

22.22 Write the structure that corresponds to each of the following abbreviations. 

(a) eig<C—Olst (b) 1-Pr—Ph *(c) t-BuOAc 

tei. LL (1) Pia Fl *(e) Ac,O CAC vn 
Ce 

RRRSNGORIOIOOIOCIOIOOIOIOOIOOIOOIOOIIOOIUIICIO OOOO OOOO OOOO edd 

The aldol reactions discussed in the last section involve the enols or enolates of aldehydes 

and ketones. This section discusses condensation reactions that involve the enolate ions 

of esters. 
Ethyl acetate undergoes a condensation reaction in the presence of one equivalent 

of sodium ethoxide in ethanol to give a compound known commonly as ethyl acetoacetate. 

O O O 
NaOEt " I | 

2CH;—C—ORrt CS, AC =CH;—C—CH,—C—OEt + EtOH (2249) 

ethyl acetate ethyl acetoacetate 
(75-76% yield) 

This is the best-known example of the Claisen condensation, named for Ludwig Claisen 

(1851-1930), who was a Professor at the University of Kiel. (Don’t confuse this reaction 

with the Claisen-Schmidt condensation in the previous section—same Claisen, different 

reaction!) The product of this reaction, ethyl acetoacetate, is an example of a B-keto 

ester: a compound with a ketone carbonyl group f to an ester carbonyl group. 

The first step in the mechanism of the Claisen condensation is formation of an 

enolate ion by the reaction of the ester with the ethoxide base. 

O O 

EtO:~ + ater case Bets oe a OLE tOn (22.50a) 

enolate ion 
of ethyl acetate 

Because ethoxide ion is a nucleophile, you might also ask whether it can also attack the 

carbonyl group of the ester to give the usual nucleophilic acyl substitution reaction. This 

reaction undoubtedly takes place, but the products are the same as the reactants! This is 

why ethoxide ion is used as a base with ethyl esters in the Claisen condensation (see 

Study Guide Link 22:1). 
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Although the ester enolate ion is formed in low concentration, it is a strong base 

and good nucleophile, and it undergoes a nucleophilic acyl substitution reaction with a 

second molecule of ester (Eq. 22.50b). 

i a oan 
CHa Ca ORCS: Chi — © —— OR rae CH Ca CH Ca ONT eames 

Ree 

tetrahedral addition intermediate 

Oo: O 

CH;—C—CH,—C—OEt + EtO:~ — (22.50b) 

The overall equilibrium as written in Eq. 22.50b favors the reactants; that is, all B-keto 

esters are less stable than the esters from which they are derived. For this reason, the Claisen 

condensation has to be driven to completion by applying LeChatelier’s principle. The 

most common technique is to use one equivalent of ethoxide catalyst. In the B-keto ester 

product, the hydrogens on the carbon adjacent to both carbonyl groups (color in Eq. 

22.50c) are especially acidic (why?), and the ethoxide removes one of these protons to 
form quantitatively the conjugate base of the product. 

i 1 
CH;—C—CH,—C—OEt + Nat EtO- =~ 

pK, = 10:7 

eet | 
CHC — CH= G=OFt™ wastes» Eton (22.50c) 

Nat pK, = 5-16 

The un-ionized B-keto ester product in Eq. 22.49 is formed when acid is added subse- 
quently to the reaction mixture. 

Notice that ethoxide ion is a catalyst for the reactions in Eqs. 22.50a and b, but it 
is consumed in Eq. 22.50c. Thus, ethoxide is a reactant rather than a catalyst in the 
overall reaction, and for this reason one full equivalent of ethoxide must be used in the 
Claisen condensation. 

The removal of a product by ionization is the same strategy employed to drive ester 
saponification to completion (Sec. 21.7A). The importance of this strategy in the success 
of the Claisen condensation is evident if the condensation is attempted with an ester that 
has only one a-hydrogen: little or no condensation product is formed. In this case, the 
desired condensation product has a quaternary a-carbon, and therefore it has no a- 
hydrogens acidic enough to react completely with ethoxide. 

no acidic 
O ] CH; hydrogen here 

~OEt 
2 (CH;),CH—C—OEt ae (CH3),»CH—C—C—CO,Et (22.51) 

CH; 

(no product observed) 
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Furthermore, if the desired product of Eq. 22.51 (prepared by another method) is sub- 

jected to the conditions of the Claisen condensation, it readily decomposes back to starting 

materials because of the reversibility of the Claisen condensation. 

The Claisen condensation is another example of nucleophilic substitution. In this 

reaction, the nucleophile is an enolate ion derived from an ester. Although the reaction 

may seem complex because of the number of carbon atoms in the product, it is not 

conceptually different from other nucleophilic acyl substitutions, for example, ester 

saponification: 

Saponification: Claisen condensation: 

nucleophile 7p: OH 7 GH CO>Et 

( ia f a: 
ester pace ies at ak eas 

: OEt : OEt 

\ f 
:OH CH;— CO,Et 

tetrahedral | a: | abe 
addition CE On) CH, C—_O-= 

intermediate | | 
OEt OEt 

! 
substitution ne ee ee 

Ue Cree OHO CH;—C=O: + EtO:- 

acid-base 
reaction 

:0:- -: CH—CO,Et 
| r | f 

CH;— C=O: + EtOH CH;— C=O: + EtOH (22.52) 

You have now studied two types of condensation reaction: the aldol condensation 

and the Claisen condensation. These condensations are quite different and should not 

be confused. To compare: 

1. The aldol condensation is an addition reaction of an enolate ion or an 

enol with an aldehyde or ketone followed by a dehydration. The Claisen 

condensation is a nucleophilic acyl substitution reaction of an enolate ion 

with an ester group. 

2. The aldol condensation is catalyzed by both base and acid. The Claisen 

condensation requires a full equivalent of base, and is not catalyzed by 

acid. 

3. The aldol addition requires only one a-hydrogen. A second a-hydrogen is 

required, however, for the dehydration step of the aldol condensation. In 
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the Claisen condensation, the ester starting material must have at least two 

a-hydrogens, one for each of the ionizations shown in Eqs. 22.50a and 

22.50c. 

SHRP e eee eee seme ener eee Eee s ese EEE HEE EH EEE EEHEEEEEEEEESESEEEEESESEEEEESES EEE E EEE EEEEEEEEEEEESEEEESE EEE HEH EEE EEEESEE EEE EEE EEEEESE EEE EES 

22.23. Give the Claisen condensation product formed in the reaction of each of the 

following esters with one equivalent of NaOEt. 

*(a) ethyl a-phenylacetate (b) ethyl butyrate 

*22.24 Hydroxide ion is about as basic as ethoxide ion. Would NaOH be a suitable 

base for the Claisen condensation of ethyl acetate? Explain. (Hint: See Study 

Guide Link 22.1.) 

BROCCO CCE S OOOO OOOO OGIO GOTO OOO COCIOCIOOOOICONIOOINOOOOOOOOCCOOOOOEOCOOOOOOOOOOOOOOOOOOOOOOOOIOOOOOOOOOOOOOOOOOOOOOOOOOMnCCr 

URC CCCCCO COCOONS OOOO OOOO OOOO OOOO OOOOOOOIONOOOOOCOOIOOOOomnCnnOncnicrrirt irr 

Intramolecular Claisen condensations, like intramolecular aldol condensations, take place 

readily when five- or six-membered rings can be formed. The intramolecular Claisen 
condensation reaction is called the Dieckmann condensation. 

O 

| O Nat O CH —"ce = c= OFt 4 
vi 3 a COmB: 

CH, abn Gigi agp acOnS (22.53) 
CO,Et 

Che G——OFt 
i ethyl 2-oxocyclopentane- | y cy 

+ EtOH = Ely carboxylate 
O (74-81% yield) yi 

diethyl adipate 

The base used in this reaction, sodium hydride, was discussed in Sec. 8.5A. It removes 
an a-proton from the ester starting material. The ethoxide ion displaced as a leaving 
group in the nucleophilic acyl substitution reaction serves as the base that removes the 
a-proton from the product, thus driving the reaction to completion. (In principle, one 
equivalent of sodium ethoxide can be used as the base in this reaction instead of sodium 
hydride.) 

Sait suman 0? am gapiriaiinan. at ew hcirnnnc haces cigs Sinits olehe Bielejle)6/e)eleie{ele\e)#féln/eie/ele)s'ejs[ei¢je}eieleiejeieleielejeiefalaiein(el lols n(o\slolsielele\sigislelaisidisisialais nial ale sletslels(olsfetaielelsictalersieleieie nieisioleieen eee eintee ce ene erecta 

22.25 *(a) Explain why compound A, when treated with one equivalent of NaOFt, 
followed by acidification, is completely converted into compound B, 

(b) Give the structure of the only product formed when diethyl a-methyladipate 
(C) reacts in the Dieckmann condensation. Explain your reasoning. 

celal 

PROBLEM ~ 
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H;C CO,Et  EtO,C(CH,);CHCO,Et 

CH; 

OOo eee mmm eee eee eee ee eee EEE eee ees ees EEEEEEE MESSE ESET HEHE EEE EEE EEEEE ESSE SESE EEE ES EESEEEEESEESEHEH EH OH EDO D OD ESEEEEESHSHEH HH EH EEE SES ESEEHEHES OO EE SEE EHS 

eee eee eee eee eee ee eee eee eee eee EEE EE HE OSES SHEE EE EEEEEHEEEEEEEEEE ESSE EEE E ESE ESEEEEESESEESESHESESEE DEEDES EEHEEEEEEEEEE SESE SEES 

The Claisen condensation of two different esters is called a crossed Claisen condensation. 

The crossed Claisen condensation of two esters that both have a-hydrogens gives a 

mixture of four compounds that are typically difficult to separate. Such reactions in most 

cases are not synthetically useful. 

Fi 
CH COG -CO, ge 

io Ieasseoll 
CH,;— C—CH,—C— OEt + CH;CH,—C—CH,—C—OEt + 

O O () O 

see Mpa Es te ee ee ee 

CH; CH; (22.54) 

This problem is conceptually similar to the problem with crossed aldol reactions, discussed 

in Study Problem 21.1, Sec. 22.4C. 
Crossed Claisen condensations are useful, however, if one ester is especially reactive 

or has no a-hydrogens. For example, formyl groups (~ CH= 0) are readily introduced 

with esters of formic acid such as ethyl formate: 

O 

COE O Et HC CO Et 

Hy ! eh ta neers coe 
| oe Olt ee | 1 EtOH e225) 

Cie ethyl formate Che m CO>Et y CO>Et 

diethyl succinate diethyl a-formylsuccinate 
(60-70% yield) 

Formate esters fulfill both of the criteria for a crossed Claisen condensation. First, they 

have no a-hydrogens; second, their carbonyl reactivity is considerably greater than that 

of other esters. The reason for their greater reactivity is that the carbonyl group in a formate 

ester is “part aldehyde,” and aldehydes are particularly reactive toward nucleophiles 

(Eq. 21.59). 
A less reactive ester without a-hydrogens can be used if it is present in excess. For 

example, an ethoxycarbonyl group can be introduced with diethyl carbonate. 
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O 
! 

ethyl 
a-phenylacetate 

Chemistry of Enolate Ions, Enols, and a,B-Unsaturated Carbonyl Compounds 

ethoxycarbonyl 
: group 

@ <) | _ OEt 

O Ne 

PhCH, —C—OEt + EtO—C—OEt (excess) <i ee Ph— CH—C—OEt + EtOH 

diethyl carbonate Ne diethyl 
a-phenylmalonate 

(86% yield) (22.56) 

In this example, the enolate ion of ethyl a-phenylacetate condenses preferentially with 

diethyl carbonate rather than with another molecule of itself, because of the much higher 
concentration of diethyl carbonate. Of course, the excess diethyl carbonate must then be 
separated from the product. 

Another type of crossed Claisen condensation is the reaction of ketones with esters. 

In this type of reaction the enolate ion of a ketone attacks the carbonyl group of an ester. 

O 

O ! 
| NaOEt C==H 

i td 

iO orice tea) Tho" + EtOH (22:57) 
er 

ethyl formate 

cyclohexanone 2-oxocyclohexane- 
carbaldehyde 
(70-74% yield) 

O O O O 
ROO 

Ph—C—CH, + EtO—C—CH, Sea ———» Ph—C—CH,—C—CH,; + EtOH (22.58) ; xylene 

acetophenone ethyl acetate 1-phenyl-1,3-butanedione 
(large excess) (a B-diketone) 

(64-70% yield) 
In Eq. 22.57, the enolate ion derived from the ketone cyclohexanone is acylated by the 
ester ethyl formate. In Eq. 22.58, the enolate ion of the ketone acetophenone is acylated 
by the ester ethyl acetate. In these reactions, several side reactions are possible in principle 
but in fact do not interfere. In Eq. 22.57, a possible side reaction is the aldol addition of 
cyclohexanone with itself. However, the equilibrium for the aldol addition of two ketones 
favors the reactants, whereas the Claisen condensation is irreversible because one equivalent 
of base is used to form the enolate ion of the product. Because the ester has no a-hydrogens, 
it cannot condense with itself. 

The ester in Eq. 22.58, however, does have a-hydrogens and is known to condense 
with itself (Eq. 22.49). Why is such a condensation not an interfering side reaction? The 
answer is that ketones are far more acidic than esters (by about 5-7 pX, units). Thus the 
enolate ion of the ketone is formed in much greater concentration than the enolate ion 
of the ester. The ketone enolate ion can react with another molecule of ketone—an 
unfavorable equilibrium—or it can be intercepted by the excess of ethyl acetate to give 
the observed product, which is a B-diketone. Like a B-keto ester, a B-diketone is especially 
acidic and is ionized completely by the one equivalent of NaOEt. (Be sure to identify the 
acidic hydrogens of the product in Eq. 22.58). Hence, B-diketone formation is observed 
because ionization makes this an irreversible reaction. 

These examples illustrate that the crossed Claisen condensation can be used for the 
synthesis of a wide variety of B-dicarbonyl compounds. 
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22.26 Complete the following reactions. Assume that one equivalent of NaOEt is 

present in each case. 

*(a) ] O 
| " 

CH;—C—CMe,; + EtO—C—OEt (excess) sO ee ea 

(b) 
| : 

Ph—C—CH, + Ph—C—OEt (excess) pA ej hd 

*(c) O CO,Et 
! | 

Ch So WO ——— (a cyclic 

compound) 

(d) ] 

CH3—C— CH, + EtO—C—-OEt (large excess) (= —— > 

BOOOODIOIOIIIOIOOOOIOOOIOICIOCIOOOOOCOIOOOOIOIOOOIOOOOOIOIOIOOIOOIOOOOOOOOO OOOO OIOIOINIOIIn OOOO SOCIO OOOO OOOO OOOO i iC i a ee a a a dd ddadad 

eee meee meee reer eee eee cere eee eee e sees eee eee HESES SEES SEES OSE OEEETESESESESES OHSS EESEEEEES HESS EES OSESESESES OSES ES EEEEEESEE SEES 

As the examples in the previous sections have shown, the Claisen condensation and 

related reactions can be used for the synthesis of B-dicarbonyl compounds: f-keto esters, 

B-diketones, and the like. Compare these types of compounds with those prepared by 

the aldol condensation and note the differences carefully. 
In planning the synthesis of a B-dicarbonyl compound, you should adopt the usual 

two-step strategy: examine the target molecule and work backward to reasonable starting 

materials. Then don’t forget to analyze the reaction of these starting materials to see 

whether the desired reaction is reasonable or whether other reactions will occur instead. 
To determine the starting materials for a Claisen condensation, mentally reverse the 

condensation by adding the elements of ethanol (or other alcohol) across either of the 

carbon-carbon bonds between the carbonyl groups. Because there are two such bonds, 

you will generally find two possible sets of starting materials by this procedure. 

enolate acceptor 
component carbonyl compound 

(a) RO. R 0 
H-OBt @ | | 

He CO Cn OG ORL 
Rig Omer 2 © | | 

LT ees a R? H 
HG © GG OFt (22.59) 

| RO Reo) 

R? H ae | ll 
Ga OC Oe iia C—O OPE 

EtO=s-Tt (b) 

R? H 
(b) 

acceptor enolate 
carbonyl compound component 
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A B-diketone can be similarly analyzed in two different ways: 

(a) 
$ an O RFR O H-=-OEt 
y (a) I | | 

O RIO R= CC hoe 

1.1 ei 
R! oie Ine Out R2 O (22.60) 

: | el 
¢ H Rem Ot Oa Coa 
3 (b) | 

BtO-;-H H 

(b) 

Having determined the starting materials required in a Claisen condensation, then 

ask whether the Claisen condensation of the required materials will give mostly the desired 

product or a complex mixture. Such an analysis of a target B-keto ester is illustrated in 

the following study problem. 

SUCODODDOLDCOCOOCOOCOOCTCLOCOUCUCCCCUCUOCICCOCCOODOCCCUCCOOI III OR OOOO COCO COMO CIC OCIOCOO NOOO OO OOOO OOO CCCOCOCOOOIOOOOIOCIOICIOCOIOOOIOOOICIOOIOOIOGICICCOOOAITOH IC LIOOCCEECICInCCCC rar 

Determine whether the following compound can be prepared by a Claisen condensation 

or one of its variations; if so, give the possible starting materials. 

Solution This is a B-diketone, a type of compound for which a Claisen or Dieckmann 
condensation might be appropriate. To determine the possible starting materials, follow 
the procedure above: add EtO—H in turn across each of the bonds indicated: 

L. I 
C 

SS 

(a) (b) CH; 

Addition across bond (a) gives the following possible starting material: 

B 44 O O Ns, 
! 

(eee 2) 

Now think about all possible Dieckmann condensation reactions that can occur with this 
compound. There are three possible sets of a-hydrogens that could ionize to give enolate 
ions. Hydrogens (1) and (2), because they are adjacent to a ketone carbonyl, are more 
acidic than hydrogens (3), which are adjacent to an ester carbonyl. Formation of an 
enolate ion at (1) and attack at carbonyl B give the desired product, and this reaction is 
driven to completion by using one equivalent of NaOEt. Formation of an enolate ion at 
(2) and attack at carbonyl B would give a product containing a seven-membered ring: 
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Since five-membered rings usually form much more rapidly than seven-membered rings 

(Sec. 11.6), the desired product should be the major one, although formation of the 

seven-membered ring is a potential complication. 

Breaking bond (b) in the target gives the following starting materials: 

O 

ree | 
pita EO Gian CH 

cyclopentanone ethyl acetate 

In this case, the ketone, cyclopentanone, is more acidic than the ester, ethyl acetate. 

Because of its symmetry cyclopentanone can give only one enolate ion. Aldol addition 

of this enolate ion to another molecule of cyclopentanone is an unfavorable equilibrium; 

recall that aldol additions of ketones have unfavorable equilibria. If an excess of ethyl 

acetate is used, this potential side reaction can be further suppressed, if it occurs at all. 

The desired Claisen condensation can be made irreversible by use of one equivalent of 

NaOEt to ionize the products. Consequently, this set of starting materials—cyclopenta- 

none and ethyl acetate—should give the desired reaction. 
Evidently, both sets of potential starting materials would work, and in fact are 

t acceptable answers. Which would be best in practice? Cyclopentanone and ethyl acetate 

FOS EIEN ie are cheap articles of commerce. The other starting material would probably have to be 
5 Variants of che Aldo) prepared in a multistep synthesis. Consequently, cyclopentanone and ethyl acetate are 

and Claisen the starting materials of choice. (This synthesis is conceptually the same as the one in 

Condensations Eqy22:589) 

Cece cece ccc eee ee eee eee eee eens eee cere eee DOS O SHEE ERE EEETEESEES OEE E EES ETECEESEHOH SESE DOSES EEEEEH EER TEESE CEES HEE EEES ESET ESET ES ESESES HHS EEESEEESHES EOE ESES EES 

22.27. Analyze each of the following compounds and determine what starting materials 
would be required for its synthesis by a Claisen condensation. Then decide which 

if any of the possible Claisen condensations would be a reasonable route to the 

desired product. 

*(a) O O (b) O O 

fe cplctea creed Lsatyor lll Sagar usages 

Gia CH; 

OC) eee) (d) O O 
CO,Et | | 

PhGhs—— Co Chia @ ht 

CH,CH.CH; 
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22.28 Give the starting material required for the synthesis of each of the following 

compounds by a Dieckmann condensation. 

*(a) O CH, (b) O 

PRR R Heme eae e eae ease aaa eases ses esse sess s sess HESS HES Ee HEHEHE EEE EHHEEE OEE E EEE E SHEE EEE H EME EEEEEEE SESE EEE E EEE EEEESES ESE EEEEEEEEE EEE HEHEHE EEO ESE EE EES 

The previous two sections described reactions in which enolate ions react as nucleophiles 

at the carbonyl carbon atom. This section considers two reactions in which enolate ions 

are used as nucleophiles in Sy2 reactions. 

A. Malonic Ester Synthesis 

Diethyl malonate (malonic ester), like many other B-dicarbonyl compounds, has unusu- 
ally acidic a-hydrogens (why?). Consequently, its conjugate-base enolate ion can be 
formed completely with alkoxide bases such as sodium ethoxide. 

1 hea 
EtO:- + EXO—C—CH,—C—OFt => EtO—H + EO—C—CH—C—OEt 261) 

enolate ion of 
diethyl malonate diethyl malonate 

pk, = 12.9 

The conjugate-base anion of diethyl malonate is nucleophilic, and reacts with alkyl halides 
Stupy Gurpe LINK: and sulfonate esters in typical Sy2 reactions. Such reactions can be used to introduce 

22.6 alkyl groups at the a-position of malonic ester. 
Malonic Ester 

Alkylation 

i CH,CH, 

= 5 “ EtOH A us 
Nat :CH(CO,Et), 5 CH3CH TH a CH3;CHCH(CO,Et), sr Nat Bim (22.61b) 

eee (83% yield) 

The importance of this reaction is that it can be extended to the preparation of 
carboxylic acids. Saponification (Sec. 21.7A) of the diester and acidification of the resulting 
solution gives a substituted malonic acid derivative. Recall that heating any malonic acid 
derivative causes it to decarboxylate (Sec. 20.11). The result of the alkylation, saponifica- 
tion, and decarboxylation is a carboxylic acid that conceptually is a substituted acetic 
acid—an acetic acid molecule with an alkyl group on its a-carbon. 



CH,CH,; 

CH;CHCH(CO,Et), 

saponification 
(Sec. 21.7A) | 
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ss iu razor 

H,0 H30° heat 
—_— awe aC her COs Na )> GLC CH (CO) a 

decarboxylation 
(Sec. 20.11) 

CH.CH, 
ester 

CH. CHCEL COE Go: 

substituted acetic acid 

(22.61c) 

The overall sequence of ionization, alkylation, saponification and decarboxylation 

starting from diethyl malonate (Eqs. 22.6la—c) is called the malonic ester synthesis. 

Notice that the alkylation step of the malonic ester synthesis (Eq. 22.61b) results in the 

formation of a new carbon-carbon bond. 
The anion of malonic ester can be alkylated twice in two successive reactions with 

different alkyl halides (if desired) to give, after hydrolysis and decarboxylation, a disubsti- 

tuted acetic acid. This possibility allows us to think of any disubstituted acetic acid in 

terms of diethyl malonate and two alkyl halides, as follows (X = halogen): 

acetic acid unit 

R’ R’ 

If the alkyl halides R—X and R’ — X are among those that will undergo the Sy2 reaction, 

then the target carboxylic acid can in principle be prepared by the malonic ester synthesis. 

This analysis is illustrated in Study Problem 22.4. 

emcee cece cece e eee eee esse eee eee Hees EE EESESE SEES EEE ESEEEEEEEESEEESES SESE EEE EEEEEEEEEE HEHE ESSE EEE EEEEES SEES OSES EEE EEEE ESTEE EES 

Outline a malonic ester synthesis of the following carboxylic acid: 

GH; 

GH;(CH>),CH——€O5H 

2-methylheptanoic acid 

Solution Using the analysis in the text, identify the “acetic acid” unit in the carboxylic 

acid. The two alkyl groups, in this case, a methyl group and a pentyl group, are derived 

from alkyl halides. 

<— derived from CH3]I 

CH Co,H 

derived from ee nS substituted acetic acid 
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This analysis leads to the following synthesis: 

formation of formation of 

enolate ion enolate ion 

NaOEt CH3(CH2)3CH>2Br s : : NaOEt 
CH,(CO3Et), EtOH ee Cry somber COE). EtOH 

diethyl malonate 

first alkyl group 
introduced 

CH, 

CH3—I 
a od Nat CH;(CH,);CH,C(CO,Et), CH;(CH));CH,C(CO,Et), + Nal 
fh (80% yield) 

second alkyl group 
introduced (22.63) 

Ester hydrolysis and decarboxylation, as in Eq. 22.6lc, give the desired product. 

Notice that the two enolate-forming and alkylation reactions must be performed as 

separate steps. Adding two different alkyl halides and two equivalents of NaOEt to malonic 

ester at the same time would not give the desired product (why?). 

22.29 Indicate whether each of the following compounds could be prepared by a 

malonic ester synthesis. If so, outline a preparation from diethyl malonate and 
any other reagents. If not, explain why. 

*(a) 3-phenylpropanoic acid (b) 2-ethylbutanoic acid 
*(c) 3,3-dimethylbutanoic acid 

' PROBLEMS ~ 

*22.30 Give the product of the following reaction sequence and explain your answer. 

CH,(CO>Et), + BrCH,CH,CH,Cl eNsOEs > oa He! ne (C5HgO3) 
EtOH heat 

VGOGOGDO CODD DU RL GUE UGOMO COO COD CUCU COOP OCDOOUOTOCODGL CiOOROUCTOOOOOOC OC DUO UCU OCOUOCTICOC DOOD COM OCO KOO SU ET OOCOMOCOCIOOODOOOCODO TOO CHOON CODON aC HMeoorloaboIGORan CaaS 

Bb. Direct Alkylation of Enolate 

Ions Derived from Monoesters 

In the synthesis of carboxylic acids by malonic ester alkylation, a —CO,Et group is 
“wasted” because it is later removed. Why not avoid this altogether and alkylate directly 
the enolate ion of an acetic acid ester? 

7 O 

ends Yee Sree -:CH,—C—OR —CHsCHsCH,CH, 1 

(a base) 

+ B— FH 

@ 

CH;CH,CH,CH,—CH,—C—OR + I7 (22.64) 
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At one time this idea could not be used in practice because enolate ions derived from 

esters, once formed, undergo another, faster reaction: Claisen condensation with the 

parent ester. The direct alkylation shown in Eq. 22.64 was so attractive, however, that 

chemists continued efforts to find conditions under which it would work. 

It was discovered in the early 1970s that a family of very strong, highly branched 

nitrogen bases, two of which are shown below, can be used to form stable enolate ions 

rapidly at —78° from esters. 

iS 
lithium lithium 

diisopropylamide cyclohexylisopropylamide 
(LDA) (LCHIA) 

pK, of conjugate acids: ~35 

(Do not confuse the term amide in the names of these bases with the carboxylic acid 

derivative. This term has a double usage. As used here, an amide is the conjugate-base 

anion of an amine.) Because esters have pK, values near 25, these amide bases are strong 

enough to convert esters completely into their conjugate-base enolate ions. The ester 

enolate anions formed with these bases can be alkylated directly with alkyl halides. Notice 

that esters with quaternary a-carbon atoms can be prepared by this method. (These 

compounds cannot be prepared by the malonic ester synthesis; why?) 

quaternary «-carbon 

Fal eh cage <n Fang ee ee a LCHIA yin ee (a _ Chal ys 
CH; 1 Ca Ont Tae CH; C Ga Obt = Seyies CH, 1 Le OEt + lil 

<15 min Lit 
BS 

+ 

ethyl ethyl 
2-methylpropanoate 2,2-dimethylpropanoate 

A (ethyl pivalate) 
NH (87% yield) (22.65) 

The nitrogen bases themselves are generated from the corresponding amines and butyl- 

lithium at —78° in tetrahydrofuran (THF). 

N—H + CH,CH,CH,CH,—Li —2— Nea lacet CHUCH, GH, CEL aumt22 co. 

This method of ester alkylation is considerably more expensive than the malonic 

ester sythesis. It also requires special inert-atmosphere techniques, because the strong 

bases that are used react vigorously with both oxygen and water. For these reasons, the 

malonic ester synthesis remains very useful, particularly for large-scale syntheses. However, 
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for the preparation of laboratory samples, or for preparation of compounds not available 

from the malonic ester synthesis, the preparation and alkylation of enolate ions with 

amide bases is particularly valuable. 
The possibility of the Claisen condensation as a side reaction was noted in the 

discussion of Eq. 22.64. The use of a very strong amide base avoids the Claisen condensa- 

tion for the following reason. The reaction is run by adding the ester to the base. When 

a molecule of ester enters the solution, either it can react with the strong base to form 

an enolate ion, or it can react with a molecule of already-formed enolate ion in the 

Claisen condensation. The reaction of esters ‘with strong amide bases is so much faster, 

even at —78°, than the Claisen condensation that the enolate ion is formed instantly and 

never has a chance to undergo the Claisen condensation. In other words, the Claisen 

condensation is avoided because the ester and its enolate ion are never present simultane- 

ously (except for an instant) in the reaction flask. 

Another potential side reaction is attack of the amide base (or even its conjugate 

acid amine, which is, after all, still a base) on the ester. Because amines react with esters 

to give products of aminolysis (Sec. 21.8C), it would not be unreasonable to expect the 

conjugate bases of amines—very strong bases indeed—to react even more rapidly with 

esters. That this does not happen is once again the result of a competition. When an 

amide base reacts with the ester, it can either remove a proton, or it can attack the 

carbonyl carbon. Attack on the carbonyl carbon is retarded by van der Waals repulsions 

between groups on the carbonyl compound and the large branched groups on the bases. 

(These van der Waals repulsions have been aptly termed F-strain, or “front strain.”) For 

such a branched amide base to attack the carbonyl carbon is somewhat like trying to put 

a dinner plate into the coin slot of a vending machine. If the amide base could be in 

contact with the ester long enough, it would eventually react at the carbonyl carbon; but 

the base instead reacts more rapidly a different way: it abstracts an a-proton. Reaction 

with a tiny hydrogen does not cause the van der Waals repulsions that would occur if 

the base were to attack the carbonyl carbon. Hence, the amide base takes the path of 

least resistance: it forms the enolate ion. Notice that van der Waals repulsions are used 
productively in this example—to avoid an undesired reaction. 

ipjeloiese\eisie:eieleieieieie\sieis/a{die\e\e\eie\eie\e.eie\0:e;0\0:6.6:0/8/0)8)6\6\0\si¢i6is/6!e;n}a\a/6]6\410\9.0.0.6 0'b/0'¥)¢)¥|P\9/0)6\6) 814) 4)0 $1610) 0 |8/njn)9\0(0\¥/9)91918 #615) 8\0)0\aluls e\ere |e eyelereleiereiuie/4iele(b/bib/a\ataleie eie(viwiavars 81s \eiptaliavera’sieleielatereiate 

22.31 Outline a synthesis of each of the following compounds from either diethyl 
malonate or ethyl acetate. Since the branched amide bases are relatively expensive, 
you may use them in only one reaction. 

CH COjH 
CH, 

CH3;CH,CH, 

valproic acid 
(used in treatment of epilepsy) 

(Con C,Hs 

C,H; re G aoa CO,Et 

/ 
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22.32 The reactions of ester enolate ions are not restricted to alkylation. With this in 

mind, suggest the structure of the product formed when the enolate ion formed 

by the reaction of tert-butyl acetate with LCHIA reacts with each of the following 

compounds at —78° followed by dilute HCl. 

*(a) acetone (b) benzaldehyde 

PERRO eee meee eee eee eee eee H HH eee EEE e EEE EHD HEHE EEE HEHEE EEE HHEEHEEEEHEEEE EE EEE EEE E HEHEHE HEHEHE EEEEEEEES EEE HEHE EEE EEE SHEE HEE EEEHHEE HEHE ES EEEEE EEE ES 

Recall that B-keto esters, like malonic esters, are substantially more acidic than ordinary 

esters (Eq. 22.50c), and are completely ionized by alkoxide bases. 

O O O 

J ee 
BOs gee Cho Ga Cl aCe Ob Bae EO Sa Cla Ca CH Ga OE (22.67) 

ethyl acetoacetate ethanol 
pKa = 10.7 pK, = 16 

The enolate ions derived from B-keto esters, like those from malonate ester derivatives, 

can be alkylated by alkyl halides or sulfonate esters. 

O O ‘ O 

CO A IO er AO Aeapes ae —» CH,—C—CH—C—Obt + Nat :Br:~ 

Na* 1-bromobutane CH,CH,CH,CH; 

ethyl 2-acetylhexanoate 
(70% yield) (22.68) 

Dialkylation of B-keto esters is also possible. 

" NaOEt 1 = 1 

DG = C= Oh ee OC — CH C= One ee 

9 O O CH,0O 

CH; — C— CH—C — OEt mN2Or _CH3—~I 

| | 
(een eins. second alkylation (ESAS 

(22.69) 
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Alkylation of a Dieckmann condensation product is the same type of reaction: 

O O 
H Pr 

NaOEt phe (22.70) 

CO3Et CO,Et 

(from a Dieckmann ethyl 2-oxo-1-propylcyclo- 
condensation) pentanecarboxylate 

(85% yield) 

Like esters of substituted malonic acids, the alkylated derivatives of ethyl acetoacetate 

can be hydrolyzed and decarboxylated to give ketones. Ester saponification and proton- 

ation gives a substituted B-keto acid; and B-keto acids spontaneously decarboxylate at 

room temperature (Sec. 20.11). This series of reactions is illustrated with the product of 

Eq. 22.68: 

O 
: NaOH, HO HO, H30° heat 

Che Cae CH 6 Ort NG BS 2 ee ees) ca > 

O 
! 

R—C—C—H > R—C—C—co.Ft > 

replace with — CO Et 

is 
ester protonation and 
saponification | | decarboxylation 

CH,CH,CH,CH; 

O 

CH,;— C — CH,CH,CH,CH,CH; + CO, + EtOH = @2.71) 

The alkylation of ethyl acetoacetate followed by saponification, protonation, and 
decarboxylation to give a ketone is called the acetoacetic ester synthesis. The alkylation 
part of this sequence, like the alkylation of diethyl malonate, involves the construction 
of new carbon-carbon bonds. 

Whether a target ketone can be prepared by the acetoacetic ester synthesis can be 
determined by mentally reversing the synthesis. 

i 
Re=O-= Ci —-CU-be RB Re R’ O R 2 obi, R I Br 

| ||| ° ‘i 

| | R—C—CH—CO.Et, R"—Br 
Re Re 

O R’ 

oe 
R—C—CH—CO,EFt, R’—Br (22.72) 

This analysis involves replacing an a-hydrogen of the target ketone with a —CO,Et 
group. This process unveils the B-keto ester required for the synthesis. The B-keto ester, 
in turn, can either be prepared directly by a Claisen condensation or can be prepared 
from other B-keto esters by alkylation or di-alkylation with appropriate alkyl halides, as 
indicated by the possibilities in Eq. 22.72. 
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Outline a preparation of 2-methyl-3-pentanone by a reaction sequence that involves at 

least one Claisen condensation. 

Solution The discussion above leads to the following analysis: 

OP 8s Dee CO> Et 

ls wis I | 
Cranley C—C—Claly => GHECr CG Cla 

CH 3 CH 3 

2-methyl-3-pentanone A 

The B-keto ester A cannot be prepared directly by a Claisen condensation because it 

would require a crossed Claisen condensation (see Eq. 22.59), and because the reaction 

could not be made irreversible by deprotonation. A second option is to provide one of 

the methyl groups by alkylation of the enolate ion derived from f-keto ester B: 

O CO,Et O COE 
| 

Gre CE @—_ C— Chi. => GEE C= Grit Glia, (Clalg— 

CH, B 

A 

The enolate ion of compound B, in turn, can be prepared directly by the Claisen condensa- 

tion of ethyl propionate. (This follows from the analysis in Eq. 22.59, Sec. 22.5D.) 

OQ COs 

NaOE I | . 
2) CH;3CH,CO;>Et a 

CH;,CH,G— CCH 
(Cls— A 

ethyl propionate enolate ion of B 

Saponifying A and acidifying the solution will give the B-keto acid, which will decarboxyl- 

ate spontaneously under the acidic reaction conditions to give the desired ketone. 

QO CO>Et O CO; ae kd 

iGiNe enh EE oitote 0 — i, BEES aye cc 

were meee eee eee eeeeaeee 

c= 

Stupy GuIDE LINK: 

ag) 

Alkylation of 
Enolate Ions 

| | ee 
CH, CH; CH, 

target molecule 

Pee eee eect cece e eee eee sneer eee eee eee ees esEH EEE E EEE HHEHHHEHESESESESESES ESHEETS E EEE EEHEEEEEEEE ES ESOS HEH EEEEEEEE SEES EE EEEES 

Do not let the large number of reactions in this chapter obscure a very important 

central theme: enolate ions are nucleophiles, and they do many of the things that other 

nucleophiles do: addition to carbonyl groups, nucleophilic acyl substitution, Sy2 reactions 

with alkyl halides, and so on. The reactions of enolate ions presented here are only a 

small fraction of those that are known. Yet if you grasp the central idea that enolate ions 

are nucleophiles, and if you understand the other reactions of nucleophiles, you should 

have little difficulty understanding (and perhaps even predicting) other reactions of 

enolate ions. 
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/ 22.8 
Further Analysis of 

the Claisen 

Condensation 

22.33 Outline a synthesis of each of the following compounds from ethyl acetoacetate 

and any other reagents. 

*(a) 5-methyl-2-hexanone (b) 4-phenyl-2-butanone 

22.34 Outline a synthesis of each of the following compounds from a f-keto ester; 

then show how the B-keto ester itself can be prepared. 

*(a) O (b) 6 

PhCH CH= G-_--GiCh Ph@He © Chori 

CH; CH; 

*22.35 Predict the outcome of the following reaction by identifying A, then B, then the 

final product. 

diethyl malonate SUE te 

HCO 

ee FOH 

Ome HHH He HHH HEHE eH EH HEHEHE HEHEHE HOES E SEES EEEEEEEEEEEEEEESHESEEE SESE EEO E OHHH EEE EEEHEEEESEEEEEEP OOOH OEE EEEEEEE DOES SOOO ESOS OTOH Cees eeeeeeeseneseeee 

HPT EEE EE EEE EEE S ESHEETS SHOES EEE EEEEEEEEEEEEEEEESE SESE EEEEEEE EHO REESE EEE O SESE EEE eeeeeeseess 

The utility of the Claisen condensation and the aldol reactions is not confined to the 

laboratory; these reactions are also important in the biological world. The biosynthesis 

of fatty acids (Sec. 20.5) illustrates how nature uses a reaction very similar to the Claisen 
condensation to build long carbon chains. 

The starting material for the biosynthesis of fatty acids is a thiol ester of acetic acid 
called acetyl-CoA. 

O 

GHe—-C—-S "Cov 

acetyl-CoA 

The abbreviation acetyl-CoA stands for acetyl-coenzyme A, the complete structure of 
which is shown in Fig. 22.3. The complex functionality in this molecule is required for 
its recognition by enzymes. However, this complexity has no direct role in its chemical 
transformations and can be ignored for our purposes. 

Acetyl-CoA is first converted into malonyl-CoA by carboxylation of the a-carbon. 

O O 

! 
10> G— CH — CS — Cor. 

malonyl-CoA 
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° O @ OH UICH: O O N— SN 
| ! | 

ii tee Clit DS NELG CH.) NM @ a CH Ca CH, —— OP O =P OC N N 

O | | | O 
| CH; O7 Oz ie Osi 

abbreviated CH3 — C—S—CoA 

25), PO = OH 

Figure 22.3 Structure of acetyl-CoA, the basic building block for fatty acid biosynthesis. 

The —SCoA group in both acetyl- and malonyl-CoA is then replaced by a different 

group —SR, called the acyl carrier protein. Although this is an important aspect of the 

biochemistry, it makes no difference in the chemical transformations involved. In a 

reaction closely resembling the Claisen condensation, these malonyl and acetyl thiol esters 

react in an enzyme-catalyzed reaction to give an acetoacetyl thiol ester. (In this equation, 

BH* and B: are acidic and basic groups, respectively, that are part of the enzyme catalyst.) 

malonyl thiol ester 

Che Gi AGEL Ge Se OSES 
| | \ | \ 

SR yar ey SR 
acetyl thiol ester SR H ley ie! SR 

nucleophilic 
electron pair | 

VA 

SR 

acetoacetyl thiol ester (22.73a) 

The nucleophilic electron pair (color in Eq. 22.73a) is made available not by proton 

abstraction, but by loss of CO, from malonyl-CoA. The loss of CO; as a gaseous by- 

product also serves another role: to drive the Claisen condensation to completion. Recall 

that in the laboratory, a Claisen condensation is driven to completion by ionization of 

the product with a strong base like ethoxide. Such a strong base cannot be used within 

living cells, in which all reactions must occur near neutral pH. 
The product of Eq. 22.73a, an acetoacetyl thiol ester, then undergoes successively a 

carbonyl reduction, a dehydration, and a double-bond reduction, each catalyzed by an 

enzyme. 
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| ! dehydration 

> 

O O 

Cit et 68 0 9, 2 het OE Gage 

The net result of Eqs. 22.73a and b is that the acetyl thiol ester is converted into a thiol 

ester with two additional carbons. This sequence of reactions is then repeated, thus adding 

yet another two carbons to the chain. 

O O O 
! 

CH CH CELC==sh" = -O = C=C i, Ge shy 

O O 

CHsCH{. CH, G—CH,— GSR +eR—SH -- CO, (22.73c) 

O O 

| 
GEL CH CHG — CHC =O eee teactions  ICH-CELCH. CH CHI ae) 

of Eq. 22.73b 

These four reactions are repeated with the addition of two carbons to the carbon chain 

at each cycle until a fatty acid with the proper chain length is obtained. The fatty acid 

thiol ester is then transesterified by glycerol to form fats and phospholipids (Sec. 21.12B). 

The biosynthetic mechanism outlined above shows clearly why the common fatty 
acids have an even number of carbon atoms: they are formed from the successive addition 

of two-carbon acetate units. Fatty acids with an odd number of carbon atoms, although 
known, are relatively rare. 

Fatty acids are not the only compounds in nature synthesized from acetyl-CoA. 

Isopentenyl pyrophosphate (the basic building block of isoprenoids and steroids; Sec. 
17.6B) as well as a number of aromatic compounds found in nature are also ultimately 
derived from acetyl-CoA. Claisen condensations and aldol reactions play significant roles 
in the synthesis of these complex natural products. 

This text has presented a number of illustrations of how chemistry is carried out in 
nature. All of these processes have close analogies in laboratory chemistry. With benefit of 
hindsight, it might seem obvious that natural chemistry and laboratory chemistry should 
be closely related. However, this point was far from obvious to early chemists. The 
serendipitous synthesis of urea by Friedrich Wohler (Sec. 1.1B) signaled the beginning 
of an age in which the chemistry of living systems and laboratory chemistry are regarded 
as branches of the same basic science. 

The “traditional” way of learning biochemistry is to memorize the many pathways 
and try to understand the relationships between them. The better way to learn biochemical 
pathways is to see them as logical sequences of transformations that make sense in terms 
of the organic chemistry involved. The student who brings an understanding of the 
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fundamental mechanisms of organic chemistry to his or her study of biochemistry is 

empowered to take this more logical, and certainly less tedious, approach. 

Pee ee eee eee emer reer rere ease e eee e rere esse ees EEE H EHH H ESSE ESESEEEEE ESSE SESE EHEEEEEEEEEE EEE EE OHHH HEHEHE SESE EEE EEEEEEEEEHEE ES EH EH EEEEHEEEE EEE EESEEEEHHE EEE EES 

22.36 Outline the biosynthetic reactions by which *(a) the thiol ester of hexanoic acid 
is converted into the thiol ester of octanoic acid; (b) the thiol ester of octanoic 

acid is converted into the thiol ester of decanoic acid. 

Conjugate-Addition Reactions 
eee eee eee eee EEE EEE HEED Eee EEEEEEEE EEE HEHE EEE EESESEEEEEEE EEE EEE EEEEEEEEEEEEEEEESESEEEEEEEEEEHEEHEEHHSEEESEEEEES 

A. Conjugate Addition to 

a,B-Unsaturated Carbonyl Compounds 

The conjugated arrangement of C—C and C=O bonds endows a,f-unsaturated car- 

bonyl compounds with unique reactivity, which is illustrated by the reaction of an a,B- 

unsaturated ketone with HCN. 

O O 
Bia 

HOAc 
Ph—CH=CH—C—Ph + NaCN HOH Ph— CH—CH,—C— Ph (22.74) 

CN 

(93-96% yield) 

In this reaction, the elements of HCN appear to have added across the C=C bond. Yet 

this is not a reaction of ordinary double bonds: 

CH3;CH=CH, + NaCN _HOAc no reaction (22.75) 

Nucleophilic addition to the double bond in an a@,B-unsaturated carbonyl compound 

occurs because it gives a resonance-stabilized enolate ion intermediate: 

T@: [Or 0 

An | ESE | 
Pa—CA—=CA—C — Pian > Ph—CH— CH—C—Ph ~<—~ Ph—CH—CH=C—Ph 

| 
7CN CN CN 

enolate ion (22.76a) 

(Nucleophilic addition to the alkene in Eq. 22.75, in contrast, would give a very unstable 

alkyl anion.) The enolate ion can be protonated on either oxygen or carbon. In either 

case a carbonyl group is eventually regenerated. The overall result of the reaction is net 

addition to the double bond. 
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Ei— OAc 
(22.76b) 

:O: :OH 

Ph==CH=— CHy— C= Ph “== Ph>=-CH— CH=Ca Pn 

| | 
CN CN 

observed product enol form of product 

Nucleophilic addition to the carbon-carbon double bonds of a,B-unsaturated alde- 

hydes, ketones, esters, and nitriles is a rather general reaction that can be observed with 

a variety of nucleophiles. Some additional examples follow; try to write the mechanisms 
of these reactions. 

CH;—CH=CH—CO,Et + NaCN a aos 

ethyl crotonate 

a Ce eran Socratic traci (22.77) 

CN CO,H 

ethyl B-cyanobutyrate a-methylsuccinic acid 
(66-70% yield) 

jose + CH,=CH—CO.Me —S2%'s )—S—CH,—CH,—CO,Me 2278) 
methyl acrylate 

2-propanethiol methyl 3-(isopropylthio) propanoate 
(97% yield) 

ier 
O N 

CH,;— C—CH=CH—Ph + HN: —> CH;—C—CH,—CH—Ph 2279) 
; (85% yield) 

CH,SH + CH,—=CH—CN —, CH;S—CH,—CH,—CN _—_@2.80) 

methanethiol acrylonitrile 3-(methylthio)propanenitrile 
(91% yield) 
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Notice that the addition of cyanide in Eq. 22.77 forms a new carbon-carbon bond, and 

that the nitrile group can then be converted into a carboxylic acid group by acid hydrolysis. 

The addition of a nucleophile to acrylonitrile (as in Eq. 22.80) is a useful reaction called 

cyanoethylation. 

Quinones (Sec. 18.7) are a,B-unsaturated carbonyl compounds, and they also 

undergo similar addition reactions. 

OH 
SCH, 

SCH, 

OH OH 

The examples above occur in base, but acid-catalyzed additions to the carbon-carbon 

double bonds of a,B-unsaturated carbonyl compounds are also known. 

CH,==CH—CO,Me = HBr, "82> Br-—CH,CH,—CO,Me. eza2) 

methyl acrylate methyl B-bromopropionate 
(80-84% yield) 

Cho ==GH— CH= 0 Fel Gl-— CECH Cl — © 22383) 

Although such reactions appear to be nothing more than simple additions to the carbon- 

carbon double bond, this is not the case. The more basic position of an a,B-unsaturated 

carbonyl compounds is not the double bond, but rather the carbonyl oxygen (why?). 

Protonation on the carbonyl oxygen is followed by the attack of halide ion. The electro- 

philic oxygen can accept electrons as a result of nucleophilic attack either at the carbonyl 

carbon or, because of the conjugated arrangement of a bonds, at the B-carbon: 

+ + 
>OH a(leal 

vane (op il CH, = CH — C— OCH CH,= CH — C— OCH 2 3 ( 2 Sw 3 

Br Br 

ce su 

CHa CH —C— OCH; s=: ai Seay ae a2 (an enol) 

Br Br 

(unstable) | 

CH, —CH,— C— OCH; 

Br (22.84) 
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R—CH=CH—C— OEt Nuc 
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Attack of Br~ at the carbonyl carbon yields an unstable tetrahedral addition intermediate; 

attack at the B-carbon yields an enol, which rapidly reverts to the observed carbonyl 

product. 

An addition to the double bond of an a,B-unsaturated carbonyl compound is an 

example of conjugate addition. The mechanism of the conjugate addition of HBr shown 

in Eq. 22.84 is similar to the conjugate addition of HBr to 1,3-butadiene (Sec. 15.4A); 

both involve carbocation intermediates. However, the nucleophilic conjugate addition, such 

as the addition of cyanide in Eq. 22.74, has no parallel in the reactions of simple conjugated 
dienes. 

b. Conjugate Addition vs. Carbonyl-Group Reactions 
Peer eee eT OEE EEE HEHEHE HEHE SHOE HEHE EEE H HEHEHE EEE EEE EH EEHEEEEEEEE EEE ESSE HEHE ESOS ESE S EEE EEEES EEO E HEHE EE EEE ES EEES 

Conjugate addition competes with carbonyl-group reactions. In the case of aldehydes 

and ketones, conjugate addition competes with addition to the carbonyl group. (Nuc = 

nucleophile; for example, in cyanide addition, H—Nuc = H—CN.) 

O " | R H Nuc R—CH—CH,—C—R (conjugate addition) 

| | 
R—CH=CH—C—R Ne on (22.85) 

H—Nuc R—CH=CH—C—R (carbonyl addition) 

Nuc 

In the case of esters, conjugate addition competes with nucleophilic acyl substitution. 

O 

H c 5 eR CH Ch =0 = OF me canuss -eaation) 
| | 

O 

H—Nuc | 
R— CH=CH -=C—_ Nuc = EtOM *tnucleophilic acyl 

substitution) 

(22.86) 

When can we expect to observe conjugate addition, and when can we expect reactions 
at the carbonyl carbon? 

Consider first the reactions of aldehydes and ketones. Relatively weak bases that give 
reversible carbonyl-addition reactions with ordinary aldehydes and ketones tend to give 
conjugate addition with a,B-unsaturated aldehydes and ketones. Among the relatively 
weak bases in this category are cyanide ion, amines, thiolate ions, and enolate ions derived 
from $-dicarbonyl compounds. Conjugate addition is observed with these nucleophiles 
because, in most cases, it is irreversible. In other words, conjugate-addition products are 
more stable than carbonyl-addition products. If carbonyl addition is reversible—even if it 



22.8 Conjugate-Addition Reactions 1089 

occurs more rapidly—then conjugate addition can drain the carbonyl compound from 

the addition equilibrium, and the conjugate-addition product is formed ultimately. 

OH 

reversible 
eee ee Ga OC 

O 

Ree CH == CH Ge Re CN 

CN 

carbonyl-addition (kinetic) product 
(less stable) (22.87) 

O 

irreversible aPR=3CHE= CHE I oe 

CN 

conjugate-addition (thermodynamic) product 
(more stable) 

This, then, is another case of kinetic vs. thermodynamic control of a reaction (Sec. 15.4C). 

The conjugate-addition product is the thermodynamic (more stable) product of the 

reaction. 

Why is the conjugate-addition product more stable? The answer lies in a simple 

bond energy argument. Conjugate addition retains a carbonyl group at the expense of a 

carbon-carbon double bond. Carbony] addition retains a carbon-carbon double bond at 

the expense of a carbonyl group. Because a C=O bond is considerably stronger than a 

C=C bond (Table 5.3), conjugate addition gives a more stable product. (Of course, 

other bonds are broken and formed as well, but the major effect is the relative strengths 

of the two kinds of double bonds.) These same factors are reflected in the relative heats 
of formation of the isomers allyl alcohol and propionaldehyde: 

AH; — 132 kJ/mol —192 kJ/mol 

(—31.6 kcal/mol) (—45.9 kcal/mol) 

As Eq. 22.87 suggests, carbonyl addition is in many cases the kinetically favored 

process, that is, it is faster than conjugate addition. When nucleophiles are used that 

undergo irreversible carbonyl additions, then the carbonyl addition product is observed 

rather than the conjugate addition product. This is exactly what happens with very 

powerful nucleophiles such as LiAIH, and organolithium reagents: these species add 

irreversibly to carbonyl groups, and form carbonyl-addition products whether the reactant 

carbonyl compound is a,B-unsaturated or not. (These reactions are discussed further in 

Secs. 22.9 and 22.10A.) 

Many of the same nucleophiles that undergo conjugate addition with aldehydes and 

ketones also undergo conjugate addition with esters. In contrast, stronger bases that react 

irreversibly at the carbonyl carbon react with esters to give nucleophilic acyl substitution 

products. Thus, hydroxide ion reacts with an a,B-unsaturated ester to give products of 

saponification, a nucleophilic acyl substitution reaction, because saponification is not 

reversible. Likewise, LiAIH, reduces a,6-unsaturated esters at the carbonyl group, because 

attack of hydride ion on the carbonyl group is irreversible. 
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To summarize: Conjugate addition usually occurs with nucleophiles that are relatively 

weak bases. Stronger bases give irreversible carbonyl addition or nucleophilic acyl substitu- 

tion reactions. 

Ree eee eee eee eee eee eee eee eee EEE EEE EHH OHHH EEE EEE SHEESH HESEEEEEE ESS Sg i Peewee eee e ween ee eeeeeeeeeeee 

22.37. Give the product expected when methyl methacrylate (methyl 2-methylpropen- 

oate) reacts with each of the following reagents. 
*(a) ~CN in acidic EtOH (b) C,H;5SH and NaOEt (1 equiv) in EtOH 

(CG) melon (d) NaOH 

22.38 Give a mechanism for each of the following reactions. 

*(a) MeNH, + 2CH,—=CH—CO,Me —> 

MeO,;6 — CrCl N-— CH CH, = COrNe 

Me 

(b) 

O O 

H,C PhSH,C 

O + Ph—SH — O (mixture of stereoisomers; why?) 

CH, CH; 

(GEO, 6 CO,Et EtO,C H 

yp Et,NH (catalytic amount) 

\ \ 
H H H CO, Et 

Cee ee eee eee ee eee reer esse reer esse eee sees sess EEESEEES OOOO DEES ESSE ESESE SESE SEDO ESESES ESO EEO EE OEE SEES HE Eee EeEEEHEseeeeEseseseseeeeeeses 

DOUO UCU OOOOUOIOUII OOOO OOOIOGUCOUIOOOIOO OOO OOIIOOOOOCOCOOIOOOOOOCCOOCOSCCOOOIOOOOOOOIOCOONIOOOOOOOOOOAOOOOOMOCCCOCCTCCCCCICrrrri irr 

Enolate ions derived from malonic ester derivatives, B-keto esters, and the like undergo 
conjugate-addition reactions with a,B-unsaturated carbonyl compounds, as in the follow- 
ing example: 

O O 

NaOEt (catalyst) | 
CH3;—C— CH=CH, + CH>(CO2Et); ace CHC — Chi ChsGHiCO- En, (22.88) 

(65-71% yield) 

The mechanism of this reaction follows exactly the same pattern established for 
other nucleophilic conjugate additions; the nucleophile is the enolate ion formed in the 
reaction of ethoxide with diethyl malonate (Eq. 22.61a, p. 1074). Notice that, in contrast 
to the Claisen ester condensation (Sec. 22.5A), this reaction requires only a catalytic 
amount of base. The reaction does not rely on ionization of the product to drive it to 
completion. It goes to completion because a carbon-carbon a bond in the starting 
a,B-unsaturated carbonyl compound is replaced by a stronger carbon-carbon o bond. 
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1 we j 10,Et O J 10Et 

ee eee re ==> CH;—C—CH— CH, —CH 

\ Say 

CO,Et H CO,Et 

enolate ion from | 
diethyl malonate | CCH(COLEt), (22.89) 

(see Eq. 22.61a) 

] CO,Et 

-:CH(CO,Et), +. CH;— C—CH,— CH, —CH 

CO,Et 

Conjugate additions of carbanions to a,B-unsaturated carbonyl compounds are 

called Michael additions, after Arthur Michael (1853-1942), a Harvard professor who 

investigated these reactions extensively. 

Proper planning is needed to utilize the Michael addition in a synthesis. The product 

of many Michael additions could originate from either of two pairs of reactants. For 

example, in the reaction shown in Eq. 22.89, the same product (in principle) might be 

obtained by the Michael addition reaction of either of the following pairs of reactants 

(convince yourself of this point): 

EtO,C O EtO,C O 
| \ | 

C=CH, + :CH,—C—CH, or =: CH) CH=CH 6 ou: 

EtO,C EtO,C 
a a a a ae es re 

(a) (b) 
(This is the pair used in Eq. 22.89.) 

Which pair of reactants should be used? To answer this question, use the result in Sec. 

22.8B: Weaker bases tend to give conjugate addition, and stronger bases tend to give 

carbonyl-group reactions. Hence, to maximize conjugate addition, choose the pair of 

reactants with the less basic enolate ion—pair (b) in the case above. 

In one useful variation of the Michael addition, the immediate product of the reaction 

can be subjected to an aldol condensation that closes a ring. 

CH i 
: | KOH + CH,—CH—C— Cis 7 

O (Michael 
reaction) 

O 
CHEGH, CH; 

\ NH 

C—_© See (22.90) 
SO / enzene 

—H,O O 
(aldol condensation) (63-65% yield) 
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(Write the detailed mechanisms of these reactions.) This sequence is an example of a 

Robinson annulation, named for Sir Robert Robinson, a British chemist who pioneered 

its use. (An annulation is a ring-forming reaction, from Latin annulus, “ring.”) 

eee eee eee EEE EEE EEE EEE HEHE EEE EEE EEE EEE EEEEEEEEEEEHEEEEEEESEE EEE EEE HEEEHEHEHEEEHEEEEEEE HEHE EHH HEEEEEE SESH EH EEEEEEEE HEHEHE HEE EE EES EEEEEE EEE EEEEEEES 

Outline a synthesis of tricarballylic acid from diethyl fumarate and any other reagents. 

EtO,C H 

C=C a HOC CHC, Co. 

H CO2Et econ 

diethyl fumarate tricarballylic acid 

Solution Two of the carboxylic acid groups required in the target are already in place 

as the ester units in diethyl fumarate. A Michael addition of some species that could be 

<= converted into a —CH,CO>H group is required. Notice that the desired product is 
Srupy Gute Link: conceptually a substituted acetic acid: 

/ 22.9 

Synthetic Equivalents HO,C— CH—CH,—CO,H 
in Conjugate 

Addition Chiba © ©> rl substituted acetic acid 

Recall that one way of preparing substituted acetic acids is the malonic ester synthesis 

(Sec. 22.6A). The malonic ester synthesis can be employed if a Michael reaction with 

diethyl fumarate as the alkylating agent is used instead of an Sy2 reaction with an alkyl 
halide. 

H CO,Et 

EtOH 

Michael reaction 

CHICOLED, = cr cO.nn: aa sbeebs eta 

CH(CO Et); 

Saponification of all four ester groups, protonation, and decarboxylation would yield the 
desired tricarboxylic acid: 

1) NaOH 

i = 8 (saponification) BtO,C— CH — CH; = CO,Et 

oe 

CO,Et 

HO;e— CH Ci. Con aha HO7 CCH Cho COoH CO, 

CH= CO5H CH,—CO,H 

CO,H 
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SETTER Eee Reem eee eee ee eee meee eee eee Ee EE HEHEHE HEHEHE EHEHHHEEHEEEE EEE EEEHEHEEEEHESHEHEHEEEEHEE HEHEHE EE EEE E EHH H ESET EEHESEEEE HEHE EEE EEE EEE EE EES 

22.39 Provide structures for the missing nucleophiles that could be used in the following 

transformations. 

*(a) Weeoesee 

Vos Cy ER) SBOE EOE ig aio i 
EtOH heat 

(excess) 
CH,CH,CO,H 

(b) Se egal oe a Heneeaer sees 

CH, CH, 

22.40 Give a curved-arrow mechanism for each of the following reactions. In each 

reaction identify the bracketed intermediate. 

*(a) 

CH=O 

° O 

i re si 
+ CH,—=CH—C—CH; ——— [A] oe she alg ast @ = 

O 

(b) 

O 
O 

CH,(CO,Et), + CH; C— CH=CH, a [B] NaOks H30+ 
quiv.) 

O 

CO,Et 
eee eee eee eee Eee HEHEHE HEHEHE HEHEHE HEHEHE ESE SEE EOE E HEHEHE ESE E EEE E HEHEHE EE EE EEE HEHEHE HEHEHE HEEEEHEEE HEHEHE EE EES 

CeCe CCC CeCe eee eee eee eee eee eee eee eee errr reer errr rrr errr rrr rr rr rrr rrr rere rrr rrr rrr ee eee eee errr ree eee eee eee eee eee eee ee ee ey 

The carbonyl group of an a,B-unsaturated aldehyde or ketone, like that of an ordinary 

aldehyde or ketone (Sec. 19.8), is reduced to an alcohol with lithium aluminum hydride. 

O HO “H 

LiAlH4 H30+ 
> > 

ether 

GH CH; 

(98% yield) (22.91) 

This reaction, like other LiAIH, reductions, involves the attack of hydride at the carbonyl 

carbon and is therefore a carbonyl addition. 

Why is carbonyl addition, rather than conjugate addition, observed in this case? The 

answer follows from the discussion in Sec. 22.8B. Carbonyl addition is not only faster 

than conjugate addition but, in this case, is also irreversible. It is irreversible because 

hydride is a very poor leaving group. Because carbonyl addition of LiAIH, is irreversible, 

conjugate addition never has a chance to occur, and is therefore not observed. 
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ae Lit AO Li 

| (not reversible) | I TOF 
RCH —CH—@—K = > AIH RON Ch Oe 

ST ein, 
we a P 

& PROBLEM > 

RCH=CH—C—R + Lit, AP? salts 

| 
H (22.92) 

In other words, reduction of the carbonyl group with LiAIH, is a kinetically controlled 
reaction. 

Many a,B-unsaturated carbonyl compounds are reduced by NaBH, to give mixtures 

of both carbonyl-addition products and conjugate-addition products. Because mixtures 

are obtained, NaBH, reductions of a,6-unsaturated ketones are not useful. Why conjugate 

addition is observed with NaBH, is not well understood. Although some cases of conjugate 

addition with LiAIH, are known, this reagent usually reduces carbonyl groups, including 

the carbonyl groups of esters, without affecting double bonds. 

The carbon-carbon double bond of an @,B-unsaturated carbonyl compound can in 

most cases be reduced selectively by catalytic hydrogenation. (See also Eq. 19.32, p. 894.) 

] O 

! 
Ph—CH=CH—C—Ph + H es Ph—CH,CH,—C—Ph 2293) 

1,3-diphenyl-2-propen-1-one 1,3-diphenyl-1-propanone 
(81-95% yield) 

$00 C Ceeaeleinie eee sieeeeee eee edeeess ess 0004 00000000405 5es 00a eee eles ee esdUeuneecearennnncesseeseusccecesbeceesesoeeceerLeeeecepeve 

22.41 Show how ethyl 2-butenoate can be used as a starting material to prepare 
*(a) ethyl butanoate; (b) 2-buten-1-ol. 

SOP CC COOH O ee Oar OREO EDO O ODOT STEEL Oe OCOD EO ECO OO ED OEE E COSCO ESE D ESCO REE CES eee enreceEsesceNeSeoe 

Reactions of a,B-Unsaturated Carbonyl 
Compounds with Organometallic Reagents 
CUO OOUOUICICDUICOUICOOUC COON O ICCC SCO CIOCOOUOOOONGOOOONOCTOCCOOICOCOMOO OCMC rrr rtr SOOO e meee reser rnnerereesesese cease eeeeressseseeeseeeseoees 

A. Addition of Organolithium 

Reagents to the Carbonyl Group 
COOP meee reer eee e rece see rerer eres eee ODO seeeeneeeeseesaeeeeeeeeeeseccs 

Organolithium reagents react with a,8-unsaturated carbonyl compounds to yield products 
of carbonyl addition. 
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22.10 Reactions of «,B-Unsaturated Carbonyl Compounds with Organometallic Reagents 1095 

CH; O CH OH 

\ | | 10 \ 
C=CH—C—CH; + PhLi —» —*> ae (22.94) 

CH; CH3 Ph 

4-methyl-3-penten-2-one 4-methyl-2-phenyl-3-penten-2-ol 
(mesityl oxide) (67% yield) 

i 1. 
CH,—C—G@— OCH, + 2Bu—1ti — 2 — 0 a ei ae (22.95) 

CH; CH; Bu 

methyl 3-butyl-2-methyl-1-hepten-3-ol 
2-methylpropenoate (89% yield) 

The reason for carbonyl addition rather than conjugate addition is the same as in the 

case of LiAIH, reduction (Sec. 22.9): carbonyl addition is more rapid than conjugate 

addition and it is also irreversible. 
Because Grignard and organolithium reagents undergo many of the same types of 

reactions, it is reasonable to ask whether Grignard reagents also undergo carbonyl addi- 

tion. Grignard reagents in many cases give mixtures of conjugate addition and carbonyl 

addition. For this reason, organolithium reagents are used with a,B-unsaturated carbonyl 

compounds when carbonyl addition is the desired reaction. 

Bb. Conjugate Addition of 

Lithium Dialkylcuprate Reagents 
Rete eee eRe ORE EERSTE EERE SEES EEE EEEEEEEEEEEEEE HEHEHE EHH EHEE HEHEHE ES THEE EE EEEEEEEEEHEEEHHEEESE HEE EEEEEEESEEEE EES ESS 

Lithium dialkylcuprate reagents (Sec. 21.10B) give exclusively products of conjugate addi- 

tion when they react with a,G6-unsaturated esters and ketones. 

O 
H 

H 
(CH3)2Cu- Lit H20 
ye 

ether, —78° Cee! 
CH 3 

2-cyclohexenone 3-methylcyclohexanone 
(97% yield) 

Even a,B-unsaturated aldehydes, which are normally very reactive at the carbonyl group, 

give all or mostly products of conjugate addition, especially at low temperature. 

OH 

(CH3)2CuLi H30F | 
ae EL C— CE €H—O > kj €—Ch— eH (22.97) 

50° | 

(95% of product) (5% of product) 
70% total yield 
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aS The conjugate addition of a lithium dialkylcuprate reagent can be envisioned mecha- 

Stupy GuipE LINK: nistically to be similar to other conjugate additions. Attack of an anion—in this case the 

22.10 “alkyl anion” of the dialkylcuprate reagent—on the double bond gives a resonance- 

Conjugate Addition stabilized enolate ion. 
of Organocuprate 

Reagents 

Lee a0) 

Po 
eee —> 

CH Cu Chis 

Lig :O% Lig :O:7 
ee 

K-— GH — CH-—-C —R <-> 2 CH=CH = —_ | =, CH.Cu (22.98) 

CH; CH; 

enolate ion of product 

When water is added to the reaction mixture, protonation of the enolate ion gives the 

conjugate-addition product. 

To summarize: to carry out a carbonyl-addition reaction with an organometallic 

reagent, use an organolithium reagent. To carry out a conjugate-addition reaction, use a 
lithium organocuprate. 

a /6}a'0! o'e:6, 0//0:6'0:6 9 1¢:0\e:2'a\0/0,0)0'6/0|0)0\P/a\0)0\e\0\0/6(0)6;0)6ieia(u/viu\a(n\4)4\6(e\olalele.e.e.eisip\s\#\ 4/8) (Wi616\6(6)8(6)¥.4\6(¢'9.0.o1a\ujnieie(b\a[e\6io)0.d)0\e10.@ 616'aisinie\u aluiuleis Viele 6 ¢iule u\eleio.@>'0\0)6\vi6iaie'a 0-6 6:6 (ae slo's 616 ie isiain « e’e/mialeicieisie eidicievers 

22.42 Outline a synthesis of each of the following compounds from mesityl oxide (4- 
methyl-3-penten-2-one). Use an organometallic reagent in at least one step of 
each synthesis. 

*(a) O (b) OH 

(CH3)3CCH,—C—CH; (CH; ),C—CH— C(CH;), 

*(c) CH; 

€3H,— © — GH —_€( Cee. 

CH; 

22.43 Complete the following reactions and explain your reasoning. 

1 H30* 
+ Me,CuLi —» — > 

O 

(b) CH; =C=C—=COjMes = » Me, Cull a eas 
(one equivalent) 

PEL INE SSSI ICICI SSIES #505 eieie nisiese)eie)e\s)s\einie|ajereieieto}eie!elselv(e/ereie\sie\sieiej¢.e/e/ajsiale|e(e\eje(eisieis/sisisiniaje:efelo|ej0{oie\4 aie nlelnus alevele/e\elsforele1nielefeleie\e/slelalaiatera(oleysialelelsio\s)eletaveisaiatetere Serer ie a ere aeRO eonTe 
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22.11 Organic Synthesis with Conjugate-Addition Reactions 
ARR iis RGR SE EY re cee g eat roger ke ee 

When is a conjugate-addition reaction useful in an organic synthesis? One way to think 

of this problem is that any group at the B-position of a carbonyl compound (or nitrile) 

can in principle be delivered as a nucleophile in a conjugate addition. Hence, a conjugate 

addition can be mentally reversed by subtracting a nucleophilic group from the B-position 

of the target molecule, and a positive fragment (usually a proton) from the @-position: 

1 1 
R—CH,—CH—C—R' => ‘R’,H*” + CH,=CH—C—R' (22.99) 

H 

This approach is explored in the following study problem. 

BSI OIOCOOOCOCIDOCOIOCOOIOOIOO OIC CICOOOOOOOOOUONIOUTOO OTT OOON OOOO COCO OG OCOOIC OOOO OTIC TOR nCIICCIOCOICUOODIOODUIIOOCIIOO Oi COC OUUCOURIOOICA COO OU UUDUDEUO UC OCCT LFS Sa) 

ene Outline a preparation of 2-octanone by a conjugate-addition reaction. 

PROBLEM ‘pi Solution Two groups are attached to the B-carbon of 2-octanone: a hydrogen and a 

butyl group (color). 

B-carbon 

H O 

CH,CH,CH,CH,— CH—CH,— C— CH, 

2-octanone 

One choice for the “R~” group in Eq. 22.99 is a butyl group, which can be introduced 

as a “butyl anion” by the reaction of lithium dibutylcuprate with methyl vinyl ketone; 

the proton is provided in the subsequent protonolysis step: 

O 
! 

Lit (CH.CHSGH,CH,),cu => CLL —=CH=—C-— CH, ee a -octanone sea 10m) 

lithium dibutylcuprate methyl vinyl ketone 

—)) Another choice for “R~” is the hydrogen. Although we’ve not considered any ways 

for adding “H~” in a conjugate addition (although there are some!), an equivalent process 

is the hydrogenation of an a,B-unsaturated ketone: 

O 

H,/cat 
— CH3;CH,CH,CH,CH=CH — C— CH; 2-octanone (22.101) 

The type of analysis illustrated here will be even more useful if you keep in mind 

the notion of “synthetic equivalents” in Study Guide Link 22.9. 

SE COB OHIO CDOCOOODDCDICOODDONOOUTCOOIL JO CUOTOOUDODDOU OCOD CUNO OCCODOOOO IC UCOCCUGUCUUCUTO LU OUCOOCCOCTOO OCS COCO OOUOT UCU: COOL OCICS COD UOCI CCC OO OCI TCI CNIS ss CS EUS 

ISTEP S SOR, GE ROO on. 

PROBLEM 

22.44 Show how a conjugate addition can be used to prepare each of the following 

compounds: 
(Problem 22.44 continues ) 
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*(a), (b) 3,4-dimethyl-2-hexanone (2 ways) 

*(e} O O 
| 

(Cla —C = ClaCls Cle —C Ola 

(d) ] ] 

Clap —=—C— CaCl = C—O 

levulinic acid 

SHH eee HEHEHE HEHEHE EEE EEEHSE HEE HEE HEEEHEH HEHEHE EEEHE HEHEHE EHEEHEEEEEEEEEEEEE HEHEHE E HEE SHEESH E HEHEHE HEHE HEHEHE HEE SEES 

It is important to realize that many of the reactions discussed in this chapter can 

be used to form carbon-carbon bonds. 

. Aldol addition and condensation reactions (Sec. 22.4) 

. Claisen and Dieckmann condensations (Sec. 22.5) 

. Malonic ester synthesis (Sec. 22.6A) 

. Alkylation of ester enolates with amide bases and alkyl halides (Sec. 22.6B) 

. Acetoacetic ester synthesis (Sec. 22.6C) 

. Addition of cyanide ions (Sec. 22.8A) and enolate ions (Sec. 22.8C) to 

a,B-unsaturated carbonyl compounds 

NO FPF WO NHN 

7. Reaction of lithium dialkylcuprates with a,B-unsaturated carbonyl com- 
pounds (Sec. 22.10B) 

(A complete list of methods for forming carbon-carbon bonds is given in Appendix V.) 
Their utility for carbon-carbon bond formation accounts in large measure for the impor- 
tance of these reactions in organic chemistry. 

Key IDEAS IN CHAPTER 22 

[\ | Hydrogens on carbon atoms a@ to carbonyl groups and cyano groups 
are acidic. Ionization of these hydrogens gives enolate ions. 

[\ | Most carbonyl compounds with a-hydrogens are in equilibrium with 
small amounts of enol (vinylic alcohol) tautomers. Generally, carbonyl- 
enol equilibria favor carbonyl tautomers, but there are important excep- 
tions, such as phenols and B-diketones, in which enol tautomers are 
the major forms. 

[\  Enolization is catalyzed by acids and bases. 



Pere Te Tee ee rr) 

22.46 

22.47 

Additional Problems 1099 

Enolate ions can act as nucleophiles in a number of reactions. Enolate 

ions can 

undergo a-halogenation (haloform reaction) 

add to carbonyl groups (aldol addition and condensation) 

substitute at carbonyl groups (Claisen and Dieckmann condensations) 

react with alkyl halides (enolate alkylation) 

add to a,B-unsaturated carbonyl compounds (Michael addition). SDD. sks See) aaa 

Enols undergo a-halogenation and aldol condensation reactions in 

acidic solution. 

The aldol addition and the Claisen condensation are reversible reac- 

tions. The aldol addition is generally favorable for aldehydes, but 

unfavorable for most ketones. It can be driven to completion by 

dehydration of the B-hydroxy carbonyl compound. The Claisen conden- 
sation is generally driven to completion by ionization of the product. 

Two types of addition to a,B-unsaturated carbonyl compounds are pos- 

sible: addition to the carbonyl group and addition to the double bond 

(conjugate addition, or 1,4-addition). When carbonyl addition is revers- 

ible, conjugate addition is observed because it gives the more stable 

product. When carbonyl addition is irreversible, it is observed instead 

because it is faster. 

Reactions closely resembling enolate condensations are observed in 
nature. Many such reactions employ acetyl-CoA as a starting material. 

Give the principal organic product expected when 3-buten-2-one (methyl vinyl 

ketone) reacts with each of the following reagents. 
(A) lel BiG (oy) Ie, in Cn 

(c) LiAIH,, then H,O (d) HCN in water, pH 10 

(e) Et,Cu~ Li*, then H;07 (f) diethyl malonate and NaOEt 

(g) ethylene glycol, HCI (cat.) (h) 1,3-butadiene 

Give the principal organic products expected when ethyl trans-2-butenoate (ethyl 

crotonate) reacts with each of the following reagents. 

(a) ~CN in water, then H,O/H;07%, heat (b) Me,NH, room temperature 

(c) NaOH, H,O, heat (d) CH3;Li (excess), then H;0* 

(e) Hb, catalyst (f) 1,3-cyclopentadiene 

Give the structure of a compound that meets each criterion. 

*(a) an optically active compound C,H,,O that racemizes in base 

(b) an achiral compound C,H,,0 that does not give a positive Tollens’ test 

(Sec. 19.14) 

(Problem 22.47 continues ) 
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*(c) an optically active compound C,H,,0 that neither racemizes in base nor 

gives a positive Tollens’ test 

(d) an optically active compound C,H,20 that gives a positive Tollens’ test and 

does not racemize in base 

22.48 Give the structure of a compound that meets each criterion. 

*(a) acompound C,Hg0O that gives a 2,4-DNP derivative (Sec. 19.11, Table 19.3) 

and a positive haloform test 

(b) acompound C,HgO that gives a 2,4-DNP derivative but a negative haloform 
test 

*(c) a compound C,Hg,O that gives a positive haloform test, but gives no 2,4- 

DNP derivative 

(d) a compound C,H;O that gives neither a 2,4-DNP derivative nor a positive 

haloform test 

22.49 — Each of the compounds below is unstable and either spontaneously decomposes 

to other compounds or exists as an isomer. In each case, give the more stable 

isomer or decomposition product and explain. 

‘(ae CH, G== C—O (b) O 

CH,— CH— O— CH=CH — CH; 

*22.50 (a) Draw the structure of the conjugate base of each of the compounds below. 
What is the relationship between the two conjugate bases? 

O OH 
H 

H 

A B 

(b) Which compound is more acidic? Explain your reasoning. 

22.51 (a) Show that the two compounds below have the same conjugate base. 

ae O 
| 

C G ZZ 
nKee Nee Pine Sete 

A B 

(b) Which compound is more acidic? Explain your reasoning. 
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Which compound in each set is most acidic? Explain. 

(a) O ] Ome o. ° O 
| || 

Ge CeEeCrin CH3CCHCCH3, or CH3;CCH,CCH>Ph 

Ph 

(b) O O 

Clibhb=CAIC5h—C— Clala or CQslaClsi gla —=—(C Cla 

Arrange the compounds below in order of increasing acidity and explain. 

(1) isobutyramide (2) octanoic acid (3) toluene 

(4) ethyl acetate (5) phenylacetylene (6) phenol 

(a) Give the structures of the three separable monobromo derivatives that could 

form when 2-methylcyclohexanone is treated with Br, in the presence of 

HBr. 

(b) In fact, only one of these derivatives is formed. Assuming that this derivative 

results from bromination of the more stable enol, predict which of the three 

isomers in (a) is formed, and explain your choice. 

When 1,3-diphenyl-2-propanone is treated with Br, in acid, 1,3-dibromo-1,3- 

diphenyl-2-propanone is obtained in good yield. On further characterization, 

however, this product proves to have a very broad melting point (79-87°), a 

fact suggesting a mixture of compounds. Account for this observation. 

When acetoacetic acid is decarboxylated in the presence of bromine, a-bromo- 

acetone is isolated. 

O O O 

| | EEOn | 

CH;—C—CH,—C—OH + Br, ———~> CH;—C—CH,—Br + HBr + CQ, 

2 LOU, 

acetoacetic acid a-bromoacetone 

The rate of appearance of a-bromoacetone is described by the following rate 

law: 

rate = k[{acetoacetic acid] 

(The reaction rate is zero order in bromine.) Suggest a mechanism for the 

reaction that is consistent with this rate law. 

Account for the fact that treatment of 1,3-diphenyl-1,3-propanedione with I, 

and NaOH gives a precipitate of iodoform even though it is not a methyl ketone. 

Note that besides iodoform, the other product of the reaction, after acidification, 

is two equivalents of benzoic acid. 
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22.58 When compound A is treated with NaOCH; in CH;OH, isomerization to com- 

pound B occurs. 

H © H3C 0 

NaOCH3/CH30H 
——— eS 

H H 

A B Cc 

*(a) Give a mechanism for this reaction and explain why the equilibrium favors 

compound B. 

(b) Explain why, when compound C is subjected to the same conditions, no 

isomerization occurs. 

22.59 Indicate which hydrogens are replaced by deuterium when each of the following 

compounds is treated with dilute NaOD in a large excess of CH3OD. 

*(a) O 1 (b) ? 

*22.60 In either acid or base, 3-cyclohexenone comes to equilibrium with 2-cyclo- 
hexenone: 

O O 

acid or base 
es 

(a) Explain why the equilibrium favors the a,B-unsaturated ketone over its 
B,y-unsaturated isomer. 

(b) Give a mechanism for this reaction in aqueous NaOH. 

(c) Give a mechanism for the same reaction in dilute aqueous H,SQO,. 
(Hint: The enol 1,3-cyclohexadienol is an intermediate in the acid-catalyzed 
reaction. ) 

(d) Is the equilibrium constant for the analogous reaction of 4-methyl-3-cyclo- 
hexenone expected to be greater or smaller? Explain. 

*22.61 In 3-methyl-2-cyclohexenone the eight hydrogens H*, H’, H‘, and H“ can be 
exchanged for deuterium in CH,07/CH;OD. 



22.62 

22.63 

*22.64 

(a) 

(b) 

(c) 
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Write a mechanism for the base-catalyzed exchange of hydrogens H*, H‘, 

and H‘. 
Explain why hydrogen H? is much less acidic than hydrogens H", H‘, and 

H%, even though it is an a-hydrogen. 

Although hydrogen H? is not unusually acidic, it nevertheless exchanges 

readily in base. Write a mechanism for the exchange of H?. (Hint: Notice 

the equilibrium in Problem 22.60.) 

In the following compound, identify the hydrogens that are exchanged for deute- 

rium in CH,;07/CH3OD. 

*(a) 

(a) 

O 

H;C CH; 

Compound A below, y-pyrone, has a conjugate acid with an unusually high 

pK, of —0.4. The pK, of the conjugate acid of compound B, in contrast, is 

about —3. 

O O 

A 

y-pyrone Lae 
O 

Draw the structures of the conjugate acids of both molecules, and explain 

why A is more basic than B. 

Tropone reacts with one equivalent of HBr to give a stable crystalline 

conjugate acid salt with a pK, of —0.6, which is greater (i.e., less negative) 

than the pK, values of most protonated a,B-unsaturated ketones. Give the 

structure of the conjugate acid of tropone, and explain why tropone is 

unusually basic. 

O 

tropone 

The following resonance structures can be written for an a,B-unsaturated 

carboxylic acid: 

ey we 

+ 

R—CH+CHYC—OH <>» R—CH—CH=C—OH 

Would this type of resonance interaction increase or diminish the acidity 

of a carboxylic acid relative to that of an ordinary carboxylic acid? 

(Problem 22.64 continues ) 
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(b) Consider the following pK, data: 

HG H 

CE — Cr Cina © © ir C=C CH;CH;CH7— CO>H 

= K, = 4.87 pig 437 H CO.H PA, 

pK, = 4.70 

Show how these data are consistent with the polar effect of the double bond 

and with the resonance effect in part (a). 

*22.65 (a) The pK, of 2-nitropropane is 10. Give the structure of its conjugate base, 

and suggest reason(s) why 2-nitropropane has a particularly acidic C—H 

bond. 

O: 
+f 

(CH) Ci —— A 2-nitropropane 

ORS 

(b) When the conjugate base of 2-nitropropane is protonated, an isomer of 

2-nitropropane is formed, which, on standing, is slowly converted into 

2-nitropropane itself. Give the structure of this isomer. 

(c) What product forms when 2-nitropropane reacts with ethyl acrylate 

(CH,—=CH— CO3Et) in the presence of NaOEt in EtOH? 

22.66 Cringe Labrack, a graduate student in his tenth year of study, has suggested each 

of the following synthetic procedures. Explain why each one cannot be expected 
to work. 

NaOEt CH;1 
at) CH3CH,CO,Et EtOH > a (CH;3),CHCO,Et 

NaOEt PhBr 
> = (b) CH,(CO Et), FtOH Ph—-CH(CO, Ets 

al(G) OH 

CH;,CHCO,Et Se CH,—=CH— CO, Ft 

(d) OH CH; 

PBr; (cat.) Mg DCH CH — ©) | 
CH3CH,CO,H ce a pice = 2) H,O+* Za CH,— CH—CH—CO,H 

Cre, CC 
Cr + Br, AIBr3 (cat) 

Br 
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oe CH ci - eH 0. cu. GAek—C— Gk ie Clk — Cal 

22.67. Crossed aldol condensations can be carried out if one of the carbonyl compounds 

is unusually acidic. 
*(a) Give the structure of the a,B-unsaturated carbonyl compound that results 

from the crossed aldol condensation of diethyl malonate and acetone in 

NaOEt/EtOH. 
(b) Explain why the aldol condensation of acetone with itself does not compete 

with the crossed aldol condensation in (a). 

*(c) Outline a sequence of reactions for the conversion of the product from (a) 

into 3,3-dimethylbutanoic acid. 

*22.68 Identify the intermediates A and B in the following transformation, and show 

how they are formed. 

CH; 

O 

NaOEt CH,=CH—C— @Hs KOH 
Fs [A] * = [B] 

EtO —-CH=O K* (CH3)3C—_O H2O 

(excess) 

22.69 Explain the following findings. 

(a) One full equivalent of base must be used in the Claisen or Dieckmann 

condensation. 
(b) Ethyl acetate readily undergoes a Claisen condensation in the presence of 

one equivalent of sodium ethoxide, but phenyl acetate does not undergo a 

Claisen condensation in the presence of one equivalent of sodium 

phenoxide. 

*22.70 | When 2,4-pentanedione in ether is treated with one equivalent of NaH, a gas is 

evolved, and a species A is formed. 
(a) Give the structure of A. Which atoms of A should be nucleophilic? Explain. 

(b) When A reacts with CH3I, three isomeric compounds, B, C, and D 

(CoH, 02), are formed. Suggest structures for these compounds. 

22.71 Propose syntheses of each of the following compounds from the indicated starting 

materials and any other reagents. 

*(a) 3-ethylcyclopentanol from 2-cyclopentenone 

(b) 1,3,3-trimethylcyclohexanol from 3-methyl-2-cyclohexenone 

*(c) 2-ethyl-1,3-hexanediol from butyric acid 

(d) 2-benzylcyclohexanone from EtOQ,C(CH2)5CO;Et 

(Problem 22.71 continues ) 
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2272 

“(e) 

*(m) 

CO,H 

| 
( prereccrnco from diethyl malonate 

CO,H 

2,2-dimethyl-1,3-propanediol from diethyl malonate 

H,NCH,CH,CH,CH;0OH from ethyl acrylate (ethyl 2-propenoate) 

CoH; 

N—CH,CH,CH,NH, from acrylonitrile (propenenitrile) 

eu: 

2-phenylbutanoic acid from a-phenylacetic acid (Do not use branched 

amide bases; see Eq. 22.56.) 

1,3-diphenyl-1-butanone from acetophenone 

Ph—CH—CD,—Ph from Ph—CH,— CO,H 

from cyclohexanone 

eee 
Ph—-C— CH— €-—Ph from propionic acid 

CH, 

C)- C——Ch5-—O <) from acetyl chloride 

CH; 

dimedone (5,5-dimethyl-1,3-cyclohexanedione) from CH; —-C—CH=C 
\ 

*(p) O CH; 

Cie Gr5Cr CH Cer from diethyl malonate 

CH. CH. GH: 

CH; 

Using the curved-arrow formalism, provide mechanisms for each of the following 
reactions. 
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Hc Ae ‘le, CH, 

_K,COs O 

OH 

O 

a _KOH ~ 

O 

(90% yield) 

AG) Wie — TS SE 1G ahs 
CO,CH; 

(CH); + 2NaH ae 

Br—CH—CO,CH; CO,CH; 

(d) O 

CO ,Et 
[ NaOEt H,0, H30* ») ANI Ne eee on 

heat 

CO,Et 

O 

O O 

acid 
O Se gt Se 

O O 

R(t) 1 

Vio 
COEt O HC GH 

OOM Tie HO eet a ae HO,C—C.__-C—COH 

chelidonic acid 

*22.73 When the diester of a malonic acid derivative is treated with sodium ethoxide 

and urea, a barbiturate is formed. (Barbiturates are hypnotic drugs.) 
(Problem 22.73 continues ) 
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Il 

1 1 i i NaOEt _ H,O+ i ak HN C= Nie Hiei OU oo es 

urea Et Et 

O 

Veronal, barbital 
(a barbiturate) 

Using the curved-arrow formalism, give a mechanism for the Veronal synthesis above. 

22.74 Using the analysis that you carried out in working the previous problem, outline 

a synthesis of pentothal from diethyl malonate and any other reagents. (The 

sodium salt of pentothal is a widely used injectable anesthetic.) 

CH, 
| O 

ZH 

CH;CH,CH, NH pentothal 

O N S 
H 

22.75 A biochemist, Sal Monella, has come to you to ask your assistance in testing 
a promising biosynthetic hypothesis. She wishes to have two samples of 
a-methylsuccinic acid specificially labeled with '4C as shown in the structures 
below. The source of the isotope, for financial reasons, is to be Na'4CN. Outline 
syntheses that will accomplish the desired objective. (*C = 'C) 

a) O ] 

HO Se ee CH GH, CO 

a 
(b) O O 

HO—C—cH—cH,—C—on 

CH; 

22.76 The reversibility of the aldol addition reaction is a major factor in each of the 
following problems. Rationalize each observation with a plausible mechanism. 

*(a) When the terpene pulegone is heated with aqueous NaOH, acetone and 
3-methylcyclohexanone are formed. 

GH, 

pulegone 

O 
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OH 
O 

*22.77. When the epoxide 2-vinyloxirane reacts with lithium dibutylcuprate, followed 

by protonolysis, a compound A is the major product formed. Oxidation of A 

with CrO;(pyridine), yields B, a compound that gives a positive Tollens’ test 

and has an intense UV absorption around 215 nm. Treatment of B with Ag,O, 
followed by catalytic hydrogenation, gives octanoic acid. Identify A and B, and 

outline a mechanism for the formation of A. 

O 

Cab ==CEl— Chal Cla 2-vinyloxirane 

22.78 Treatment of (S)-(+)-5-methyl-2-cyclohexenone with lithium dimethylcuprate 

gives, after protonolysis, a good yield of a mixture containing mostly a dextrorota- 

tory ketone A and a trace of an optically inactive isomer B. Treatment of A with 

zinc amalgam and HC] affords an optically active, dextrorotatory hydrocarbon 

C. Identify A, B, and C, and give the absolute configurations of A and C. 

22.79 Outline curved-arrow mechanisms for each of the following known trans- 

formations. 
*(a) An example of the Darzens glycidic ester condensation: 

O 0 O 

Phe Clie OF B CH = C— OFt ae Phos C= CHG One ar 
- (mixture of stereoisomers) 

(b) O O Oa, 
eS: 

~HL0 CHC ca ore 
(77-83% yield) 

*22.80 Ethyl vinyl ether, C)]H; —O— CH=CH), hydrolyzes in weakly acidic water to 

acetaldehyde and ethanol. Under the same conditions, diethyl ether does not 

hydrolyze. Quantitative comparisons of the hydrolysis rates of the two ethers 

under comparable conditions show that ethyl vinyl ether hydrolyzes about 10'° 

times as fast as diethyl ether. The rapid hydrolysis rate for ethyl vinyl ether 

suggests an unusual mechanism for its hydrolysis. The acetaldehyde formed 

when the hydrolysis of ethyl vinyl ether is carried out in D,O/D;O* contains 
one deuterium in its methyl group (that is, D—CH,—CH==O). Suggest a 

hydrolysis mechanism for ethyl vinyl ether consistent with these facts. (Hint: 

Vinylic ethers are also called enol ethers. Where do enols protonate? See 

Eqec2sl aD.) 
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22.81 Using the reaction discussed in the previous problem, predict the final product 

of the following Wittig reaction-hydrolysis sequence: 

cyclohexanone Fie Ou ©) 
> aoe CH-OCH-C] += PhP StS 

22.82 Complete the following reactions by giving the major organic products. Explain 

your reasoning. 

*(a) 

] O 

| ad 
CH= C= Gri 6 OL BCH Br eee cea LOS (Cr C) 

EtOH heat 

Li* {(CH;)sCH],N:7 CH, 1 
se (b) y-butyrolactone 

SS) Cll 

NO, 

age H30* Na: GH(COlER> 

NO, 

(d) ] 

C—==CH; 

1) LiAIH, 

2) H30* 

*(e) CH; 

NaOEt 
CO,Et + CH;CH(CO,Et), on 

(f) ] 

CH;—C—CH,—CO,Et + CH, =CH—Co,Et —EtO-, —1:0" 

ig) O ( : 

Cl(CH Ss Ms i H307 
2)3 S cCubien ae Boren (CioH 140) 

O -H>O 

(Hint: Grignard reagents treated with CuBr or CuCl react like lithium 
dialkylcuprate reagents.) 

CH; : N ee ins (Give the stereochemistry 
C—MgBr ae > ES ~SOooff the product and explain; 
a see hint for (g).) 
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O 
| : 

Ol Ment Ge CHa CoP h ee ma ectone Gy iO) 

22.83 Using the curved-arrow formalism, provide mechanisms for each of the following 

reactions. 

*(a) O 

TO Senin: een eS 

O 
| 

PhC—CH,—CO,Et + CH;CO,Et (removed as it is formed) 

(b) O O 
O 

os NaOEt NaOH H)0, H;0+ O 0 

Ph Ph 

ae) O O 

ae, 
PhOo—CH=CH—C—CH, —2—> O=CH—CH,—C—CH; + PhOH 

(d) O O 

PhO—CH==CH—C—CH; aor O=CH—CH,—C—CH; + PhOH 

ace) OH O 

| Sole | 

(f) 

H O 
| | Soir 
C C—OCH; + CH;—NH—OH — > [A] —~> C=O (Identify A.) 

Lo pF N / 
H3C G PO) 

| H3C 

H 

*(g) O 

CH;—CH=CH—C—Cl + EtOH —» CH;—CH—CH,—C—OEt 

Cl 

*(h) 1) ~OH (1 equiv.) 

Ph(CH,),cH==O + N==C—CH,—CO,Et a Pas Nerie = 
4) heat 

CH eI 

(Problem 22.83 continues ) 
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(i O 
CO,Me 

=(OIN| H20, HZ0O" 
ae 

heat 

CHeeG.e 

~() O 

| Onn PhP: [A] CH3CH,CH,CH=O H307 

H,0 

O GLeon 
i ae 

CH;,CH,CH,CH==C aE Blige Oleg 

Beem eee tees e eee esse eee EEE EHESESESEEEEEEESE EEE SEE EEE SESE SESE EEE E ESSE OSES EES ESESESESESEEE EERE ETE EEESESESES ESE O OPE EEEESO OOOO OES EE DES EEE SEEDED ESEEEEES 



Chemistry of 

Amines 

mines are organic derivatives of ammonia in which the ammonia hydrogens are 

replaced by alkyl or aryl groups. Amines are classified by the number of alkyl or 

aryl substituents (R groups) on the amine nitrogen. A primary amine has one 

substituent; a secondary amine has two; and a tertiary amine has three. 

R 

NH; R—NH, R==NiHe Rk onyare 

ammonia primary amine secondary amine tertiary amine 

Examples: CH; 

C.H;— NH) CH; —NH—C,H; C)H;—N—CoH; 

ethylamine diethylamine triethylamine 
(a primary amine) (a secondary amine) (a tertiary amine) 

(This classification is like that of amides; see Sec. 21.1E.) It is important to distinguish 

between the classifications of alcohols and amines; alcohols are classified according to 

the number of alkyl or aryl groups on the a-carbon, but amines (like amides) are classified 

according to the number of alkyl or aryl groups on nitrogen. 

CH; CH; one alkyl group 
| | on nitrogen 

CH, C— OH CH, —@ NH, 

Se three alkyl branches Crt. 3} 

on a-carbon 
a tertiary alcohol a primary amine 

(even though the 
a-carbon is tertiary) 

Besides amines, this chapter also considers briefly some other nitrogen-containing 

compounds that are formed from, or converted into, amines: quaternary ammonium 

salts, azobenzenes, diazonium salts, acyl azides, and nitro compounds. 

1113 
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23.1 Nomenclature of Amines 

Ree eee eee eee EEE EERE EEE EEE EEE EEO Ee EEE HEHEHE ESSE ESE HEHE EEE H SEES EEE ESEEHEE HEHEHE HE ES EEE EEES ESET OH ES ESOS 

In common nomenclature an amine is named by appending the suffix amine to the name 

of the alkyl group; the name of the amine is written as one word. 

C,H;NH; (CH3)3N 

ethylamine trimethylamine 

When two or more alkyl groups in a secondary or tertiary amine are different, the 
compound is named as an N-substituted derivative of the larger group. 

(CH3)2N— CH,CH,CH,CH; Cit) 

N,N-dimethylbutylamine 

N-ethylcyclohexylamine 

This type of notation is required to show that the substituents are on the amine nitrogen 
and not on an alkyl group carbon. 

Aromatic amines are named as derivatives of aniline. 

O.N 

aniline 3-nitroaniline N-ethylaniline 
(m-nitroaniline) 

B. Substitutive Nomenclature 

Because the IUPAC system for amine nomenclature is not logically consistent with IUPAC 
nomenclature of other organic compounds, the most widely used system of substitutive 
amine nomenclature is that of Chemical Abstracts, a comprehensive index to the world’s 
chemical literature. In this system an amine is named in much the same way as the 
analogous alcohol, except that the suffix amine is used. 

oH NH, 

CH3CHCH,CH,CH; CH3;CHCH,CH,CH; 

2-pentanol 2-pentanamine 

( )-ni—cn, HN — CH,CH;CH,CH,CH,— NH, 
1,5-pentanediamine 

N-methylcyclohexanamine 

CH; —NH — CH,CH,CH,— NH — C,H; 

N-ethyl-N’-methyl-1,3-propanediamine 
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O 

Notice that in diamine nomenclature, as in diol nomenclature, the final e of the hydro- 

carbon name is retained. In the last example, the prime is used to show that the ethyl 

and methyl groups are on different nitrogens. 

The priority of citation of amine groups as principal groups is just below that of 

alcohols: 

O O 

—C—OH (carboxylic acid > —C—H (aldehyde) C—"_ (ketone) => OH —NR, (23.1) 

and derivatives) 

(A complete list of group priorities is given in Appendix I.) When cited as a substituent, 

the —NH) group is called the amino group. 

l ) 7 

H,N— CH,CH,—_OH H,N—CH,— CH=CH), 

2-aminoethanol 2-propen-1l-amine 
(OH has priority) (NH, has priority) 

CH, 

C,H-NCH,CH,CHCH,CH,Cl (CH;),.N— CH,CH,CH,— OH 

GH: 3-(dimethylamino)-1-propanol 

5-chloro-N-ethyl-N,3-dimethyl-1-pentanamine 

An N designation in the last example is unnecessary because the position of the methyl 

groups is clear from the parentheses. 

Although Chemical Abstracts calls aniline benzenamine, the more common practice 

is to use the common name aniline in substitutive nomenclature. 

The nomenclature of heterocyclic compounds was introduced in Sec. 8.1C in the 

discussion of ether nomenclature. Many important nitrogen-containing heterocyclic com- 

pounds are known by specific names that should be learned. Some important saturated 

heterocyclic amines are the following: 

piperidine morpholine pyrrolidine aziridine 

As in the oxygen heterocyclics, numbering generally begins with the heteroatom. The 

following are examples of substituted derivatives: 

© 
f ; CO,H 

iy | ie 
C,Hs H 

® 
CH) 

2-methylaziridine | -N-ethylmorpholine 3-pyrrolidinecarboxylic acid 

(4-ethylmorpholine) 
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To a useful approximation, much of the chemistry of the saturated heterocyclic 

amines parallels the chemistry of the corresponding noncyclic amines. There are also a 

number of unsaturated aromatic heterocyclic amines. Among these are pyridine and 

pyrrole, which were considered briefly in Sec. 15.7D. The chemistry of the aromatic 

heterocycles, which is quite different from that of their saturated counterparts, is consid- 
ered in Chapter 24. 

MUO OCCU G LT ICs. 2 CU OC OCCT CS CCE OCCT OOOO CICIMI COCCI COCO OCK OCD COCO COCO DOO CCNOCTIOO OCLC K ORR OINOMOCIOOOCICCIOUE ENC OOOOCINTIDCIOOOCLIDONCIIOOTICIDOOOOM mao 

23.1 Draw the structure of each of the following compounds. 

*(a) N-isopropylaniline (b) tert-butylamine 

*(c) 3-methoxypiperidine (d) 2,2-dimethyl-3-hexanamine 

*(e) ethyl 2-(diethylamino)pentanoate (f) N,N-diethyl-3-heptanamine 

23.2 Give an acceptable name for each of the following compounds. 

*(a) YON crac (b) 
vie | O,N N 

CH; x 
CH; 

aC) (d) CH3;NHCHCH,CH,OH 
NH | 

C,H; 

*(e) CH,CH,CH; 

The C—N bonds of aliphatic amines are longer than the C—O bonds of alcohols, but 
shorter than the C—C bonds of alkanes, as expected from the effect of atomic size on 
bond length (Sec. 1.3B). 

bond: C—G, CN G0) 5G—E 
typical length: 154A 147A 143A 1398 

Aliphatic amines have a pyramidal shape (or approximately tetrahedral shape, if the 
electron pair is considered to be a “group”). Most amines undergo rapid inversion at 
nitrogen, which occurs through a planar transition state and converts an amine into its 
mirror image (Sec. 6.10B). 
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transition state 

Because of this inversion, amines in which the only asymmetric atom is the amine nitrogen 

cannot be resolved into enantiomers. 

The C—N bond in aniline is shorter (1.40 A) than that in aliphatic amines. This 

reflects both the sp” hybridization of the adjacent carbon and the overlap of the unshared 

electrons on nitrogen with the zr-electron system of the ring. This overlap, shown by the 

following resonance structures, gives some double-bond character to the C—N bond. 

pe: 
.. + us + + 

CNH, <> (Onn <> iets <> (=i, (23.3) 

Bee ei cinicice ic sinjs be avid e'orecsie stares ee Ninialdi via Niwiave oie Sabie s S)a'e)Rieiaiule/A(WiaLtia Adare siee eA AMIE CNC oiSiBLe SIAN SN SRP NL Am OMS COMPARES EES MS ES Re eee re EE eRe a Gee 

Dake) Within each set, arrange the compounds in order of increasing C—N bond 

length. Explain your answers. 

*(a) p-nitroaniline, aniline, cyclohexylamine 

(1) (2) (3) 
She acararehe(e sialloiecnieinse ol diahard sine wiave aSiplajaialo eld dip urea Sieve leieeisie pSV Ue a6 css eels nid du Nidan O18. oo SRO AM AMIS DO Reise +50 P RRA MESES Cael As ete rere Ee Reet vies Ces eee Oe ee ee eee eee eed 

Physical Properties of Amines 
AAP OOOO ROTOR DOTICOO TIO COCTICIOTOOOCOROT OCC. HIGUE CUT IM ICOCOUDO CULO CT mOGOC Yi ON ICT ClO R TN DAI TMS TY ST AACN Dl) had ae Adela 

Most amines are somewhat polar liquids with unpleasant odors that range from fishy to 

putrid. Primary and secondary amines, which can both donate and accept hydrogen 

bonds, have higher boiling points than isomeric tertiary amines, which cannot donate 

hydrogen bonds. 
CH; 

CH;CH,CH,CH,NH), (CH3;CH,),NH CH3CH,N(CH;)2 CH;CH,CHCH; 

butylamine diethylamine ethyldimethylamine isopentane 

boiling point: ie DOs OV ioe Die 

dipole moment: 14D © _ 12-13 D 0.6 D 0D 

decreased hydrogen bonding and polarity —> 
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The fact that primary and secondary amines can both donate and accept hydrogen 

bonds also accounts for the fact that they have higher boiling points than ethers. On the 

other hand, alcohols are better hydrogen-bond donors than amines because they are 

more acidic. Therefore, alcohols have higher boiling points than amines. 

(C,H; ),NH (C,Hs)20 (C,H; )»CH» 

diethylamine diethyl ether pentane 

boiling point: 563° Ss 36.1° 

CH3CH,CH,CH,OH CH3CH,CH,CH,NH, 

1-butanol 1-butanamine 

boiling point: L723" TU Soe 

The water miscibility of most primary and secondary amines with four or fewer carbons, 
as well as trimethylamine, is consistent with their hydrogen-bonding abilities. Amines 
with large carbon groups have little or no water solubility. 

Spectroscopy of Amines 
S)4i9,9/0:4)8 Sin[s, 0'6i8:0 0:0! 0:e: 9'e/6.6 018 8-462 Nce)a/0/€|G\8/6\6 6 (Uieiuis (e's{4\0\0/6\ule'e W'0\o'6 6.0:6.0'0 ais |e (W\ein(a\nlo'n m/a.¥,¥)m(8(016 (6/6 6.9:6'0.6 0:0 m/10 01416. 6.p.6 Al nlaibia'a we uu nidinie (isle wieiule'ev.e a's aie< © 

PUVOORUGUD ODDO UOC GUOTGL OOOO COCCI OOCUOO TCO OIC OOOOCORUOONOOICOICIIO CE SOUT OOCCOOOC IOC IOINOC OOS OOINO ACT Co ISTIC OOo OUD OSA einae- 

The most important absorptions in the infrared spectra of primary amines are the N—H 
stretching absorptions, which usually occur as two or more peaks at 3200-3375 cm7!, 
Also characteristic of primary amines is an NH; scissoring absorption (see Fig. 12.7) near 
1600 cm~'. These absorptions are illustrated in the IR spectrum of butylamine (Fig. 
23.1). Most secondary amines show a single N—H stretching absorption rather than the 
multiple peaks observed for primary amines, and the absorptions associated with the 
various NH, bending vibrations of primary amines are not present. For example, diethyl- 
amine lacks the NH) scissoring absorption present in the butylamine spectrum. Tertiary 
amines obviously show no absorptions associated with N—H vibrations. The C—N 
stretching absorptions of amines, which occur in the same general part of the spectrum 
as C—O stretching absorptions (1050-1225 cm7'), are not very useful. 

Figure 23.1 
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IR spectrum of butylamine. 
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Bb. NMR Spectroscopy 

The characteristic resonances in the proton NMR spectra of amines are those of the 

protons adjacent to the nitrogen (the a-protons) and the N—H protons. In alkylamines, 

the a-protons are observed in the 6 2.5-3.0 region of the spectrum. In aromatic amines, 

the a-protons of N-alkyl groups are somewhat further downfield (why?), near 63. The 

following chemical shifts are typical: 

5 0.9 (s) 5 1.0 (t) 5 3.0 (q) 

| | | 
CH;CH»—NH—CH,— CH; NH—CH,— CH; 

f f f 
6 2.6 (q) O12 (8) On lenin) 

The chemical shift of the N—H proton, like that of the O—H proton in an 

alcohol, depends on the concentration of the amine, and on other conditions of the NMR 

experiment. In alkylamines, this resonance typically occurs at rather high field—typically 

around 6 1. In aromatic amines, this resonance is at lower field, as in the example above. 

Like the OH protons of alcohols, phenols, and carboxylic acids, the NH protons of 

amines under most conditions undergo rapid exchange (Secs. 13.6D and 13.7). For this 

reason, splitting between the amine N—H and adjacent C—H groups is usually not 

observed. Thus, in the NMR spectrum of diethylamine the N—H resonance is a singlet 

rather than the triplet expected from splitting by the adjacent —CH,— protons. In 

some amine samples the N—H resonance is broadened and, like the O—H proton of 

alcohols, it can be obliterated from the spectrum by exchange with DO. 

The characteristic CMR absorptions of amines are those of the a-carbons—the 

carbons attached directly to the nitrogen. These absorptions occur in the 6 30-50 chemi- 

cal-shift range. As expected from the relative electronegativities of oxygen and nitrogen, 

these shifts are somewhat less than the a-carbon shifts of ethers. 

C. Mass Spectrometry 

a-Cleavage (Sec. 12.6C) is a particularly important fragmentation mode of amines 

observed in mass spectrometry. For example, in the mass spectrum of butylamine, the 

only significant peaks are the molecular ion at m/z = 73 and the base peak at m/z = 30. 

+ 

ae ae s El 

CH,CH,CH,CH,—NH, =2> cH,cH,¢H, cH, 4H, “SS. 
W273 

(odd number of nitrogens; 
odd-electron ion; 

:. odd mass) 

: + 
CH,CH,CH, ae GH == NE (23.4) 

m/z = 30 

(odd number of nitrogens; 
even-electron 10n; 

.. even mass) 

It is helpful to realize that compounds containing an odd number of nitrogens have odd 

molecular masses. (See Study Guide Link 21.2.) It follows that in the mass spectrum of 

an amine, the molecular ion occurs at an odd mass if the amine contains an odd number 
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of nitrogens. Like the molecular ion, odd-electron ions containing an odd number of 

nitrogens are observed at odd mass, but even-electron ions containing an odd number 

of nitrogens are observed at even mass. These points are illustrated by the fragment ions 
shown in Eq. 23.4. 

eee eee eee eee eee eee er rrrrrrrr irri rr rrrrrr rrr rrr rrr eer errr rr ee ee eee eee ee ee ee i 

- PROBLEMS 

Pe “4 

*23.4 Identify the compound that has the following spectra. 

IR spectrum: 3279 cm7! 
NMR spectrum: 6 0.91 (1H, s), 6 1.07 (3H, t, J = 7 Hz), 

02.6038, gu ="7 Hz) 6 3:70 OH, s), 6 7.18 GH, apparent s) 

Mass spectrum: m/z = 135 (M, 17%), 120 (40%), 91 (base peak) 

Zoo A compound has IR absorptions at 3400-3500 cm™! and the following NMR 

spectrum: 6 2.07 (6H, s), 6 2.16 (3H, s), 6 3.19 (broad, exchanges with D,O), 

6 6.63 (2H, s). To which one of the following compounds do these spectra 
belong? Explain. 

(1) 2,4-dimethylbenzylamine (2) 2,4,6-trimethylaniline 
(3) N,N-dimethyl-p-methylaniline (4) 3,5-dimethyl-N-methylaniline 
(5) 4-ethyl-2,6-dimethylaniline 

*23.6 An amine A has a mass spectrum with a base peak at m/z = 72. An amine B 
has a mass spectrum with a base peak at m/z = 58. One amine is 2-methyl- 
2-heptanamine, and the other is N-ethyl-4-methyl-2-pentanamine. Which is 
which? 

EY S/ Explain how you could distinguish between the two compounds in each of the 
following sets using only CMR spectroscopy. 

*(a) 2,2-dimethyl-1-propanamine and 2-methyl-2-butanamine 
(b) trans-1,2-cyclohexanediamine and trans-1,4-cyclohexanediamine 

ie oe cog yee ten esate SAIS SN 016 nies nig ws S'e Pisin) eie-t ee ale 4] e\0,6ie'e €eisip €.0is\s\e!6'e/e|ain\ea)s\e|o,016'b'e wim'a,a)4'e\s/B[a\eia,0(a/e'e Slviv'w'aly'al0'6'e: 6 ele S\a{e'e/Giu)ulx wim @injdls)/a/a/Rle We! s e'e\a aie\esn aie's's siete harata eee eee 

Basicity and Acidity of Amines 
Grenache cactede ennnerneicle eveleielvielelese!s|eieialaleieleie/e/e\eja\e;s/eis)e)s/a\aiaie\e/siu'a\e\e]s\¢\nleiuivin'ai a ¥6]a's]6\<'s)o/a\9\e,0 uleie)e{6lu)tie'ate/s\e(n Glalaim\ere(sielelalaiatere aineisinie eis eitiaiereiste eeene 

MiSiM Sir Mel Sicier eta eie nies Gia eia)aieie:s\@)sieiniexeieie\eseiel6 s\e/oleia) oialeca' mete e 5,0 aYsia\a(nts]alaye/sre.eseleisivin{bjelsie,e/oio(s,6/a)6/aleieie/efa, kiajele wre sve\alsieieideaielhii clei eten tel eaieereie ie eetine 

Amines, like ammonia, are strong enough bases that they are completely protonated in 
dilute acid solutions. 

oe + 

CHINE, HCl = CH NM Clas. H,0 (23.5) 

methylamine methylammonium 
chloride 

The salts of protonated amines are called ammonium salts. The ammonium salts of 
simple alkylamines are named as substituted derivatives of the ammonium ion. Other 
ammonium salts are named by replacing the final e in the name of the amine with the 
suffix tum. 
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(CH;),NH, Cl- NH OC = Fh 

dimethylammonium chloride 

anilinium benzoate 
(aniliné + ium) 

Always remember that ammonium salts are fully ionic compounds. Although ammo- 

nium chloride is often written as NH,Cl, the structure is more properly represented as 

*NH, Cl~. Although the N—H bonds are covalent, there is no covalent bond between 

the nitrogen and the chlorine. (A covalent bond would violate the octet rule.) 

Recall that the basicity of any compound, including an amine, is expressed in terms 

of the pK, of its conjugate acid (Sec. 3.4C). The higher the pK, of an ammonium ion, 

the more basic is its conjugate-base amine. (A discussion of the relationship between 

basicity constants Kj, and dissociation constants K, is given in Sec. 3.4C.) 

B. Substituent Effects on Amine Basicity 
RRIINICINCOOIOCIOOIOOIOIOIOIOOIOIOIOOINOIOOOIOIOIOIOINOIOOOIOOIOOIIOOOIOIOOIOOIOOOOIOOOI OSC CSCC nn OCCU OOOO OUOUOO Ut 

The pK, values for the conjugate acids of some representative amines are given in Table 

23.1. As this table shows, the exact basicity of an amine depends on its structure. 

Table 23.1 Basicities of Some Amines 

(Each pK, value is for the dissociation of the corresponding conjugate-acid ammonium ion. ) 

Amine pK, Amine PK, Amine pK, 

CH3NH, 10.62 (CH;).NH 10.64 (CH3)3N 9.76 

C,HsNH, 10.63 (C)Hs).NH 10.98 (C,Hs)3N 10.65 

PhCH,NH, 9.34 

PhNH, 4.62 PhNHCH; 4.85 PhN(CH;)> 5.06 

O,N 

ON )—Nis ~1.0 NH, 2.45 

Cl Cl 

a Ni 3.81 NH, 3.2) NH, 2.62 

HC CH, 

cK =H 5.07 NH, 4.67 NH, 4.38 

seme meee renee neererseeseee eee reece eee eee eee eee He Heese Ee Eee S ES EEEEEEEE EES EEESESESEE EEE E SEES ESEEEE ESSE THESES EEEH EEE EHESEEEEHES HEHE OEESEESES ESTE ESESSSSES ESSE 
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Chapter 23 

+ HO 
RNH, 

AG°=2.3RT(pK,) 

Chemistry of Amines 

Three types of effects influence the basicity of amines—the same effects that influence 

the acid-base properties of other compounds. They are: 

1. the effect of alkyl substitution 

2. the polar effect 

3. the resonance effect. 

Recall that the pK, of an ammonium ion, like that of any other acid, is directly related 

to the standard free-energy difference AG®° between it and its conjugate base by the 

following equation (Sec. 3.6B). 

AG® = 2.3RT (pK,) (23.6) 

The effect of a substituent group on pK, can be analyzed in terms of how it affects the 

energy of either an ammonium ion or its conjugate-base amine, as shown in Fig. 23.2. 

For example, if a substituent stabilizes an amine more than it stabilizes the conjugate- 

acid ammonium ion (Fig. 23.2a), the standard free energy of the amine is lowered, AG® 

is decreased, and the pK, of the ammonium ion is reduced; that is, the amine is less basic 

than the amine without the substituent. If a substituent stabilizes the ammonium ion 
more than its conjugate-base amine (Fig. 23.2b), the opposite effect is observed: the pK, 

is increased, and the amine basicity is also increased. 

Consider first the effect of alkyl substitution. Most common alkylamines are some- 

what more basic than ammonia in aqueous solution: 

RNH, RNH, 
7 HOF eon 

reducing this 

energy decreases 

the pK, 

+ 

AG°=2.3RT(pK,) 

AG°=2.3RT(pK,) 

reducing this + + 
RNH; RNH; energy increases 
A136) + HO the pK, 

+ 

RNH; 
- (a) (b) + H,O 

Figure 23.2 Effect of the relative free energies of ammonium ions and amines on the pK, values of the ammo- 
nium ions. (a) Reducing the energy of an amine decreases the pK, of its conjugate-base ammonium 
ion and thus reduces the basicity of the amine. (b) Reducing the energy of an ammonium ion 
increases its pK, and thus increases the basicity of its conjugate-base amine. 
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pK, in aqueous solution: 
+ + + + 
NH, EtNH;  EtNH,  &Et,;NH (23.7) 
9.21 10.63 10.98 10.65 

These pK, values show that the secondary amine is the most basic. Two opposing factors 

are actually at work here. The first is the tendency of alkyl groups to stabilize charge 

through a polarization effect. The electron clouds of the alkyl groups distort so as to 

create a net attraction between them and the positive charge of the ammonium ion: 

Because the ammonium ion is stabilized by this effect, its pK, is increased (Fig. 23.2b). 

This effect is evident in the gas-phase basicities of amines. In the gas phase, the acidity 

of ammonium ions decreases regularly with increasing alkyl substitution: 

Gas-phase acidity: 
+ + + + 
NH, > C,HsNH3 > (C,H;),NH2 > (C,H;)3NH (23.8) 

The same polarization effect also operates in the gas-phase acidity of alcohols (Sec. 8.5C), 

except in the opposite direction. In other words, the polarization of alkyl groups can act 

to stabilize either positive or negative charge. In the presence of a positive charge, as in 

ammonium ions, electrons polarize toward the charge; in the presence of a negative 

charge, as in alkoxide ions, they polarize away from the charge. We might say that electron 

clouds are like some politicians: they polarize in whatever way is necessary to create the 

most favorable situation. 
The second factor involved in the effect of alkyl substitution on amine basicity must 

be a solvent effect, because the basicity order of amines in the gas phase (Eq. 23.8) is 

different from that in aqueous solution (Eq. 23.7). In other words, the solvent water 

must play an important role in the solution basicity of amines. An explanation of this 

solvent effect is that ammonium ions in solution are stabilized not only by alkyl groups, 

but also by hydrogen-bond donation to the solvent: 

Hee OED 
ay Oe 

Grieg N= OL, 

| 
H---:0H; 
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pK, 

Chemistry of Amines 

Primary ammonium salts have three hydrogens that can be donated to form hydrogen 

bonds, but a tertiary ammonium salt has only one. Thus, primary ammonium ions are 

stabilized by hydrogen bonding more than tertiary ones. 

The pK, values of alkylammonium salts reflect the operation of both hydrogen 

bonding and alkyl-group polarization. Because these effects work in opposite directions, 

the basicity in Eq. 23.7 maximizes at the secondary amine. 

Ammonium-ion pK, values, like the pK, values of other acids, are also sensitive to 

the polar effects of substituents. 

+ + + 
EtLNHCH,C==:N EtLNHCH.CH,C==N -EtNH(CH,),C=N Et:NH (23.9) 

4.55 7.65 10.08 10.65 

An electronegative (electron-withdrawing) group such as halogen or cyano destabilizes 

an ammonium ion because of a repulsive electrostatic interaction between the positive 

charge on the ammonium ion and the positive end of the substituent bond dipole. 

repulsive interaction 
6- 6+ «—____,.4 

N==C— CH — Co _-Ni, 

Notice that the polar effects of substituent groups operate largely on the conjugate acid 

of the amine—the alkylammonium ion—because this cation is the charged species in 

the acid-base equilibrium. (Recall from Sec. 3.6B that polar effects on stability are greatest 

on the charged species in a chemical equilibrium.) In the case of a carboxylic acid, alcohol, 

or phenol, the conjugate-base anion is the charged species; consequently, the polar effects 

of substituents are reflected primarily in their effects on the stabilities of these anions. 

The data in Eq. 23.9 show that the base-weakening effect of electron-withdrawing 
substituents, like all polar effects, decreases rapidly with distance between the substituent 
and the charged atom. 

Resonance effects on amine basicity are illustrated by the difference between the pK, 
values of the conjugate acids of aniline and cyclohexylamine, two primary amines of 
almost the same shape and molecular mass. 

+ + 
NH, NH; (23.10) 

pK, 4.62 10.64 

(Notice that the pK, values of the substituted anilinium ions in Table 23.1 are considerably 
lower than the pK, values of the alkylammonium ions.) Aniline is stabilized by resonance 
interaction of the unshared electron pair on nitrogen with the aromatic ring (Eq. 23.3). 
When aniline is protonated, this resonance stabilization is no longer present, because the 
unshared pair is bound to a proton and is “out of circulation.” The stabilization of aniline 
relative to its conjugate acid reduces its basicity (Eq. 23.6 and Fig. 23.2). In other words, 
the resonance stabilization of aniline lowers the energy required for its formation from 
its conjugate acid, and thus lowers its basicity relative to that of cyclohexylamine, in 
which the resonance effect is absent. 

The electron-withdrawing polar effect of the aromatic ring also contributes signifi- 
cantly to the reduced basicity of aromatic amines as it does to the increased acidities of 
phenols relative to alcohols. 
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Cee e ee ee weer eee eee e sees esse een e eee e esse EEE EEE EEE E HEE H EEE EEEHESEHESHEEEHESHHESEHEHESESESEHEESHSESEE HES HH SEHEEEHEHEHEEE ESE S EH BEHHHSEHEE HSER SHES EHEHH EEE H HEHEHE EES 

Arrange the following three amines in order of increasing basicity. 

a Nk: a NH, (HN 

p-chloroaniline 4-chlorocyclohexanamine aniline 

Solution Because the chloro substituent is an electron-withdrawing group, it reduces 

the basicity of an aniline. Hence, p-chloroaniline is less basic than aniline. Because of the 

resonance effect, p-chloroaniline is also less basic than 4-chlorocyclohexanamine. But 

what about the relative basicity of aniline and 4-chlorocyclohexanamine? The resonance 

and polar effects of the aromatic ring and the polar effect of the chlorine are all base- 

weakening effects. The problem is to decide whether the effect of the aromatic ring or 

the effect of the chlorine is more important in reducing basicity. To make this decision, 

reason by analogy. Examine the effect of an electron-withdrawing group on the basicity 

of an amine in which the polar effect is the only effect that can operate. For example, 

the series in Eq. 23.9 shows that an electronegative group four carbons away from the 

amine nitrogen has a very modest effect. On the other hand, the comparison in Eq. 23.10 

shows that the resonance and polar effects of an aromatic ring change the pK, of an 

amine by about six units. Consequently, the base-weakening effect of “changing” a cyclo- 

hexane ring to a phenyl ring is much more important than the base-weakening effect of 

“replacing” a hydrogen with a 4-chloro group in cyclohexanamine. Hence, the basicity 

order is: 

p-chloroaniline < aniline << 4-chlorocyclohexanamine 

eee ee CeCe NRCC COO LOCOROCO EO TOOT SESE O ODS FOOSE SS COO TES COTES ES OCKESSHEESUOOEOR ESCO ESOC OED EOEOOTETOTSEEOESPSFESESOSOSODSESHSUDOSOLOSHSIBISIOP OP OSOSSED SDS 

*23.8 Arrange the amines within each set in order of increasing basicity, least basic 

first. 
(a) propylamine, ammonia, dipropylamine 

(b) methyl 3-aminopropanoate, sec-butylamine, H,NCH, CH,NH, 

(c) aniline, methyl m-aminobenzoate, methyl p-aminobenzoate 

(d) benzylamine, p-nitrobenzylamine, cyclohexylamine, aniline 

279 Explain the basicity order of the following three amines: 

NO, 

Asie wd elvis ciowicc cule; OC POU Cee end SS SAE EEDCUOD ER OSC NSIS ETC CHSDHIEOTSEDECTSS SESH ORG OPCCOOOEDE SHES KAAS OLOET ROSS CI ASILOV SUIS ICOETE IOS CHS OCT OROLA ROL ORI ESEEEOES ? © 

PPP rrT TTT TreeTrrerrerererereereererereee eee ee eee ee eee eee eee 

Because ammonium salts are ionic compounds, many have appreciable water solubilities. 

Hence, when a water-insoluble amine is treated with dilute aqueous acid, for example, 
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5% HCl solution, the amine dissolves as its ammonium salt. Upon treatment with base, 

the ammonium salt is converted back into the amine. These observations can be used to 

design separations of amines from other compounds, as the following study problem 

illustrates. 

Ree eee meee eee eee eee HERE EEE HEHEHE EHH EEEEEEEHEHEEEEEE EEE TEES OCC ee eee eee eee eee eee eee eee eC re rere ree ee eee eee eee eee eee ee eee eee eee 

A chemist has treated p-chloroaniline with acetic anhydride, and wants to separate the 

amide product from any unreacted amine. Design a separation based on the basicities of 

the two compounds. 

Solution If the mixture is treated with 5% aqueous HCl, the amine will form the 

hydrochloride salt and dissolve in the aqueous solution. The amide, however, is not basic 

enough to be protonated in 5% HCl, and therefore does not dissolve. 

p-chloroaniline N-(p-chlorophenyl)acetamide 
(water-insoluble) (water-insoluble) 

| 5% aqueous HCl] | 5% aqueous HC] 

ae . . 

Cl Nz Cl no appreciable reaction 

soluble in aqueous solution (23.11) 

The water-insoluble amide can be filtered or extracted away from the aqueous solution 
of the ammonium salt. Then the aqueous solution of the ammonium salt can be treated 
with NaOH to liberate the free amine. 

io) sisi le}alelej¢)aisisjeie\siolelainiersi# Sidjeis,ara\e 9iete.e(his'9ie's\¢; 6)v)s,6) #\e)s\n)e\e) ¢/u) 614)s,§reie\a1e(9/4]0{ 18,0 @[@x010/016°6'6i6/0\n(6\s)¥) a ole\a) (9/6 6[u,8 v:e/e\e\o\eis n/ninn\nisiale( a) ala] eleia/9\¢\e\a(bie/a/a(us.eve,eelejela olelele(ajojaisyalsieieveiviieietaleleysie(s/sleleve’e sialelate 

Amine basicities can play a key role in the design of enantiomeric resolutions. The 
enantiomeric resolution discussed in Sec. 6.8 should be reviewed with this idea in mind. 

circa neinicieleinies ersiclole aisiciclen ee.< eieis.eis)elei8\e\e/e\4js]#\n\e/aje/s]¢izls\eis}e/biejeie)¢ieieiciele/eleibieiaie’sie\x/o\p\aisie/e\e(eleiain\aie(s) s)ele/e(a/a\s|0\el8{e/e{a)9]6/8\0/e,6n(v\el6/elq'elu(els\sieletelele(eis/sietele(atelalsialalaisieveisicis cteteieie einialeetatciciciero trent 

“23.10 Using solubilities in acidic or basic solution as a basis, design a separation of a 
mixture containing p-chlorobenzoic acid, p-chloroaniline, and p-chlorotoluene 
into its pure components. 

23.11 Design an enantiomeric resolution of racemic 2- -phenylpropanoic acid using a 
pure enantiomer of 1-phenylethanamine as resolving agent. (Assume that a 
solvent can be found in which the diasteromeric salts have different solubilities. ) 
Discuss the importance of amine basicity to the success of this scheme. 

IS ES NII CAI GIB PIS O81 1S PIMIBSISKELD SIDS 8) Oi0\eie icles ie\6)iaia'e\* ol s)e\e'e/61s'¢{e/eleiojele)diaid}zralatetefe\ele)elsialnisin\e pie #iecaceieiaisiave'aleiy 0(e\s|efelelolefele\alayateternistelsteyste/s(e\sieiciavelaereietatate ere einveleteinieinioree eee 
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D. Acidity of Amines 

Although amines are normally considered to be bases, primary and secondary amines 

are also very weakly acidic. The conjugate base of an amine is called an amide (not to 

be confused with amide derivatives of carboxylic acids). 

The amide conjugate base of ammonia itself is usually prepared by dissolving an 

alkali metal such as sodium in liquid ammonia in the presence of a trace of ferric ion. 

When sodium is used, the resulting base is called sodium amide (or sodamide). 

Fe?* 

ONa NH Nat NH ear (23.12) 

sodium amide 
(sodamide) 

The conjugate bases of alkylamines are prepared by treating the amine with butyllith- 

ium in an ether solvent such as THF. 

Gy ages 
(Me,CH),N-H + CH,CH,CH,CH,~-Li —» (Me,CH),N? Li” + CH,CH,CH,CH, — @3.13) 

diisopropylamine butyllithium lithium 
diisopropylamide 

: The pK, of a typical amine is about 35. Thus, amides are very strong bases. This is 

SBE: cae why they can be used to form acetylide or enolate ions (Secs. 14.7A, 22.6B). 

Structures of Amide 

Bases =). Summary of Acidity and Basicity 

We have now surveyed the acidity and basicity of the most important organic functional 

groups. This information is summarized in the tables in Appendix VI. Although the 

values given in these tables are typical values, remember that acidity and basicity are 

affected by alkyl substitution, polar effects, and resonance effects. The acid-base properties 

of organic compounds are important not only in predicting many of their chemical 

properties, but also in their industrial and medicinal applications. 

Quaternary Ammonium Salts 
o.Wle obo 010.0. 6.010. 46 6.000 0 00.0 6 0.010,0.0101010 5565.05.00 0.0.0'01010/616.6.0/0.6 6.9 06,0 0.0 0.00 01016.0.0. 6.6 0:000 6.0)00e\e/0i6\s10 6 0.0.0,5.06)0 ee eeeseceeeceeeeseceeee eros enieseesees 

Closely related to ammonium salts are compounds in which all four hydrogens of *NH, 

are replaced by alkyl or aryl groups. Such compounds are called quaternary ammonium 

salts. The following compounds are examples: 

(CH;),N* Cl- PhNEt, Br~ 
tetramethylammonium chloride N,N,N-triethylanilinium bromide 

CH, 

PhCH)N(CH;), “OH ea aN eee oF 
benzyltrimethylammonium hydroxide GH: 

(Triton B) & ; 

“benzalkonium chloride” 
a cationic surfactant (Sec. 20.5) 
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Like the corresponding ammonium ions, quaternary ammonium salts are fully ionic 

compounds. Many quaternary ammonium salts containing large organic groups are solu- 

ble in nonaqueous solvents. Triton B, for example, is used as a source of hydroxide ion 

that is soluble in organic solvents. Benzalkonium chloride, a common antiseptic, acts as 
a surfactant in water (Sec. 20.5) and is also soluble in several organic solvents. The 

quaternary ammonium ions in such compounds can be conceptualized as “positive 

charges surrounded by greasy groups.” 

a = 23.12 Draw a structure of each of the following quaternary ammonium salts. 

ee PROBLEMS 2 *(a) tetraethylammonium fluoride 

< (b) dibenzyldimethylammonium bromide 

*23.13. Explain why compound A can be isolated in optically active form, but compound 
B cannot. 

Toe ie 

PhCH N —©re Ce Bacar Fades! Gis 

CH,CH.CH; H 

The previous section showed that amines are Bronsted bases. Amines, like many other 
Bronsted bases, are also nucleophiles (Lewis bases). Three reactions of nucleophiles are: 

1. Sy2 reaction with alkyl halides, sulfonate esters, or epoxides (Secs. 9.1, 9.4, 
LOS eA ) 

2. Addition to aldehydes, ketones, and a,B-unsaturated carbonyl compounds 
(Secs 197519. 119) 7 8A) 

3. Nucleophilic acyl substitution at the carbonyl groups of carboxylic acid 
derivatives (Sec. 21.8) 

This section covers or reviews reactions of amines that fit into each of these categories. 

A. Direct Alkylation of Amines 
PSE SES SOSin Oleic eel ees ssa ose siaLeieteieie s:$] 6/8\e)nln(e) ste] Fin; e.u(0i6)6:0°s\e)pialolele ein Ole, e's aim |e {¥I¥)si8] e670. wlele1s(o[n e{uimiaplalvieidie’o%e.e\¢ eleinieieleioin bin claret nels crema civics ctete 

Treatment of ammonia or an amine with an alkyl halide or other alkylating agent results 
in alkylation of the nitrogen. 

any 
RNe 4 CHE > R,N—CH, IS (23.14) 

This process is an example of an Sy2 reaction in which the amine acts as the nucleophile. 
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The product of the reaction shown in Eq. 23.14 is an alkylammonium ion. If this 

ammonium ion has N—H bonds, further alklylations can take place to give a complex 

product mixture, as in the following example: 

+ + + + 
Nile GH la CH NET (CH, )sNHLil> -— (CH, NH le 4(CHa),N@ lanesi5) 

A mixture of products is formed because the methylammonium ion produced initially 

is partially deprotonated by the ammonia starting material. Because the resulting methyl- 

amine is also a good nucleophile, it too reacts with methyl iodide. 

oe + 

NH, Pcu, £1 ——> H,N-—'CH, 17 (23.16a) 

ie haa is = + = A 

NH; +eH——NH, — CH; 15 === NH, 1, +-H,N— CH, (23.16b) 

ee fis al m 

CH, i NH, SF CH, ie I a (CH3),NH> I (23.16c) 

Analogous deprotonation-alkylation reactions give the other products of the mixture 

shown in Eq. 23.15 (See Problem 23.18). 

Epoxides, as well as a,8-unsaturated carbonyl compounds and a,fB-unsaturated 

nitriles, also react with amines and ammonia. As the following results show, multiple 

alkylation can occur with these alkylating agents as well. 

O 

/-Bu—NH, + H,C—CH, —2°> ¢Bu—NH—CH,CH,—OH + ¢+Bu—N(CH,CH,OH), (23.17) 

NH; (excess) + CH,==CH—CN — H,N—CH,CH,CN + HN(CH;CH,CN)> (23.18) 

(32% yield) (57% yield) 

In an alkylation reaction, the exact amount of each product obtained depends on 

the precise reaction conditions and on the relative amounts of starting amine and alkyl 

halide. Because a mixture of products results, the utility of alkylation as a preparative 

method for amines is limited, although in specific cases, conditions have been worked 

out to favor particular products. Sec. 23.11 discusses other methods that are more useful 

for the preparation of amines. 

Quaternization of Amines Amines can be converted into quaternary ammonium 
salts with excess alkyl halide under forcing conditions. This process, called quaternization, 

is one of the most important synthetic applications of amine alkylation. The reaction is 

particularly useful when especially reactive alkyl halides, such as methyl iodide or benzylic 

halides, are used. 

+ EtOH ne - 
PhCH,NMe, + Mel ==> PhCH,NMe; I (23.19) 

benzyldimethylamine benzyltrimethylammonium 
: iodide 

(94-99% yield) 
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CH: (CHS )isNMe. 4) PRCHy— cl = 20 SON cl (23.20) 

N,N-dimethyl-1- benzyl chloride CH,Ph 
hexadecanamine 

benzylhexadecyldimethyl- 
ammonium chloride 

+ 

CH;CHNHMe + Mel (excess) a CH;CHNMe;1I-+ HI 3.21) 

C,Hs C,Hs 

sec-butylmethylamine sec-butyltrimethyl- 
ammonium iodide 

Conversion of an amine into a quaternary ammonium salt with excess methyl iodide (as 

in Eq. 23.21) is called exhaustive methylation. 

B. Reductive Amination 

When primary and secondary amines react with either aldehydes or ketones, they form 
imines and enamines, respectively (Sec. 19.11). In the presence of a reducing agent, imines 
and enamines are reduced to amines. 

O NEt NH—Et 

| —H,O ! sil LBA | EtNH, + CH;—C—CH, ——22, |cH,—C—cH, Fees stats Gh, pcb 
EtOH 

an imine 

(not isolated) 

Reduction of the CN double bond is analogous to reduction of the C=O double 
bond (Sec. 19.8). Notice that the imine or enamine does not have to be isolated, but is 
reduced within the reaction mixture as it forms. Because imines and enamines are reduced 
much more rapidly than carbonyl compounds, reduction of the carbonyl compound is 
not a competing reaction. 

The formation of an amine from the reaction of an aldehyde or ketone with another 
amine and a reducing agent is called reductive amination. Sodium borohydride, NaBH,, 
and a related compound, sodium cyanoborohydride, NaBH;CN, find frequent use as 
reducing agents in reductive amination. 

PhCH=O + Ph—NH, Sate PhGRG==NH= Ph (23.23) 
(83% yield) 

O Me—N—Me 

oe MeN yo cEicecN™ (23.24) 

dimethylamine 

cyclohexanone N,N-dimethylcyclohexanamine 
(52% yield) 
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(Sodium cyanoborohydride is supplied as an easily handled, commercially available pow- 

der that is stable even in aqueous solution at pH values above 3.) 

In the following synthesis, the secondary amine benzylethylamine is reductively 

aminated with formaldehyde. 

CH; 

NaBH,CN 
7 a Et—NH—CH,Ph + H,C=O Et—N—CH,Ph (23.25) 

benzylethylamine formaldehyde benzylethylmethylamine 

Neither an imine nor an enamine can be an intermediate in this reaction (why?). In this 

case a small amount of a cationic intermediate, an imminium ion, is formed in solution 

by ionization of the carbinolamine intermediate. The imminium ion is rapidly and irre- 

versibly reduced. 

A 
ores 

EtNHCH,Ph + CH,=O = EtNCH,Ph a 

KOE Ca CHg 

m ! NaBH,CN | 
GOH a Et NC Pa Et —N— CH)Ph —Hp0 > ~=—«ECNCH>Ph — (23.26) 

an imminium ion 

As Eq. 23.26 and the following equation show, the reaction of an amine with an excess 

of formaldehyde is a useful way to introduce methyl groups to the level of a tertiary 

amine. 

NH, N(CH;), (23.27) 
LF + Hc—=o BON 

(84% yield) 

(Quaternization does not occur in this reaction; why?) 

Suppose you want to prepare a given amine and want to determine whether reductive 

amination would be a suitable preparative method. How do you determine the required 

starting materials? Adopt the usual strategy for analyzing a synthesis: start with the target 

molecule and mentally reverse the reductive amination process. Mentally break one of 

the C—N bonds and replace it on the nitrogen side with an N—H bond. On the carbon 

side, drop a hydrogen from the carbon and add a carbonyl oxygen. 

Re R? 

| \ 
Re Nee © oe RN C— + reducing agent (23.28) 

\ UA 
H O 

Ce Hadded  Oadded 

As this analysis shows, a hydrogen must be on the “disconnected” carbon. This process 

is applied in the following study problem. 



1132 Chapter 23 Chemistry of Amines 

FTE eee ee meee een a sean ease sees sees esse EEE HEHE EEE O HOHE HEHEHE HEHEHE HEHE HEHEHE HH HEHE HEHEHE E HEHE HEHEHE HERE E HEHE EERE HEHE HEHEHE HEHE 

Outline a preparation of N-ethyl-N-methylaniline from suitable starting materials using 

a reductive amination sequence. 

Cm. 
CH,CH, 

N-ethyl-N-methylaniline 

Solution Either the N-methyl or N-ethyl bond can be used for analysis. (The N-phenyl 

bond cannot be used because the carbon in the C—N bond has no hydrogen.) We 

arbitrarily choose the N—CH; bond and make the appropriate replacements to reveal 
the following starting materials: 

ea ee Cars 
CH,CH,; CH,CH, formaldehyde 

N-ethylaniline 

Thus, treatment of N-ethylaniline with formaldehyde and NaBH;CN should give the 
desired amine. 

cine iRia\ei@\e(s)#\¢)a\6:0\ere 918) 6/2 ee, 0/6:-0/0\e/0}e)e)¥(0/¢;8)0\9)elale)steie\s) sia) 6{6\u\e/66;0:0\4)0/s (nip\6 016 ()8,6'6\e\618/6.9,61610.9,6/0/0\e\6 6 (5a le\d/a\a(e/aiaieie'e)6\e/p\elu/pie)u(ble1e'#-s'6:6\6:a\eib alee eie'w Wo) pibih clainie Gre old lajaiaalwe » a biNiele 6 e1iaisieinieis elateleiecieverr 

DR UUL ERO OOD COC CTUOOU. OG COTICUTI OCC UCUOC OCI OCU NOOO OOOCOCDOIOTOL OIC. OM OMOMOM COC OOCICT COOL ISMOD TOC OMnni aim racienaeticreOCaaor 

Recall that amines can be converted into amides by reaction with acid chlorides, anhy- 
drides, or esters (Sec. 21.8). 

O O 

| + 
R’—C—Cl + 2R,NH — > R’—C—NR, + R,NH, CI- (23.29) 

O O 
| + 

Ri —C—O-=—G=— R22 RNH 9 => =R’—==C= NR, HR™= = G07 + R,NH, (23.30) 

] O 

R’—C—OR” + R,NH —~> R’—C—NR, + R"OH (23.31) 

In this type of-reaction, a bond is formed between the amine and a carbonyl carbon. 
These are all examples of acylation: a reaction involving the transfer of an acyl group. 

Recall that the reaction of an amine with an acid chloride or an anhydride requires 
either two equivalents of the amine or one equilvalent of the amine and an additional 
equivalent of another base such as a tertiary amine or hydroxide ion. These and other 
aspects of amine acylation should be reviewed in Sec. 21.8. 
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*23.14 Suggest two syntheses of N-ethylcyclohexanamine by reductive amination. 

C3 
23.15 Outline a second synthesis of N-ethyl-N-methylaniline (the target molecule in 

Study Problem 23.3) by reductive amination. 

*23.16 Outline a synthesis of the quaternary ammonium salt (CH;);NCH,Ph Br” from 

each of the following combinations of starting materials. 

*(a) dimethylamine and any other reagents 

(b) benzylamine and any other reagents 

*23.17. A chemist Caleb J. Cookbook heated ammonia with bromobenzene expecting 

to form tetraphenylammonium bromide. Can Caleb expect this reaction to 

succeed? Explain. 

23.18 Continue the sequence of reactions in Eq. 23.16a—c to show how trimethyl- 

ammonium iodide is formed as one of the products in Eq. 23.15. 

23.19 Outline a preparation of each of the following from an amine and an acid 

chloride. 

*(a) N-phenylbenzamide (b) N-benzyl-N-ethylpropanamide 

D winibipippie|siele 6 o pielelsld ad 0.6 0.6\0'6 b.018161p 6(0/0 10.0 6.6 ©610'¢1016 8/6 .016\8,6(8\001610 p16 Dv 010/615 6 sl ule\s.v\n © 016.01010.0190)6\016|616| 010.6 6.6 0.01010 0:0:0)018/6181 6/00 0/0. 0:9'6 9010/0 01¢/6)0/e)e\u1018/8|0/0 0/016 06 |0\4/010/e 0/8) e18)0 0/6 '0\¥\wieis\sis\= #s/e\e\s/n\/n 0) 

Hofmann Elimination of 

Quaternary Ammonium Hydroxides 
RRRIIIIIIIINISOIOIIOICIOICIOIIOIIDIIOIDIOIOIOIOOIOOIOIOUIOOIOIGIIUICIIOOOOCIIOOOO OOOO COOOOO OOOO OOOO OOOO OOOO OG ta 

The previous section discussed ways to make carbon-nitrogen bonds. In these reactions, 

amines react as nucleophiles. The subject of this section is an elimination reaction used 

to break carbon-nitrogen bonds. In this reaction, which involves quaternary ammonium 

hydroxides (RsN* ~OH) as starting materials, amines act as leaving groups. 

When a quaternary ammonium hydroxide is heated, a B-elimination reaction takes 

place to give an alkene, which distills from the reaction mixture. 

+ 

CH, — NMe; tent ts 

oe a (ect, sp Jnl==Ollel sr NMe; (23.32) 

H SO 
trimethylamine 

a quaternary ammonium methylenecyclohexane 
hydroxide (74% yield) 

This type of elimination reaction is called a Hofmann elimination, after August Wilhelm 

Hofmann (1818-1895), a German chemist who became professor at the Royal College 

of Chemistry in London. Hofmann was particularly noted for his work on amines. 

A quaternary ammonium hydroxide used as the starting material in Hofmann elimi- 

nations is formed by treating a quaternary ammonium salt with silver hydroxide (AgOH), 

which, in turn, is formed from water and silver oxide (Ag)O). 
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ote 

Thus, alkenes can be formed from amines by a three-step process: exhaustive methyl- 
ation (see Eq. 23.21), conversion of the ammonium salt to the hydroxide (Eq. 23.33), 

and Hofmann elimination (Eq. 23.32). 

The Hofmann elimination is conceptually analogous to the E2 reaction of alkyl 

halides (Sec. 9.5), in which a proton and a halide ion are eliminated; in the Hofmann 

elimination, a proton and a tertiary amine are eliminated. Because the amine leaving 

group is very basic, and therefore a relatively poor leaving group, the conditions of the 
Hofmann elimination are typically harsh. 

Like the analogous E2 reaction of alkyl halides, the Hofmann elimination generally 
occurs as an anti elimination (Sec. 9.5D). 

I 10 oS: 

| HO—H ee . 

PCa © Eek *C=C* (23.34) 
yi \ a~ N 

Gye, NMe; 

WUT CI OC OMT AOTC. OCR OOO OOO COCO OOO. COCA COC OT UO CD UOUO COC OO ORCC OCOOC OOOO O UOC CTO COOCICTO OOO COCIOOIOO SOOO OOO COO OOOO RCOCOUDOUOORCOC COO AAO OCASEICAANOCOOANDAANr 

23.20 What product (including stereochemistry) is expected from the Hofmann elimi- 
nation of each of the following stereoisomers? Assume the stereochemistry of 
the elimination is anti. 

*(a) Ph (b) Ph 

- PROBLEM — 

+ 
H NMe; ~OH H NMe; ~OH 

CH, H;C H 

iis akin comacco aiahcican agin mani cicde Bseieln.ellele ei eleialeisleleie[6)9i6ie {e;6)e eie'elae)Wiuin\a/ele\¥je\e/¥/e 9) eielelejeloieiejalela sie (eie\e o'elola.« s|s\ejein[o(e[o/S[o[6\e,e°nisiarle(blelere ele\ele\e’e)uipia(ele'e,eieieicielelevelele'e)slaisie istal asians eiielevcleieietoietaeteee 

Despite their similarities, the elimination reactions of alkyl halides and those of 
quaternary ammonium salts show distinct differences in regiochemistry, that is, in the 
position of the double bond in the product. Recall that E2 elimination of most alkyl 
halides gives a predominance of the alkene with the greatest amount of branching at the 
double bond (Sec. 9.5E). Thus, E2 elimination from 2-bromobutane promoted by sodium 
ethoxide gives mostly 2-butene. 

GHP MOft+ CH;CH=CHCH, + CH;CH,;CH=CH, + CH;CH,CHCH, (3.35) 
(81% of alkene formed; (19% of alkene formed) | 

Br mostly trans) OEt 

In contrast, Hofmann elimination of the corresponding trimethylammonium salt gives 
mostly 1-butene. 
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(95%) (5%; cis and trans) 

*NMe,; ~OH 

In general, elimination of a trialkylammonium hydroxide occurs so that the base abstracts 

a proton from the B-carbon with the least branching. 

-:0OH B-carbon with one B-branch 
We Hy; H 

sodas | 
CH,“-CH—CH— CH, —» CH,—CH—CH,—CH, +H,O +:NMe, (2337) 

A 

Gnte 

B-carbon; f-branch 
no B-branch 

(abstraction occurs here) 

A reasonable explanation for the regiochemistry of the Hofmann elimination comes 

from examination of the possible transition states for the reaction. Taking the elimination 

shown in Eq. 23.36 as an example, first consider the possible conformations of the 

transition state for elimination at the C2-C3 bond—the reaction that gives the minor 

product. 

oe GE 

H CH, H 

H3C ads! H3C H H3C ls (23.38) 

NMe3\ NMe; pee 
ae NS O a fe = + 

severe van der Waals us severe van der Waals 
repulsion not an anti elimination repulsion 

A B € 

An energetically unfavorable feature can be found in each of these transition-state confor- 

mations. Although transition states A and C are anti eliminations, they contain severe 

van der Waals repulsions because of the gauche relationship of the trimethylammonium 

group and the methyl group. (A trimethylammonium group is about the same size as a 

tert-butyl group.) Although transition state B avoids the gauche relationship between the 

trimethylammonium group and the methyl group, it is not an anti elimination. Thus no 

transition state for elimination across the C2-C3 bond incorporates both anti elimination 

and the absence of significant van der Waals repulsions. The relatively higher energy of 

these transition states causes the corresponding reactions to be relatively slow. In contrast, 

because elimination at the Cl-C2 bond—Hofmann elimination—can occur with anti 

stereochemistry and without severe van der Waals repulsions, this reaction is faster, and 

is therefore the major one observed. 
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carbon-1 H ) .CH,CH3; 

H H 

Cue, carbon-3 

In the case of elimination from 2-bromobutane (Eq. 23.35), the transition states for 

anti elimination require a gauche relationship of a methyl and a bromine. (A bromine is 

about the same size as a methyl group.) The resulting van der Waals repulsions are 

relatively modest—about like those in gauche-butane—and not great enough to offset 

the energetic advantage of forming the more stable alkene. Consequently, anti elimination 

occurs to give mostly the more stable butene isomer. 

Especially acidic B-hydrogens tend to be eliminated even if they are on a more highly 

branched carbon. Recall that the elimination of acidic hydrogens is also observed in other 
elimination reactions (Sec. 17.3B). In the following example, a hydrogen on the carbon 
adjacent to the phenyl group is eliminated because it is more acidic than a methyl 
hydrogen. 

more acidic B-hydrogens 

| fe 

Pi— Ci se eae less acidic B-hydrogens 

~OH Me Me 

| heat 

PhCH=CH, + EtNMe, + H,O 
(>99% of alkene 

formed; 93% yield) 

(23.39) 

Hydrogens on carbons adjacent to carbonyl groups, which are also unusually acidic (Sec. 
22.1A) are also preferentially abstracted in the Hofmann elimination (see Problem 23.21b). 

The Hofmann elimination in conjunction with exhaustive methylation played a 
particularly important role in determining the structures of amine-containing natural 
products in the older literature (Problem 23.23). 

ORVODE OSU DOR DDO UCR CORO IS RU CIIOCOOUOO COO CTOOUCOOUCOCO UR ODO UOC OO LTOCTOOO CCU OOCOCT DAOUD CONNEC Cionarreric lee OOIUIIOT TE TLICTIODDUCOUCOOOO DOC OO OOUIGO NO OOUO MOOR TUDOOOBTDOMROCOTASO IGA 

Predict the predominant alkene formed when each of the following quaternary 
ammonium hydroxides is heated. 

(a) (b) O Ph 
Sa 

nO 

Pe 

H3C NMe; 

Nt nOH 
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23.22 Give the structures of three alkenes that could in principle form when the 

following compound is heated. Rank these products in order of the relative 

amounts produced, greatest first. 

C,Hs 
aL 

H3C NMe; -OH 

*23.23.  Coniine is the toxic component of hemlock, the poisonous plant believed to 

have killed Socrates. Coniine is a secondary amine containing a piperidine ring. 

Exhaustive methylation of coniine yields a salt that, when treated with Ag,O, 

then heat, gives a mixture of alkenes from which a compound A (C,oH2,N) is 

isolated. Exhaustive methylation of A and treatment with Ag,O and heat give a 

mixture of 1,4-octadiene and 1,5-octadiene. Propose a structure for coniine. 

o)ale|6ja}e.01e,6\0 010) 0160 \010{0'6/0. 00161600101 0,0. 0 0.0.6]4:6:5/ 01619 0/0) 018 0)8(6)0 (66 6.0 [0.0.6.0/0.6,0 0:4101010)0.10)010)0|0:0:6:0.0 0.0.0.8 ;n/n\n)n\nis)e(n i610 \a)6(0]60,016'0 0,0)0)0,0(0 010)0.0)4(@ 810,010) 0:0 10/0) 0,6)8 (0,016, 4:0/6)0.6'0/410 0 010 016/00 CFCC TCO COR CCS aee Dances 

Aromatic Substitution Reactions of Aniline Derivatives 

Aromatic amines can undergo electrophilic aromatic substitution reactions on the aromatic 

ring (Sec. 16.4). The amino group is one of the most powerful ortho, para-directing 

groups in electrophilic substitution. If the conditions of the reaction are not too acidic, 

aniline and its derivatives undergo rapid ring substitution. For example, aniline, like 

phenol, brominates three times under mild conditions. 

NH, NH, 

Br Br 

SF Se) === se Dlelleye (23.40) 

Br 

The conditions of most aromatic substitution reactions involve strong Bronsted or 

Lewis acids. For example, under the strongly acidic conditions of nitration, the amino 

group is protonated, and a significant amount of m-nitroaniline is formed. 

NH, NH, 

HNO 

A H>SOq, ena + O} (+2% o-isomer) (23.41) 

NO, 

NO, 

(51%) (47%) 

(95% yield) 

A protonated amino group does not have the unshared electron pair on nitrogen that 

gives rise through resonance to the activating, ortho, para-directing effect of the free 

amino group. Ammonium salts are largely meta-directing groups. In view of the meta- 

directing effect of ammonium groups, it is perhaps somewhat surprising that a significant 
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STuDY GUIDE LINK: 

v 23.2 

Nitration of Aniline 

23.4 

Ate eee nneaeeeeeeee 

Chemistry of Amines 

amount of para isomer is formed in the nitration of Eq. 23.41. It is likely that the 

p-nitroaniline product arises by nitration of the minuscule amount of highly reactive 

unprotonated aniline in the reaction mixture. As the unprotonated aniline reacts, it is 

replenished, by LeChatelier’s principle. 

Aniline can be nitrated regioselectively at the para position if the nitrogen is first 

protected from protonation. (The general idea of a protecting group was introduced in 

Sec. 19.10B.) This strategy is used in the solution to the following study problem. 

eee meee eee ee ee eee eee nee eee ees eee EEE HEE HEE EE EEE SESE ESSE EEEE HESS EEEEEEE HEHE EEE HEEE HEHE EEEEEEEE EE EEE ESES EE EEE EES 

Outline a preparation of p-nitroaniline from aniline and any other reagents. 

Solution An amide group is much less basic than an amino group. Hence, acylation of 

the amino group of aniline with acetyl chloride to give N-phenylacetamide (acetanilide) 

will protect the nitrogen from protonation. The acetamido group, although much less 

activating than a free amino group, is nevertheless an activating, ortho, para-directing 

group in aromatic substitution (Table 16.2). Following nitration of acetanilide, the acetyl 

group is removed to give p-nitroaniline, the target compound. 

O O 

, | | 
NH, Che GN ET (Csk——C Inia 

HNO; 

H2SOg, 20° 

aniline PEO On acetanilide NO, 
of nitrogen 

p-nitroacetanilide 

NH, 

O 

H,0, OH £ | 
SSS Bet Ove bya US fant Oe 

removal of 

protecting group NO, 

p-nitroaniline (23.42) 

Because the acetamido group is considerably less basic than an amino group, it is only 
partially protonated under the acidic reaction conditions of nitration. Because the acet- 
amido group is less activating than a free amino group (why?), nitration occurs only 
once. 

CUOOGIUUCIUO OOOO OOOO OOO OOMIOOOOOOOOOOOOOOOECCT rrr SUPiAheec'*: Git a)*- Oi Ain) ine a\e\pieiais)s\e;4jeleinjele!e|= sium) aly] ¢l¢ieiale(b/6\s\e,0\e1e/ei¢ibjn\a(a\6in\elulele/s(ateiaieleersisis\elelate’sye\eieinisieverereite 

Outline a preparation of sulfanilamide, a sulfa drug, from aniline and any other 
reagents. (Hint: See Sec. 20.9A, Eq. 20.27; also note that sulfonyl chlorides react 
with amines to form amides in much the same manner as carboxylic acid 
chlorides.) 
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sulfanilamide 

23.25 Outline a preparation of each of the following compounds from aniline and any 

other reagents. 

*(a) 2,4-dinitroaniline 

(b) sulfathiazole, a sulfa drug. (Hint: 2-Aminothiazole is a readily available 

amine.) 

Stupy GuIDE LINK: 

23.3 

Mechanism of 
Diazotization 

A. Formation and Substitution 

Reactions of Diazonium Salts 
BE CII CODA CODD DIOCIINICIFIO TOO COOLIO COEILIENICRICUGEOICUDDD UO UCTOUCCOOOCOMODDM OT CROC OOOO OTM MCT UCC CM SMC ie ICIS ICT ICS as 

The reactions considered in previous sections show that the chemistry of the amino group 

vaguely resembles that of the hydroxy group. Thus, amino groups, like hydroxy groups, 

can both donate and accept hydrogen bonds. Amino groups, like hydroxy groups, are 

basic and nucleophilic (only more so). Amino groups, like hydroxy groups (with suitable 

activation), can serve as leaving groups. And amino groups, like hydroxy groups, activate 

aromatic rings toward electrophilic aromatic substitution. 

In contrast, when it comes to oxidation reactions, there is no parallel between amines 

and alcohols or phenols. Oxidation of amines generally occurs at the amino nitrogen, 

whereas oxidation of alcohols and phenols occurs at the a-carbon. An important oxidation 

reaction of amines that illustrates this point is called diazotization: the reaction of primary 

amines with nitrous acid (HNO,) to form diazonium salts. A diazonium salt is 

a compound of the form R—N=N: X~, in which X~ is a typical anion (chloride, 

bromide, sulfate, etc.). Because nitrous acid is unstable, it is usually generated as needed 

by the reaction of sodium nitrite (NaNO,) with a strong acid such as HCl or H3SOx. 

Both aliphatic and aromatic primary amines are readily diazotized: 

Sasleress re esestee pers (23.43) 

NH, N=N: Cl” 
+ 

2-butanamine 2-butanediazonium chloride 
(sec-butylamine) - (an aliphatic diazonium salt) 

unstable; cannot be isolated 
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; + 
Ph— NH, eee Ph—N=N: Cl7 (23.44) 

aniline benzenediazonium chloride 
(an aromatic diazonium salt) 

can be isolated 

Notice that diazonium salts incorporate one of the very best leaving groups—molecu- 

lar nitrogen (color in Eq. 23.43). For this reason, aliphatic diazonium salts react immedi- 

ately as they are formed by Syl, El, and/or Sy2 mechanisms to give substitution and 
elimination products along with nitrogen gas. 

| CH;CHCH,CH; i 
NO> ”) a . = . CH3CHCH,CH, —““G2BSO._, Cl a [cH.CHCH.CH, | + :N=N:f 

‘ N==N: nitrogen gas | . gen g NH, 

1aill 

H,0+ + CH;CHCH,CH, + CH,=CHCH,CH; + CH;CH=CHCH; 
| (9% of product) (31% of product; 
OH 10% cis and 21% trans) 

(60% of product) (23.45) 

(The rapid liberation of nitrogen gas on treatment with nitrous acid is a qualitative test 
for primary alkylamines.) Because of the complex mixture of products that results, the 
reactions of aliphatic diazonium salts are not generally useful in organic synthesis. 

Recall that benzene rings bearing good leaving groups do not readily undergo Sy1 
or Sx2 reactions (Secs. 18.1, 18.3). For this reason, aromatic diazonium salts may be 
isolated and used in a variety of reactions. In practice, though, they are usually prepared 
in solution at 0-5 °C and used without isolation, because they lose nitrogen on heating 
and they are explosive in the dry state. 

Among the most important reactions of aryldiazonium salts are substitution reactions 
with cuprous halides; in these reactions the diazonium group is replaced by a halogen. 

uct \—nn, aN nc{ \—Sew: q- ad, 

p-methylaniline p-methylbenzene- 
(p-toluidine) diazonium chloride 

net \- Cl +N, (23.46) 

p-chlorotoluene 
(70-71% yield) 



NH, 
OCH; 

2-methoxyaniline 

NaNO) CuBr 
oe > 
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Nt Br7 Br 

OCH, OCH; 

Br + Ny (23.47) 

1-bromo-2-methoxybenzene 
(o-bromoanisole) 
(88-93% yield) 

An analogous reaction occurs with cuprous cyanide, CuCN. 

+ KY 

nc \-%, Gla nan nel Voy (23.48) 

4-methylbenzonitrile 
(67% yield) 

This reaction is another way of forming a carbon-carbon bond, in this case to an aromatic 

ring (see Appendix V). The resulting nitrile can be converted by hydrolysis into a carbox- 

ylic acid, which can, in turn, serve as the starting material for a variety of other types of 

compounds. The reaction of an aryldiazonium ion with a cuprous salt is called the 

Sandmeyer reaction. This reaction is an important method for the synthesis of aryl 

halides and nitriles. 

Aryl iodides can also be made by the reaction of diazonium salts with the potassium 

salt KI. 

Nz Cl I 

a +N, + KCl (74-76% yield) (23.49) 

Notice that the analogous reactions with KBr and KCl do not work; cuprous salts are 

required. 

Aryldiazonium salts can be hydrolyzed to phenols by heating them in water. A 

relatively recent variation of this reaction reminiscent of the Sandmeyer reaction is the 

use of cuprous oxide (Cu,O) and an excess of aqueous cupric nitrate [Cu(NQO3).] at 

room temperature. 

] 1, ( ), Cu,0, 

NaNO, + 2 excess Cu(NO3;)> 
mw, Teen a \, Cl > 

p-bromoaniline 

wl \-on + N> (23.50) 

p-bromophenol 
(95% yield) 
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Br 

Br 

2,4,6-tribromoaniline 

Chemistry of Amines 

Finally, the diazonium group is replaced by hydrogen when the diazonium salt is 

treated with hypophosphorous acid, H;PO). 

Ne Cle H 

Br Br Br Br 

NaNO» 50% H3PO> au N> au H,PO, aiid HCl 

HCl H,O 

Br Br 

2,4,6-benzenediazonium 1,3,5-tribromobenzene 
chloride (70% yield) (23.51) 

Notice that 1,3,5-tribromobenzene, the product of Eq. 23.51, cannot be prepared by the 

direct bromination of benzene (why?). Recall that the starting material, 2,4,6-tribromo- 

aniline, is prepared by the bromination of aniline (Eq. 23.40). In this bromination reaction, 

the positions of the bromines are determined by the powerful directing effect of the 

amino nitrogen. Once the amino group has fulfilled its role as an activating and directing 

group, it can be removed using the reaction in Eq. 23.51. 

The diazonium salt reactions shown in Eqs. 23.46—23.51 are all substitution reactions, 

but none are Sy2 or Syl reactions because aromatic rings do not undergo substitution 

by these mechanisms (Secs. 18.1, 18.3). It turns out that the Sandmeyer and related 

reactions occur by radical-like mechanisms mediated by the copper. The reaction of 

diazonium salts with KI (Eq. 23.49), although not involving copper, probably occurs by 

a similar mechanism. The reaction of diazonium salts with H;PO, (Eq. 23.51) has been 

shown definitively to be a free-radical chain reaction. 

POO USRDROCOOO DOO GOOO OOOO OCOUOUCUOODO OUD ODO COC OO CC COO OUOE OOO OOCOODODOC OOUDODO COO OO OCSUCOO OOO COCIDOM CO UOONC COU SOO COOO ONO GODUODORODQOOTOOOOOT GSAnObOob GOLA 

Pte cas 

- PROBLEMS 
Le 

GEE PE, 

pe 
al Sie ees 

ae Cal 

23.26 Outline a synthesis for each of the following compounds from the indicated 
starting materials using a reaction sequence involving a diazonium salt. 

*(a) 2-bromobenzoic acid from o-toluidine 

(b) 2,4,6-tribromobenzoic acid from aniline 

*23.27 When (R)-1-deuterio-1-butanamine (structure below) is diazotized with nitrous 
acid in water, the alcohol product formed has the S$ configuration. (D = 2H, 
the isotope of hydrogen with atomic mass = 2.) 

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

(R)-1-deuterio-1-butanamine 
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(a) Give the stereochemical configuration of the diazonium ion formed as an 

intermediate in this reaction. Draw its structure. 

(b) What mechanism for reaction of the diazonium ion with water is consistent 

with the stereochemical result in the equation above? 

Peer rere rere reer reer eee e sees eee eee e sees EEF HEHEHE HEHEHE ESESHESES ESSE TOSS SEHESEEESEEESEEESE SHEE HEE H HEHEHE ESESSESEEEE EEE HESESEH HEHE SERS SEEEEEEEH EHH SSEEEEEES ES 

Cece e cece cece cece ee eee eee eee reese eee eee ees EE SEES SSDS OEE E ESOS EEHESEH ESE SHEE EEEEEEESSEEEEEEEOESESEHESEESES ETERS TEEESESEES 

Aryldiazonium ions react with aromatic compounds containing strongly activating sub- 

stituent groups, such as amines and phenols, to give substituted azobenzenes. (Azobenzene 

itself is Ph— N=N— Ph.) 

H3C aye N 
\ é \ iy 
N +:N=N —_ N N => IRI) (23.52) 

7. Gla ii 
H3C He¢ 

butter yellow 
(an azobenzene) 

This is an electrophilic aromatic substitution reaction in which the terminal nitrogen of the 

diazonium ion is the electrophile. The mechanism follows the usual pattern of electrophilic 

aromatic substitution (Sec. 16.4B). First, the electrophile is attacked by the a electrons 

of the aromatic compound to give a resonance-stabilized carbocation: 

HE 

es H Wits < on 
i, G / as eta 

H5C 
Gle 

HC, 
+ He =: other N = 
NX _ Kye ™~ph structures cl (23.53a) 

re x 

This carbocation then loses a proton to give the substitution product. 

H3C yikes HC 

(Why does substitution occur at the para position? See Sec. 16.5A.) 

The azobenzene derivatives formed in these reactions have extensive conjugated 

q-electron systems, and most of them are colored (Sec. 15.2C). Some of these compounds 

are used as dyes and indicators; as a class they are known as azo dyes. (An azo dye is a 

colored derivative of azobenzene.) For example, the azo dye methyl orange is a well- 

known acid-base indicator. 
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H es 
ood NMe, 

methyl orange (yellow) 
an azo dye 

protonated methyl orange (red) 
pK, = 3.5 (23.54) 

Because methyl orange changes color when it protonates, it can be used as an acid-based 

indicator at pH values near its pK, of 3.5. Some azo dyes are used in dyeing fabrics, 

foodstuffs, and cosmetics. For example, FD & C #6 (FD & C = food, drug, and cosmetic) 

is a yellow compound used to color gelatin desserts, ice cream, beverages, candy, and so 
on. 

Nae Onc 

26 NK 505 Nat ED &C#6 (yellow) 

C. Reactions of Secondary and 

Tertiary Amines with Nitrous Acid 

Secondary amines react with nitrous acid to give N-nitrosoamines, compounds of the 
form R,N—N=O, usually called simply nitrosamines. 

Me,NH + HNO, —»> Me,.N—N=O + H,O (23.55) 

N,N-dimethyl- 
nitrosamine 

(89-90% yield) 

Ph—NH=— CH, —_ Po N GH. (23.56) 

No 

N-methyl-N-nitrosoaniline 
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NITROSAMINES AND CANCER 

The fact that many nitrosamines are known to be potent carcinogens has 

created a conflict over the use of sodium nitrite (NaNO) as a meat preserva- 

tive. The meat-packing industry has argued that sodium nitrite is important 

in preventing the botulism that results from meat spoilage. But because 

sodium nitrite is, in combination with acid, a diazotizing reagent, it has the 

capacity for producing nitrosamines. For example, the frying of bacon gener- 

ates nitrosamines that concentrate in the fat. (Well-drained bacon contains 

fewer nitrosamines, and nitrosamines are destroyed by ascorbic acid (vitamin 

C), which is present in fruit and vegetable juices. Perhaps this is a good reason 

for drinking orange juice when having bacon for breakfast!) The potential 

hazards of sodium nitrite led to a long campaign by consumer groups to have 

it banned as a meat preservative; the campaign was fought by the meat- 

packing industry. Then researchers found that nitrite is produced by the 

bacteria in the normal human intestine. It became questionable whether the 

risk from nitrite in meat is any greater than the risk faced all along from normal 

intestinal flora. These findings caused the Food and Drug Administration in 

1980 to back away from banning sodium nitrite as a preservative, recommend- 

ing only that it be kept to a minimum. Here again (see Sec. 8.8B) is a situation 

in which risk (risk of cancer from nitrosamines) is weighed against benefit 

(ability to preserve foods; freedom from toxic effects of food spoilage) over 

which reasonable persons may differ. 

The nitrogen of tertiary amines does not react under the strongly acidic conditions 

used in diazotization reactions. However, N,N-disubstituted aromatic amines undergo 

electrophilic aromatic substitution on the benzene ring. The electrophile is the nitrosyl 

cation, *N=O, which is generated from nitrous acid under acidic conditions. 

CH; CH; 

/ ie 
“ tT HNO> HCl N—N==0O Cl" 

| 
(Chak; CH, 

| (23:57) 

i 3 

©O==N NH Gle N,N-dimethyl-4-nitrosoanilinium chloride 
K (89-90% yield) 
CH, 

Miacolw aie w alaie 0 o1ole bine lale’s\o\elsle/diaieleia.sielo\6lalatela-6 diel oje(biqiuis(eie/4)o.e/n\n\eie\e e\@:oie'0'0\p\n)e/p]e\4)e.5w min/aininit\ni¥\#.0 8:8 010/610 /6\ 4/610 @ 410,0\6)4 070 (0: BL¢ 0:6 B10 0[A\8) 616 .@:b 41019 \8/0(8]9[6 ©.4/0)0|8[0))¢/A(0) 60, 80/6) n 8a) o\nisia #/6) eis 9\vivi8iniaiu sie ani 

Po *23.28  Designa synthesis of methyl orange (Eq. 23.54) using aniline as the only aromatic 
es e.N 3 : 

- PROBLEMS | starting material. 

Sone “ee 
RANE 

23.29 What two compounds would react in a diazo coupling reaction to form FD & 

C dye #6? 
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23.30 *(a) Using the curved-arrow formalism, show how the nitrosyl cation, 

*N=O, is generated from HNO, under acidic conditions. 

(b) Give a curved-arrow mechanism for the electrophilic aromatic substitution 

reaction shown in Eq. 23.57. 

eee eee RHR EH TEETH HEHE HEHEHE EEE EEE E RHEE EEE H HEHEHE EEEHEH EEE EEEEEEEEEE HEH EESEEEEE EEE EEEEEEE EEE ESTES 

) 

eee ee eee eee eee eee eee meee eee e eee ee eH EEE EEE DEES ES ESET OEE EEEH EEE E HEHEHE HEHEHE HEHE OH EEEEEEE EHD EHEEEEEE OEE TEES 

Recall that direct alkylation of ammonia is generally not a good synthetic method for the 

preparation of amines because multiple alkylation takes place (Sec. 23.7A). This problem 

can be avoided by protecting the amine nitrogen so that it can react only once with 

alkylating reagents. One approach of this sort begins with the imide phthalimide. Because 

the pK, of phthalimide is about 9, its conjugate-base anion is easily formed with KOH 

or NaOH. This anion is a good nucleophile, and is alkylated by alkyl halides or sulfonate 
esters in Sy2 reactions. 

O O 

O O 

phthalimide 

O 

N— CH,CH,CH,CH, + Kt OTs 

O 

N-butylphthalimide (23.58a) 

The alkyl halides and sulfonates used in this reaction are primary or unbranched secondary 
(why?). Since the N-alkylated phthalimide formed in this reaction is really a double 
amide, it can be converted into the free amine by amide hydrolysis in either strong acid 
or base. 

C—O 
co Ee ee eee HB ee A ae J 
N— CH,CH,CH,CH; ar 2H,O Ot CH;CH,;CH,CH,NHs3 ibrar re 

C—QOH 
(®) 

butylammonium bromide 

N-butylphthalimide 
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In this example, acidic hydrolysis gives the ammonium salt, which can be converted into 

the free amine by neutralization with base. 

The alkylation of phthalimide anion followed by hydrolysis of the alkylated derivative 

to the primary amine is called the Gabriel synthesis. Notice that the nitrogen in phthali- 

mide has only one acidic hydrogen, and thus can be alkylated only once. Although 

N-alkylphthalimides also have a pair of unshared electrons on nitrogen, they do not 

alkylate further, because neutral imides are much less basic, and therefore less nucleophilic, 

than the phthalimide anion. Hence, multiple alkylation, which occurs in the direct alkyla- 

tion of ammonia, does not occur in the Gabriel synthesis. 

O © 

+ UR 
SINR ae IR== 3K Y> Ne X~ (does not occur) (23.59) 

alkyl halide R 

O 

B. Reduction of Nitro Compounds 

Nitro compounds can be reduced to amines under a variety of conditions. The nitro 

group is generally reduced easily by catalytic hydrogenation: 

NO, NH, 
H), Pd/C 

EtOH 

CH30 CH3;0 

OCH, OCH, 

(97% yield) (23.60) 

1,2-dimethoxy-4-nitrobenzene 3,4-dimethoxyaniline 

An older but effective method for reducing the nitro group is the reduction of 

aromatic nitro compounds to primary amines with finely divided metal powders and 

HCI; iron or tin powder is frequently used. 

Br Br 

Sn/HCl or a) el 
a 

NO; Fe/HCl 
Nie Sn- 7 or Peicalts aue@ece)) 

1-bromo-3-nitrobenzene m-bromoaniline 
(80% yield) 

In this reaction the nitro compound is reduced at nitrogen, and the metal, which is 

oxidized to a metal salt, is the reducing agent. Although the methods shown in both Eqs. 

23.60 and 23.61 also work with aliphatic nitro compounds, they are particularly important 

with aromatic nitro compounds as methods for introducing an amino group into an 

aromatic ring. 

In view of the utility of lithium aluminum hydride (LiAIH,) and sodium borohydride 

(NaBH,) as reducing agents for other compounds, it is reasonable to ask what happens 

when nitro compounds are treated with these reagents. Aromatic nitro compounds do 

react with LiAIH,, but the reduction products are azobenzenes (Sec. 23.10B), not amines: 
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LiAlH,4 H30+ N 23.62 

nitrobenzene 

azobenzene 

Nitro groups do not react at all with sodium borohydride under the usual conditions. 

NO, NO,=<—— unchanged 

= NaBH, 
CHO HOH CH,OH (23.63) 

m-nitrobenzaldehyde m-nitrobenzyl alcohol 

Hence, LiAIH, and NaBH, are not useful in forming aromatic amines from nitro 

compounds. 

BMG LG GILL OOOO OO CC COCCI O CC UCCOC OCC OCOOOOOOOG OOO S OI COC OOOO OC CCOOOOOOOOOOOOOOOOIOOOOOOOOOOOOIOOOOOCOOCOOTO COCCI 

23.31 Outline syntheses of the following compounds from the indicated starting 
materials. 

*(a) p-iodoanisole from phenol and any other reagents 

(b) m-bromoiodobenzene from nitrobenzene 

DOD OCCOOCCOCOOOUCOODCIOOOO ODOC UOC OOCCOOCCUCCCCOOCCOUCOUTOOOCOOCOCOOOCUDOD OOOO COCCI OC ICOOOCION OO UCOOUCUDULCCIOROOCOCOOOR OOOO OOOO COCANOGHOROOOOCOGOROOG 

DUUDUUCOSUOOOLOROOCUR URL ROCOGOLOUDULICOOCUUOU CIS ODUCUCUUCCUOUOT DUO DO TCM UCIGO OOOO DC ODOT ICUFOOOOCCICOOOOC ROCCO DCSOmTOOGCONOG 

A very useful synthesis of amines starts with a class of compounds called acyl azides. An 
acyl azide has the following general structure: 

azide group 

hear 1 oe + 

R=3CN NN. or R—C—N, an acyl azide (23.64) 
ye 

acyl group 

When an acyl azide is heated in an inert solvent such as benzene or toluene, it is 
transformed with loss of nitrogen into an isocyanate, a compound of the general structure 
R—N+=C=o0O. 

i 
CH3(CH >) ;) —C—N, a CH3(CH,),.>—N=C—=O ar N, (23.65) 

dodecanoyl azide undecyl isocyanate 
(81-86% yield) 

This reaction, called the Curtius rearrangement, is a concerted reaction that can be 
represented as follows: 
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.@ Ry 

ea . ' a 
— et — > O=C=N—R + :‘N=N: (23.66) 

Stupy GuipeE LINK: R — 
v 23.4 

Mechanism of the The isocyanate product of a Curtius rearrangement can be transformed into an 

Curtius amine by hydration in either acid or base. Hydration involves, first, addition of water 

po Ces at across the C=N bond to give a carbamic acid: 

O 

a sae ! 
H,O + R—=N=C=0 > R—NH—C—OH (23.67) 

an isocyanate a carbamic acid 

Carbamic acids are among those types of carboxylic acids that spontaneously decarboxyl- 

ate (see Eq. 20.43). Decarboxylation gives the amine, which is protonated under the acidic 

conditions of the reaction. The free amine is obtained by neutralization: 

i a ats = 

Roo NE == C=O ee eR Nie Ne a 
7a On 

Notice carefully the overall transformation that occurs as a result of the Curtius 

rearrangement followed by hydration: the carbonyl carbon of the acyl azide is removed 

as COm 

O O 

| ‘ 
R—C—N; > R-N=C=0 tO |R—NH—C—OH| —> RNH; + CO,1 

acyl azide isocyanate carbamic acid -OH (23.69) 

(unstable) 

iS RNH, + H,0 

Stupy GUIDE LINK: Pannees 

Vo 23.5 

Formation and 

Decarboxylation of 
Carbamic Acids 

R—N=C+=O 

(from Curtius 
rearrangement) 

An important use of the Curtius rearrangement is for the preparation of carbamic 

acid derivatives (see Sec. 21.1G). Such derivatives are produced by allowing the isocyanate 

products to react with nucleophiles other than water. Reaction of isocyanates with alcohols 

or phenols yields carbamate esters; and reaction with amines yields ureas. 

O 

R’OH 

(alcohol or 
Ro= Nii COR’ a carbamate ester 

phenol) 

H,O ; 
: CO) eR NA, an amine (23.70) 

O 

RNH2_ R—NH—C—NH—R’ aurea 
(amine) 
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How can we prepare the acyl azides used in the Curtius rearrangement? The key is to 

recognize that these compounds are carboxylic acid derivatives. The most straightforward 

preparation is the reaction of an acid chloride with sodium azide. 

O O 

Ph—CH,—C—C!] + NaN, —» Ph—CH,—C—N, + NaCl (23.71) 

a-phenylacetyl chloride a-phenylacetyl azide 
(an acyl azide) 

Another widely used method is to convert an ethy] ester into an acyl derivative of hydrazine 

(NH,—NH;) by aminolysis (Sec. 21.8C). The resulting amide, an acyl hydrazide, is 

then diazotized with nitrous acid to give the acyl azide. 

i i 
Ph—CH,—C—OEt + NH)NH, —“S#. ph—CH,—C—NHNH, —“2?: 

ethyl a-phenylacetate hydrazine a-phenylacetyl hydrazide oh! 
(an acyl hydrazide) 
(80—100% yield) 

O 

PhCH, —G—N- (23.72) 

a-phenylacetyl azide 

Notice the similarity of this diazotization to the diazotization of alkylamines: 
— 

R—CH,—NH, + HONO —» R—CH,—N=N: 

O OME O 

oe ee o- ene 
R—C—NH—NH, + HONO — > R—C—N—N=N: —» R—C N—N=N: (23.73) 

conjugate acid TOs 
of the acyl azide 

Because the conjugate acid of the acyl azide is quite acidic (why?), it loses a proton from 
the adjacent nitrogen to the give the neutral acyl azide. 

A reaction closely related to the Curtius rearrangement is the Hofmann rearrange- 
ment or Hofmann hypobromite reaction. The starting material for this reaction is a 
primary amide rather than an acyl azide. Treatment of an amide with bromine in base 
gives rise to a rearrangement. 

O 

! 
Bro ap ZIN@QUEL s= (CH; )3CCH,—C —NH, a 

3,3-dimethylbutanamide 

(CH3);CCH,—NH, + O=C=O + 2NaBr+H,O (23,74) 

2,2-dimethyl-1-propanamine 
(neopentylamine) 
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The first step in the mechanism of the Hofmann rearrangement is ionization of the 

amide N—H (Sec. 22.1A); the resulting anion is then brominated. 

O 
VA 

i —<— Seon + H,O0 (23.75a) 

Nf 26H Sie 
| “ | 
H H 

O 

Vi, Vi, 
ne —> R—C ae Bie (23.75b) 

NH NH — Br 
¥ an N-bromoamide 

Wide cae 

(This reaction is analogous to a-bromination of a ketone in base; Sec. 22.3B.) The N- 

bromoamide product is even more acidic than the amide starting material (why?), and 

it too ionizes. 

O 

b Bee. ae f 
eee cael “OH == rae + H,O (23.75c) 

Br Br 

The N-bromo anion does not brominate again, because it undergoes an even faster 

reaction: rearrangement to an isocyanate. 

70: 

| : 
ied 0 Lie a O=C=N—R +r :Bri- (23.75d) 

a an isocyanate 

Notice that the rearrangement steps of the Hofmann and Curtius reactions are conceptu- 

ally identical; the only difference is the leaving group. 

1 
Hofmann: CH Caine atts 

R~ NaS 

R—N+=>C=O0 (23.76) 

O 

| eae 
Curtius: pe ae pan 

Because the Hofmann rearrangement is carried out in aqueous base, the isocyanate 

cannot be isolated as it is in the Curtius rearrangement. It spontaneously hydrates to a 

carbamate ion, which then decarboxylates to the amine product under the strongly basic 

reaction conditions. — 
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O 

R—N=C=O + ~OH —» RNH—C—O ~~ RNH, a CO, 

isocyanate carbamate ion amine | -OH 
(23.77) 

HCO; 

bicarbonate ion 

Although the reaction of amines with CO) is reversible, formation of the amine in the 

Hofmann rearrangement is driven to completion by the reaction of hydroxide ion with 

CO, to form bicarbonate ion (or carbonate ion) under the strongly basic conditions of 

the reaction. 

An interesting and very useful aspect of both the Hofmann and Curtius 

rearrangements is that they take place with complete retention of stereochemical configura- 

tion in the migrating alkyl group: 

CH,)Ph CH,Ph 
| ? ) heat | 

2G ) H30+, H,0 

Ns SO Oo Hy / aCe Ie HY NH 
HAC He 

WIN 

(23.78) 

| 
O 

(S)-(+)-isomer (S)-(—)-isomer 

Hence, optically active carboxylic acid derivatives can be used to prepare optically active 

amines of known stereochemical configuration. 

The advantage of the Curtius rearrangement over the Hofmann rearrangement is 

that the Curtius reaction can be run under mild, neutral conditions, and the isocyanate 

can be isolated if desired. The disadvantage is that some acyl azides in the pure state can 

detonate without warning, and extreme caution is required in handling them. Amides, 

in contrast, are stable and easily handled organic compounds. 

BREAAAINAOOOOINIIIIOIIINOOOOOIOOIOOIODIOOIOOOIOIIOOIOIIOOOOOOOOIOOIOOOOIOOON OOOO OOCOICOOOOO CSCO IO OOOO CSCO nO OSG OOO OOOO OUOO OOOO UOC OOOO OOOO OOO OOOO Onur 

23.32 *(a) Could tert-butylamine be prepared by the Gabriel synthesis? If so, write out 

the synthesis. If not, explain why. 

(b) Propose a synthesis of tert-butylamine by another route. 

23.33 Write a curved-arrow mechanism for each of the following reactions. 

*(a) ethyl isocyanate (CH;,CH,— NCO) with ethanol to yield ethyl N- 

ethylcarbamate 

(b) ethyl isocyanate with ethylamine to yield N,N’-diethylurea. 

23.34 What product is formed when 2-methylpropanamide is subjected to the condi- 

tions of the Hofmann rearrangement *(a) in ethanol solvent? (b) in aqueous 
NaOH? 

*23.35 When hexanamide is subjected to the conditions of the Hofmann rearrangement, 

pentanamine (A) is obtained as expected. However, a significant by-product is 
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N,N'-dipentylurea (B). Explain the origin of B. (Hint: Neither pentyl isocyanate 

nor pentanamine has appreciable solubility in aqueous base.) 

O O 

CH(CHS) CNT ow GHCH,) Ni ee Che CH.). Ni @—_ NH Cr ,.cH. 

TOTP Meme e ee erases s sees eeseeser esse eseseseEseE eH eee H eee EEEEEEEHEH HEED OS EESEEEEEEEE EEE SEES EOESESESEEEES EEE EE EEESESEEE SEES ESTEE SEES SESE EEE EO EEE SESE EEE ESOS SEEEES 

POOR eee ema eee eee eee EEE EEE EEE HEHEHE EE TEES EH HEEEEEHSEESEEE EEE EEOHEEEEEEEEEE ES ESSE EEEEEEEEEEE SEES EEEEEEESEEE EE ES ESE EEE EES 

The following amine syntheses have been covered in this and previous sections: 

1. Reduction of amides and nitriles with LiAIH, (Secs. 21.9B, 21.9C) 

2. Direct alkylation of amines (Sec. 23.7A). This reaction is of limited utility, 

but is useful for preparing quaternary ammonium salts. 

. Reductive amination (Sec. 23.7B) 

. Aromatic substitution reactions of anilines (Sec. 23.9) 

na —& Lo Gabriel synthesis of primary amines (Sec. 23.11A) 

Reduction of nitro compounds (Sec. 23.11B) 

ND Hofmann and Curtius rearrangements (Sec. 23.11C) 

Methods 2, 3, and 4 represent methods of preparing amines from other amines. To 

the extent that an amide used in method 1 can be prepared from an amine, this method, 

too, represents a method for obtaining one amine from another. Methods 5-7 are limited 

to the preparation of primary amines, and methods 1, 3, 6, and 7 can be used for obtaining 

amines from other functional groups. 

PRM e ee meme see asses ene ee eesessee eee sees EsEEEEEEEE HEHEHE EEHEEEEEEEE SESE HEHEHE HEEEEEE EEE H HEHEHE EEE HEHE EEEEEEEEESE SEES HESS EEE EES EHO H EEE EEE EEE EEEEEEeeS 

23.36 Show how 2-cyclopentyl-N, N-dimethylethanamine could be synthesized from 

each of the following starting materials. 

*(a) (b) 

“) (d) 
Cr GHy— COLH CH,— CHO _ (two ways) 

SEARO e eee meme eee eee eH EEE EEE EEE EE EEHEEHEEEEEEEEEEEEEEEEEEEE ESE HEHEHE EEESEHEHHEEESE HEHE EEE EEEEEEEE EEE EESESEEEEEEEE HEHEHE EEE EEE EHO E HEE EeeeeeeeeeeeD® 

Use and Occurrence of Amines 
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Among the relatively few industrially important amines is hexamethylenediamine, 

H,N(CH;)«NHb, used in the synthesis of nylon-6,6 (Sec. 21.12A). Ammonia is also an 
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important “amine,” and is a key source of nitrogen in a number of manufacturing 

processes. In agricultural chemistry, for example, liquid ammonia itself and urea, which 

is made from ammonia and CO, , are important nitrogen fertilizers. Ammonia is manufac- 

tured by the hydrogenation of Ny. Although it might not seem that the industrial synthesis 

of ammonia has anything to do with organic chemistry, the hydrogen used in its manufac- 

ture in fact comes from the cracking of alkanes (Sec. 5.7B). Thus, the availability of 

ammonia is tied inexorably to the availability of hydrocarbons. 

B. Naturally Occurring Amines 

Alkaloids Among the many types of naturally occurring amines are the alkaloids: 

nitrogen-containing bases that occur naturally in plants. This simple definition encompas- 

ses a highly diverse group of compounds; the structures of a few alkaloids are shown in 

Figure 23.3. Because amines are the most common organic bases, it is not surprising that 

most alkaloids are amines, including heterocyclic amines. It is believed that the first 

alkaloid ever isolated and studied is morphine, discovered in 1805. Many alkaloids have 

biological activity (Fig. 23.3); others have no known activity, and their functions within 

the plants from which they come are, in many cases, obscure. Investigations dealing with 

Figure 23.3 

H,C=CH. ~H 

CH, 
:=N ‘- 

CO,CH, 

CH;0 H ] 

CG 
2 SS 

H O Ph 

quinine cocaine 
(antimalarial drug) (stimulant of central nervous system; 

induces euphoria; widely abused) 

H i 
\\ CH,0 CH,CH,NH, 

SS a ee 

ech oh Ze CH;0 
N CH, ‘ 

OCH; 

morphine (REED) nicotine mescaline 
_ codeine (R = CH3) (principal alkaloid from _ (hallucinogen from peyote cactus) 

(medically important analgesics) tobacco) 

Structures of some alkaloids. Notice that each compound has at least one basic amine group. 
oO 
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the isolation, structure, and medicinal properties of alkaloids continue to be major 

research activities in organic chemistry. 

TERROR E eee eee ree eae eee ee HEHE EEE EEE H HEHE HEHEHE EEEH EEE EH EHEEEHHEEEEE HEHEHE HEHEHE HEHEHE EEE HEHEHE EEE EHHHEEEEE HEHE HEHEHE EEEEE EEE HESS EEE ESTES 

23.37. Show that *(a) morphine and (b) mescaline (Fig. 23.3) are Bronsted bases by 

giving the structures of their conjugate acids. 

PEER eee eee ee eee eee eee eee Eee EEE EEE EEE H HEHEHE EEE EEEHEE EHH ESE EES EEE HEHEHE EE EEE HEHEHE HEHEHE HEHEHE EEE EEE EEE HEHEHE EES 

Hormones and Neurotransmitters Epinephrine (adrenaline) is an amine se- 

creted by both the adrenal medulla and sympathetic nerve endings; it is an example of 

a hormone—a compound that regulates the biochemistry of multicellular organisms, 

particularly vertebrates. 

HOmH 

CH,NHCH;, 
epinephrine 

OH 

Epinephrine, for example, is associated with the “fight or flight” response to external 

stimuli; you might feel the effects of epinephrine secretion when you walk unprepared 

into your organic chemistry class and your instructor says, “Pop quiz today.” The mecha- 

nisms by which hormones exert their effects are important research areas in contemporary 

biochemistry. 

Norepinephrine, another amine, and acetylcholine, a quaternary ammonium ion, 

are examples of neurotransmitters. 

HO B % 

+ 

IM@3IS| = Chay = Clay = OC = Crk 
CH,NH, 

HO acetylcholine 

OH 

norepinephrine 

Neurotransmitters are molecules that are important in the communication between nerve 

cells, or between nerve cells and their target organs. This communication occurs at cellular 

junctions called synapses. A nerve impulse is transmitted when a neurotransmitter is 

released from a nerve cell on one side of the synapse, moves by diffusion across the 

synapse, and binds to a protein receptor molecule of another nerve cell or a target organ 

on the other side. This binding triggers either the transmission of the impulse down the 

nerve cell to the next synapse or a response of the target organ. Different neurotransmitters 

are involved in different parts of the nervous system. 

Significant advances have recently occurred in understanding the chemistry that 

takes place in the human brain (neurochemistry). These advances are being made by teams 

of molecular biologists, biochemists, and organic chemists. It is conceivable that an 
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understanding of neurochemistry will lead to treatments for such widespread and tragic 

afflictions as Parkinson’s disease and Alzheimer’s disease. Sigmund Freud perhaps antici- 

pated these developments when he wrote in 1930, “The hope of the future lies in organic 

chemistry g. 

Key IDEAS IN CHAPTER 23 

[\ Amines are classified as primary, secondary, or tertiary. Quaternary 

ammonium salts are compounds in which all four hydrogens of the 

ammonium ion are formally replaced with alkyl or aryl groups. 

{ Most amines undergo rapid inversion at nitrogen. This inversion 

interconverts an amine and its mirror image. 

[\ Simple amines are liquids with unpleasant odors. Amines of low molec- 

ular mass are miscible with water. 

ie ehe be stretching absorption is the most important infrared 

absorption of primary and secondary amines. In the NMR spectra of 

amines, the a-protons have chemical shifts in the 6 2.5-3.0 range. The 

CMR chemical shifts of a-carbons are in the 6 30-50 range. 

{ Basicity is one of the most important chemical properties of amines. 

The basicity of an amine is expressed by the pK, of its conjugate-acid 

ammonium ion. Ammonium-ion pK, values are affected by alkyl substi- 

tution on the nitrogen, the polar effects of nearby substituent groups, 

and resonance interaction of the amine’s unshared electrons with an 

adjacent aromatic ring. 

[\ Because amines are basic, they are also nucleophilic. The nucleophi- 

licity of amines is important in many of their reactions, for example, 

alkylation, imine formation, and acylation. 

[\ Amines can serve as leaving groups. Thus, quaternary ammonium 

hydroxides when heated undergo the Hofmann elimination, in which 

an amine is lost from the a-carbon and a proton is lost from the least 

branched B-carbon atom. 

[\ | The amino group is ortho, para-directing in electrophilic aromatic sub- 

stitution reactions. However, in many reactions of this type, such as 

nitration and sulfonation, protection of the nitrogen as an amide is 

required to prevent protonation of the amine under the acidic reaction 
conditions. 
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Treatment of primary amines with nitrous acid gives diazonium ions. 

Aliphatic diazonium ions decompose under the diazotization condi- 

tions to give a complex mixture of products. Aryldiazonium ions, how- 

ever, can be used in a number of substitution reactions: the Sandmeyer 

reaction (substitution of N, by halide or cyanide groups) or hydrolysis 

(substitution with —OH). Because aryldiazonium ions are electro- 

philes, they react with activated aromatic compounds, such as aromatic 

amines and phenols, to give substituted azobenzenes, some of which 

are dyes. Secondary amines react with nitrous acid to give nitros- 

amines. Under acidic conditions, tertiary amines do not react. (Aro- 

matic tertiary amines give ring-nitrosated products.) 

Amines can be synthesized from amides, nitriles, nitro compounds, and 

other amines, as summarized in Sec. 23.11D. The Curtius and Hof- 

mann rearrangements yield amines with one fewer carbon atom. The 

Curtius rearrangement can also be used to prepare isocyanates, which 

react with nucleophiles by addition across the C—N bond to give car- 
bamic acid derivatives. 

PERRO Reem em mmm meme eee EEE HEHEHE EE HEHE FEF EF EHH EERE EEE H HEHE HEHE EEE EE EEEE SHEESH HEHEHE EEE SESE HEHEHE EEE EEE EEE EE DES 

Give the principal organic product(s) expected when p-chloroaniline or other 

compound indicated reacts with each of the following reagents. 

a) dilute HBr (b) C,H;MgBr (Gi NaAN@O EGO s 

d) p-toluenesulfonyl chloride 

e) product of (c) with H,O, Cu,O, and excess Cu(NO;)> 

f) product of (c) with CuBr (g) product of (c) with H;PO, 

h) product of (c) with CuCN (i) product of (d) + NaOH, 25° 

Give the principal organic product(s) expected when N-methylaniline reacts with 

each of the following reagents. 

(a) Br, (b) benzoyl chloride 

(c) benzyl chloride, then dilute “OH (d) p-toluenesulfonic acid 

(e) NaNO,, HCl (f) excess CH3I, heat, then Ag,O 

(g) CH;CH=O, NaBH3;CN 

Give the principal organic product(s), if any, expected when isopropylamine or 

other compound indicated reacts with each of the following reagents. 

(a) dilute H,SO, (b) dilute NaOH solution 

(c) butyllithium in THF, —78° (d) acetyl chloride, pyridine 

(e) NaNO;, aqueous HBr, 0° (f) acetone, H5/Pd/C 

(g) excess CH3I, heat (h) benzoic acid, 25° 

(i) formaldehyde, NaBH, (j) product of (g) + Ag,O, then heat 

(k) product of (d) with LiAIH,, then H,0* 
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23.41 

23.42 

*23.43 

23.44 

*23.45 

Give the structure of a compound that fits each description. (There may be more 

than one correct answer for each.) 

*(a) achiral primary amine CyH7N with no triple bonds 

(b) achiral primary amine C,H,,N 

*(c) two secondary amines, which, when treated with CH;I, then Ag,O and 

heat, give propene and N,N-dimethylaniline 

*(d) a compound C,HoN that reacts with NaBH, to give N-methyl-2-propan- 

amine 

Explain how you would distinguish the compounds within each set by a simple 

chemical test with readily observable results, such as solubility in acid or base, 

evolution of a gas, etc. 

*(a) N-methylhexanamide; 1-octanamine; N, N-dimethyl-1-hexanamine 

(b) p-methylaniline, benzylamine, p-cresol, anisole 

On the package insert for the drug Jabetalol, used in the control of blood pressure 

and hypertension, is given the following structure: 

OH . 

| 1 betalol 
(J HCH ACHNHOH.CH OH + HCI hydrochloride 

Ga 

A pharmacist, Prunella Pillpeddler, knowing your expertise in chemistry, has 

come to you with some questions about the chemical behavior of labetalol, 

which you should answer. 

(a) Labetalol is claimed to be a salt. Explain by giving a more detailed structure. 

(b) What happens to labetalol- HCl when treated with one equivalent of NaOH 

at room temperature? 

(c) What happens to labetalol when it is treated with an excess of aqueous 

NaOH and heat? 

(d) What are the products formed when labetalol is treated with 6 M aqueous 

HCl and heat? 

(a) Give the structure of cocaine (Fig. 23.3) as it would exist in 1 M aqueous 

HC] solution. 

(b) What products would form if cocaine were treated with an excess of aqueous 

NaOH and heat? 

(c) What products would form if cocaine were treated with an excess of concen- 

trated aqueous HCl and heat? 

Design a separation of a mixture containing the following four compounds into 

its pure components. Describe exactly what you would do and what you would 

expect to observe. 

nitrobenzene, aniline, p-chlorophenol, and p-nitrobenzoic acid 
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23.46 How would the basicity of trifluralin, a widely used herbicide, compare with 

that of N, N-diethylaniline: much greater, about the same, or much less? Explain. 

Et Et 
Syl 

N 

O,N NO, 

trifluralin 

CE, 

*23.47 (a) When anthranilic acid (below) is treated with NaNO, in aqueous HCl 

solution, and the resulting solution is treated with N,N-dimethylaniline, a 

dye called methyl red is formed. Give the structure of methyl red. 

CO.H 

NH, 
anthranilic acid 

(b) When an acidic solution of methyl red is titrated with base, the dye behaves 

as a diprotic acid with pK, values of 2.3 and 5.0. The color of the methyl 

red solution changes very little as the pH is raised past 2.3, but as the pH 

is raised past 5.0, the color of the solution changes dramatically from red 

to yellow. Explain. 

23.48 — Alizarin yellow R is an azo dye that changes color from yellow to red between 
pH 10.2 and 12.2. 

CO,H 

O,N <)- N=N OH alizarin yellow R 

(a) Outline a synthesis of alizarin yellow R from aniline, salicylic acid 

(o-hydroxybenzoic acid), and any other reagents. 

(b) Draw the structure of alizarin yellow R as it exists in its yellow form at 

jee = 

(c) Draw the structure of alizarin yellow R as it exists at pH > 12. Why does 

it change color? 

23.49 Amanda Amine, an organic chemistry student, has proposed the following reac- 

tions. Indicate in each case why the reaction would not succeed as written. 

*(a) O O 
| nee ! 

(Problem 23.49 continues ) 
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(b) Me;C—NH, + CHgI (excess) —» —2=» Me;C—NH—CH; +17 

(¢} 
ven) ino, == Men No. 4186, 

(d) 

on) —chi=0 ile on) cHt.on 

H,SO, 
—————————— *(e) (CH;),NH + CH,CH,CH,OH CH;CH,CH,N(CH;), + H»O 

(f) Br (else 

| Y \ Wy \\t+ | uy 
(CH3),CCH,CH7CH3 + Ne Spree Br 

CH; 

*(g) 

H3C CH, H3C CH, 

Wea) ae es 11 
; CH, 

N (excess) 
N 2 

ye aX 

C,Hs C,Hs CH; 

23.50 Outline a sequence of reactions that would effect the conversion of aniline into 

each of the following compounds. 

*(a) benzylamine (b) benzyl alcohol 

*(c) 2-phenylethanamine (d) N-phenyl-2-butanamine 

*(e) p-chlorobenzoic acid 

*23.51 When 1,5-dibromopentane reacts with ammonia, among several products iso- 

lated is a water-soluble compound A that rapidly gives a precipitate of AgBr 

with acidic AgNO; solution. Compound A is unchanged when treated with 

dilute base, but treatment of A with concentrated NaOH and heat gives a new 

compound B (Ci H,9N) that decolorizes Br, in CCly. Compound B is identical 

to the product obtained from the following reaction sequence: 

SOCL piperidine 1) LiAlH, > » 4-pentenoic acid - 
2) H3;0 

B 

Identify A and explain your reasoning. 

23.52 When p-aminophenol reacts with one molar equivalent of acetic anhydride, a 

compound acetaminophen (A, CsH yNO,) is formed that dissolves in dilute 

NaOH. When A is treated with one equivalent of NaOH followed by ethyl iodide, 
an ethyl ether B is formed. What is the structure of acetaminophen? Explain 

your reasoning. 

23.53 Give an explanation for each of the following facts. 
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*(a) The barrier to rotation about the N-phenyl bond in N-methyl-p-nitroaniline 

is considerably higher (42-46 kJ/mol, or 10-11 kcal/mol) than that in 

N-methylaniline itself (about 25 kJ/mol, or 6 kcal/mol). 

(b) Cis and trans-1,3-dimethylpyrrolidine rapidly interconvert. 

) CH3NH—CH,—NHCH, is unstable in aqueous solution. c 

(d) The following compound exists as the enamine tautomer shown rather than 

as an imine: 

CH3—-NH O 

Chia C—— Chi 6 O@ ae 

*(e) Diazotization of 2,4-cyclopentadien-1-amine gives a diazonium salt which, 

unlike most aliphatic diazonium ions, does not decompose to a carbocation. 

23.54 Imagine that you have been given a sample of racemic 2-phenylbutanoic acid. 

Outline steps that would allow you to obtain pure samples of each of the following 

compounds from this starting material and any other reagents. (Note that optical 

resolutions are time-consuming. One resolution that would serve all four synthe- 
ses would be most efficient.) 

*(a) Et 7 (b) Et ] 

CR) =Ph—— Goi NH —C— OMe (S) =P b= CHO Ot 

*(c) Et O Et 

! | 
(R,R)-Ph—CH—NH—C—NH—CH—Ph 

(d) Et Et 

meso-Ph— CH — NH —C— NH — CH — Ph 

*23.55 Outline the preparation of the following compounds from 3-methylbenzoic acid 

and any other reagents. 

(a) O 

NH—C—NHCH; 
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23.56 

D235) 

Uesats 

Nar) 

Show how the insecticide carbaryl can be prepared from methyl isocyanate, 

CH;— N=C=0O. 

carbaryl 

A compound A (C,,H»7NO) is insoluble in acid and base but reacts with concen- 

trated aqueous HCl and heat to give a clear aqueous solution from which, on 

cooling, benzoic acid precipitates. When the supernatant solution is made basic, 

a liquid B separates. Compound B is achiral. Treatment of B with benzoyl 

chloride in pyridine gives back A. Evolution of gas is not observed when B is 

treated with an aqueous solution of NaNO, and HCl. Treatment of B with 

excess CH;I, then Ag,O and heat, gives a compound C, CyHjoN, plus styrene, 

Ph— CH=CH). Compound C, when treated with excess CH3I, then Ag»O and 

heat, gives a single alkene D that is identical to the compound obtained when 
= + 

cyclohexanone is treated with the ylid :CH,—P(Ph);. Give the structure of A 

and explain your reasoning. 

Three bottles A, B, and C have been found, each of which contains a liquid and 

is labeled “amine CsH,,N.” As an expert in amine chemistry, you have been 

hired as a consultant and asked to identify each compound. Compounds A and 

B give off a gas when they react with NaNO, and HC] at 0°; C does not. However, 

when the aqueous reaction mixture from the diazotization of C is warmed, a 

gas is evolved. Compound A is optically inactive, but when it reacts with (+)- 

tartaric acid, two isomeric salts with different physical properties are obtained. 

Titration of C with aqueous HC] reveals that its conjugate acid has a pK, = 5.1. 

Oxidation of C with HO, (a reagent known to oxidize amino groups to nitro 

groups), followed by vigorous oxidation with KMnQ, gives p-nitrobenzoic acid. 

Oxidation of B in a similar manner yields 1,4-benzenedicarboxylic acid (tere- 

phthalic acid), and oxidation of A yields benzoic acid. Identify compounds A, 
B, and C. 

You have been hired as a consultant by the Chicago police, who have brought 

to you a compound A confiscated in an important drug raid. Compound A is 

a water-soluble white solid that rapidly gives a precipitate of AgCl with acidic 

AgNO; solution. Treatment of the solid with 5% NaOH solution liberates a 

water-insoluble liquid B that is found to be optically active and dextrorotatory; 

a gas is evolved when B is treated with NaNO, and HCl at 0°. The elemental 

analysis laboratory returns the following analysis for B: 79.9% carbon, 9.7% 

hydrogen, and 10.4% nitrogen, and the mass spectrum of B suggests a molecular 

mass of 135. Treatment of B successively with excess CH3I, AgsO, and then 

heat gives C, a mixture of alkenes. Catalytic hydrogenation of C yields a single 

compound D that is identical to the compound obtained when propiophenone 

is heated strongly in ethylene glycol with hydrazine (NH,NH,) and KOH. The 

NMR spectrum of A is complex, but contains a clean doublet at 6 1.1 (J = 7.5 
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Hz). Identify compound A. (Do not try to determine its absolute configuration.) 

Conviction of a notorious drug syndicate may hinge on your successful analysis. 

23.60 Complete the following reactions by giving the structure(s) of the major prod- 

uct(s). Explain how you arrived at your answers. 

*(a) NH; + HNO, —~> 

*(b) GH. 

CH3I AgoO heat 

N (excess) 

(c) 

O Cl 
SX We ae 

; Mel 
O O (CH3)2NH 1) LiAIH, (excess) AgoO heat (an isomer of 

\. if excess 2) H2O benzene) 

VA \ 
Cl Gl 

*(f) O 

CH3CH,CH,CH,— NH, + H.C — CH, (excess) a 

(g) Q 

Et,NH = (CH )>€— GH, SE 

(h) O & 

7X 
NH KOH CE Saal Ca Chip NaOH, H20 

heat 

O 

uy) a 
PCa ete AN —— (Give the stereochemistry as well as 

H/ \\ H the structure of the product.) 
Ph Ph 

7G) Seapeemence + EtNH, (excess) ——» (a compound with 

5 carbons) 
Br 

ns) ; Pd/C 
NO, a DElie Gly Clin C—O = H, ge 
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23.61 

a23:02 

*23.63 

*23.64 

Outline a synthesis for each of the following compounds from the indicated 

starting materials and any other reagents. The starting material for the com- 

pounds in parts (a) through (e) is pentanoic acid. 

*(a) N-methyl-1-hexanamine (b) pentylamine 

*(c) N,N-dimethyl-1-pentanamine (d) butylamine 

*(e) hexylamine 

(f) CH; 

PhCH, —N-—CH,CH,CH,CH Br~ from butyraldehyde 

CH, 

g) N-ethyl-3-phenyl-1-propanamine from toluene 

h) 2-pentanamine from diethyl malonate 

i) isobutylamine from acetone (j) isopentylamine from acetone 

( 

( 

( 
*(k) m-chlorobromobenzene from nitrobenzene 

(1) p-chlorobromobenzene from nitrobenzene 

( 

( 

*(0) (S)-CH;CHCH;NH, from (R)-CH;CHOH 

D D 

*(p) ] 

L»& O from CH,—C—CH,CH,—CO,H 

H3C ‘ levulinic acid 

CH, 

Rank the following compounds according to increasing relative rates of Hofmann 

elimination, and explain your answers carefully. 

+ 

Rie Oia Chon Me moO compound A R = —C(CH;); 

compound B RSH 

compound C R= Chi 

In the NMR spectrum of a concentrated (4.5 M) aqueous solution of methyl- 

amine, the methyl group appears as a quartet when the solution pH is 1. At 

intermediate pH, the methyl group appears as a broad line. At pH = 9 the 

methyl group is observed as a single sharp line. Explain these observations. 

Aniline has a UV spectrum with peaks at Ajax = 230 nm (€ = 8600) and 280 

nm (€ = 1430). In the presence of dilute HCl, the spectrum of aniline changes 

dramatically: Amax = 203 (€ = 7500) and 254 (€ = 160). This spectrum is nearly 

identical to the UV spectrum of benzene. Account for the effect of acid on the 
UV spectrum of aniline. 



Additional Problems 1165 ee Additional Problems: . 1165 

23.65 In the warehouse of the company Tumany Amines, Inc., two unidentified com- 
pounds have been found. The president of the company, Wotta Stench, has 
hired you to identify them from their spectra: 

*(a) CjoH,5NO: IR spectrum 3355, 1618 em) 110 carbonyl absorption. NMR 
spectrum in Fig. 23.4a (p. 1166). 

(b) C3H yNO: NMR and IR spectra in Fig. 23.4b and c (p. 1166) 

*23.66 Propose a structure for the compound A (C,H,;O,N) that is unstable in aqueous 
acid and has the following NMR spectra: 
Proton NMR: 6 2.30 (6H, s); 8 2.45 (2H, d, J = 6 Hz); 6 3.27 (6H, s); 

OZ PAU (GU also) als ba) 

Carbon NMR: 6 46.3, 6 53.2, & 68.8, 8 102.4 

23.67 *(a) Propose a structure for an amine A (CyHoN), which liberates a gas when 
treated with NaNO, and HCl. The CMR spectrum of A is as follows, with 
attached protons in parentheses: 5 14(2), 8 34.3 (2), 6 50.0(1) 

(b) Propose a structure for an amine B (CyHoN), which does not liberate a gas 
when treated with NaNO, and HCl, and has IR absorptions at 917 cm7!, 
990 cm™', and 1640 cm™', as well as N—H absorption at 3300 cm7!. The 
CMR spectrum of B is as follows: 5 36.0, 6 54.4, 6 115.8, 8 136.7. 

23.68 | Give a mechanism for each of the following rearrangement reactions. 

*(a) 

O O O 

! KH heat 0 | PhCH, — C—NH—O—C—Ph Silent Sic me CON Pho C—_ Oaks 

(b) O 

H307 
N—Br + KOH —~> =a HONe Ch CHj—- CO. 

O 

“(é) O 
© O 

heat NH 
AGNES (Cla CnC Sn aw tea Se 

N O 
H 

*23.69 Suggest an explanation for each of the following reactions. 

(a) O 

Oe NaNO, ON COM LO 
HN NH, 0 

(This reaction canbe used to scavenge unwanted nitrous acid.) 
(Problem 23.69 continues on p. 1167) 
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(b) 

(c) © O 

| Ly | 
Ph = ©= CHieHy==NMe els SN het Ph—C—CHCH) —CN 

(d) O 
| 
C—Cl O 

(ir NaN; _—~-H,0, H,0+ On 
—<—> ——"——_>» 

heat 

NH, li \\ 
CHE (CH) iO Ni—_© © 

CO,H 

23.70 

2356/1 

(Hint: CH3(CH,)4—O—N=O, amyl nitrite, causes the same transfor- 

mation of primary amines as nitrous acid.) 

(f) OH NH, O CH; 
; : | 

CH= C6 C=GH; a GH == C—=CH. 

CH; CH; CH; 

A chemist, Mada Meens, treated ammonia with pentanal in the presence of 

hydrogen gas and a catalyst in the expectation of obtaining 1-pentanamine by 

reductive amination. However, in addition to 1-pentanamine, she also obtained 

dipentylamine and tripentylamine. Explain how these by-products are formed. 

CH;(CH,);CH=O + NH; + H, “est, 

CH3(CH,)3CH,NH, + [(CH3(CH,)3CH>],NH + [CH;(CH,),;CH,],N 

Explain the fact that the following amines, despite obvious similarities in struc- 

ture, have considerably different basicities. (Hint: Make a model of compound 

B. Look at the relationship of the nitrogen unshared electron pair to the p orbitals 
of the benzene ring.) 

(Problem 23.71 continues ) 
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SI 
conjugate-acid pK,: 202 10.58 

A B C 

N N 

0 hed) 

23.72 Amide A below, 5-valerolactam, is a typical amide with a conjugate-acid pK, of 

0.8. The two cyclic tertiary amines B’and C also have typical conjugate-acid pK, 

values. In contrast, the conjugate-acid pK, of amide D is unusually high for an 

amide, and it hydrolyzes much more rapidly than other amides. Draw the struc- 

ture of the conjugate acid of amide D, and suggest a reason for both its unusual 

pK, and its rapid hydrolysis. 
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Chemistry of 

Naphthalene and 

the Aromatic 

Heterocycles 

ur discussion of aromatic compounds has focused mainly on derivatives of 

benzene. However, some aromatic compounds contain two or. more fused rings. 

(The aromaticity of such compounds is not covered by the Huckel 41 + 2 rule, 
which applies only to monocyclic aromatic compounds; Sec. 15.7D.) Aromatic hydrocar- 
bons that contain two or more fused rings are called polycyclic aromatic hydrocarbons. 
The simplest of the polycyclic aromatic hydrocarbons is naphthalene. 

naphthalene 

This chapter considers the chemistry of naphthalene, and then takes up the chemistry of 
some important aromatic heterocyclic compounds. In particular, the chemistry of both 
naphthalene and the heterocycles is contrasted with the chemistry of benzene. 

The structures of some other polycyclic aromatic hydrocarbons are shown in Fig. 
24.1. Although the Lewis structures of these compounds consist of alternating single and 
double bonds, the 7 electrons are extensively delocalized within 7 molecular orbitals. 

One form of carbon itself has a polycyclic aromatic structure. Graphite is a carbon 
polymer that consists of layers of fused benzene rings (Fig. 24.2) The softness of graphite 
and its ability to act as a lubricant can be attributed to the ease with which its layers 
slide past each other. Even though it is not an ionic compound, graphite is an excellent 
electrical conductor because of the ease with which 7 electrons can be delocalized across 
its structure. 

Another remarkable polycyclic aromatic form of carbon with the formula Coy was 

discovered recently, first in clouds of interstellar gas and then in soot. In 1985, Harold 

W. Kroto of the University of Sussex, Brighton, U.K., and Richard E. Smalley of Rice 

1169 
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6 ooo ob 
phenanthrene anthracene chrysene 

sohise 
pyrene coronene 

Figure 24.1 Some polycyclic aromatic hydrocarbons consisting of fused six-membered rings with conjugated 
double bonds. 

University in Houston, announced their proposal for the structure of this species, shown 

in Fig. 24.3. This structure, which corresponds to the seams on a modern soccerball, was 

named buckminsterfullerene because of its resemblance to a geodesic dome, designed by 

Buckminster Fuller. All carbons in this structure are equivalent. Indeed, the CMR of 

buckminsterfullerene consists of a single resonance at 6 143. A number of different 

fullerenes (as such ball-shaped structures have been nicknamed) of different sizes have 
been documented. 

335k 

Figure 24.2 Structure of graphite. Graphite consists of fused aromatic rings in layers separated by 3.35 A. ( Only 
four of many layers are shown, and the double bonds within the aromatic rings are not shown.) 
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Figure 24.3 (a) Ball-and-stick model and (b) a Lewis structure of buckminsterfullerene. In the Lewis structure, 
double bonds are shown in color. 

Chemistry of Naphthalene 
WAAC IIUICOL IO UCI OOOO COODUCOCUDCUTOCOCC OCC CCCCU OO OD IU UOUOUOOOUOOODOOOOONCO COU GCS UO OUOUOOOUOUO ODOUR OOOO COSODTDOOOOGACT climes 

VOCRRIOO CIO OMOUULUDDOCOCOODUOOCUCCCOC RICCO CCC OC OCS OCB O OCU CDODO COMIC CO ODOC OOO ORDO COOCD UE OAOD COO COOODOCCOCIDOSO A IOA maa nonnic 

Naphthalene is a solid (mp 80.5°), with a high vapor pressure. The familiar odor of moth 
balls is due to naphthalene. 

Naphthalene can be represented by three resonance structures; two are equivalent, 
and one is unique. 

_— 

Sor. cs ZA 

Shen o e 

The carbon-carbon bond lengths in naphthalene (1.36 A, 1.41 A, and 1.42 A) are very 
similar to those of benzene (1.395 A) and graphite (Fig. 24.2), and the C—C—C bond 
angles are very close to 120°, the value expected for a planar aromatic arrangement of 
six-membered rings. 

SII ORCOCODOCO OOO ORO OUDIOC IO OCOD GOO ROC EOI OO IU COO O OOD ODOR ICR OO OOC ORO COUCUNOD DOOD OOOO GUOOUOCIOCOOCU CRN TOO SUC ONCDONOOCOHOC OO TOROU COCO OOODDCOOCORODOCHOOCHGHOBONT 

*24.1 Using the resonance structures for naphthalene (Eq. 24.1) to guide you, predict 
which carbon-carbon bond should be the shortest. 

Sj 5B] s/s.9}6\9) 018}0/8[9\0)01@:0\¥\e/6l4ie(o:9.¢)6, 618) 618\9,4 9/8} 6)s\s!swi68)6.0)8'6|n/9/s\e[u]9\a/a/6\o/8in.6'u/0'8\bia/aia.2 is \e/min\sis’ia’e ¥/e/M(¥\6) 610) €/6\¢,0,0;6 19; 8\e[0) 0/014 ]0.0/0)0\60\p)0(c/e\e 0/610; :5/615)6\0] 60. 0'e.0.6inie/pialelaeie’e 610 10)élaleja.biaiéiw & alse eine plaicie eis sicie 

Binion) a: 8\5)a1s\6)8\8/\2/8/s/n)5[0/6(s\0_0/0)6/6/8\0/|8 [6186/6 ¢ a:0/5 e\e)n le] 6.60.6 \0.6,0/010)0(6)a\0[0\0 U\6\n\u(u[¢ (e101 6/0 \16\0/610 10.0 v.0(n,010 19.010 610 .616.6 b16/b16 01410 6141019 v\e v vlalele ele 0:6 0:6 ulsisisiasis a eee sine 

In substitutive nomenclature, carbon-1 of naphthalene is the carbon adjacent to a bridge- 
head carbon (a vertex at which the rings are fused). Substituents are given the lowest 



1172 Chapter 24 Chemistry of Naphthalene and the Aromatic Heterocycles 

numbers consistent with this scheme and their relative priorities. The following examples 

illustrate this idea: 

NO, 

6 

1-nitronaphthalene CO,H 

4-bromo-2-naphthol 1,6-naphthalenedi- 
(not 1-bromo-3-naphthol; carboxylic acid 

— OH has priority) 

Naphthalene also has a common nomenclature that uses Greek letters. In this system 

the 1-position is designated as a@ and the 2-position as B. Common and substitutive 

nomenclature should not be mixed. 

OH 

B B substitutive: 1-naphthol 

common: a-naphthol 
B B 

OH correct: B-methyl-a-naphthol, 

CH or 2-methyl-1-naphthol 
> incorrect: 2-methyl-a-naphthol 

(mixes common and substitutive 

nomenclature) 

The naphthalene ring can also be named as a substituent group, the naphthyl group. 

The term naphthyl for a naphthalene ring is analogous to the term phenyl for a benzene 
ring. 

CH; 
] 

2CH—CO;H 2-(1-naphthyl)propanoic acid 

1 
> position of attachment on 

naphthalene ring 

position of substitution on the 
parent propanoic acid 
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WEISS MUDOCOO BO OUOMCIOOO CTR UOC OU CUCOOCOODOOUCOOO CIO COOOOIO MI AICICC OCR UO GOOT OCT TOUCOlDION OCU COC ICOCUCIIOUCIONOC. CONOR COCCUCOT RO COCCICCAON COT OTOCATOOOTA RABAT araLA 

24.2 Name the following compounds. 

*(a) NO; (b) Br 

NO) 

Ke) O 

wlelsieleieielelaieiaieieieielele) sle\e ¢'eipie\e)¢/sie\els|s ejajeja\vje,6) 6\v'e\s}e\6/e|e/@)4\0[4,0{0) 010 |0/6\e1s\e1a'0\e'e/¥ie's!e10,6\9)e1016|016(61e)0 618)6,0 [6 6)016\6|8 10 01016) 6,0)\0\0,0/0 010616 afeisielule(nis(ale(eie:\b.0.616(e eleiele b/c Glajele.cje.ci6isieiais\e s ma :sip.eipie’e éisie'w ainie.aaiaia 

S#:6 0100/6 \e)0eie\eie!Gie/e/0'0 6.016 05.6166 0/0108 606 66S ere vice cadet COCO CO OO ENE S SCO C CeO COCO N DUS e ee Rtas ees habe neecesereveneceneeeecencounnecceeeesee 

Electrophilic Aromatic Substitution Reactions of Naphthalene Because 
naphthalene is an aromatic compound, it should not be surprising that it undergoes 
electrophilic aromatic substitution reactions much like those of benzene. (You should 
review the electrophilic aromatic substitution reactions of benzene found in Secs. 16.4, 
16.5, 18.8, and 23.9.) 

An understanding of electrophilic substitution in naphthalene hinges on the answers 
to two questions: (1) At what position does naphthalene undergo substitution? (2) How 
reactive is naphthalene in electrophilic aromatic substitution reactions? 

Electrophilic aromatic substitution of naphthalene generally occurs at the 1-position. 

NO, 

HNO, 

H,SO, 

naphthalene 1-nitronaphthalene 
(95% yield) 

Why 1-substitution rather than 2-substitution occurs is revealed by comparing resonance 
structures for the carbocation intermediates in the two processes. Seven resonance struc- 
tures can be drawn for the carbocation intermediate in electrophilic substitution at the 
1-position. 
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H NO, H NO, H NO, 

H NO, H NO, 

(24.3) 

Furthermore, four of these (color) contain intact benzene rings. This is an important 

point because structures in which benzene rings are left intact are more important than 

those in which the formal double bonds are moved out of the ring. The reason this is so is 

that structures lacking the intact benzene rings are not aromatic, and are thus less stable. 

(Recall from Sec. 15.6B that the importance of resonance structures is determined by 

imagining they are separate molecules, even though they really aren’t.) Substitution in 

the 2-position, in contrast, gives a carbocation intermediate for which there are six 

resonance structures (draw these!). Of these six, only two contain intact benzene rings 

(identify these). Therefore substitution at the 1-position gives the more stable carbocation 

intermediate and, by Hammond’s postulate (Sec. 4.8C), occurs more rapidly. Notice that 

there is nothing wrong with 2-substitution; 1-substitution is simply more favorable. 

An interesting result occurs in the sulfonation of naphthalene, a result which hinges 

on the fact that aromatic sulfonation is a reversible reaction. This reversibility is apparent 

if any arylsulfonic acid derivative is heated in the presence of acid: the sulfonic acid group 
is replaced by hydrogen. 

HO + (sos giscidsbeat « )-# + H,SO, (24.4) 

Sulfonation of naphthalene under mild conditions gives mostly 1-naphthalenesulfonic 

acid, a result expected from the outcome of other electrophilic substitutions of naphtha- 

lene. However, under more vigorous conditions, sulfonation yields mostly 2-naphthalene- 
sulfonic acid. 

SO3H 

Z SO3H 
a 

SN 
(24.5) 

conc. H;SO4 84-850 - 
0°_-40° —85% 15-16% 

conc. H»SO4 
7-15% 85-93% 

160° 
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This is another case of kinetic vs. thermodynamic control of a reaction (Sec. 15.4C). At 
low temperature, substitution at the 1-position is observed because it is faster. At higher 
temperature, formation of 1-naphthalenesulfonic acid is reversible, and the more stable, 
but more slowly formed, 2-naphthalenesulfonic acid is observed. This reversibility is 
confirmed when I-naphthalenesulfonic acid is subjected to high-temperature conditions. 

SO3H 

SO3H 

= is (24.6) 

~85% 
at equilibrium 

Why is the 2-isomer more stable? The answer lies in the van der Waals repulsions that 
occur between groups in the 1- and 8-positions. The sulfonic acid group is large—about as 
large as a tert-butyl group. The unfavorable interaction between this group and the 
hydrogen in the 8-position, called a peri interaction, destabilizes the 1-isomer. 

Van der Waals repulsion 
(peri interaction) 

OH 

| 
H|O=S=O 

A peri interaction is much more severe than the interaction of the same two groups in 
ortho positions because bonds in ortho positions diverge from each other, whereas the 
bonds in peri positions are parallel. Thus, 1-naphthalenesulfonic acid, if allowed to equili- 
brate, is converted into the 2-isomer to avoid this unfavorable steric interaction. In 
contrast, such an equilibrium is not observed in other electrophilic substitution reactions 
that are not reversible. 

Now let’s consider the reactivity of naphthalene. Naphthalene is considerably more 
reactive than benzene in electrophilic aromatic substitution. For example, recall that bromi- 
nation of benzene requires a Lewis acid catalyst such as FeBr, (Sec. 16.4A). In contrast, 
naphthalene is readily brominated in CCl, without catalysts. 

+ Br, ——> ar Neallbye (24.7) 

(72-75% yield) 

The greater reactivity of naphthalene in electrophilic aromatic substitution reactions 
reflects the considerable resonance stabilization of the carbocation intermediate (see 
Eq. 24.3). 
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Electrophilic Aromatic Substitution Reactions of Substituted Naphtha- 

lenes Recall that in electrophilic aromatic substitution reactions of substituted ben- 

zenes, substituents on the ring either accelerate or retard a substitution reaction relative 

to benzene itself; that is, substituents may activate or deactivate further substitution. Recall 

also that substituents exert directing effects in aromatic substitution reactions; that is, the 

nature of the substituent determines the ring position(s) at which further substitution 

takes place (Sec. 16.5). The same effects are observed in naphthalene chemistry. However, 

an additional question arises in naphthalene chemistry that has no counterpart in the 

chemistry of benzene: does the second substitution occur on the ring that is already 

substituted, or does it occur on the unsubstituted ring? 

The following trends are observed in most cases: 

1. When one ring of naphthalene is substituted with deactivating groups 

(such as —NO, or —SO;H), further substitution occurs on the unsubsti- 

tuted ring at an open a-position (if available). 

NO, NO, NO, NO, NO, 

HSO, a A (24.8) 

NO, 

1-nitronaphthalene NO> 1,8-dinitronaphthalene (none observed) 
i (31% yield) 

1,5-dinitronaphthalene 
(45% yield) 

SO3H SO3H 

a  . 72% yield 24.9 HSO, (72% yield) (24.9) 

SO3H 
less crowded of 

the two open a-positions 

2. When one ring of naphthalene is substituted with activating groups (such 

as — CH, or —OCHs), further substitution occurs in the substituted ring 

at the ortho or para positions. 

OCH; OCH; OCH; 

NO, 
HNO3 : ; ——— 4. + trace of 5-nitro isomer (24.10) 

14% NO, (14%) 

(85%) 

Br 

CH; CH, 
Bro 
ore (24.11) 

(91% yield) 
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In the last example, substitution occurs at an ortho position because no para position is 
open. Of the two open ortho positions (identify them), substitution at an a-position is 
preferred to substitution at a B-position (why?). 

iaebtericebuiabenaa ee cp -ceae = le. Laxe, wis rian) sinle.aie. cies .e,alaLeistelevele/ale{ereress)o{¢-sjainie/aleja)e)ald\n,«\aiie]wreys\eralo(el stasis S{o's, le alie\a)aiala\ateleletaleysiers/e\a)sitia;sialevaisiatctece\siets/e\eletAte se wis\sieleleiaveleiace'e ursia sie dias ois reer sisi ee 

24.3 Complete the following reactions by giving the structure(s) of the major organic 
product(s). Explain your answers. 

*(a) Br 
high 

a HSO4 temperature 

(b) CH; 

SS 
| sie Br, Sore 

LE 

+ 

“(© OH INN Gla 

+ —_> 

(d) OCH; 
HNO; 

*24.4 Propose a synthesis of the following compound from naphthalene. (Note that 
the Friedel-Crafts acylation reaction cannot be used because it gives a mixture 
of 1- and 2-acetylnaphthalene that is difficult to separate.) 

(CEO OO CRG TORCOLC ORDO OO CORO LICRODE CE OO OOOO COI QCGQCOOR DODO CO OCOCTIO OOOO OOS .S CRONOOCOOC00 COA COOOO CODDU AOC OD COO DCCR CUD UC COODUOUCODODOOdS0 A000 0NACU SMEG NDRACRes 

Introduction to the Aromatic Heterocycles 
BOOBS ODOR ODOO GOOD ORO TO IOOOOCOROCO SHOCK SOC OO COCCOC COC UO UO UOO OOOO IOUU COO GS UOOCI COON LUC OM COD OSOODIOBOdORSH waco cnnasae J5AADr, 

Heterocyclic compounds are compounds with rings that contain more than one type of 
atom. The heterocyclic compounds of greatest interest to organic chemists have carbon 
rings containing one or two heteroatoms—atoms other than carbon. Although the chem- 
istry of many saturated heterocyclic compounds is analogous to that of their noncyclic 
counterparts, a significant number of unsaturated heterocyclic compounds exhibit aro- 
matic behavior. Some of these are shown in Fig. 24.4. The remainder of this chapter 
focuses primarily on the unique chemistry of a few of these aromatic heterocycles. The 
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| 1 .) 4 5) 4 
3 

a 3 ) SN 6 SS 6 SS3 

S | 6 | eu) 7 2? 7 BZ N: 

N N; 8 N 8 es 

pyridine pyrimidine quinoline isoquinoline purine 

4 3 
3 | NES | 33 INS ; > 

US tice on ea eel gees BY \, 
Y | S| O; fee : N, es x ~ W 

pyrrole thiazole oxazole imidazole indole 

4 ? 4 : 

| \ | . XN ; ~ 
/ oe \ 2 / of \ 2 6 Gis : 6 ce : 

Oo Gi. ae SS 

furan thiophene benzofuran benzothiophene 

Figure 24.4 Common aromatic heterocyclic compounds. The numbers are used in substitutive nomenclature. 

principles that emerge should enable you to understand the chemistry and properties of 

other heterocyclic compounds that you may encounter. 

A. Nomenclature 

The names and structures of some common aromatic heterocyclic compounds are given 

in Fig. 24.4. This figure also shows how the rings are numbered in substitutive nomencla- 

ture. In all but a few cases, a heteroatom is given the number 1. (Isoquinoline is an 

exception.) Notice in thiazole and oxazole that oxygen and sulfur are given a lower 

number than nitrogen when a choice exists. Substituent groups are given the lowest 

number consistent with this scheme. (These are the same rules used in numbering and 

naming saturated heterocyclic compounds; see Secs. 8.1C and 23.1B.) 

C,H 4 NO 
3 CH30 5 3 , 3 

2 DSS) I \ ™ 
ni Me O S 

3-ethylpyrrole 5-methoxyindole 2-ethylfuran 3-nitrothiophene 

Ln, 24.5 Draw the structure of *(a) 4-(dimethylamino)pyridine; 

a PROBLEMS “2 (b) 4-ethyl-2-nitroimidazole. 
Si. hiss 

24.6 Name the following compounds. 
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bt Polbebe AACE SOSA SOT I TCE OTS CACC CRT CCC OCC COOH IOCICOCOOUN iW sir it ir tn i Cute Roe UIC TORI ICL MII AUT ICICITICI I ATICA KI DION WPCC ITC ORIN ICH I IPH PICU TOPOS FRFIMP 

The aromatic heterocyclic compounds furan, thiophene, and pyrrole can be written as 
resonance hybrids, illustrated here for furan. 

a : we, 

ix a il 2D = =f ye <>» we \o <-> eee \\ (24.12) 

Y O <@ 5 eo O 
$ + * $ 

Because separation of charge is present in all but the first structure, the first structure is 
considerably more important than the others. Nevertheless, the importance of the other 
structures is evident in a comparison of the dipole moments of furan and tetrahydrofuran, 
a saturated heterocyclic ether. 

li \\ 
O O 

tetrahydrofuran furan 

dipole moment: aw) 0.7 D 

boiling point: 67° 31.4° 

The dipole moment of tetrahydrofuran is attributable mostly to the bond dipoles of its 
polar C—O single bonds. That is, electrons in the o bonds are pulled toward the oxygen 
because of its electronegativity. This same effect is present in furan, but in addition there 
is a second effect: the resonance delocalization of the oxygen unshared electrons into the 
ring shown in Eq. 24.12. This tends to push electrons away from oxygen into the 
m-electron system of the ring. 

Dy mn 

(24.13) 

| 
Vv 

dipole moment 
contribution of 
C—O o bonds 

dipole moment 
contribution of 

m-electron 
delocalization 

net dipole 
moment of 

furan 
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Because these two effects in furan nearly cancel, furan has a very small dipole moment. 

The relative boiling points of tetrahydrofuran and furan reflect the difference in their 

dipole moments. 

Pyridine, like benzene, can be represented by two equivalent neutral resonance 

structures. Three additional structures of less importance reflect the relative electronega- 

tivity of nitrogen. 

(I- | a <—> 

LE Si oe 

The aromaticity of some heterocyclic compounds was considered in the discussion 

of the Huckel 4n + 2 rule (Sec. 15.7D). It is important to understand which unshared 

electron pairs in a heterocyclic compound are part of the 4n + 2 aromatic 7-electron 

system, and which are not (Fig. 24.5). Heteroatoms involved in double bonds of the 

Lewis structure—such as the nitrogen of pyridine—contribute one 7 electron to the six 

qm-electron aromatic system, just like each of the carbon atoms in the @ system. The 

orbital containing the unshared electron pair of the pyridine nitrogen is perpendicular 

to the p orbitals of the ring and is therefore not involved in 7 bonding. An unshared 

electron pair on a heteroatom in an allylic position—such as the unshared pair on the 

nitrogen of pyrrole—is part of the aromatic 7 system. Thus, the hydrogen of pyrrole lies 

(24.14) 

minor contributors 

electron pairs 
are part of the 
7 system 

pyridine furan 

unshared electron pairs 
(not in 7system) 

Figure 24.5 The configurations of the unshared electron pairs and 7 electrons in pyridine, pyrrole, and furan. 
The orbitals in each 4n + 2-electron a system are shown in gray; 7 interactions are shown in color. 
Unshared electron pairs not in the am system are shown in white. Notice that the unshared electron 
pair on the nitrogen of pyridine and one unshared pair in furan are not part of the aromatic 
m-electron system. In contrast, the unshared electron pair of pyrrole is part of the aromatic system. 
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Table 24.1 Empirical Resonance Energies 

of Some Aromatic Compounds 
TEPER RH eee eee eee ee eee eee e Hee ee HEE Eee sees eae eee eee EE EEE E EEO HHHEEEEEE ES ESE EEE EE EEEESEEEE SHEE EEEEEEEEHEE EE EEE EEE EEE EEE SEES EEE ES 

Compound Resonance energy Compound Resonance energy 

kJ/mol kcal/mol kJ/mol kcal/mol 

benzene 138-151 33-36 furan 67 16 

pyridine 96-117 23-28 pyrrole 89-92 21-22 

naphthalene 255 61 thiophene 121 29 
TERR eee m awww ewww eee esses esse esses Hesse sees e ese ess H ee EH eH HEHEHE HEHEHE EHH E HEHEHE EEEEEESEEEHEEEES EES EEE HEHEHE EEE EEE E HEHE THEE 

in the plane of the ring. The oxygen of furan contributes one unshared electron pair to 

the aromatic 7-electron system, and the other unshared electron pair occupies a position 

analogous to the hydrogen of pyrrole—in the ring plane, perpendicular to the p orbitals 

of the ring. 

How much stability does each heterocyclic compound owe to its aromatic character? 

Recall that the empirical resonance energy can be used to estimate this stability (Sec. 

15.7C). (Remember that this is the energy a compound “doesn’t have” because of its 

aromaticity, that is, its aromatic stability.) The empirical resonance energies of benzene, 

naphthalene, and some heterocyclic compounds are given in Table 24.1. To the extent 

that resonance energy is a measure of aromatic character, furan has the least aromatic 

character of the heterocyclic compounds in the table. 

POT HEH HH Oe e eee esse EEE Eee esses ese EEE aE asses ess EEE EEEEEEEEEEEE EEE E EEE H EEE EEE EEE E OOH EE SESE EEE HEHEHE EEEEEEE HEHE EEE HEEHEEES EEE EEE EEE EEE HEE EES 

*24.7 Draw the important resonance structures for pyrrole. 

24.8  *(a) The dipole moments of pyrrole and pyrrolidine are similar in magnitude 

but have opposite directions. Explain, indicating the direction of the dipole 

moment in each compound. 

ame N 

H 

m=180D pw=1.57D 

*(b) Explain why the dipole moments of furan and pyrrole have opposite 
directions. 

(c) Should the dipole moment of 3,4-dichloropyrrole be greater or less than 

that of pyrrole? Explain. 

*24.9 Each of the following NMR chemical shifts goes with a proton at carbon-2 of 

either pyridine, pyrrolidine, or pyrrole. Match each chemical shift with the 

appropriate heterocyclic compound, and explain your answer. 6 8.51; 6 6.41; 

anids6 2:82:07 

POOR e emer eee ee reser essere ee ee es sere e esses EEES EEE EEEEEEEEES EEE EEEEEEEEE EEE E ESSE EES EEE ESOS EEEEEE SEES ER EEESE EES SESE EEE ESE SESS ESSE EEE EEEEEEEeeeeeeeeE 
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©. Basicity and Acidity of the Nitrogen Heterocycles 
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Basicity Pyridine and quinoline act as ordinary amine bases. 

= SS 
| +H,O0t ==> || + H,0 (24.15) 

SS eZ 
_ \ 

H 
jo = Sy? 

SS eS 
+ H,0* =~ + H,0 (24.16) 

ae PS 

‘ y 

joy a) 

However, pyridine and quinoline are less basic than aliphatic tertiary amines because of 

the sp’ hybridization of their nitrogen unshared electron pairs. (Recall that the basicity 

of an unshared electron pair decreases with increasing s character; Sec. 14.7A.) 

Because pyrrole and indole look like amines, it may come as a surprise that neither 

of these two heterocycles has appreciable basicity. These compounds are protonated only 

in strong acid, and protonation occurs on carbon, not nitrogen. 

+ 

He (© H ae ee Pet 
) Dae HOF <= < <> +l,, <> & + H,O (24.17) 

: ar NN Nar 
H H H H 

pKa ~ =f. 

The marked contrast between the basicities of pyridine and pyrrole can be understood 

by considering the role of nitrogen’s unshared electron pair in the aromaticity of each 

compound (Fig. 24.5). Protonation of the pyrrole nitrogen would disrupt the aromatic 

six 7-electron system by taking the nitrogen’s unshared pair “out of circulation.” 

{ \ aE H.O* os { \ + H,O (24.18) 

7S 
H lek tel 

not aromatic; 

is not formed 

Although protonation of the carbon of pyrrole (Eq. 24.17) also disrupts the aromatic 

7-electron system, at least the resulting cation is resonance-stabilized. On the other hand, 

protonation of the pyridine unshared electron pair occurs easily because this electron 

pair is not part of the w-electron system. Hence protonation of this electron pair does 
not destroy aromaticity. 
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Added ddl dtd tll ROO OOOO OOOO OOO COOOOO OCC OCICS OSOSOOOOOOOOOOOOOCOUNOONOOOOOUGOOO OOOO OnCOOnnOCOrri et CIC tir ir ari CIC 

Shia as Imidazole is a base; the pK, of its conjugate acid is 6.95. On which nitrogen does imidazole 

PROBLEM protonate? 

mae 1 1 = . . "aa . . 

Solution Imidazole has two nitrogens: one has the electronic configuration of pyridine, 

but the other is like the nitrogen of pyrrole. Consequently, protonation occurs on the 

pyridinelike nitrogen—the nitrogen whose unshared electron pair is not part of the 

aromatic sextet. 

H H 
cif nel! 

(\ + H,0* => [ ee [ + H,0 (24.19) 
N N 

| | lf 
H H H 
sf pKa = 6.95 

c \ > does not form 

JES 

Notice that, according to the resonance structures in Eq. 24.19, the two nitrogens 

of protonated imidazole are equivalent; consequently, deprotonation to give imidazole 
can occur at either nitrogen. 

POC e reer ass aeeeresessseseesesesessssssss esse sees EHEEEEEEEEEEH OOOO EDO TCEEESESEEES ESOS EEE ESTHER ESESEE SHOE ESOT TERETE EEE SESE ESSE eT eee eee Ee eeeeeseeesesssesecess 

Acidity  Pyrrole and indole are weak acids. 

2 eee UX mete \ eee eras eh emer 
N (a base) 

H 

c With pK, values of about 17.5, pyrrole and indole are about as acidic as alcohols and 

Srupy Guripe Link: about 15-17 pK, units more acidic than amines (Sec. 23.5D). The greater acidity of 

__ 24:1 pyrroles and indoles is a consequence of the resonance stabilization of their conjugate- 

BME AGUS OC) Ser anions (Eq. 24.20; draw the three missing resonance structures in this equation.) 
1,3-Cyclopentadiene P He citoe dj h eat a A iy ay allie 

and Pyrrole yrrole and indole are acidic enough to behave as acids toward basic organometallic 
compounds such as Grignard or organolithium reagents. P 8 8 8 

ED + CH;CH,—MgBr —> go> + CH,CH; (24.21) 

H MgBr 
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*(a) Suggest a reason why pyridine is miscible with water, whereas pyrrole has 

little water solubility. 
(b) Indicate whether you would expect imidazole to have high or low water 

solubility, and why. 

The compound 4-(dimethylamino)pyridine protonates to give a conjugate 

acid with a pK, value of 9.9. This compound is thus 4.7 pK, units more 

basic than pyridine itself. Draw the structure of the conjugate acid of 

4-(dimethylamino)pyridine, and explain why 4-(dimethylamino )pyridine is 

much more basic than pyridine. 

(b) What product is expected when 4-(dimethylamino)pyridine reacts with 

CH, I? 

*24.12 Protonation of aniline causes a dramatic shift of its UV spectrum to lower 

wavelengths, but protonation of pyridine has almost no effect on its UV spec- 

trum. Explain the difference. 

eee eee eee ee eee rr 

ix 
N 

H 

Furan, thiophene, and pyrrole, like benzene and naphthalene, undergo electrophilic aro- 

matic substitution reactions. At which position—carbon-2 or carbon-3—does substitu- 

tion occur in these compounds? Let’s try to predict the experimental result by examining 

the carbocation intermediates involved in the substitution reactions at the two different 

positions. 

Eee ere meee eee e sees eter eee eee e eee eee He EH EHH E EEE EE SEH H HEH EEEEEEEEEE HEE EHEEEEEE EEE EEEEEEEEE SEES E ESE EEES EEE E HEE EEE EEE E EES 

Using the nitration of pyrrole as an example, predict whether electrophilic aromatic 

substitution occurs predominantly at carbon-2 or carbon-3. 

Solution Recall (Sec. 16.4C) that the electrophile in nitration is the nitronium ion, 

*NO). Substitution at the two different positions of pyrrole by the nitronium ion gives 

different carbocation intermediates: 

Substitution at carbon-2: 

+ 

i H i H ie H 
Isl H H 

A B Cc 
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Substitution at carbon-3: 

H H H 

iceman CS NO NO 
cS —— > en a ; <> oe é (24.22b) 

+ 

| | | 
H H H 

A B 

The carbocation resulting from substitution at carbon-2 has more important resonance 
structures, and is therefore more stable, than the carbocation resulting from substitution 
at carbon-3. Hammond’s postulate suggests that the reaction involving the more stable 
intermediate should be the faster reaction. Consequently, the prediction is that nitration 
occurs at carbon-2. The experimental facts are as follows: 

NO, 

U \\ 4 uno, re ae ell ( +H,O (2423) 
N i N 
| | 
H H H 

(50% yield) (15% yield) 

2-Nitropyrrole is the major nitration product of pyrrole, as predicted. Notice that there 
is nothing wrong with substitution at carbon-3; substitution at carbon-2 is simply more 
favorable. (Notice that some 3-nitropyrrole is obtained in the reaction.) 

CO ROICI IST OTL OCOCTO LLU CRCO ODEO CUT C COC. iC OCD UCC UG UOT OC. CO CMC CICS OCC tr tC CO TOM OO GOR COU OLIO OOOO UO RO Cr SOO OO OUD LCD HOOC SISO OOM DODGHOOOCAAOM Mm arma, 

As the study problem suggests, electrophilic substitution of pyrrole occurs predomi- 
nantly at the 2-position. Similar results are observed with furan and thiophene: 

O O O O 

! aS PCH C=O caer ae - C22 CHL CH, GOH eas, 

(a Friedel-Crafts reaction) (75-92% yield) 

NO, 

Wes NOME ee Povo al ( +H,O (2425) 
S S S 

(70% yield) (5% yield) 

How do pyrrole, furan, thiophene, and benzene compare in their relative reactivities in 
electrophilic aromatic substitution? Furan, pyrrole, and thiophene are all much more 
reactive than benzene. Although precise reactivity ratios depend on the particular reaction, 
the relative rates of bromination are typical: 

pyrrole > furan > thiophene > benzene (24.26) 
Cea Ue Oe 100s 10" l 
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Milder reaction conditions must be used with more reactive compounds. (Reaction 

conditions that are too vigorous in many cases bring about polymerization and tar 

formation.) For example, a less reactive acylating reagent is used in the acylation of furan 

than in the acylation of benzene. (Recall that anhydrides are less reactive than acid 

chlorides; Sec. 21.7E.) 

O 
! 

O 

| 1) AICI 

(97% yield) 

O O O 

| | oo Tl 
at CHE C— OC — GH. ote Cie .Cis; == CH3CO,H (24.27b) 

cOH O 

(75-92% yield) 

The reactivity order of the heterocycles (Eq. 24.26) is a consequence of the relative 

abilities of the heteroatoms to stabilize positive charge in the intermediate carbocations 

(for example, structure C in Eq. 24.22a). Both pyrrole and furan have heteroatoms from 

the first row of the periodic table. Because nitrogen is better than oxygen at delocalizing 

positive charge (nitrogen is less electronegative), pyrrole is more reactive than furan. The 

sulfur of thiophene is a second row element and, although it is less electronegative than 

oxygen, its 3p orbitals overlap less efficiently with the 2p orbitals of the aromatic 

q-electron system (see Fig. 16.9). In fact, the reactivity order of the heterocycles in 

aromatic substitution parallels the reactivity order of the correspondingly substituted 

benzene derivatives: 

Relative reactivities: 

cui \ = ons) > cus (24.28) 

N,N-dimethylaniline anisole thioanisole 

What about the activating and directing effects of substituents in furan, pyrrole, and 

thiophene rings? As might be expected from benzene and naphthalene chemistry, the 

usual activating and directing effects of substituents in aromatic substitution apply (see 

Table 16.2). Superimposed on these effects is the normal effect of the heterocyclic atom 

in directing substitution to the 2-position. The following example illustrates these effects: 

“meta” (1,3) 

CO,H CO,H CO,H 

[\ bn a ae 
ee EE IS Br (24.29) 

S : AcOH S S 

3-thiophene- 5-bromo-3-thiophene- (not observed; satisfies 
carboxylic acid carboxylic acid directing effect of 

(69% yield; satisfies heteroatom only) 
directing effect of 

both the heteroatom 
and —CO,H) 
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In this example, the —CO,H group directs the second substituent into a “meta” (1,3) 
relationship; the thiophene ring tends to substitute at the 2-position. The observed product 
satisfies both of these directing effects. (Notice that we count around the carbon framework 
of the heterocyclic compound, not through the heteroatom, when using this ortho, meta, 
para analogy.) In the following example, the chloro group is an ortho, para-directing 
group. Since the position “para” to the chloro group is also a 2-position, both the sulfur 
of the ring and the chloro group direct the incoming nitro group to the same position. 

“para” (1,4) 

es a me (57% yield) (24.30) 
S Ac.O S 

2-chlorothiophene 2-chloro-5-nitrothiophene 

When the directing effects of substituents and the ring compete, it is not unusual 
to observe mixtures of products. 

[ \-no, a owl Sno, + “Those (24.31) 

NO, group 
directs here 

sulfur directs 
her 
as 2-nitrothiophene 2,5-dinitrothiophene —_2,4-dinitrothiophene 

(44%) (56%) 

(60% yield) 

Finally, if both 2-positions are occupied, 3-substitution takes place. 

O 

! 
G = CH; 

O O 

i | BE; Poa 
CH; CH; St CHa CO He Wwe CH; CH; =F CH3CO,H 

© cOH O 

; acetic anhydride : 
2,5-dimethylfuran 1-(2,5-dimethyl-3-furyl)ethanone 

(65% yield) (24.32) 

Bb. Addition Reactions of Furan 
BOO UUOOOODCICCULICD ODIO OIOOO OOO OOOOOO OOOO DOC OCOIOOOOICOOCICICOOOUOIOOOOO OOO COOOOOCOUOOICCOOOOCOOCUCUOOOOOOOOOOOODOCOMOMOOOCOCACT Tt r rrr 

The previous sections focused on the aromatic character of furan, pyrrole, and thiophene. 
A furan, pyrrole, or thiophene could, however, be viewed as a 1,3-butadiene with its 
terminal carbons “tied down” by a heteroatom bridge. 

[/ \\ “butadiene” unit within furan 

O 

Do the heterocycles ever behave chemically as if they are conjugated dienes? The 

answer is yes. Of the three heterocyclic compounds furan, pyrrole, and thiophene, furan 
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has the least resonance energy (Table 24.1) and, by implication, the least aromatic charac- 

ter. Consequently, of the three compounds, furan has the greatest tendency to behave 

like a conjugated diene. 

One characteristic reaction of conjugated dienes is conjugate addition (Sec. 15.4A). 

Indeed, furan does undergo some conjugate addition reactions. One example of such a 

reaction occurs in bromination. For example, furan undergoes conjugate addition of 

bromine and methanol in methanol solvent; the conjugate-addition product then under- 

goes an Syl reaction with the methanol. (Write mechanisms for both parts of this reaction; 

refer to Sec. 15.4A if necesary.) 

eae |S \ CHO. /-\OcH 

O Ho a Os H 

Silat bis + HBr 

mixture of stereoisomers 
(72-76% yield) 

Another manifestation of the conjugated-diene character of furan is that it undergoes 

Diels-Alder reactions (Sec. 15.3) with reactive dienophiles such as maleic anhydride. 

O H O 

— 

= 

ao furan O 

maleic anhydride 

C. Side-Chain Reactions 

Many reactions occur at the side chains of heterocyclic compounds without affecting the 

rings—in the same sense that some reactions occur at the side chain of a substituted 
benzene (Secs. 17.1—17.5). 

Ci=0O CO,H 
Ag,O 

/ \ (Sec. 19.14) / \ (95-97% yield) (24.35) 

S S 

3-thiophenecarbaldehyde 3-thiophenecarboxylic acid 

A particularly useful example of a side-chain reaction is removal of a carboxy group 

directly attached to the ring (decarboxylation). This reaction, which is effected by strong 

heating (in some cases with catalysts), is important in the synthesis of some unsubstituted 
heterocyclic compounds. 

i 
con ae a= + CO, (24.36) 

2-furancarboxylic acid furan 
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24.13 Complete each of the following reactions by giving the principal organic 
S a product(s). 

. *(a) Br 

Hd Vitek HNO, —AcoH 

S 

(b) O O 

Pe ee ea 
A GHoe CH. C—O —-©@__ GH. rie O rims 

*(c) 

UC Gems + CH;—C—ph —Ns0H 
O 

(d) CH; O 

/ \ light ( : \ Os N—Br CCl 

O 

*24.14 | Write a curved-arrow mechanism for the following reaction. 

CH; 
l. 
= CH; [ d+men— cro a U\ on + H,0 N Nieewe 

| j | | (colored) H Erlich’s reagent H lal 
(used for detecting pyrroles 

and indoles) 

Aaa cad ae sc ew aca on ace alc ec pio sialem seein sinniacinisofisisniat p\eleaislolctscWsisnacie wetvanisine oe eet cease sete aoe eRe Cee eC EER ECE ET EERE 

Synthesis of Indoles 
PR SORODCURREOE SP OPO 20200 SUA DORE SOUS a DEBS ARR OUCHIOCO™ 4080 Sogo Cody GOSORd HGS CU SUE CoCU pomp CSOT IDOCNOHEE Sead aEneeemnc 

Conceptually, the simplest approach to the synthesis of a substituted heterocyclic com- 
pound is to introduce a substituent into the heterocyclic ring. This is the approach 
discussed in the preparation of substituted furans, pyrroles, and thiophenes in the previous 
section. Another approach to the synthesis of heterocyclic compounds is to form the 
substituted ring system itself in some type of cyclization reaction. Although both 
approaches have been used successfully with most heterocycles, the latter is particularly 
important in the synthesis of indole and quinoline derivatives. This strategy is illustrated 
in this section with two widely used syntheses of indole derivatives, the Fischer indole 
synthesis and the Reissert indole synthesis. 



1190 = Chapter 24 Chemistry of Naphthalene and the Aromatic Heterocycles 

A. Fischer Indole Synthesis 

One of the best-known methods for preparing indoles is the Fischer indole synthesis, 

named for the great German chemist Emil Fischer (see Sec. 27.9A). In this reaction, an 

aldehyde or ketone with at least two a-hydrogens is reacted with a phenylhydrazine 

derivative in the presence of an acid catalyst and/or heat. 

O 
! 

N 
H 

phenylhydrazine 

c= 

Stupy GUIDE LINK: 

V 24.2 

Fischer Indole 

Synthesis 

2-phenylindole 
(76% yield) 

A variety of Bronsted or Lewis acid catalysts can be used: H,SO,, BF3, ZnCl,, and 

others. (The acid used in Eq. 24.37, polyphosphoric acid, is a syrupy mixture of P,O; and 

phosphoric acid.) The reaction also works with many different substituted phenylhydra- 

zines and carbonyl compounds. However, acetaldehyde, which could in principle be used 

to give indole itself, does not work in this reaction, probably because it polymerizes under 

the reaction conditions. 

The mechanism of the Fischer indole synthesis begins with a familiar reaction: 

conversion of the carbonyl compound into a phenylhydrazone, a type of imine (Table 

19:3) 

© 

| H On 

NONE + Ph—C€—CHi, Ga 

CH, CH; 
7 acid + js 

Bid Sage == Diabaig (24.38a) 

Ph Ph 

a phenylhydrazone a protonated form 
of the phenylhydrazone 

The protonated phenylhydrazone is in equilibrium with a small amount of a protonated 
enamine tautomer. 

H3C Ph H,Cw 
Sar 

C ic 
| saat | protonated enamine 

teen ? Te NH tautomer (24.38b) 

NH; NH5 

The latter species undergoes a pericyclic reaction involving three electron pairs (six elec- 
trons) to give a new intermediate in which the N—N bond of the phenylhydrazone has 
been broken. 
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OSG ae 1 Onan a | CHa Ph Om eh 

| * y) c < C +H,OF — (24.38) 
CONT ne al el . 
NHS NH, NH NH, NH 

imine intermediate 

The intermediate formed in Eq. 24.38c is an imine (Sec. 19.11A). Imines react like ketones. 
Thus, the imine, after protonation on the imine nitrogen, undergoes nucleophilic addition 
with the amino group in the same molecule. The resulting “enamine” derivative is the 
product indole. 

CH Ph . Pu Cr —NH; 

NH, Cyn, 
protonated imine 

al 

ZO H \ s 
i oe Ph + NH, a or 

N N 
TA \ 

H H 

(24.38d) 

Although substituted phenylhydrazines work in the Fischer indole synthesis, some 

are difficult to prepare. For this reason, the Fischer synthesis is most often used with 

phenylhydrazine itself, that is, to prepare indoles that are substituted at the 2- or 
3-position rather than in the phenyl ring. 

COR e eee weer rere sees esse ee eee eee eH EEE EEE EEE EEO HEHHHHHHEEEE EEE EHEEHEEEEEEE EEE HEHEHHHHEEEE EEE EE HEHEHE EERSTE EEE EEE E EEE EESEEES EEE EEE HEHEEEEEE EEE ESSE SEES SEES 

24.15 What starting materials are required for the synthesis of each of the following 

compounds by the Fischer indole synthesis? 

*(a) CH(CH;3), (b) 

s Ph 
\ N 
N 
H CH; 

Lz, 
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*24.16 When phenylhydrazine is reacted with 2-butanone under conditions of the 
Fischer indole synthesis, a mixture of two isomeric indoles is formed. Give their 

structures and explain. 
Demme meme meee eee tenes esses eneesseeeeeessereeeseeeese Damme eee meee meee meee eee eee eee He Eee eee Heese EHH HEHEHE EEE HEHEHE EH EEE EEE HEHE HEHE TEES 

eee meee meee eee eee E EEE EEE E EET E HEHEHE ERE E REE HEEEEEESESEOEEEEEEE ESHEETS H EEE EHEEEE EES 

The Fischer indole synthesis occurs under acidic conditions. The Reissert indole synthesis, 

in contrast, occurs under basic conditions. The key starting materials for this indole 

synthesis are diethyl oxalate and o-nitrotoluene or a substituted derivative. 

Onmmn©® 
H oie le 1) Kt EtO7/ether 

ap OC SC OE 
2) HOAc 

NO, diethyl oxalate 

o-nitrotoluene 

OR® 

I | - 
H>, Pt \ So ya 

se le@Olal he ‘G OEt 

NO, N 

ethyl 2-indolecarboxylate 
(64-66% yield) (24.39) 

The o-nitro group is an essential element in the success of this reaction because its 

presence makes the benzylic methyl hydrogens acidic enough to be removed by ethoxide; 

the resulting anion is resonance-stabilized. 

(AN oF 
CH ~:OEt Ci Grr CH 

ee <> -| + EtOH 
= AO ee ©): 2 (24.40a) 

NO, ve Nee 
| 

if Ove :O:_ 

In a variation of the Claisen condensation (Sec. 22.5A), this nucleophilic anion attacks 
a carbonyl group of diethyl oxalate, displacing ethanol. Like the Claisen condensation, 
this reaction is driven to completion by ionization of the product. For this reason, at 
least one equivalent of the base must be used. 
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ROR Os 

= | 
GHG con CHE Cc Gorm 

Cr prt eee Cr + EtOH 

NO, NO, 

(24.40b) 

The anion is neutralized by protonation in acetic acid, and the nitro group is converted 

into an amino group ina separate reduction step. (Catalytic hydrogenation is the reduction 

method used in Eq. 24.39.) The amino group thus formed reacts with the neighboring 

ketone to yield, after acid-base equilibria, an “enamine,” that is, the aromatic indole. (Fill 

in the mechanistic details for the formation of the product from the amine.) 

1 1 
GHG Cone GH @=G0rEt 

Cr reduction Cr H30* (enamine formation) 
See > 

NO, NH, 

Ho HO; 
We 
ao : 

| a cola = ‘— co, Ft + H,6* 
N N 
H H 

(24.40c) 

2-Indolecarboxylic acid, like other heterocyclic carboxylic acids, can be decarboxyl- 

ated (see Eq. 24.36). Consequently, the Reissert reaction followed by decarboxylation can 

be used to prepare indole itself. 

ester 

saponification 
and protonation 

boxylation 
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If substituted nitrotoluenes are used in the Reissert reaction, this reaction, in conjunc- 

tion with the final decarboxylation step, can be used to prepare indoles that are substituted 

in the benzene ring and unsubstituted at the 2- and 3-positions. In this sense, the Reissert 

synthesis is complementary to the Fischer synthesis. (Recall that the Fischer synthesis is 

most often used to prepare indoles that are substituted at the 2- or 3-position.) 

TOCCCCCeerrrrrc errr errr errr errr errr rrr errr err rrr rere errr rere reer errr rrrrrrrrererrrrer errr rrr rrrrrrrr errr rrr rerer rere eee eee 

24.17 Outline Reissert syntheses of the following indole derivatives from the indicated 

starting materials and any other reagents. 

*(a) 5-bromoindole from m-toluidine (3-methylaniline) 

(b) 6-indolecarbonitrile from p-toluidine (4-methylaniline) 

ERR e meee ee eee eee eee eee e teat eee ee EEE EEE HEHE HEHEHE H THEE EEE E EE EEE HEHEHE EEE EEE HEHEHE E SEH E SEE EEEEEE EEE EEEHEHEEEEE EEE EEEEEE HEHE HEHE EEE 

Chemistry of Pyridine and Quinoline 
eee ee eee eee ee eee eee ee eee eee eee eee ease esse sees EE HEHEHE HHH HEHEHE SHEE HEHEHE HEHEHE HEHEHE HEE EES ESHEES ES EEE HERE EE HEHE ES 

POPP eee e eee eee reer ener eee e sees esses sess EE EEE E SESE SEES EEEEEEEE EEE H ESSE EEE ESESEE ESE EEEEEEEE EH EES EEEE EEO O ES EEE OSE E EES 

In general, it is difficult to prepare monosubstituted pyridines by electrophilic aromatic 

substitution because pyridine has a very low reactivity; it is much less reactive than 

benzene. An important reason for this low reactivity is that pyridine is protonated under 

the very acidic conditions of most electrophilic aromatic substitution reactions (Eq. 

24.15). The resulting positive charge on nitrogen makes it difficult to form a carbocation 

intermediate, which would place a second positive charge within the same ring. 

Fortunately, a number of monosubstituted pyridines are available from natural 

sources. Among these are the methylpyridines, or picolines: 

CH, 

La i Ee Le 

S < | & | 
H3C N N N 

a-picoline B-picoline y-picoline 

The picolines (and other methylated pyridines) are obtained from coal tar (Sec. 16.7). 
Another very useful monosubstituted derivative of pyridine is nicotinic acid (pyridine- 
3-carboxylic acid), which is conveniently prepared in a number of ways, one of which 
is side-chain oxidation of nicotine, an alkaloid present in tobacco (Pigw2 3.3). 

ae HNO;, heat neutralize CO,H 
ae —<$<$_> ie | a | 1 Ba | i (24.42) 

~ H = 
N CHs N 

nicotine nicotinic acid 
(70% yield) 
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(Nitric acid in this reaction is used as an oxidizing agent.) 

Although electrophilic aromatic substitution reactions are not very useful for intro- 

ducing substituents into pyridine itself, pyridine rings substituted with activating groups 

such as methyl groups do undergo electrophilic aromatic substitution reactions. 

NO 

AO SNS ahi es < HS, te: 
H3C N CH; H3C N CH, 

2,6-dimethylpyridine 2,6-dimethyl-3-nitropyridine 
(2,6-lutidine) (81% yield) 

As this example illustrates, substitution in pyridine generally takes place in the 3-position. 

Although the methyl groups in Eq. 24.43 also direct substitution to the 3-position, the 

tendency of pyridine to undergo 3-substitution is general even in the absence of such 

directing groups. As with other electrophilic substitutions, an understanding of this direct- 

ing effect comes from an examination of the carbocation intermediates formed in substitu- 

tion at different positions. Substitution in the 3-position gives a carbocation with three 

different resonance structures: 

3-Substitution: 

Za a *NO, 

| aa) 
=~ 

N 

H H + H 

See x a 

NO, 12 NO, <> || NO, (24.44a) 
<<a , LE xB 

N aN N 

Substitution at the 4-position also involves a carbocation intermediate with three reso- 

nance structures, but the one shown in color is particularly unfavorable because the 

nitrogen, an electronegative atom, is electron-deficient. 

4-Substitution: 

H +No, 

ZA 
—> 

SS 

N 

H NO, H NO, H NO, 

> pie ike bis we (24.44b) 
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You must be sure to understand that the nitrogen in the colored structure is very different 
from the nitrogen in pyrrole (Eq. 24.22a, structure C). The pyrrole nitrogen is also 

positively charged, but it is not electron-deficient because it has a complete octet. In 

contrast, an electron-deficient electronegative atom such as the one in Eq. 24.44b is very 

unfavorable energetically. 
If electrophilic substitution in pyridine occurs at the 3-position, how can we obtain 

pyridine derivatives substituted at other positions? One compound used to obtain 

4-substituted pyridines is pyridine-N-oxide, formed by oxidation of pyridine with 30% 

hydrogen peroxide. 

SS SS 

(1 + H,0, oe | + HO (24.45) 
LE Se 

N N 

pyridine : } 3a 

pyridine-N-oxide 
(90% yield) 

An analogy to pyridine-N-oxide from benzene chemistry is phenoxide, the conjugate base 

of phenol. Just as phenol or phenoxide is much more reactive in electrophilic aromatic 

substitution than benzene (Sec. 18.8), pyridine-N-oxide is much more reactive than 

pyridine. Of course, since there is a positive charge on the nitrogen of pyridine-N-oxide, 

this compound is much less reactive than phenol or phenoxide. Nevertheless, pyridine- 

N-oxide undergoes useful aromatic substitution reactions, and substitution occurs in the 
4-position. 

:O ee 

NO; 
XS neutralization = 

| fuming HNO; (base) | (90% yield) 

3) ~ HpS0,z, 90° — ak 
N 

+ 

N 14 hr 

| 
@ 

ae both substitute in 4-position 

== 

+2 
N 

(24.46) 

ee O- 

Once the N-oxide function is no longer needed, it can be removed by catalytic 
hydrogenation; this procedure also reduces the nitro group. Reaction with trivalent phos- 
phorus compounds, such as PCl;, removes the N-oxide function without reducing the 
nitro group. 
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NH, 

(24.47) 

NO, 

CHCl; ei 

Similar reactions are possible with quinoline. 

Poobrbche icine ieteenseeiei@\e/@(@/4\4/@\0/0e-s\ninia\s\sie\6/6\6-016'0/@:6(6:810)6 (2/8 {w/6)8/6\616)¢/4.6,0101¢,01016,0:0]010)6(s\ sie (e\n\e]e (nal ula\a/6/6'6,016 9. 6\016)0]6(0/uie/eie/6\a(e]8 01016, 0.610) 6(0\e|s\6(0/6\6/5/a/a/414 4/814 n)@ oielalele'e\eielulsjele/elalaialale s/eieie'eisjela sialelaiaieteiaie/atele 

Which should be more reactive in nitration: B-picoline or a-picoline? Explain 

using resonance structures, and give the major nitration product(s) in each case. 

24.19 By drawing resonance structures for the carbocation intermediates, show why 
aromatic substitution in pyridine-N-oxide occurs at the 4-position rather than 
at the 3-position. 

*24.20 When quinoline is nitrated, two mononitration products are formed. Give their 

structures and explain. (Hint: Use what you know about substitution in 
naphthalene.) 

5|01G'0/610\0\0:0/6\0'@/0/0 0160.0 e)0\u oc \eje 9 0/0.0\0:0/0)0\a\0\ejeieieieieie o\e)e/0/s\0\0\0)0/0|0\0\u louie /e\01e 0:6 010, 01¢'016|6 e\ulnlvivie|elei0.eieiei0ie 6.0.00 cielo a bieleiniciceccecle ee 5.6 vleleie 6 eeisiseieeicviceecee cvcebéeccceceeeeeeeunacubaceeene 

aie) 6\4)6\0\0 4)0:0;0'0)6.0\0)0)0/6)6 6) 4\0\0 0 0\01¢,0/0 010 010 00. 01n\6\e.o.n 0.4.0 wie nis 8010001010000 6.0.00 60s vepeisiejcevecescce se dbececccescocccecevenscseeceeeseeseecocccoeee 

In contrast to its low reactivity in electrophilic aromatic substitution, the pyridine ring 
readily undergoes nucleophilic aromatic substitution. A rather unusual reaction of this 
type, called the Chichibabin reaction, can be used to prepare 2-aminopyridine. In this 
reaction, treatment of a pyridine derivative with the strong base sodium amide 
(Nat ~NH,; Sec. 23.5D) brings about the direct substitution of an amino group for a 
ring hydrogen. 

2 1) heat = | daNaN Ey eco i + NaOH +H, = (24.48) 
Zz et Z 
Noe N~ ~NH, 

pyridine 2-aminopyridine 
(66-76% yield) 
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In the first step of the mechanism, the amide ion, acting as a nucleophile, attacks 

the 2-position of the ring to form a tetrahedral addition intermediate. 

CN = 
a Sidi se Povey fe BB ee 

oe BS SS 

Madea ae ee 
tetrahedral addition intermediate 

This step of the mechanism can be understood by recognizing that the C—=N linkage of 

the pyridine ring is somewhat analogous to a carbonyl group; that is, carbon at the 

2-position has some of the character of a carbonyl carbon, and can be attacked by 

nucleophiles. The C—=N group of pyridine is, of course, much less reactive than a carbonyl 

group because it is part of an aromatic system. 

(~:Nuc = nucleophile) 

(24.49b) 

— || + NaH (24.49c) 

Hydride ion is a very poor, and thus very unusual, leaving group because it is very basic. 
There are two reasons why this reaction occurs. First, the aromatic pyridine ring is re- 
formed; aromaticity lost in the formation of the tetrahedral addition intermediate 
is regained when the leaving group departs. Second, the basic hydride produced in 
the reaction reacts with the —NH) group irreversibly to form hydrogen gas and the 
resonance-stabilized conjugate-base anion of 2-aminopyridine. 

= eat SS aS 

| sy; go Na = Es 4), a a = ee ler ie (24.49d) 

Na* 

The neutral 2-aminopyridine is formed when water is added in a separate step. 
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oR = 

4 ate 

(ea Os See || + NaOH — (24.49e) 
wis step ite? 

N~ ~NH Nat N~ ~NH, 

A reaction similar to the Chichibabin reaction occurs with organolithium reagents. 

SS SS 

; O : 
ee + PhLi ees pleriS ae ee + aH (24.50) 

ee eat Se 

N H N Ph 

pyridine 2-phenylpyridine 
(40-49% yield) 

When pyridine is substituted with a better leaving group than hydride at the 

2-position, it reacts more rapidly with nucleophiles. The 2-halopyridines, for example, 

readily undergo substitution of the halogen by other nucleophiles under conditions milder 

than those used in the Chichibabin reaction. 

SS SS 

MeO or TaN AO Vict | + NaCl (24.51) 
LE vg 

N Cl N OMe 

2-chloropyridine 2-methoxypyridine 
(95% yield) 

This nucleophilic substitution can also be related to the analogous reaction of a carbonyl 

compound. This reaction of a 2-chloropyridine resembles the nucleophilic acyl substitu- 

tion reaction of an acid chloride—except that acid chlorides are much more reactive than 

2-halopyridines. 

=~ 
N Cl N Nuc (24.52) 

ES I oe 
pa Se —C- aa 

The nucleophilic substitution reactions of pyridines can be classified as nucleophilic 

aromatic substitution reactions. Recall that aryl halides undergo nucleophilic aromatic 

substitution when the benzene ring is substituted with electron-withdrawing groups (Sec. 

18.4A). The “electron-withdrawing group” in the reactions of pyridines is the pyridine 

nitrogen itself. The tetrahedral addition intermediate (Eq. 24.49a) is analogous to the 

Meisenheimer complex of nucleophilic aromatic substitution (Eq. 18.16). Thus, there is 

a mechanistic parallel between three types of reactions: (1) nucleophilic acyl substitution, 

a typical reaction of carboxylic acid derivatives; (2) nucleophilic aromatic substitution; 

and (3) nucleophilic substitution on the pyridine ring. 

The 2-aminopyridines formed in the Chichibabin reaction serve as starting materials 

for a variety of other 2-substituted pyridines. For example, diazotization of 2-aminopyri- 

dine gives a diazonium ion that can undergo substitution reactions (see Sec. 23.10A). 
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CuBr or SS SS : SS 
| NaNO» | HBr, Br | if N; (24.53) 

ZB HBr LE - LE 

N~ ~—NH, N° Ns Bro N Br 

2-aminopyridine 2-pyridinediazonium 2-bromopyridine 
bromide (86-92% yield) 

When the diazonium salt reacts with water, it is hydrolyzed to 2-hydroxypyridine, 

which in most solvents exists in its carbonyl form, 2-pyridone, despite the aromaticity 

of the 2-hydroxy form. In water the ratio.of 2-hydroxypyridine to 2-pyridone is about 

340) 

“Ss SS SS 
en _H,0, =No ol a ane es 

LE, + ee 

N N> N OH " © 

2-pyridinediazonium ion 2-hydroxypyridine 
2-pyridone 

Although 2-pyridone exists largely in the carbonyl form, it nevertheless undergoes 

some reactions reminiscent of hydroxy compounds. For example, treatment of 2-pyridone 

with PCI; gives 2-chloropyridine. 

SS 4 Z 
CL a, PCL ee | + POC], + HCl (24.55) 

— 

N O N eo) 
H 

2-chloropyridine 
2-pyridone 

If you think of 2-pyridone in terms of its 2-hydroxypyridine tautomer, this reaction is 

similar to the preparation of acid chlorides from carboxylic acids. 

; ==> - similar to G ==> € (24.56) 
ZC ZO Oo” “On oa Noe On N Cl 

Notice again the analogy between pyridine chemistry and carbonyl chemistry. 

Pyridines with leaving groups in the 4-position also undergo nucleophilic substitution 
reactions. 

Cl NHPh NHPh 

s heat = SS | + PhNH, | + HCl =>. || qe (24.57) 
Zz Zz + 

N N a H 

4-chloropyridine 4-(N-phenylamino)pyridine 

As the examples in this section suggest, nucleophilic substitution reactions at the 
2- and 4-positions of a pyridine ring are particularly common. The reason is clear from 
the mechanism of this type of reaction: negative charge in the addition intermediate is 
delocalized onto the electronegative pyridine nitrogen. 
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Substitution at carbon-2: (Y = leaving group, ~:Nuc = nucleophile) 

cena Nuc (SL eee nen 

Nee 

Substitution at carbon-4: 

a Sp Y Nuc Nuc >Nuc G&G 
are 
SS SS 

| oe —> —> +:Y- (24.58b) 
ee 2B N N 

What about substitution at carbon-3? 3-Substituted pyridines are not reactive in nucleo- 
philic substitution because negative charge in the addition intermediate cannot be delocal- 
ized onto the electronegative nitrogen: 

Substitution at carbon-3: 

S ct _inuc x oa i ae 2 
SES | INU Cameo Nice <> Nuc (24.58c) ZB ee =o Zé ~ es 

N cet N 

DODDOPODOD OD CORO ROR RIOUOUOO SC OGCOCOUDOTICOOOOIORTOOUOCCOOOCO OT OOCCCOTOUCUCTCOC COO .ONTIMIOUODCI CT OOO OOOO BDO OOMTOT OOO BANC TC MCICUICICONCDOOOOCFOOAACAOOAG HSA cei 

Give the structure of the product and a curved-arrow mechanism for its forma- 
tion in the reaction of 4-chloropyridine with sodium methoxide. Draw all 
important resonance structures for the addition intermediate. 

24.22 Which compound should undergo substitution of the bromine by phenolate 
anion: 4-bromopyridine or 3-bromopyridine? Explain, and give the structure of 
the product. 

DODD ID ODOR OD OODOD GRO CUCCOUCDIOCCIOUGOF OOO OO UU CCCCICOCUOO OOD OCOCCOOOOOCUO UO OOU OCU CN UDUOOOUOUL GO ICOUSUOHOD OU DOOOOHOUGUDUOONONObCo Gon O6ac ooo dedermetian.a-eir 
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Pyridine, like many Lewis bases, is a nucleophile. When pyridines react in $,y2 reactions 
with alkyl halides or sulfonate esters, quaternary ammonium salts, called pyridinium salts, 
are formed. 
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CO fe GH oF (nearly quantitative) (24.59) 

methyl 
iodide 

pyridine ie 3 

1-methylpyridinium iodide 
(a pyridinium salt) 

Pyridinium salts are activated toward nucleophilic reactions at the 2- and 4-positions 

of the ring much more than pyridines themselves because the positively charged nitrogen 

is more electronegative, and is therefore a better electron acceptor, than the neutral 

nitrogen of a pyridine. When the nucleophiles in such displacement reactions are anions, 

charge is neutralized. In the following reaction, for example, the pyridinium salt is attacked 

at the 2-position by hydroxide ion; the resulting hydroxy compound is then oxidized by 

potassium ferricyanide [K;Fe(CN).] present in the reaction mixture. 

Ppa ep eae Ae ase Ss 

(5 (Ls geese (lle (24.60) 

A biological example of nucleophilic addition to the 4-position of a pyridinium ring 
is found in biological oxidations with NAD* (Sec. 10.7). 

Pyridine-N-oxides are in one sense pyridinium ions, and they react with nucleophiles 

in much the same way as quaternary pyridinium salts: 

SS 
ff = PhMeBre === a —— er +2AcOH (24.61) 

(ey) LE 

; N Ph 

OF he 2-phenylpyridine 

pyridine N-oxide 

1). Side-Chain Reactions of Pyridine Derivatives 
MOORUCOTCOOUGIOOO CORI CTICOC COC CLOOOOOUCUOCUUOCOUOCOCIOOCOOOUOOOOUTINOSIC COCO OUDCOCOOORUOCIOUOOUOUCOOOUOMOAOOU CTS OOCDDOOOO NEO oo ra lioe 

The “benzylic” hydrogens of an alkyl group at the 2- or 4-position of a pyridine ring are 
more acidic than ordinary benzylic hydrogens because the electron pair (and charge) in 
the conjugate-base anion is delocalized onto the electronegative pyridine nitrogen. 

ES 
(24.62) 

| + CH;CH,CH,CH,Li —> + CH;CH,CH>CH, 
Na CH, —H CH, line 

acidic 

(Write the resonance structures of this ion and verify that charge is delocalized onto the 
pyridine nitrogen.) As the example in Eq. 24.62 illustrates, strongly basic reagents such 
as organolithium reagents or NaNH) abstract a “benzylic” hydrogen from 2- or 4-alkyl- 
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pyridines. The anion formed in this way has a reactivity much like that of other organo- 
lithium reagents. In Eq. 24.63, for example, it adds to the carbonyl group of an aldehyde 
to give an alcohol (Secs. 19.9, 22.10A). 

| ~ 1) CH3(CH))3Li 2) 0=CH—CH=CH— CH; 
ee 

we 3)H,0 

HG sbaNaaeGH: 

a OH 

HzCalN ) CH ,CHCH=CHCH, Niazss) 

In this example, notice the analogy between pyridine chemistry and carbonyl chemistry. 
If the C=N linkage of a pyridine ring is analogous to a carbonyl group, then the 
“benzylic” anion is analogous to an enolate anion. 

pe | 
| ss ~ analogous to Gus (24.64) 

NCH, a sey 

On the basis of this analogy, then it is reasonable that these anions should undergo some 
of the reactions of enolate anions, such as the aldol addition in Eq. 24.63. 

The “benzylic” hydrogens of 2- or 4-alkylpyridinium salts are much more acidic 
than those of the analogous pyridines because the conjugate-base “anion” is actually a 
neutral compound, as the following resonance structures show: 

S&S oo SS S Ne 

| Zz Aa Vain paiva | CAD, are | ve bs oe oe N¥ ~CH,+ N# ~CH, NiwCH) 

CH; CH; CH, 

The “benzylic” hydrogens of 2- or 4-alkylpyridinium salts are acidic enough that the 
conjugate-base “anions” can be formed in useful concentrations by aqueous NaOH or 
amines. In the following reaction, which exploits this acidity, the conjugate base of a 
pyridinium salt is used as the “enolate” component in a variation of the Claisen-Schmidt 
condensation (Sec. 22.5C). 

CH, CH= CH— Ph 

S Aoi S 
| ght oe piperidine | +H,O — (24.66) 

LE 

N+ N+ 

| | 
CH; CH; 

(85% yield) 

Many side-chain reactions of pyridines are analogous to those of the corresponding 
benzene derivatives. For example, side-chain oxidation (Sec. 17.5) is a useful reaction of 
both alkylbenzenes and alkylpyridines. The oxidation of nicotine to nicotinic acid (Eq. 
24.42) is an example of such a reaction. 
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24.23. Give the principal organic product in the reaction of quinoline with each of the 

following reagents. (Hint: Consider the similar reactions of pyridine.) 

*(a) 30% H,O, (b) NaNHp, heat; then H,O 

*(c) product of (a), then HNO;, H,SO, 

24.24 Outline a synthesis for each of the following compounds from the indicated 

starting material and any other reagents. (Recall that a picoline is a methyl- 

pyridine.) 

*(a) 3-methyl-4-nitropyridine from 3-picoline 

(b) 4-methyl-3-nitropyridine from 4-picoline 

(6) S 

| LE . . 

N CH,— CO >H from 2-picoline (Hint: See Sec. 20.6.) 

*(d) 3-aminopyridine from 3-picoline 

24.25. Predict the predominant product in each of the following reactions. Explain 

your answer. 

*(a) 3,4-dimethylpyridine + butyllithium (1 equiv.), then CH3I ~ (CgH,,N) 

(b) 3,4-dibromopyridine + NH;, heat ~ (C5H;BrN,) 

TOP reer reer ress eseeeeesesssssssses sree esse ee ees esses ees DED ODO EEO EEEEEEEEE HEHE EEESEHES ESSE ESED ESE ESOS EEE EEE E OE EE eeeeeeeeeeeeee® 

POP em meee meee reese reese eee eee sense HEE EEE EEE E Eee e eee eee EEE EOEEEE EEE O SOOO EEEE SEDO OEE ES ODES OSES SOD E Dee EE eeEeseeeeeeseeses 

A number of reasonably versatile syntheses of quinolines from acyclic compounds are 

known. This is fortunate, since many direct substitution reactions of the quinoline nucleus 

give mixtures (Problem 24.20). One of the best known syntheses of quinolines is the 
Skraup synthesis, an acid-catalyzed reaction of glycerol with aniline or its derivatives. 

N 
orton Oi ees S 

aod) | ae (24.67) 
CH, —CH— CH, ais Nia 

1 

aniline glycerol quinoline 
(84-91% yield) 

In this reaction, glycerol undergoes an acid-catalyzed dehydration to provide a 
small but continuously replenished amount of acrolein, an a,B-unsaturated aldehyde. (If 
acrolein itself were used as a reactant at high concentration, it would polymerize.) 

ig ie i. 

CH Gi Gps 49) Peewee, 2 SO, Hp CH — CH, —> O—CH— CHa GHOH) == 
glycerol 

O—=CH— CH=CH, (24.68a) 

acrolein 

Aniline undergoes a conjugate addition (Sec. 22.8A) with the acrolein (Reaction a below). 
Next, the resulting aldehyde is protonated (Reaction b). Because the protonated aldehyde 
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has carbocation character, it acts as an electrophile in an intramolecular electrophilic 
aromatic substitution reaction (Reaction c). Dehydration of the resulting alcohol yields 
1,2-dihydroquinoline. (You should fill in the details of the mechanism outlined in Eq, 
24.68a and b.) 

O 

tee 

(b) cere HLSO 

Ci “1 CH, = CH — CHO _addition Oo! 2 ce 

NH, 

in 

ve HSO, 

cr 

Gi Sa -OH ay 2 

NHS N 
HSO; H. zi : HSO, 1,2-dihydroquinoline 

(24.68b) 

The 1,2-dihydroquinoline product differs from quinoline by only one degree of unsatura- 
tion, and it is readily oxidized to the aromatic quinoline by mild oxidants. Nitrobenzene, 
As,Os, or Fe’* are commonly used oxidants in the Skraup synthesis; these are included 
in the reaction mixture. 

PhNO 
(C4 (onidant) = 

ee | (24.68c) 
ZB 

N N 
H 

a,B-Unsaturated aldehydes and ketones that are less prone to polymerize than acro- 
lein can be used instead of glycerol in the Skraup synthesis to give substituted quinolines. 

CHe 

H,C 
| _  __ FeCls,ZnCl, Ss H3C NH, + CH,==CH—C—CH, Be ha ma (24.69) 

, ee 

A methyl vinyl ketone N 
p-toluidine (3-buten-2-one) 

4,6-dimethylquinoline 
(65% yield) 

MR OFCOURSE ODD OU SoU NEE rie SOO DOUG OO 2COCROC UO ROUCOCOOLO CORLL CDOS COU OC UO OCOCn OD SIUC DO ODOC ODOC CUDSCOROOOSCSEIOCICOCN OIC CULOROCOCOOSTIOCE MAECncCniit Geacian 

24.26 What product is expected when p-methoxyaniline (p-anisidine) reacts with each 
of the following compounds under the conditions of the Skraup synthesis? 

*(a) 1-phenyl-2-buten-1-one (b) glycerol 

*24.27 What reactants are required for a Skraup synthesis of 6-chloro-3,4- dimethyl- 
quinoline? 
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24.28 When 3-methylaniline (m-toluidine) reacts with glycerol, nitrobenzene, and 

H,SOy,, two isomeric quinolines are obtained. Give their structures and explain. 

eee eee eee EEE EEE EEE HEHE HEHE HEHEHE EEEEEEEHE EEE EEE HESS SEES TEESE EEE OES ESHEETS EEE EE ESE EEEEEEEEE EHH EEEEEEE EEO SESHESHHESEOHEHEEES EO EES 

Occurrence of Heterocyclic Compounds 
eee ee eee eee eee eee eee HHH EHH ESE HEHE EEE HEHEHE EEEEEEEEEEE HEHE HEHEHE ES ESET HE EEEEEEE EEE SESEEEE EEE EESESH EEE EEEESS 

Nitrogen heterocycles occur widely in nature. Sec. 23.12B discussed the alkaloids (Fig. 

23.3), many of which contain heterocyclic ring systems. The naturally occurring amino 

acids proline, histidine, and tryptophan, which are covered in Chapter 26, contain respec- 

tively a pyrrolidine, imidazole, and indole ring (Fig. 24.6). A number of vitamins are 

heterocyclic compounds; without these compounds, many important metabolic processes 

could not take place. For example, vitamin B, is a substituted pyridine; NAD* (Sec. 10.7) 

is a pyridinium ion; and vitamin B, (thiamin) contains a pyrimidine ring and an 

N-substituted thiazolium salt. The nucleic acids, which carry and transmit genetic infor- 

mation in the cell, contain purine and pyrimidine rings (Fig. 24.4) in combined form 
(Chapter 27). 

Heterocyclic compounds are involved in some of the colors of nature that have 

intrigued mankind from the earliest times. Why is blood red? Why is grass green? The 

color of blood is due to an iron complex of heme, a heterocycle composed of pyrrole 
units. This type of heterocycle is called a porphyrin. 

protein 

(globin) 

coordinated O, 

ee 
— 
= <— plane of heme 

po 

| | 
ne imidazole from 

‘ globin histidine 
N 
x 
H 

schematic view of oxygenated 
heme in hemoglobin 

CO,H 

heme 
(occurs in the protein complex hemoglobin) 

Heme is an aromatic heterocycle that is found in red blood cells as a tight complex with 
a protein called globin; the complex is called hemoglobin. The iron, held in position by 
coordination with the nitrogens of heme and an imidazole of globin, complexes reversibly 
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Naturally occurring amino acids: 

Cee COs: 
(Overs CH, cos ye 
vas H = EN H NH+ 
Hel IE Ne NHf N 

(S)-proline (S)-histidine (S)-tryptophan 

Vitamins: 

pyrimidine ring thiazolium ion 
CHO 

HO CH,0OH > CH, CH 
INV ie ee / 3 

| a 
a ~ f 

Heme nN TLCoO NN TO ee 
S CH,CH,0OH 

pyridoxal 
(a form of vitamin Be) thiamin 

(vitamin B)) 

Me 

chlorophyll a 

Figure 24.6 A few of the many naturally occurring heterocyclic compounds. 

with oxygen. Thus, hemoglobin is the oxygen carrier of blood, and the red color of 

blood is due to oxygenated hemoglobin. Carbon monoxide and cyanide, two well-known 

respiratory poisons, also complex with the iron in hemoglobin as well as with iron in 

the heme groups of other respiratory proteins. 

The green color of plants is caused by chlorophyll, a class of compounds closely 

related to the porphyrins (Fig. 24.6). The absorption of sunlight by chlorophylls is the 

first step in the conversion of sunlight into usable energy by plants. Thus the chlorophylls 

are nature’s “solar energy collectors.” 
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Key IDEAS IN CHAPTER 24 

[\ Electrophilic aromatic substitution reactions of naphthalene generally 

occur at the 1-position. Sulfonation occurs most rapidly at the 1-posi- 

tion, but the most stable sulfonation product, formed at higher temper- 

ature, comes from sulfonation at the 2-position. 

[\ Naphthalene derivatives undergo electrophilic aromatic substitution at 

the more activated ring. If a naphthalene derivative contains electron- 
donating, activating substituents, further substitution occurs on the sub- 

stituted ring. If the substituted ring bears deactivating substituents, fur- 

ther substitution occurs on the unsubstituted ring. 

[\ The aromatic heterocycles containing nitrogen atoms as part of a dou- 

ble bond, for example, imidazole, pyridine, and quinoline, are good 

Bronsted bases. Those with a nitrogen in which the unshared electron 

pair is part of the a-electron system, for example pyrrole and indole, 

are not basic, because protonation of the nitrogen would disrupt the 

aromatic 7r-electron system. 

{\ Pyrrole, furan, and thiophene are all more reactive than benzene in 

electrophilic aromatic substitution, and undergo substitution predomi- 

nantly at the 2-position. The reactivity order is pyrrole > furan > 

thiophene. 

[\ Because furan has a relatively small empirical resonance energy, it 

undergoes some conjugate-addition reactions, such as the Diels-Alder 
reaction. 

l\ Pyridine reacts very slowly in electrophilic aromatic substitution. Pyri- 

dine and its derivatives undergo substitution at the 3-position. Electro- 

philic substitution reactions of pyridine-N-oxides, however, occur at 
the 4-position. 

(\ | Many side-chain reactions of heterocyclic compounds proceed normally 
without disrupting the heterocyclic rings. 

[\ Pyridine derivatives undergo nucleophilic aromatic substitution reac- 
tions at the 2- and 4-positions. Thus pyridines react in the Chichibabin 
and related reactions; 2- and 4-chloropyridines undergo nucleophilic 
aromatic substitution reactions. Pyridinium salts are even more reactive 
than pyridines in these reactions. The chemistry of the pyridine CN 
linkage has some similarity to that of the carbonyl group. 

[| The “benzylic” hydrogens of pyridines and especially pyridinium salts 
are acidic enough to be removed by bases. The resulting anions can act 
as nucleophiles in substitution and condensation reactions. 
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Indoles are prepared by the reactions of arylhydrazines with aldehydes 

or ketones that have at least two a-hydrogens (the Fischer indole syn- 

thesis), or by the reaction of o-nitrotoluene and its derivatives in base 

with diethyl oxalate (the Reissert synthesis). 

The reactions of a,B-unsaturated aldehydes or ketones with aniline or 

its derivatives give 1,2-dihydroquinolines, which are oxidized to the cor- 

responding quinolines by mild oxidants present in the reaction mixture 

(Skraup synthesis). 

Reem meee eee EEE EEE EEEEE EEE HEHE OHHH EH EE HEE ESEEEE EOE H EEE E EEE HEEEEEEEEEEE EEE HEHE EEE EEEEEE EEE EEE EE EES 

Give the principal organic product(s) expected when 1-methylnaphthalene reacts 

with each of the following reagents. 

*(a) concentrated HNO, (b) H,SO,, 40° 

*(c) N-bromosuccinimide, CCl,, light (Brn CElh 

Give the principal organic product(s) expected when 2-methylthiophene or other 

compound indicated reacts with each of the following reagents. 

(a) acetic anhydride, BF;, acid (b) HNO; 

*(c) N-bromosuccinimide, CCl, light *(d) dilute aqueous HCl 

(e) dilute aqueous NaOH 

*(f) product of (c) + Mg/ether, then CO,, then H;0* 
(ola productiot (4)t Ph —— GH == Orand) NaOH 

Give the principal organic product(s) expected when 2-methylpyridine or other 

compound indicated reacts with each of the following reagents. 

*(a) dilute aqueous HCl (b) dilute aqueous NaOH 

*(¢) CH,CH,CH,CH,—Li (d) NaNH;, heat, then H,O 

*(e) HNO3, H,SOx,, heat; then ~OH *(f) 30% H,O, 

(g) CH] 
*(h) product of (c) + PhCH=O, then H;0t 

(i) product of (e) + Hb, catalyst 

*(j) product of (d) + NaNO,/HCI, then H,0 

Rank the compounds within each of the following series in order of increasing 

reactivity toward nitration with HNO;/H,SO, and explain your choices. 
*(a) naphthalene, pyridine, quinoline 

(b) thiophene, benzene, 3-methylthiophene 

Rank each of the following compounds in order of increasing Sy1 solvolysis 

reactivity in ethanol, and explain your choices. 

ft ‘ i 

CH; ( )rcH—ar / . CH=CH, / eS CH— CH, 

B G D 
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24.34 Draw the structure, including all important resonance structures, of the carbocat- 

ion intermediate involved in each of the following reactions. 

*(a) Friedel-Crafts acetylation of benzofuran (Fig. 24.4) at carbon-2 

(b) nitration of benzothiophene (Fig. 24.4) at carbon-3 

24.35 Draw the carbonyl tautomers of the compounds below. Which compound within 

each set contains the greatest percentage of carbonyl tautomer? Explain. 

*(a) 2-hydroxyfuran or 2-hydroxypyrrole 

(b) phenol or 2-hydroxypyridine ~ 

*24.36 Bromination of 1,6-dimethylnaphthalene gives a mixture of three isomeric 

monobromo derivatives, all brominated in the naphthalene ring. Two of these 

are formed in major amount, and one in very small amount. Give the structures 

and names of the three isomers, and indicate which are the major products. 

Explain your reasoning. 

24.37  Sulfonation of 1-naphthalenesulfonic acid with fuming H,SO, at 40° gives one 
major product, but sulfonation at 180° gives two. Give the structures of the 

product(s) formed in each case and explain your reasoning. 

24.38 Rank the compounds within each of the following sets in order of increasing 

basicity, and explain your reasoning. 

*(a) pyridine, 4-methoxypyridine, 5-methoxyindole, 3-methoxypyridine 

(b) pyridine, 3-nitropyridine, 3-chloropyridine 

*(c) :6:- :O:- 

*(d) imidazole and oxazole (e) imidazole and thiazole 

*24.39 The following compound is a very strong base; its conjugate acid has a pK, of 

about 13.5. Give the structure of its conjugate acid and show that it is stabilized 
by resonance. 

24.40 Draw the structure of the major form of each of the following compounds 
present in an aqueous solution containing initially one molar equivalent of 1 M 
Hen 

*(a) quinine (Fig. 23.3) (b) nicotine (Eq. 24.42 or Fig. 23.3) 



Additional Problems 1211 

(ce) CH,CH,NH, 

| \ tryptamine 

N 
H 

*(d) 3,4-diaminopyridine (e) H 
ZA N 

1,4-diazaindene . | y jazain 

N 

“(f) N 
‘N 1-methyl-1,2,3-benzotriazole 

N 

\ 
CH; 

24.41 Complete the following reactions by giving the major organic product(s). 

*(a) S&S 
| 4 D0 (Sexe) NaOD (catalyst) 

Z 

Ne OEE 

(b) 
| \\scagH === 
N 
H 

ona! 

(Note: The starting material has no double bond between positions 2 and 

3; that is, it is not an indole.) 

(f) N Pt/C Cay) BH (CHEN) 
(Problem 24.41 continues ) 
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“(8) | a O fuming HNO; 
@ | H2SO4 

NHC =O 

_HNO3,AQO_ (nitration occurs at a 5-position— 

~ 5° but in which ring?) 

(1) S 
pa + fuming HNO; He 

+2 
i C H3 

O- 

“(H) ] 

C=C, 

NH>NH>,~OH 
| S heat 

N 

*(k) H Or 

CH, 

(l) = As)Os 
| + glycerol a 

NH, 

*24.42 Indole in many cases undergoes electrophilic aromatic substitution at carbon-3. 

Using this observation, give the structure of the azo dye formed in the following 
reaction. 

HN )—No, NaNO>, H,SO, indole 

*24.43 Anthracene (structure below), like furan, behaves as a conjugated diene in Diels- 
Alder reactions, in which additions occur to the 9,10-diene unit. 

vy 2 
anthracene 

6 3 

5 4 

*(a) Give the structure of triptycene, the Diels-Alder adduct formed when 
anthracene reacts with benzyne (Sec. 18.4B). 

(b) Give the structure of the Diels-Alder adduct of furan and benzyne. 
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By considering the resonance structures of the carbocation intermediates, predict 

the ring position at which bromination of anthracene occurs. (The structure of 

anthracene is given in Problem 24.43.) 

Outline a synthesis of each of the following compounds from naphthalene and 

any other reagents. 

*(a) 1-chloro-4-nitronaphthalene (b) 1-bromonaphthalene 

*(c) 1-naphthalenecarboxylic acid (d) 2-(1-naphthyl)ethanol 

*(e) 1-naphthyl acetate (f) 1-bromo-4-chloronaphthalene 

*(g) 1,4-naphthalenediamine 

*(h) 5-amino-1-naphthalenesulfonic acid 

Doreen Dimwhistle has proposed the following variations on the Chichibabin 
reaction: 

(a) indole + NaNH, — 2-aminoindole 

(b) 2-chloropyridine + NaNH, ~ 2-amino-6-chloropyridine 
She is shocked to find that neither of these reactions works as planned and has 

come to you for an explanation. Explain what reaction, if any, occurs instead 

in each case. 

The following compound is isolated as a by-product in the Chichibabin reaction 

of pyridine and sodium amide. Give a curved-arrow mechanism for its formation. 

When 3-methyl-2-butanone reacts with phenylhydrazine and a Lewis acid, the 

following compound, an example of an indolenine, is formed. Give a curved- 

arrow mechanism for the formation of this compound. 

HC 

When pyrrole is treated with 5.5 M HCl at 0° for 30 sec., a crystalline product 
B is obtained. A likely intermediate in this reaction is A. 

H i H H 

A 

*(a) Draw a curved-arrow mechanism for the formation of A. 

(b) Draw a-curved-arrow mechanism for the formation of B from A, pyrrole, 

and HCl: 
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24.50 Outline a synthesis for each of the following compounds from the indicated 

starting material and any other reagents: 

*(a) 
\ from o-nitrotoluene 

Br 

(b) 

*(C) 

(f) 

Ay) 

2-ethyl-3,5-dimethylindole from 3-pentanone 

CL | Zz 
N 

SCH; 

CH,NH, 

from pyridine 

S&S 
| from pyridine 

LE 

N 

O 
! 

CN ean onl 
O O 

O 
! 

\ from furfural (furan-2-carbaldehyde) 

as the only source of furan rings 

/ é \ C—O—CH,CH,CH; __ from furfural (furan-2-carbaldehyde) 

O 

N= @—--NH 
ok 1) from 3-methylpyridine 

LE 

N Ne 

NZ 

CO) S from naphthalene 

CH3C(CH,CH,CN), 

SS 
| a from 4-ethylpyridine 

ie 
CH: 

CH;CH,CH,CHCO,H 

yN 

ZO 
from 2-methylpyridine 



Additional Problems 1215 a On Pope mms! = 21) 

*24.51 A compound A, CsH,,;NO, smells as if it might have been isolated from an 
extract of dirty socks. This compound can be resolved into enantiomers and it 
dissolves in 5% aqueous HCl. Oxidation of A with concentrated HNO, and heat 
gives nicotinic acid (3-pyridinecarboxylic acid). (See Eq. 24.42.) When A reacts 
with CrO, in pyridine, a compound B (CgH NO) is obtained. Compound B, 
when treated with dilute NaOD in D,O, incorporates five deuterium atoms per 
molecule. Identify A and explain your reasoning. 

24.52 Many furan derivatives are unstable in strong acid. Hydrolysis of 2,5-dimethyl- 
furan in aqueous acid gives a compound A, C,H, 03>, that has a proton NMR 
spectrum consisting entirely of two singlets at 6 2.1 and 6 2.6 in the ratio 3:2, 
respectively. On treatment of compound A with very dilute NaOD in D,O, both 
NMR signals virtually disappear. Treatment of A with zinc amalgam and HCl 
gives hexane. Propose a structure for A and give a mechanism for its formation. 

*24.53 (a) Identify A, B, and C in the following scheme. 

(AN CSO 4) SBE HINO TG) tO [C] (CyHNSO,) S = 15" 40° heat 

(b) Explain why C cannot be synthesized in one step from thiophene. 

24.54 Identify the bracketed compounds in the reaction sequence below. Note that 
there are two reasonable possibilities for compound D. The correct structure 
can be deduced from the fact that the dipole moment of compound D is zero. 

[B] Bro, NaOH [C] glycerol, acid, As,Os [D] 

24.55 Outline rational mechanisms for each of the following reactions. Give the struc- 
ture for the bracketed intermediates in parts (d) and (f). 

*(a) CH,NEt, 

CILY + CH,=0 + Ey)NH —T2AS i 
2 N N H H 

(b) D 

CODY + psoxiaiws — CS 
N N H D 

*(c) CH, ou 
CH, 

dilute H,SO 

CO ae ras a Cen 

(Problem 24.55 continues ) 
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*(d) 

N 
LN. + CH) —> [A] ~S"> ph—C—CH,—N—C—Ph 

Ph~ “o~ Ph 2 

es) 

S Le S 
| + CH, so,cl —> ——> || 

a aS 

Nt N 
| 

CH; CH,Cl 

ne 

(f) O ° 

| ‘ 
ll \ 4 chc—c—cl Bei) ae = C—OEt + HCCI, 

N EtOH N 

| se Weak | | 

H H 

2 ass 
+ PhSH + Et;N —> 

ee 
Gl N 

S 
+ Et;NH+ Cl- 

LE 

PhS N 

24.56 Explain each of the following facts. 
*(a) The hydrogens of the methyl group shown in color, as well as the imide 

proton, in the compound below are readily exchanged for deuterium by 
dilute NaOD in D,O, but those of the other methyl group are not. 

i 

H3C N O 
pl Z na 

BZ NH 
H, N 

(b) In the ion below, the hydrogens of the methyl group shown in color are 
most acidic, even though the other methyl group is directly attached to the 
positively charged ion. 
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*(c) The following reaction takes place in aqueous base: 

en, 

lh NH—CH, 7 
Cit + -OH 22> + H—C—o- 

) NH — CH; 

Cre 

*“(d) The compound 2-pyridone does not hydrolyze in aqueous NaOH using 

conditions that bring about the rapid hydrolysis of 6-butyrolactam. 

= 
| 2-pyridone 6 -butyrolactam 

N 
H 

O N O 
H 

(e) Treatment of 4-chloropyridine with ammonia gives 4-aminopyridine, but 

treatment of 3-aminopyridine under the same conditions gives no reaction. 

“(f) Treatment of 3-chloropyridine with sodamide (NaNH;) gives a mixture of 

3- and 4-aminopyridines. 

24.57 Each of the following reactions is an example of a heterocyclic ring synthesis 
that was not discussed explicitly in the text. Using the curved-arrow formalism, 
give a mechanism for each reaction. Remember to begin by analyzing the relation- 
ship of atoms in the reactants and products. 

*(a) 

= Br2 KOH H30+ \ 
Ch CHCh EtOH (SL )-cos 

Onc 2 

(b) Hinsberg thiophene synthesis: 

one) Ph Ph 

| | 
1) NaOMe, MeOH MeO,C—CH,—S—CH,—CO,Me + Ph—C—C—Ph —SREMGMOR a 
3) HCl MeO,C S CO ,Me 

*(c) Friedlander quinoline synthesis: 

O Ph 
! 0 
C= Pn I ~ CH; 

eer CH3CO2H 
iGik + CH3—C— C,H H SO, (catalyst) | le NH | N~ ~CH; 

(Problem 24.57 continues ) 
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(d) Combes quinoline synthesis: 

CH; 
O O 

ee < 
NH, + CH;—C—CH,—C—CH, ——— | po 

N CH; 

*(e) Hantzsch dihydropyridine synthesis: 

ee pe 

] ] HOjCe © COED 

De Cp Ge CH C2 Ont NH Oy =O! ae i Ik + 3H,O 

H3C ; CH; 

H 

*24.58 You work for a pharmaceutical company whose management has decided to 

produce synthetic vitamin B,. The company is in possession of some fragmentary 

notes from Strong E. Nuff, one of their early chemists, that outline the following 

synthesis of pyridoxine (a form of vitamin B,). Unfortunately, reagents for each 

of the numbered steps have been omitted. They have hired you as a consultant; 

suggest the reagents that would accomplish each step. 

CH,OEt CH,OEt CH,OEt 

YON O,N EN ONG CN 
| (1) | (2) | (3) 

SS 
sKe os NC ECan NGe © LC Nees Gl 

H H 

CH,OEt CH,OH CH,OH 

H,N CH,NH H,N CH,NH HO CH,OH 2 ZA 2NT12 a 2 Z NTI) 2S ZA 2 

| —> | —* | pyridoxine 
S SS Ss 

H3C N 
BSI CO ROG OCU OOO UO UDO CUCU OOOO OOOO OOOO OOO C SOU GCC OO UUOCOOOO OOOO OOOO OIOOIOO OOOO OOOOODOIOIOOOOOUOIOOOUCOOOOOOOOOCOOOOOOOOAACOOOTOOCOOOOACOCCCMC rrr rcs 



Pericyclic 

Reactions 

ericyclic reactions are reactions that occur by a concerted cyclic shift of electrons. 

This definition states two key elements. First, a pericyclic reaction is concerted. In 

a concerted reaction, reactant bonds are broken and product bonds are formed at 

the same time, without intermediates. Second, a pericyclic reaction involves a cyclic shift 

of electrons. (The word pericyclic means “around the circle.”) The Diels-Alder reaction 

(Sec. 15.3) and the Sy2 reaction (Sec. 9.4) are both concerted reactions, but only the 

Diels-Alder reaction occurs by a cyclic electron shift. Hence the Diels-Alder reaction is a 

pericyclic reaction, but the Sy2 reaction is not. 

This chapter is concerned with three major types of pericyclic reactions, although 

there are others. The first type is the electrocyclic reaction: an intramolecular reaction 

of an acyclic z-electron system in which a ring is formed with a new o bond, and the 

product has one fewer 7 bonds than the starting material. 

SS 
2 Xe == x<—— new o bond (25.1) 
ee ; closes a ring 

one fewer 7 bond 

The second type of reaction is the cycloaddition: a reaction of two separate zr-electron 

systems in which a ring is formed with two new a bonds, and the product has two fewer 

a bonds than the reactants. 

new o bonds S wile<=2 ne Apes (25.2) ( close a ring 
Se 

separate a systems Ge fewer 7 bonds 

The third type of reaction is the sigmatropic reaction: a reaction in which an allylic 

a bond at one end of a z-electron system appears to migrate to the other end of the 

q-electron system. The a bonds change positions in the process, and their total number 

is unchanged. 

1219 
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(25:3) 

(25.4) 

Three features of any given type of pericyclic reaction are intimately related: 

1. The way the reaction is activated (heat or light) 

2. The number of electrons involved in the reaction 

3. The stereochemistry of the reaction 

Before illustrating these points, let’s clarify the first two terms in this list. Point 1 

refers to the fact that many pericyclic reactions require no catalysts or reagents other 

than the reacting partners. Such reactions take place either on heating or on irradiation 

with ultraviolet light. Many reactions activated by heat are not activated by light, and 

vice-versa. Recall, for example, that many Diels-Alder reactions occur merely on heating 

the diene and dienophile together (Sec. 15.3). These reactions are not activated by light. 

The number of electrons involved in a pericyclic reaction (Point 2) is twice the 

number of curved arrows required to write the reaction mechanism in the curved-arrow 

notation. For example: 

) Na 
| —| <— (25.5) 

three curved arrows; 
six electrons 

Note that the direction of “electron flow” in pericyclic reactions indicated by the curved 

arrows is arbitrary. Although it is clockwise in Eq. 25.5, it could be written counterclock- 
wise and be equally correct. 

Specifying any two of the features in the foregoing list for a particular type of reaction 
specifies the third. To illustrate, consider the following electrocyclic reactions: 

Z. 
H3C A\_ Gia e175 

FE H Ke: “CH; 

2 S 132° IZ = (25.6b) 

He Ci aanhiatiqamcl 
HG GEL 

(25.6a) 
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light 
| ed (25.6c) 

tne tegk 

First compare Eq. 25.6a and 25.6b. Both are activated by heat; however, the former 

reaction, involving four electrons, gives only the trans-disubstituted isomer of the cyclic 

product, whereas the latter reaction, involving six electrons, gives only the cis isomer. 

Next compare Eqs. 25.6b and 25.6c. Both reactions involve six electrons. When the 

starting material is heated, only the cis-disubstituted isomer of the cyclic product is 

obtained. When the starting material is irradiated with ultraviolet light, the only product 

obtained is the trans isomer. 

Correlations such as these had been observed for many years, but the reasons for 

them were not understood. In 1965 a theory that clearly explained these observations 

and successfully predicted many new ones was put forth by Robert B. Woodward (1917- 

1979), then a professor of chemistry at Harvard University, and Roald Hoffmann, at the 

time a Junior Fellow at Harvard and presently Professor of Chemistry at Cornell Univer- 

sity. For this theory, called Conservation of Orbital Symmetry, Hoffmann received the 

1981 Nobel Prize in Chemistry. He shared the prize with Kenichi Fukui, a professor of 

chemistry at Kyoto University in Japan, who had advanced a related theory, called Frontier- 

Orbital Theory. (The two theories make the same predictions; they are alternative ways 
of looking at the same reactions.) Woodward undoubtedly would have also shared the 

Nobel Prize had he not died prior to its announcement. (The terms of Nobel’s bequest 

require that the prize be awarded only to living scientists.) Woodward had, however, 

received an earlier Nobel Prize for his work in organic synthesis. This chapter presents 

elements of the Woodward-Hoffmann-Fukui theory that will enable you to understand 

and predict the outcome of pericyclic reactions. 

PARR eee eee meee eee eee eee e eee EEE EEE EEEEHEHHHEEEEHEEE ESHER EHH HEHE EE HHEEEEEEEEEEE HEHEHE HEHEHE EEE EE EEE E OOH EEE E HEHEHE EHH EES 

25.1 Classify each of the following pericyclic reactions as an electrocyclic, cycloaddi- 

tion, or sigmatropic reaction. Give the curved-arrow formalism for each. 

*(a) 

H 

(b) CH, CH; 

H 

CH;— CH C— CH; ae CH; — CH, —C— CH; 

AC) 

no-e 
(Problem 25.1 continues ) 



1222 ~=Chapter 25 Pericyclic Reactions 

(d) Ke Ph 
CH; : 6 

Cr ak or a 

+ 

He UN 
‘i : 

Ph 

AG) 

+ 

pa =——> Pe eee a So | 

H3C CH, a 3 

Understanding the theory of pericyclic reactions requires an understanding of some 

rudiments of molecular orbital theory, particularly as it applies to molecules containing 

7m electrons. Molecular orbital theory was introduced in Secs. 1.8 and 4.1A; these sections 
should be reviewed carefully. 

A. Molecular Orbitals of Conjugated Alkenes 

The overlap of p orbitals to give 7 molecular orbitals is described by the mathematics of 
quantum theory. However, the mathematical aspects of this theory are not required to 
appreciate the results. This section considers the molecular orbital theory of ethylene and 
conjugated alkenes. The a molecular orbitals for such molecules can be constructed 
according to the following generalizations, which are applied to ethylene and 1,3-butadiene 
in Figs, 25.1 and 25.2, respectively, on pp. 1223 and 1224. 

Be sure you understand how each generalization applies to each example. 

1. When a number (say m) of p orbitals interact, the resulting 7-electron sys- 
tem contains the same number m of molecular orbitals (MOs), all with 
different energies. 

Because two p orbitals contribute to the z-electron system of ethylene, this molecule has 
the same number—two—of 7 MOs, which are designated as % and wy. Similarly, the 
four p orbitals of 1,3-butadiene combine to form four MOs, yy, th, Ws, and Wy. 

2. Half of the molecular orbitals have lower energies than the isolated p orbit- 
als. These are called bonding molecular orbitals. The other half have 
higher energies than the isolated p orbitals. These are called antibonding 
molecular orbitals. 
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\ ( / (LUMO) 
2s — (A) antibonding 

energy of isolated 
. p orbitals 60 6 J 7.4 (HOMO) 
ri TA — (S) bonding 

isolated molecular electron symmetry 
p orbitals orbitals occupancy 

am Molecular orbitals of ethylene. Wave peaks are shown in color and wave troughs in gray. The sym- 
metry classification is described in Fig. 25.3 and associated discussion. 

To emphasize this distinction, antibonding MOs will be indicated with asterisks. Thus, 

ethylene has one bonding MO (7,) and one antibonding MO (w%); 1,3-butadiene has 

two bonding MOs (y, and ys) and two antibonding MOs (iW and wW4). 

3. The bonding molecular orbital of lowest energy, y,, has no nodes (except, 

of course, the plane of the molecule, which is a node of the component p 

orbitals). Each molecular orbital of increasingly higher energy has one 

additional node. 

Recall from Sec. 1.6B that a node is a plane at which any wave, including an electron 

wave (orbital), is zero; that is, when an electron is in a given MO there is zero probability 

of finding the electron, or zero electron density, at the node. A particularly important 

feature of the node for understanding pericyclic reactions is that the electron wave has 

a peak on one side of the node (color in Figs. 25.1 and 25.2) and a trough on the other 

side. (See also Fig. 1.9, p. 25.) It is said that the orbital changes phase at the node. 

Thus y, of ethylene has no nodes, and ws has one node. In 1,3-butadiene, yy, has 

no nodes, yf has one node, wv has two, and yr has three. 

4. The nodes occur between atoms and are arranged symmetrically with 

respect to the center of the z-electron system. 

The node in ws of ethylene is between the two carbon atoms, in the center of the 

a system. The node in yy of 1,3-butadiene is also symmetrically placed in the center of 

the 7 system. The two nodes in wy are placed between carbons 1 and 2, and between 

carbons 3 and 4, respectively—equidistant from the center of the 7 system. Each of the 

three nodes in yf, the orbital of highest energy, must occur between carbon atoms. 

The next generalization relates to the symmetry of the molecular orbitals. 

5. Odd-numbered MOs (yf, Ws, Ws ...) are symmetric with respect to an 

imaginary reference plane at the center of the z-electron system and per- 

pendicular to the plane of the molecule. Even-numbered MOs (i, Wy, 

We...) are antisymmetric with respect to this plane. 



1224 Chapter 25 

Figure 25.2 

Pericyclic Reactions 

nodes 

——— (A) 

antibonding 

(LUMO) 
— (S) 

energy of isolated 
Pe = pag Ae te as sada p orbitals 

(HOMO) 
(A) 

bonding 

ae (S) 

isolated p orbitals molecular orbitals electron symmetry 
occupancy 

a Molecular orbitals of 1,3-butadiene. Wave peaks are shown in color and wave troughs in gray. 
The symmetry classification is described in Fig. 25.3 and associated discussion. 

The reference plane in this generalization is shown for the 1,3-butadiene molecule in Fig. 
25.3. A symmetric MO is one in which peaks reflect across the reference plane into peaks 
and troughs into troughs, as shown for 4 of 1,3-butadiene in Fig. 25.3. An antisymmetric 
MO is one in which peaks reflect into troughs, as shown for ys of 1,3-butadiene in Fig. 
25.3. Of particular importance for the analysis of pericyclic reactions is the relative phase 
of each MO at its terminal carbons. Notice that within any symmetric MO, such as 
or 3 of 1,3-butadiene, the phase (that is, the relative orientation of peaks and troughs) 
at the two terminal carbons is the same; within any antisymmetric MO, such as W. and 
1 of 1,3-butadiene, the phase at the two terminal carbons is different. Be sure to verify 

for yourself that the MOs in Figs. 25.1 and 25.2 fit this pattern. 
The last generalization deals with the distribution of the available z electrons within 

the MOs. 

6. Electrons are placed pairwise into each molecular orbital, beginning with 
the orbital of lowest energy (Aufbau principle). 

This point is illustrated in Figs. 25.1 and 25.2 in the column labeled “electron occupancy.” 
An alkene has the same number of 7 electrons as it has p orbitals. Thus ethylene, with 
two p orbitals, has two 7 electrons. These are both placed (with Opposite spin) into yy, 
(Fig. 25.1). 1,3-Butadiene, with four p orbitals, has four 7 electrons. Two are placed in 
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patie reference plane See 

2: antisymmetric (A) W3: symmetric (S) 

Symmetry classification of W and w% of 1,3-butadiene with respect to a reference plane through the 
center of the molecule and perpendicular to the plane of the molecule. The symmetry classifications 
of the MOs in Figs. 25.1 and 25.2 are indicated by the abbreviations (A) and (S). 

yw, and two in yf, (Fig. 25.2). These examples show that the bonding MOs are fully filled 

in conjugated alkenes and that the antibonding MOs are empty. 

The presence of unconjugated substituents (for example, alkyl groups), to a useful 

approximation, does not alter the 7 molecular orbital structure of a conjugated alkene. 

For example, the molecular orbital structures of 1,3-butadiene and 1,3-pentadiene are 

essentially the same. 

CH, CH — CH=CH), CH,== CH— CH=CH— CH, (25.7) 

1,3-butadiene 1,3-pentadiene 

oN same a molecular orbital structures vi 

The zr-electron contribution to the energy of a molecule is determined by the energies 

of its occupied MOs. Because bonding MOs have lower energies than isolated p orbitals, 

there is an energetic advantage to 7-molecular orbital formation; this is why 7 bonds 

exist. 

Two MOs are of particular importance in understanding pericyclic reactions. One is 

the occupied molecular orbital of highest energy, termed the highest occupied molecular 

orbital (HOMO). The other is the unoccupied molecular orbital of lowest energy, termed 

the lowest unoccupied molecular orbital (LUMO). These are labeled in Figs. 25.1 and 

25.2. In ethylene, yf, is the HOMO and ws the LUMO; in 1,3-butadiene, yy is the HOMO 

and ws the LUMO. Notice that the HOMO and LUMO of a conjugated alkene have opposite 

symmetries. Also notice that the HOMO has a lower energy than the LUMO. 

The HOMO and LUMO are sometimes collectively termed frontier orbitals because 

they are the molecular orbitals at the energy extremes: the HOMO is the occupied 

molecular orbital of highest energy, and the LUMO is the unoccupied molecular orbital 

of lowest energy. The analysis of pericyclic reactions focuses heavily on the symmetries of 

frontier orbitals. 
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GEE Om p25e2 Answer the following questions for 1,3,5-hexatriene, the conjugated triene con- 

( PRoBLEMS — taining six carbons. 

i a 4 (a) How many 7 molecular orbitals are there? 
areata aa 

(b) Classify each MO as symmetric or antisymmetric. 

(c) Which MOs are bonding? Which are antibonding? 

(d) Which MOs are the frontier molecular orbitals? 

(e) Within the HOMO, is the phase at the terminal carbons the same or 

different? 

(f) Within the LUMO, is the phase at the terminal carbons the same or 

different? 

253 State whether the 7-molecular orbital y in 1,3,5,7,9-decapentaene (a ten-carbon 

conjugated alkene) is symmetric or antisymmetric with respect to the reference 

plane; is bonding or antibonding; is a frontier MO; and if so, is a HOMO or a 

LUMO. 

SOOT e eee eee renee seer eres esses eee sEEEEEEETESESEEE ESTES E OOOO HO HEHEHE ESSEES HEED EEE HEEEEEESESES ESE SEE OEESESESES ESO ESEEEEESEE HEHE ESE EEE E EE EEEE EEE EEEEEEE® 

TEETER Ree eee eee eee ease nase esse sess EE ESET OSES HEHE EEE EEE SESE SHEE HEHEHE EE EEES EEE EEEEEEEEEE HEHE SEES EE ESE HSEES ESO E EEE EE SEES 

Conjugated unbranched ions and radicals have an odd number of carbon atoms. For 

example, the allyl cation has three carbon atoms and three p orbitals, hence, three MOs. 

+ 

[CH,=CH—CH, <> CH,—CH=CH,] allyl cation 

The MOs of such species follow many of the same patterns as those of conjugated 
alkenes. The MOs for the allyl and 2,4-pentadienyl systems are shown in Figs. 25.4 and 

25.5, respectively. These figures show two important differences between these MOs and 
those of conjugated alkenes. First, in each case one MO is neither bonding nor antibond- 
ing, but has the same energy as the isolated p orbitals; this MO is called a nonbonding 
molecular orbital. The nonbonding MO in the allyl system is ys. The remaining orbitals 
are either bonding or antibonding, and there are an equal number of each type. Second, 
in some of the MOs, nodes pass through carbon atoms. For example, in the allyl system, 
there is a node on the central carbon of . This means that electrons in yw have no 
electron density on the central carbon. This is why, for example, charge in the allyl anion 
resides only on the terminal carbons, a point deduced from resonance arguments: 

[CH,=CH—CH, <> CH,—CH=CH,] allyl anion 

Bes no charge here vi 

Just as the charge in an atomic anion is associated with an excess of valence electrons, 
the charge in a conjugated carbanion can be associated with the electrons in its HOMO. 

Notice that cations, radicals, and anions involving the same 7 system have the same 
molecular orbitals. For example, the MOs of the allyl system apply equally well to the 
allyl cation, allyl radical, and allyl anion, because all three species contain the same 
p orbitals. These species differ only in the number of 7 electrons, as shown in the “electron 
occupancy” column of Fig. 25.4. Thus, the HOMO of the allyl cation is y, and the LUMO 
is Wf. In contrast, the HOMO of the allyl anion is ys, and the LUMO is Ws. 
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nodes 

(LUMO) 
(S) antibonding 

(LUMO) 

(HOMO) 
- — (A)  nonbonding 

(HOMO) 

SF HHO (S) bonding 

isolated molecular electron occupancy symmetry 
p orbitals orbitals 

Figure 25.4 tm Molecular orbitals of the allyl system. Note that the MOs are the same for the cation, the radical, 
and the anion. 
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*25.4 Answer the following questions for the 2,4,6-heptatrienyl cation. 

PROBLEMS 
+ 

Ch, —CH— CH=CH — CH = CH— CH, 2,4,6-heptatrienyl cation 

(a) Which MO is nonbonding? 

(b) Classify each MO as symmetric or antisymmetric. 

(c) To which carbon atoms in this cation is the positive charge delocalized? 

Explain with both resonance structures and molecular-orbital arguments. 

IDSs Explain using (a) resonance arguments and (b) molecular-orbital arguments 

why the unpaired electron in the allyl radical is delocalized to carbon-1 and 

carbon-3 but not to carbon-2. 

ASSO COO OOOO OOOO OOOICCOOIOOIOOCCO OOS OCOOOCOOIO CO COCOOOIOO COC OGOONOOOOOOCOOOIOOOOIOIOOOOOCOCOOCIOOOOOOOIOCCOOOCIOCOEOGMOCGCrCCicic 

The molecules and ions we have been discussing can absorb energy from light of certain 

wavelengths. This process, which is also responsible for the UV spectra of these species 

(Sec. 15.2A), is shown schematically in Fig. 25.6 on p. 1228 for 1,3-butadiene. The normal 

electronic configuration of any molecule is called the ground state. Energy from absorbed 

light is used to promote an electron from the HOMO of ground-state 1,3-butadiene (ys) 

into the LUMO (i$). A species with a promoted electron is called an excited state. In 
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antibonding 

(LUMO) 
oid ee (A) 

(LUMO) 

(HOMO) 
—t St (S) | nonbonding 

(HOMO) 
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isolated p orbitals molecular orbitals electron occupancy symmetry 

Figure 25.5 am Molecular orbitals of the 2,4-pentadienyl system. Note that the MOs are the same for the cation, 
the radical, and the anion. 

* + LUMO of 
V4 V4 excited state 

* i + HOMO of 

BENS 3 light ra excited state 
aa 

HOMO —+ ¥2 rem 

+H hh i Oh 

ground state excited state 

Figure 25.6 Light absorption by 1,3-butadiene promotes an electron from the HOMO to the LUMO and pro- 
duces an excited state. 
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the excited state of 1,3-butadiene, y/4 is the HOMO. Notice that the HOMOs of the ground 

state and the excited state have opposite symmetries. 

Electrocyclic Reactions 
THER eR ee meee eee EEE EHH E HEHE EEE EHE EEE EE THEE THEE EEE EEE EEE ESET OEE E OHHH HEHEHE SEH E HEHE EEEEEEE HOHE OOS EEE ESE SEES 

This section begins the application of MO theory to pericyclic reactions with a discussion 

of thermal electrocyclic reactions, that is, electrocyclic reactions activated by heat. Sec. 

25.2B considers electrocyclic reactions activated by light. (See Eq. 25.1 for the definition 
of electrocyclic reactions.) 

When an electrocyclic reaction takes place, the carbons at each end of the conjugated 

7 system must turn in a concerted fashion so that the p orbitals can overlap (and 

rehybridize) to form the a bond that closes the ring. To illustrate, consider the reaction 

shown in Eq. 25.6a, the electrocyclic closure of (2E,4E)-2,4-hexadiene to give 3,4-dimethyl- 

cyclobutene. This turning can occur in two stereochemically distinct ways. In a conrota- 

tory closure the two carbon atoms turn in the same direction. (The colored arrows show 

the direction of motion, not electron flow.) 

H;C H 

[ y PE igt (25.8) 

H;C7*H ~~ -H-7°CH; 

H CH, 

conrotatory reaction 
(observed) 

(There are, of course, two conrotatory modes, clockwise and counterclockwise; the clock- 

wise mode is shown, but the counterclockwise mode in this case is equally probable.) In 

the second mode of ring closure, called a disrotatory mode, the carbon atoms turn in 

opposite directions. 

H3C CH; 

= (25.9) 

gel H 

disrotatory reaction 
(does not occur) 

The two modes of ring closure can be distinguished by the stereochemistry of the product. 

As noted in Eq. 25.8, trans-, not cis-3,4-dimethylcyclobutene is the observed product. 

Hence, the mode of ring closure is conrotatory. 

Molecular orbital theory explains this result. A simple way to look at the reaction 

is to focus on the HOMO of the diene. This molecular orbital contains the 7 electrons 

of highest energy. These a electrons are to a molecule as valence electrons are to an 
atom. Just as the atomic valence electrons are the ones involved in most chemical reactions, 

the electrons in the HOMO are the ones that govern the course of pericyclic reactions. 
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H,;C7+H 

Ww 

Pericyclic Reactions 

When the ring closure takes place, the two p orbitals on the ends of the 7 system must 

overlap. But simple overlap is not enough: they must overlap in phase. That is, the wave 

peak on one carbon must overlap with the wave peak on the other, or a wave trough 

must overlap with a wave trough. If a peak were to overlap with a trough, the electron 

waves would cancel and no bond would form. 

Let’s see what it takes to provide the required bonding overlap. First, the diene must 

assume the s-cis conformation; only in this conformation are the terminal carbons of the 

m-electron system close enough to each other that their p orbitals can overlap. Next, 

recall that alkyl substituents, to a useful approximation, do not affect the 7 molecular 

orbital structure of a conjugated alkene (Sec. 25.1A). Consequently, the 7 molecular 

orbital structure of 2,4-hexadiene is more or less the same as that of 1,3-butadiene (Fig. 

25.2). In other words, the methyl groups at each end of the molecule can be largely 

ignored when considering the MOs of the system. An examination of the HOMO of a 

conjugated diene (yf in Fig. 25.2) reveals that because of the antisymmetric nature of 

2, conrotatory ring closure is required for in-phase, or bonding, overlap, as observed: 

lal, H 

__conrotatory 
/ 

(observed) OX (25.10) 

H CH: 

bonding overlap 

2 (HOMO) 

In contrast, disrotatory ring closure gives out-of-phase overlap, an antibonding (and 
hence unstable) situation: 

H3C CH, 

disrotatory 

a Ko (25.11) 

HTS CH, 
H H 

) 
antibonding overlap 

2 (HOMO 

Thus, it is the relative orbital phase at the terminal carbon atoms of the HOMO—the 
orbital symmetry—that determines whether the reaction is conrotatory or disrotatory. 
This observation suggests that all conjugated polyenes with antisymmetric HOMOs should 
undergo conrotatory ring closure, and indeed, such is the case. The electrocyclic reactions 
of other conjugated alkenes can be predicted by a similar analysis, as the following study 
problem illustrates. 

BOO UIOI COICO UC OOO OOOCOOOCOOIOO OOO OOCIOOIOOOOOOOOOIOOOOOOOOOUOOOOOOOIMTIG CMM rrrr “isin *\he\*1~)aie'es/6 /0/e\e\pleieiejeieie afeipiele}sieie\e\e{a\6\\e)e)y/s/¥'sis e:0:010;0/19)0\p\e/n]0)0\¢)6]v\a)s/e\e:s10 0[a)a{e e\e¢, eieloleiaivia’s (ela leiwiatelstsisiele (eva rietsineigicinicinwte 

Predict the stereochemistry of the thermal electrocyclic ring closure of (2E,4Z,6E)-2,4,6- 
octatriene to 5,6-dimethyl-1,3-cyclohexadiene. 
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Solution First, ignore the substituent groups and examine the HOMO of the simpler 

triene, 1,3,5-hexatriene (Problem 25.2). Because the HOMO of this triene (i3) is symmet- 

ric, the HOMO has the same phase at each end of the 7 system. Hence, bonding overlap 
can occur only if the ring closure is disrotatory. 

disrotatory ORE 

H3C Hae GH 

bonding overlap 

( ) ws; (HOMO 

The disrotatory motion, as Eq. 25.12 shows, requires that the methyl groups have a cis 

relationship in the product. As Eq. 25.6b shows, this is indeed the observed stereochemistry 
of the reaction. 

DCOCCOOOOOOOOCIC OO CCC GUGIOGOICIOC OOOO OIOOICOIIOOOIOOOOIOIOIOIOIOIOIOOIOOOOIOOOOIONOOOCCCCOOOCIOIOOIOOCOIOOOOOOCIOGIOICOICIOOOOOOOOOGCOOOOOOOOOCOOOOOOCOOOCOCOICCCCCCMOCCCTCCrT ctr 

To summarize: electrocyclic closure of a conjugated diene is conrotatory, and that 

of a conjugated triene is disrotatory. The reason for the difference is the phase relationships 

within the HOMO at the terminal carbons of the 7 system. In the diene the HOMO has 

opposite phase at these two carbons; in the triene the HOMO has the same phase. A 

different type of rotation is thus required in each case for bonding overlap. 

This result can be generalized. Conjugated alkenes with 4n 7 electrons (n = any 
integer) have antisymmetric HOMOs, and undergo conrotatory ring closure; those with 

4n + 2 7 electrons have symmmetric HOMOs and undergo disrotatory ring closure. 

That is, conrotatory ring closure is allowed for systems with 4n 7 electrons; it is forbidden 

for systems with 4n + 2 7 electrons. Conversely, disrotatory ring closure is allowed for 

systems with 4n + 2 7r electrons; it is forbidden for systems with 4n 7 electrons. 

B. Excited-State (Photochemical) Electrocyclic Reactions 

When a molecule absorbs light, it reacts through its excited state (Sec. 25.1C). The HOMO 

of the excited state is different from the HOMO of the ground state, and has different 

symmetry. For example, as Eq. 25.6c shows, the photochemical ring closure of (2E,4Z,6E)- 

2,4,6-octatriene is conrotatory. This is understandable in terms of the symmetry of w%, 

the HOMO of the excited state. 
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light 
conrotatory 

(25313) 

H;C->7\H_ ~=H77*CH; 

W4 (HOMO of excited state) 

Contrast this result with that of the ground-state reaction in Eq. 25.12. The stereochemical 

result is different because the symmetry of the HOMO is different. 

To generalize this result: the mode of ring closure in photochemical electrocyclic 
reactions—reactions that occur through electronically excited states—differs from that 

of thermal electrocyclic reactions, which occur through electronic ground states. These 
results can be summarized with a series of selection rules for electrocyclic reactions, given 
in Table 25.1. 

© O:0/e)e:0'5/e [0 '0/0'0[n\b\0)a/n)0\e)0\4/0\0\0)0\0\9\0,e ©.0'0\6 0'0\6/0\0\0\6\ 016) 0\0/0:6\816,0 8 00)6:0)0)016|8e\0 16 01010 010.6 000.010 0.00 0.0.6 0 0.ve sense se 66eepesece.cesiciciecesoocceredcucecececa 

The selection rules in Table 25.1 are based on the orbital symmetry of the open-chain 
(conjugated alkene) reactant. However, it is important to understand that these rules (as 
well as others to be considered) refer to the rates of pericyclic reactions, but have nothing 
to say about the positions of the equilibria involved. Thus the electrocyclic reaction of the 
diene in Eq. 25.6a to give a cyclobutene favors the diene at equilibrium because of the 
strain in the cyclobutene, but the electrocyclic reaction of the conjugated triene in Eq. 
25.6b favors the cyclic compound because o bonds are stronger than 7 bonds, and 
because six-membered rings are relatively stable. 

It is also common for a photochemical reaction to favor the less stable isomer of an 
equilibrium because the energy of light is harnessed to drive the equilibrium energetically 
“uphill.” For example, in the following reaction, the conjugated alkene absorbs UV light, 
but the bicyclic compound does not; hence, the photochemical reaction favors the latter. 

Table 25.1 Selection Rules for 

Electrocyclic Reactions 

Number of Mode of Allowed 
electrons activation stereochemistry 

4n thermal conrotatory 
photochemical disrotatory 

4n + 2 thermal disrotatory 
photochemical conrotatory 

cieieie/s}${a\e\aie/si6, 0/0/60 \e/8\e\0(6\e)e'eje:e 0.61616 8/6 [0 \0/@ 1a \ele'e\6 0\9iu ele la\eis.6 510 \0\6 81016 eleleieluieipie/aieieie’e eieipieiad eieeve 

4 n = an integer 
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light 
% yi 25.14 

disrotatory (42% yield) ( ) 

H 
H 

Thus, the selection rules do not indicate which component of an equilibrium will be 

favored—only whether the equilibrium will be established at a reasonable rate. 

The principle of microscopic reversibility (Sec. 10.1) assures us that selection rules 

apply equally well to the forward and reverse of any pericyclic reaction, because the 

reaction in both directions must proceed through the same transition state. Hence, an 

electrocyclic ring opening must follow the same selection rules as its reverse, an electro- 

cyclic ring closure. Thus, the thermal ring-opening reaction of the cyclobutene in Eq. 

25.15, like the reverse ring-closure reaction, must be a conrotatory process (Table 25.1). 

H H Q a i \ (25.15) 
conrotatory 

H H \¢ cH, 3C H CH; 

In the following electrocyclic ring-opening reaction, the allowed thermal conrotatory 

process would give a highly strained molecule containing a trans double bond within a 

small ring. 

H= H 

LH ee (25.16) 

trans double bond 

Although the selection rules suggest that the reaction could occur, it does not because 

of the strain in the product. In other words, “allowed” reactions are sometimes prevented 

from occurring for reasons having nothing to do with the selection rules. Concerted ring 

opening to the relatively unstrained all-cis diene also does not occur, because this would 

be a disrotatory process—a process “forbidden” by the selection rules in Table 25.1 for 
a concerted 4n-electron reaction. 

H= H 

" oa — a (asa) 

H 

Hence, the bicyclic compound is effectively “trapped into existence”; that is, there is no 

concerted thermal pathway by which it can reopen. (Note that it is formed photochemically 

from the all-cis diene; Eq. 25.14.) 

Two rather spectacular examples of the effect of the selection rules for pericyclic 

reactions are the benzene isomers prismane (Sec. 15.7A) and Dewar benzene: 
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H 

prismane Dewar benzene 

Despite the tremendous amount of strain in both molecules and the aromatic stability 

of benzene, neither prismane nor Dewar benzene is spontaneously transformed to benzene 

because, in each case, such a transformation violates pericyclic selection rules (see Problem 

25.49). Because no simple concerted pathway exists for its conversion into the much 
more stable isomer benzene, prismane has been referred to in the literature as a “caged 
tiger.” 

pd bd hdd bd lad hd ddd ede OCCU. OOOO ODCUCULOCRIOD COO IOI OOOO COO OOOO TIOCUICIOOIII COO OOOO OOOO OOOO OOOO OOOO UOUOOUOOIOIOOOIOCICCOOOOOOOOOOOOOUOOOOONOCUOOOCIOGMOM CT 

*25.6 Which one of the following electrocyclic reactions should occur readily by a 
concerted mechanism? 

(a) H 

| PROBLEMS 

heat 
SS 

(b) 

heat 
<< 

2527 Show both conrotatory processes for the thermal electrocyclic conversion of 
(2E,4E)-2,4-hexadiene into 3,4-dimethylcyclobutene (Eq. 25.8). Explain why the 
two processes are equally likely. 

*25.8 In the thermal ring opening of trans-3,4-dimethylcyclobutene, two products 
could be formed by a conrotatory mechanism, but only one is observed. Give 
the two possible products. Which one is observed and why? 

25.9 After heating to 200°, the following compound is converted in 95% yield into 
an isomer A that can be hydrogenated to cyclodecane. Give the structure of A, 
including its stereochemistry. 

H 

BU OCUIGOICTODORICLE OOO COC OCOU COCO CO COCO CO CAO COO OO MOIS OOCEIDOOOROAOCL KT ODCDOCOCOORAD ODA SEE isin ake wig Seis Asin elelelolsioielejeie'ein etelelateie’ dieie e\vlejeisreisieiaieisiain oie ura’ oinle klutelo eloiele! shstvia/ SSlalsie/ sie aininie|siviele <ieisiss ceinmetete Ministre c Rane 
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Cycloaddition Reactions 

A cycloaddition reaction (Eq. 25.2) is classified, first, by the number of electrons involved 

in the reaction. The reaction in Eq. 25.18a is a [4 + 2] cycloaddition because the reaction 

involves four electrons from one reacting component and two electrons from the other. 

The reaction in Eq. 25.18b is a [2 + 2] cycloaddition. 

LD. 
& || — (25.18) 

[4+ 2] 

A \| — G (25.18b) 

[2a 2] 

As in electrocyclic reactions, the number of electrons involved is determined by writing 

the reaction mechanism in the curved-arrow notation. The number of electrons contrib- 

uted by a given reactant is equal to twice the number of curved arrows originating from 

that component (two electrons per arrow). 

A cycloaddition reaction is also classified by its stereochemistry with respect to 

the plane of each reacting molecule. (Recall that the carbons and their attached atoms in 

q-electron systems are coplanar.) This classification is shown for a [4 + 2] cycloaddition 

in Fig. 25.7. A cycloaddition may in principle occur either across the same face, or across 
opposite faces, of the planes in each reacting component. If the reaction occurs across 

the same face of a 7 system, the reaction is said to be suprafacial with respect to that 

Figure 25.7 

plane of 4-electron component 

suprafacial | antarafacial 

suprafacial | | suprafacial 

plane of 2-electron component 

(a) (b) 

Classification of cycloaddition reactions, illustrated for (a) a [4s + 2s] cycloaddition and (b) a 
[4a + 2s] cycloaddition. The s and a designations refer to the stereochemistry of the cycloaddition 
(suprafacial or antarafacial) with respect to the planes of the reacting components. For example, in 
(b), the addition, indicated by the colored lines, occurs below the plane of the 47-electron compo- 
nent at one end and above the plane at the other, and is therefore classified as 4a, or antarafacial 
on the 47-electron component. The addition occurs on the 27-electron component on the same side 
of its plane at both ends, and is therefore classified as 2s, or suprafacial on the 271-electron compo- 
nent. This reaction is therefore a [4a + 2s] cycloaddition. 
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am system. A suprafacial addition is nothing more than a syn addition (Sec. 7.9A) that 

occurs in a single mechanistic step. If the reaction occurs at opposite faces of a 7r system, 

it is said to be antarafacial. An antarafacial addition is just an anti addition that occurs 

in one mechanistic step. Thus a [4s + 2s] cycloaddition is one that occurs suprafacially 

(or syn) on both the 47 component and the 27 component. A [4a + 2s] cycloaddition 

occurs antarafacially (or anti) on the 47 component, but suprafacially on the 27 
component. 

In order for a cycloaddition to occur, bonding overlap must take place between the 
p orbitals at the terminal carbons of each z-electron system, because these are the carbons 

at which new bonds are formed. This bonding overlap begins when the HOMO of one 

component interacts with the LUMO of the other. The electrons in the HOMO of one 

component are analogous to the valence electrons in an atom: they are the reacting 

electrons. The LUMO of the other component is the empty orbital of lowest energy into 

which the electrons from the HOMO must flow. It doesn’t matter whether we consider 

the HOMO from the 477-electron component and the LUMO from the 27-electron 

[ component, or vice-versa. The important point is that the two frontier MOs involved in 
Stupy GuipE Link: the interaction must have matching phases if bonding overlap is to be achieved. 

¥ 25.2 This phase match is achieved when a [4 + 2] cycloaddition occurs suprafacially on 
Frontier Orbitals each component, that is, when the cycloaddition is a [4s + 2s] process. (A [4a + 2a] 

process is also theoretically allowed, but is geometrically impossible.) Using the HOMO 
from the 47r-electron component and the LUMO from the 27-electron component, this 
overlap can be represented as follows: 

> (HOMO of 
4-electron 
component) 

> (LUMO of 
2-electron 
component) 

bonding overlap 

Recall that the Diels-Alder reaction, the most important example of a [4s + 2s] cycloaddi- 
tion, indeed occurs suprafacially on each component (Sec. 15.3C). This can be seen from 
the retention of stereochemistry observed in both the diene and dienophile in the following 
example: 

CH; 0 

Ba ra i 2 hr, 372 

Soy: 7 

CH; 2 
You should convince yourself that the [4s + 2a] and [4a + 2s] modes of cycloaddition 
do not provide bonding overlap at both ends of the z-electron systems. You should also 

H 
ae A H O 

O (25.20) 

ye ae 
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convince yourself that it doesn’t matter which component provides the HOMO and 
which provides the LUMO (Problem 25.10). 

The situation is different in a [2 + 2] cycloaddition. Again we use the HOMO of 
one component and the LUMO of the other. Notice that the orbital symmetries do not 
accommodate a cycloaddition that is suprafacial on both components: 

; Ly LUMO (i>) 

bonding overlap antibonding 
overlap 

x HOMO (if) 

However, an addition that is suprafacial on one component but antarafacial on the other 
is allowed by orbital symmetry, but is geometrically more difficult. For this reason, the 
thermal [2 + 2] cycloaddition is a much less common reaction than the Diels-Alder 
reaction. Many of the known [2 + 2] additions occur by nonconcerted mechanisms, and 
therefore do not fall under the purview of the rules for pericyclic reactions. 

Although the [2s + 2s] cycloaddition is forbidden by orbital symmetry under thermal 
conditions, it is allowed under photochemical conditions. Under these conditions it is 
the excited state of one alkene that reacts with the other alkene. The HOMO of the excited 
state has the proper symmetry to interact in a bonding way with the LUMO of the 
reacting partner: 

x ove LUMO ( 

bonding overlap ; ¢ 

(\ (\ HOMO of excited state (w3) 

Indeed, many examples of photochemical [2s + 2s] cycloadditions are known. Such 
processes are widely used for making cyclobutanes. 

Ph.  H 

Ho © SPheeyit.c ee? 
(excess) 

bonding overlap 

CH, 

CH; 

CH, 

(95% yield) 

(2522.1) 
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Table 25.2 Selection Rules for 

Cycloaddition Reactions 

Number of Mode of Allowed 

electrons4 activation stereochemistry” 

An thermal supra-antara 

antara-supra 

photochemical supra-supra 

antara-antara 

4n + 2 thermal supra-supra 

antara-antara 

photochemical supra-antara 

antara-supra 

4 n = an integer 
b supra = suprafacial; antara = antarafacial 

The results of this section can be generalized to the cycloaddition selection rules 
shown in Table 25.2. Notice that all-suprafacial cycloadditions are allowed thermally for 
systems in which the total number of reacting electrons is 4n + 2, and they are allowed 
photochemically for systems in which the number is 4n. 

A consequence of the selection rules is that suprafacial cycloadditions should be 
allowed for certain systems with more than six 7 electrons. For example, the following 
all-suprafacial cycloaddition is a [6s + 4s] process involving ten electrons (five curved 
arrows). Notice that 4n + 2 equals 10 for n = 2. 

oN 4 | 

*25.10 Show that using the HOMO from the 27-electron component and the LUMO 
PROBLEMS from the 47r-electron component also gives bonding overlap in a [4s + 2s] 

cycloaddition. 

25.11 Show by a frontier orbital analysis that the [4a + 2s] and [4s + 2a] modes of 
cycloaddition are not allowed. 
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*25.12 Give the product of the following reaction, which involves an [8s + 2s] 

cycloaddition: 

CO,Et 

+ Il ae 

I 
CO.Et 

*25.13. The photochemical cycloaddition of two molecules of cis-2-butene gives a mix- 

ture of two products, A and B. The analogous photochemical cycloaddition of 

trans-2-butene also gives a mixture of two products, B and C. The photochemical 

reaction of a mixture of cis- and trans-2-butene gives a mixture of A, B, and C, 

along with a fourth product, D. Propose structures for all four compounds. 

Peer ee eee esse rer eeeesesee reese rras esses eee rsDeseee eee E EET ETO O DE OLOEEEESEEE ODO O OHO EEEEEEHE HHH O OREO OEE SEEESESEDED OOOO EEE H ESE EES EH eeeeeresS 

Sigmatropic Reactions 
POO eee eee nee reese ees e sees esse EEE Es eee eee sess EEEEEEES HOSE ESSE HEHEHE ESSE EEE EEEEESEEESEEEES HEHEHE HEED EEE SEES EE Eeeees 

Sigmatropic reactions (Eqs. 25.3 and 25.4) are classified by using bracketed numbers to 

indicate the number of atoms over which a o bond appears to migrate. In some reactions, 

both ends of a a bond migrate. In the following reaction, for example, each end of a 

bond migrates over three atoms. (Count the point of original attachment as atom #1.) 

The following reaction is therefore a [3,3] sigmatropic reaction. 

transition state 

In other reactions, one end of a a bond remains fixed to the same group and the other 

end migrates. For example, the following reaction is a [1,5] sigmatropic reaction because 

one end of the bond “moves” from atom #1 to atom #1 (that is, it doesn’t move), and 

the other end moves over five atoms. 

3 3) 

[> \ Sce 
ae ~H Laie ui ae | ae | 

D ap D 

transition state 
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Sigmatropic reactions, like other pericyclic reactions, are also classified by their 

stereochemistry. This classification is based on whether the migrating bond moves over 

the same face, or between opposite faces, of the zr-electron system. If the migrating bond 

moves across one face of the 7 system, the reaction is said to be suprafacial. For example, 

if the [1,5] sigmatropic reaction of Eq. 25.24 were suprafacial, it would occur in the 

following manner: 

& 
suprafacial 

antarafacial (25.26) 

When both ends of a @ bond migrate, the reaction can be suprafacial or antarafacial 
with respect to either a system. For example, if the [3,3] sigmatropic reaction in Eq. 
25.23 were suprafacial on both 7 systems, it could occur as follows: 
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suprafacial 

suprafacial (25.27) 

The stereochemistry of a sigmatropic reaction is revealed experimentally only if the 
molecules involved have stereocenters at the appropriate carbons. This point is illustrated 
in the following study problem. 

ards Haha 2ULIGRIED OC UMOUCUC CE CCG OCU CUO CUO COODCO COUR COUT ORC OU CIUCOT COCO OO OC DO UNO TOnOUO TCC OC CLS COICO TOO CN UCOOOOOCOLOL OMA SOG SOT HODAO Gr ein a -aciicincie nao ID 

Classify the following sigmatropic reaction by giving its bracketed-number designation 
PROBLEM and its stereochemistry with respect to the plane of the z-electron system. 

ie 

a S configuration 

D 
Noah 

Solution First identify the bond that is migrating. Because the hydrogen atom migrates, 
one end of the migrating bond remains fixed; in other words, this is a [1,?] sigmatropic 
reaction in which we have to determine “?” by counting the carbons over which the 
migration takes place: 

CH, 

migration of H occurs 
from C-1 to C-7 

Notice that the original point of attachment is counted as carbon-1. Consequently, this 
is a [1,7] sigmatropic reaction. To determine the stereochemistry, imagine that carbons 
| through 7 all lie in the same plane. As the molecule is depicted above, the migrating 
hydrogen is below that plane (dashed wedge). Because rotation about the C6-C7 bond 
cannot occur until after the reaction is over (it is a double bond), depict the T and D in 
the same relative orientations in the starting material and product (as they are depicted 
in the problem). This reveals that the hydrogen is above the plane of the 7-electron 
system in the product. Consequently, the hydrogen has migrated from the lower to the 
upper face of the zr-electron system. Therefore the reaction is a [1,7] antarafacial sigma- 
tropic reaction. 

GLICO OOTICI CI SOO CK YOUU OIC CO CCU EO OOO COCUCOGUMOCOOOUCCIOOO OSC ISOC CCORT UR GRIOOODICUN TO CCOO UOMO UUCDOD GOR COU OOO TOONS OO OUCUCULUCTIONTETCNOOUOOOOOOCOONCCCHOMIOACNEEesc 
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SATE E EER eee eee meee ee EEE EHEEEEEEEHEE HEHE OEHEEHSHHSESEEEE ESSE DEES EEE EEEEEEE SESE EE EEEEEEEEEEE EEE EEE EEEH EEE HEHEEE EEE ESEEEEEHEEHEHESEE ESE E ES 

ia 25.14 *(a) Refer to Study Problem 25.2 and, assuming an antarafacial migration, give 

the structure of a starting material that would give a stereoisomer of the 

product with the R configuration at the isotopically substituted carbon. 

(b) Give the structure of another starting material that would give the same 

stereoisomer as in (a). 

25.15 Classify the following sigmatropic reactions with bracketed numbers. 

(a) 9D i D eerie 

*(C) — = 

ZL a 

DOP BOL OEMON OT id OCIS ROCICIO CT CICCOLO ORUO OOO CCC TI CUCOCUCOC CO COCO CT COTO O TOR OUC I ICCIC Oo ODOM OOOO UOC CERO UDC OOUC OUD COCCI DORIC AO OC OOM Rr NEO AEUSO NO DOOR AOA AraC 

Molecular orbital theory provides the connection between the type of sigmatropic 
reaction and its stereochemistry. Consider, for example, a [1,5] sigmatropic migration of 
hydrogen across a 7r-electron system. Think of this reaction as the migration of a proton 
from one end of the 2,4-pentadienyl anion (Fig. 25.5) to the other: 

eh ie | 
For Hc) i CH, think of transition state as: 

H 

H,C: CH, SS H,C AGS 

H+ H+ 

cS The interaction of the proton LUMO—an empty Is orbital—with the HOMO of the 
Srupy Gurpe Link: m system controls the stereochemistry of the reaction. For the 2,4-pentadienyl anion 

V 25.3 (Fig. 25.5), the HOMO is symmetric. This means that bonding overlap can occur if the 
_ Orbital Analysis of migration occurs suprafacially: 

Sigmatropic Reactions 

HOMO (ih3) of 
2,4-pentadienyl anion 

a 
ask suprafacial hydrogen 

migration 
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An ingenious experiment published in 1970 by Wolfgang Roth and his collaborators 
at the University of Cologne revealed the stereochemistry of the [1,5] sigmatropic hydro- 
gen shift. In the isotopically labeled, optically active alkene shown in Eq. 25.28, a supra- 
facial [1,5] hydrogen shift is possible from each of the conformations shown: 

Vp 250° 
Cy Me Me [1,5] suprafacial 

rotation 

about C5-C6 

Vp Borg 0S Pe 
C= Hi Me ~ [i,5]suprafacial — 5] suprafacial 

D 

C6 (32) (25.28) 

It follows from these equations that if the migration is suprafacial, the 3E isomer of the 
product must have the R configuration, and the 3Z isomer of the product must have the 
S configuration. The suprafacial migration shown in Eq. 25.28 was observed. 

The [1,3] hydrogen shift involves the HOMO of the allyl anion, an antisymmetric 
orbital: 

HOMO (>) of 
allyl anion 

antarafacial hydrogen 
migration 

In order for a [1,3] hydrogen shift to occur, the migrating hydrogen must pass from one 
face of the allyl 7 system to the other. Despite the fact that this reaction is “allowed” by 
MO theory, it requires that the migrating proton bridge too great a distance for adequate 
bonding. Alternatively, the terminal lobes of the allyl 7 system could twist; but then a 
new problem would arise: these lobes would not overlap with the p orbital of the central 
carbon. The resulting loss of conjugation would raise the energy of the transition state. 
As these arguments suggest, the concerted sigmatropic [1,3] hydrogen shift is virtually 
nonexistent in organic chemistry. (See Problem 25.16.) 

Several interesting experiments have been conducted in which a molecule could in 

principle undergo both [1,5] and [1,3] hydrogen shifts. In one such experiment—an 

experiment of elegant simplicity—carried out in 1964 also by Roth, 1,3,5-cyclooctatriene 

was labeled at carbons 7 and 8 with deuterium and then allowed to undergo many 

hydrogen shifts for a long period of time. When the molecule undergoes [1,5] hydrogen 

shifts, the D should migrate part of the time, and the H part of the time. However, after 
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a long time, the D should eventually scramble to all positions that have a 1,5-relationship. 

In such a case, only carbons 3, 4, 7, and 8 would be partially deuterated: 

2250 

several 

[1,5] shifts (H)D 

(25.29a) 

(You should write a series of steps for this transformation to convince yourself that it is 

the predicted result.) On the other hand, if the molecule undergoes successive [1,3] 

hydrogen (or deuterium) shifts, the deuterium should be scrambled eventually to all 
positions. 

Head (H)D D(H) 
D D(H 

H (H)D Sy 
5 — Bt (25.29b) 

H D(H) 

ep 15 (H)D D(H) 

The experimental result was that even after very long reaction times, deuterium appeared 
only in the positions predicted by the [1,5] shift. 

Although the suprafacial [1,3] shift of a hydrogen is not allowed, the corresponding 
shift of a carbon atom is allowed, provided that certain stereochemical conditions are 
met. Suppose that an alkyl group (suitably substituted so that its stereochemistry can be 
traced) were to undergo a suprafacial [1,3] sigmatropic shift. This shift could occur in 
two stereochemically distinct ways. In the first way, the carbon migrates with retention 
of configuration. 

Ve vi 
C [1,3] G + BS Rk! ern ae “RI! (25.30a) 

(In this and the following equation, one carbon of the allyl group is marked with an 
asterisk so that its fate can be traced.) In the second way, the carbon migrates with 
inversion of configuration. 

R27 R3 

eal ee SOS (25.30b) inversion ORGS 

Consider the orbital symmetry relationships in these two modes of reaction. Think 
of the migrating group as an alkyl cation migrating between the ends of an allyl anion. 
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The LUMO of the alkyl cation—an empty p orbital—interacts with the HOMO of an 
allyl anion (i> in Fig, 25.4). In the case of migration with retention, the phase relationships 
between the orbitals involved lead to antibonding overlap: 

Retention: 

antibonding R3 
overlap NR 

allyl HOMO 

Hence, suprafacial carbon migration with retention is forbidden by orbital symmetry, in 
the same sense that hydrogen migration is forbidden. If migration occurs with inversion, 
however, there is bonding overlap in the transition state. 

Inversion: 

Tous . bonding — 
overlap 

Thus, carbon migration with inversion is allowed by orbital symmetry. 
This analysis shows that it is the node in the p orbital that makes the [1,3] suprafacial 

migration of carbon possible; each of the two lobes of the p orbital, which have opposite 
phase, can overlap with each end of the allyl a system. Because a bond is broken at one 
side of the migrating carbon and formed at the other side, inversion of configuration is 
observed. In the migration of a hydrogen, the orbital involved is a Is orbital, which has 
no nodes. Hence, [1,3] suprafacial migration of hydrogen is not allowed. 

Orbital symmetry, then, makes a very straightforward prediction: The suprafacial 
[1,3] sigmatropic migration of carbon must occur with inversion of configuration. The 
following result confirms this prediction: 

H Gai 

——— ai (25.31) 

inversion retention 
(95% yield) (0.5% yield) 
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Migration with retention of configuration might have been expected to be the most 

straightforward, least contorted pathway that the rearrangement could take; yet the theory 

of orbital symmetry predicts otherwise. One of the remarkable things about the theory 

is that it correctly predicts so many reactions that otherwise would have appeared unlikely. 

As might be expected, orbital symmetry dictates the opposite stereochemistry for 

[1,5] migrations. Carbon, like hydrogen, undergoes suprafacial [1,5] migrations with 

retention of configuration (Problem 25.18). 

eee eee cece eee erry 

*25.16 

MSIF 

25.18 

POP eee eee rere eee rerereseseeeeseseesessssere 

ee ee ee ee eee eee eee eee eee ee eee errr creer errr rrrrrrrr rrr ee errr re ee eee re ei 

Explain why the hydrogen migration shown in reaction (1) occurs readily and 

why the very similar migration shown in (2) does not take place even under 

forcing conditions. (The asterisked carbons indicate a carbon isotope present so 
that the rearrangement can be observed.) 

are 
cCH MP GHs CH)" CH, 
x i 
H H 

EX i 
*CH, H “Ch =o 

Predict the result that would have been expected in the experiment described 
by Eq. 25.28 for an antarafacial migration. 

*(a) Carry out an orbital symmetry analysis to show that suprafacial [1,5] carbon 
migrations should occur with retention of configuration in the migrating 
group. 

(b) Indicate what type of sigmatropic reactions are involved in the following 
transformation. Is the stereochemistry of the first step in accord with the 
predictions of orbital symmetry? 

CH; CH; $ GH, CH; 

~|OQ|- ao-c0 as 

CH; CH; CH; CH; 
#100 00/0 .010/618)6\0)a\s)n) 61616 06 0 0 0910610 0.010 0.9 65 '060n40-66 bb sb celveeeeeetsanune Sie S818 S18 018) 8)8A- 9 Hi4 © :910)8) 4:8) 0/8) (Bie. eiolelele ais dis) u) min/s B16 €.0)01s\slels lew Wialea-eld («4/0 p.ela:alalusisl® ee'eiaialeie’sia'aieinia nleleisieeleeeieore 
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Let's now examine a sigmatropic reaction in which both ends of a o bond change 
positions. One of the most common and useful examples of this type of reaction is the 
[3,3] sigmatropic rearrangement. Using the same logic as before, the transition state for 
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this rearrangement can be visualized as the interaction of two allylic systems, one a cation 
and one an anion. 

ol ue ee 
For - es think of transition state as: 

LEE te So 

The frontier orbitals involved are the HOMO of the anion and the LUMO of the cation, 
which are the same orbital (y,) of the allyl system (Fig. 25.4). 

suprafacial 2 (HOMO of allyl anion) 

suprafacial fy (LUMO of allyl cation) 

The two MOs involved achieve bonding overlap when the [3,3] sigmatropic rearrangement 
occurs suprafacially on both components. (You should convince yourself that a reaction 
that is antarafacial on both 7 systems is also allowed by orbital symmetry, but one that 
is suprafacial on one component and antarafacial on the other is forbidden.) 

One of the best known types of [3,3] sigmatropic rearrangement is the Cope 
rearrangement, which was extensively investigated by Arthur C. Cope of the Massachu- 
setts Institute of Technology long before the principles of orbital symmetry were known. 
The Cope rearrangement is simply a 1,5-diene isomerization: 

Ph Ph 
NS 176 -180° Ga 
a ge rat ee (72% yield) (25:32) 

ZA SS 

An interesting variation of the Cope rearrangement is the “oxyCope” reaction. In 
this type of reaction, an enol is formed initially; tautomerization of the enol (Séen2222) 
into the corresponding carbonyl compound is a very favorable equilibrium that drives 
the reaction to completion. 

OH OH + 
H3C 

H3C Ds 190° H3C Sg Ye 

O NN a) a i SA No (25.33) 

OH OH 2 
an enol 

In the Claisen rearrangement, an ether that is both allylic and vinylic or an allylic 
aryl ether undergoes a [3,3] sigmatropic rearrangement. 
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O O + OH 
a ish ‘ 

H 

eS = (25.34) 

keto form allyl phenyl ether Bre phenol 2-allylphenol 

If both ortho positions are blocked by substituent groups, the para-substituted derivative 
is obtained: 

CH,CH= CH, 

oe OH 
H,C CH; ise CH; 

_heat (95% yield) (5,35) 

CH,CH=CH, 

This reaction occurs by a sequence of two Claisen rearrangements, followed by tautomeri- 
zation of the product to the phenol: 

O (© aan 

H3C CH, H3C 

age CH, (25.36a) 

same compound redrawn 

O OH fe) 
HC Gu HC CH, HC CH, 

== = (25.36b) 

<a 
H EER 

| 

Problem 25.20 considers the Claisen rearrangement of an aliphatic ether. 

SOLS GEES RO ae SREB Wr OINN Bisa) 8018/0 8-46 nisin ATE BIW aisioie 6a 9:80) A isi¥iniainin sai Mam R Nis Beha Nia/e ib ip Wola: sihinlale bie einja(uisiaiaiare-eia)p ateretas ainineterestelteta teeta cere 

The stereochemistry of sigmatropic reactions is a function of the number of electrons 
involved. (As with other pericyclic reactions, the number of electrons involved is deter- 
mined from the curved-arrow formalism: Count the curved arrows and multiply by two.) 
All-suprafacial sigmatropic reactions occur when 4n + 2 electrons are involved in the 
reaction, that is, an odd number of electron pairs or curved arrows. In contrast, a 
sigmatropic reaction must be antarafacial on one component and suprafacial on the other 
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Table 25.3 Selection Rules for Thermal 

Sigmatropic Reactions 
#)0\0|0 0/0\8\6/0'0 0 0:6 0 G)0)0)0)0d\u 0/66/6016. 6 6.0. S.e cle H ese es eeiei eeu ls Oclvevicesesiateccesoevecescesioensevecrececoe 

Allowed stereochemistry 

Number of Generalized Stereochemistry of 

electrons’ stereochemistry single-atom migrations 

4n supra-antara supra-inversion 

antara-supra antara-retention 

4n + 2 supra-supra supra-retention 

antara-antara antara-inversion 

supra = suprafacial; antara = antarafacial 

n = an integer 

when 4n electrons (an even number of electron pairs or curved arrows) are involved. 
When a single carbon migrates, the term “suprafacial” is taken to mean “retention of 
configuration,” and the term “antarafacial” is taken to mean “inversion of configuration.” 

These generalizations are summarized in Table 25.3 as selection rules for sigmatropic 
reactions. These selection rules hold for thermal reactions—reactions that occur from 
electronic ground states. As with other pericyclic reactions, there are selection rules for 
photochemical sigmatropic reactions—reactions that occur from excited states. However, 
because these are rather uncommon, they are not listed in Table 25.3. 

DERG UO ULIRDOOOEIEC GT OOO GOO O00 OC CCRC OOOUCTONCCIICM TOC OCO Cn CUD COO UN OCOC ICI OOCRE CIC CROC CRO OUR ODCOOOOOCOOODODOBADAG AIOE MM Crna aac 

25.19 *(a) What allowed and reasonable sigmatropic reaction(s) can account for the 
following transformation? 

mild heating 
ae 

H, CH; CH; 

(b) What product(s) are expected from a similar reaction of 2,3-dimethyl-1,3- 
cyclopentadiene? 

25.20 *(a) Aliphatic allylic vinylic ethers undergo the Claisen rearrangement. Complete 
the following reaction: 

(CH3),C==CH—CH,—O—CH=CH, —b&y 
(b) What starting material would give the following compound in an aliphatic 

Claisen rearrangement? 

CH,— CHO 
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*25.21 Show how the transition state for a [3,3] sigmatropic reaction can be analyzed as 

the interaction of two allylic radicals, and that the same stereochemical outcome is 

predicted. (See Study Guide Link 25.3.) 

25.22 Show by an orbital symmetry analysis that a [3,3] sigmatropic reaction which 

is antarafacial on both components is allowed. Would you expect such a reaction 

to be very common? Why? 
AHHH Re HH eee teem eee eee eee EHH HEHEHE EEE TESTE THEE EEE EHH H HEED HEHEHE EEE HEHEHE EHH HHEEEH EEE OOOOH HEHE EE HEHE EEHEHEE EEE EEH EEE HEE H HHO EE EES 

It is always possible to derive the allowed stereochemistry of a pericyclic reaction by using 

the phase relationships within the molecular orbitals involved. However, a convenient 

way to remember the selection rules without re-deriving them each time they are needed 

is summarized in Table 25.4. This involves assigning either a +1 or a —1 to each of the 

following aspects of the reaction: thermal or photochemical activation; 4n + 2 or 4n 

reacting electrons; and stereochemistry. Apply Table 25.4 using the following steps. 

1. Assign +1 to thermal reactions and —1 to photochemical reactions. 

2. Assign +1 to systems with 4n + 2 reacting electrons and —1 to systems 

with 4n reacting electrons. Remember that the number of reacting elec- 

trons is twice the number of arrows needed to describe the reaction in 
conventional curved-arrow notation. 

3. Assign +1 to disrotatory, suprafacial, or retention stereochemistry, and 

—1 to conrotatory, antarafacial, or inversion stereochemistry. The stereo- 

chemical assignment is made for each component of the reaction. Thus, for 

a sigmatropic reaction or a cycloaddition, two such assignments must be 
made. 

4. Multiply together the resulting numbers. If the product is +1, the reac- 

tion is allowed; if the product is a —1, the reaction is forbidden. 

The following study problem illustrates these steps. 

Table 25.4 An Aid for Applying the 

Pericylic Selection Rules 
#!ei@/ @ 6.010/0\9\0/0)/0'/ei¢)0\/0\0/a\¢/6i¢ie)0\5\6/e14!0\¢\¢:0 10.0 © 010)¢/6\618)s(uleia's' a ule © 6|60/n\0/6\6\6)4/a\ele.0 0/6.6'0)0|0/0\6/14/8-6 8.6 0\6 leieiele: 6.6 bib’a\eiaia’e: eve vieinisiaie'e ale 

For Assign 

Mode of Number of 
activation Stereochemistry electrons@ 

Thermal ~ Disrotatory/suprafacial/ 4n + 2 atl 
retention 

Photochemical Conrotatory/antarafacial/ 4n = 
inversion 

SSI wersisleis) o/eia{e'@\e\e:sie:9\eie, 6, 4/ei0, €)¢\ei¢\e/elele;eieleieeinie.e|siniais\ela'sja)s/6\#\eTa(e(e101e10\¢/0.01910(016\e|9in/eialeialslelule(ele(ale‘ealéialeleie aletatelataleia(sta[sialaiataiaveiniciere 

4 n = an integer 
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PORE UD ORO CLIR OO LIDODO OOOO ROD OUGOO OO) OT COCCI UCUICIOO OOO MOCO OA CO CTO UCCCULO CR SOOO OUOOT COCO COO CE DOUC IOC DOOOTOSTOUCOCOCOTONOOO DOE OAOEOCOCCACCACHOAAAAAOCONOEDROA GG 

Use Table 25.4 to predict whether each of the following reactions is allowed. 

(a) Thermal disrotatory electrocyclic ring closure of (Z)-1,3,5-hexatriene 

(b) A photochemical [4s + 2s] cycloaddition 

(c) The thermal [1,3] suprafacial migration of carbon with inversion of config- 
uration in the migrating group 

Solution For (a), assign a +1 for the thermal mode, a +1 for disrotatory stereochemis- 
try, and a +1 for 4n + 2 electrons. Result: (+1)(+1)(+1) = +1: the reaction is allowed. 

For (b), assign a —1 for the photochemical mode, a +1 for 4n + 2 electrons, and 
+1 for the suprafacial stereochemistry on each component of the addition. (Recall that 
this is the meaning of the 4s and 2s notation.) Result: (—1)(+1)(+1)(+1) = —1: the 
reaction is forbidden. 

For (c), assign a +1 for the thermal mode, +1 for suprafacial stereochemistry on 
one component, —1 for inversion stereochemistry on the other, and a — 1 for 4n electrons. 
Result: (+1)(+1)(—1)(—1) = +1: the reaction is allowed. 

MAO UDO OI UOC TOO COC COGIC ICO TG OOOO CO TITICIOTO OC OOCGOUDUOUCOOO MOC GC OMe LDL OOO UO UOCUCOCO OOO UOLUOIULOCOCUCOCUCORO TOC ONOOC OOOO DRO ACAOAA AC COC AONOROCASS S506 

The introduction to this chapter stated that three aspects of a given pericyclic reaction 
were interrelated: the mode of activation (heat or light), the number of reacting electrons, 
and the stereochemistry. Table 25.4 and Study Problem 25.3 succinctly summarize the 
relationships between these reaction characteristics. The underlying basis of this table is 
orbital symmetry—the symmetry characteristics of molecular orbitals. 

isis) bi8] 6 8sei4'e:0]s}9(s)6\0:9/6.810/0)9)8/8\e1e.6\0\6 9:60) 0\s\e!s)9[s)s\6)0/61¢,0 9}6)9)616:6)810/8) 6(4)0/6)0\4/0;6 10166 @.e:sleleln,0\p\6.e/a(ea ie (6 ¢)e\0)0 8.0 4'6/6\n/6[p\s(e\e/e\ale\ele/a\e|o'@ ,61616 ¥'¢(6)¢is)/e\n\s(ai6ie'e\e ¥-6';61n 81070 b/leleaielaieielsielujaiinjeisisislefere sie picieicinicials 

25.23 Without consulting Tables 25.1—25.3, classify the stereochemistry (+1 or —1) 
of each of the following reactions. Indicate whether each is allowed or forbidden. 

*(a) [4s + 4a] thermal cycloaddition 

(b) suprafacial [1,7] thermal hydrogen migration 

*(c) disrotatory photochemical electrocyclic ring closure reaction of 
(2E,4Z,6Z,8E)-2,4,6,8-decatetraene 

DOC OC OCC OOOO OU COUCUUOR UO DOC OCOCCOCOOO ICO OOOUOUUCODO OOOO TOOOD CO UOOO UD COO CONC O CONC OO COCO COOCOCCOOO SUC COUOU GUO COTO OOOO USUOUDOOO OO OOOUOOODOONOO TOC agnrone 

te 
bi i 

_ PROBLEM. 

Fluxional Molecules 
BUG OLIOCICUO UU COO OCDE CTUUCOCOOOO MOG UIOCC CUCU On OCU CRICOOOTICOOOO OOOO COO OICOOCOOOOOOOCCCIUCOEOOUOOOOOCIOOCOOCOCOOOMCOCCO CTA Mer rrr nt 

A number of compounds continually undergo rapid sigmatropic rearrangements at room 
temperature. One such compound is bullvalene, which was first prepared in 1963. 

bullvalene 

The [3,3] sigmatropic rearrangements in bullvalene rapidly interconvert identical forms 
of the molecule: 

= —_—> L <— many others (a7) 
€ 
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If the carbons could be individually labeled, there would be 1,209,600 different structures 

of bullvalene in equilibrium! Each one of these forms is converted into another at a rate 

of about 2000 times per second at room temperature. (These reactions can be observed 

by the NMR methods discussed in Sec. 13.7.) 
Molecules such as bullvalene that undergo rapid bond shifts are called fluxional 

molecules. Their atoms are in a continual state of motion associated with the rapid 

changes in bonding. 

SETTER eee eee eee eee eee eee eee eee EEE EERE EEE EEE EE EEE EEE THEE EEE E HEHEHE HEHEHE HEHEHE UST HE THREE HEHEHE S HEE E EE EEEEEEEEH ESE SEES EHEEHEHEHHHEEEE EEE EES 

25.24 — Each of the following compounds exists as a fluxional molecule, interconverted 

into one or more identical forms by the sigmatropic process indicated. Draw 

one structure in each case that demonstrates the process involved and explain 

why each process is an allowed pericyclic reaction. 

*(a) [3,3] (b) CH; 

Oe meal ise CH; 

It has long been known that, in areas of the world where winters are long and there is 
little sunlight, children suffer from a disease called rickets (from old English, wrickken, to 

twist). This disease is characterized by inadequate calcification of bones. A similar disease 

in adults, osteomalacia, is particularly prominent among Bedouin Arab women who must 

remain completely covered when they are outdoors. 
Rickets can be prevented by administration of any one of the forms of vitamin D, 

a hormone that controls calcium deposition in bone. The human body manufactures a 
chemical precursor to vitamin D called 7-dehydrocholesterol. This is converted into 
vitamin D3, or cholecalciferol, only when the skin receives adequate ultraviolet radiation 
from the sun or other source. 

The reaction by which 7-dehydrocholesterol is converted into vitamin D; is a 
sequence of two pericyclic reactions. The first is an electrocyclic reaction: 

eC es 

7-dehydrocholesterol previtamin D3 

BsC, _-CH,CH,CH,CH(CH), 
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This reaction is a conrotatory process. (Be sure you understand why this is so; examine 
the reverse reaction if necessary.) This is precisely the stereochemistry required for a 
photochemically allowed electrocyclic reaction involving 4n + 2 electrons. Sunlight ordi- 
narily provides the UV radiation necessary for this reaction to occur in humans. 

The final step in the formation of vitamin D; is a [1,7] sigmatropic hydrogen shift: 

(25.39) 

cholecalciferol 
(vitamin D3) 

Vitamin Ds exists in the more stable s-trans form, attained by internal rotation about 
the bond shown in color: 

(25.40) 

HO 

S-trans 

Vitamin D, (ergocalciferol), a compound closely related to vitamin D;, is formed 
by irradiation of a steroid called ergosterol. Ergosterol is identical to 7-dehydrocholesterol 
(Eq. 25.38) except for the side-chain R: 

_-CH2CH2CH2CH(CHs)2 

HH CH; 

noe. 
i aa Ga a CHICH,.. 

‘ 
ereosterol 

Irradiation of ergosterol gives successively previtamin D, and vitamin D,, which are 

identical to the products of Eqs. 25.38 and 25.39, respectively, except for the R-group. 
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Vitamin D,, sometimes called “irradiated ergosterol,” is the form of vitamin D that is 

commonly added to milk and other foods as a dietary supplement. 

POPP a esses eee eee eee eee ease ae es esse ESE SESE SOEEEESEEEEE EEE H HESS EE EEEEEEEEEES ESSE EEE EEEEEEEEEEEEESEEEEEEESESES EEE EEEEEEEE HE SESESEOE SESE SEES ES ES ED 

LEO nm *25.25 When previtamin D,j is isolated and irradiated, ergosterol is obtained along with 

i PROBLEMS a stereoisomer, /umisterol. Explain mechanistically the origin of lumisterol. 

lumisterol 

25.26 When previtamin D, is heated, two compounds A and B are obtained that are 

stereoisomers of both ergosterol and lumisterol. Suggest structures for these 

compounds and explain mechanistically how they are formed. 

*25.27. When the compounds A and B in the previous problem are irradiated, two 

stereoisomeric compounds C and D, respectively, are obtained, each of which 

contains a cyclobutene ring. Suggest structures for C and D and explain mecha- 
nistically how they are formed. Explain why irradiation of either A or B does 
not give back previtamin D). 

JOU CROCS DOR DODO CI OOOG COC OCT COORICCUCOSOS OC UFOUCOCOOOC CO OC. OC OROCOCUUCCOOOTIOUNOC COC TUCO OOO OOOO OSO SUCCINCT OOUOOSORTCOC OOOO ET OIDOAA HCA DARACAOOOAEGOSn. conte o- 

Key IDEAS IN CHAPTER 25 

[\  Pericyclic reactions are concerted reactions that occur by cyclic electron 
shifts. Electrocyclic reactions, cycloadditions, and sigmatropic rearrange- 
ments are important pericyclic reactions. 

[\  Electrocyclic reactions are stereochemically classified as conrotatory or 
disrotatory; cycloadditions and sigmatropic rearrangements are classi- 
fied as suprafacial or antarafacial. 

[\ The stereochemical course of a pericyclic reaction is governed largely 
by the symmetry of the reactant HOMO (highest occupied molecular 
orbital), or, if there are two reacting components, by the relative sym- 
metries of the HOMO of one component and the LUMO (lowest unoc- 
cupied molecular orbital) of the other. 
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[\ Considerations of orbital symmetry lead to selection rules for pericyclic 

reactions. Whether a pericyclic reaction is allowed or forbidden depends 

on the number of electrons involved, the mode of activation (thermal 

or photochemical), and the stereochemical course of the reaction. The 
selection rules are summarized in Tables 25.1-25.4 and Sec. 25.5. 

A HLAIRIIOODD CARMI D OOO CR CROOTIOUO COD COUCCRCH OC OUD UCOOCOCOOT OO COOUC COORG OOOO CTO OO OOOO OnOAOUCOO TOO COORODUCUOUO: OOOO OOOO COC DO OOO OUDAOOOTOTINOBOGOODORANACOO AGO 

P igi 25.28 Without consulting tables or figures, answer the following questions: 
| ADDITIONAL | *(a) Is a thermal disrotatory electrocyclic reaction involving twelve electrons ~ PROBLEMS 7” : 
ei ge allowed or forbidden? 

(b) Is a [8s + 4s] photochemical cycloaddition allowed? 

*(c) Is the HOMO of (Z)-3,4-dimethyl-1,3,5-hexatriene symmetric or anti- 

symmetric? 

25.29 What do the pericyclic selection rules have to say about the position of equilibrium 
in each of the following reactions? Which side of each equilibrium is favored 
and why? 

(a) Pho Pe) 

i Se Pha S 

*(c) OH O 

a eee 
| Sates CLE SS 

WS 

(d) SY CODEt 

COjE ——= | + CH2—=CH) 
// LE 

re) O O 

(> 
! 
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25.30 *(a) Predict the stereochemistry of compounds B and C. 

AOE CH: Gr 7 CH 

| ea oleae ae ae lak a CH; CH; 
GH i 

A B C 

(b) What stereoisomer of A also gives compound C on heating? 

25.31 *(a) Classify the following pericyclic reaction. (More than one classification is 
possible.) 

GS 200° 210° 
ST al 

(b) Suppose the migrating methyl group in (a) were labeled with the hydrogen 

isotopes deuterium (D) and tritium (T) so that it is a —CHDT group with 

the S configuration. What would be the configuration of this group in the 
product? Explain your reasoning. 

(80% yield) 

*25.32 Complete the following reactions by giving the major organic product(s). 

(a) lalaC CH; 

Phe-C=G— phen) Oc—c SEE D(O4th 
ie ‘ 

HC CH, 

(b) 

heat cn) _heat , 
ae 

CH: 

(c) O 

CH3 
i. ie O heat 

: CH3 

O 

25.33 When compound A is irradiated with ultraviolet light for 115 hours in pentane, 
an isomeric compound B is obtained that decolorizes bromine in CCl, and reacts 
with ozone to give, after the usual workup, a compound C. 
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O8O 

A Gg 

*(a) Give the structure of B and the stereochemistry of both B and C. 

(b) On heating to 90°, compound D, a stereoisomer of B, is converted into A, 

but compound B is virtually inert under the same conditions. Identify 

compound D and account for these observations. 

*25.34  Heptafulvalene undergoes a thermal reaction with tetracyanoethylene (TCNE) 

to give the adduct shown below. What is the stereochemistry of this adduct? 
Explain. 

NC CN 
\ / 

— + C=C —> TR NC CN 

heptafulvalene NC CN 
TCNE 

NC CN 

25.35 Suggest a mechanism for each of the following transformations. Some involve 

pericyclic reactions only; others involve pericyclic reactions as well as other steps. 

Invoke the appropriate selection rules to explain any stereochemical features 

observed. 

*(a) 
| heat Je 

Za Cr. 
H3C O HC Cn 

GH, | 
O 

(b) Ph Ph Ph Ph 

124° 
Cpl He Eas 

PheeDs 

H OH 

heat // 

(Problem 25.36 continues ) 
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(d) 

*25.36 When 1,3,5-cyclooctatriene, A, is heated to 80-100°, it comes to equilibrium 

with an isomeric compound B. Treatment of the mixture of A and B with 

CH3;0,C— C==C— CO,CH; gives a compound C, which, when heated to 200° 

for twenty minutes, gives dimethyl phthalate and cyclobutene. Identify com- 

pounds B and C, and explain what reactions have occurred. 

CO,CH; 

| dimethyl] phthalate 

s CO,CH; 

ZA 

25.37 The following reaction occurs as a sequence of two pericyclic reactions. Identify 
the intermediate A and describe the two reactions. 

] 1 ake CO,Et 
+ OS Sec er — = Wy = Ol + )—ch=cH, 

CO.Et 

CH; 

a-phellandrene 

*25.38 Black Hemptra bugs, generally observed in the tropical regions of India immedi- 
ately after the rainy season, give off a characteristic nauseating smell whenever 
they are disturbed or crushed. Substance A, the compound causing the odor, 
can be obtained either by extracting the bugs with petroleum ether (which no 
doubt disturbs them greatly), or it can be prepared by heating the compound 
below at 170-180° for a short time. Give the structure of compound A. 

C,H; 

ae eam To 

OC3H; 

25.39 When 2-methyl-2-propenal is treated with allylmagnesium chloride 
(CH,=CH—CH,—MgCl) in ether, then with dilute aqueous acid, a com- 
pound A is obtained, which, when heated strongly, yields an aldehyde B. Give 
the structures of compounds A and B. 
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*25.40 Compound A (C,,;H,403;) is insoluble in base and gives an isomeric compound 

B when heated strongly. Compound B gives a sodium salt when treated with 

NaOH. Treatment of the sodium salt of B with dimethyl sulfate gives a new 

compound C (C)H,,O3) that is identical in all respects to a natural product 

elemicin. Ozonolysis of elemicin followed by oxidation gives the carboxylic acid 

D below. Propose structures for compounds A, B, and C. 

OCH; 

CH;0 OCH; 

CH,CO,H 

25.41 Using phenol and any other reagents as starting materials, outline a synthesis of 

each of the following compounds. 

*(a) 1-ethoxy-2-propylbenzene (b) OCH; 

CH,CH,CO,H 

25.42 Each of the following reactions involves a sequence of two pericyclic reactions. 

Identify the bracketed intermediate X or Y involved in each reaction, and describe 
the pericyclic reactions involved. 

*(a) H H 

heat ed 5 

140° 

H 

an! light [Y] light fl i] (COs 

25.43 When each of the compounds below is heated in the presence of maleic anhy- 

dride, an intermediate is trapped as a Diels-Alder adduct. What is the intermedi- 

ate formed in each reaction, and how is it formed from the starting material? 

*(a) 

maleic anhydride 

heat 

(Problem 25.43 continues ) 
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H3C CH, maleic anhydride 

heat 

(mixture of stereoisomers) 

O 

maleic anhydride Me O 

250° 

O 

25.44 An all-suprafacial [3,3] sigmatropic rearrangement could in principle take place 
through either a chair-like or a boat-like transition state: 

LENZ 
chair-like boat-like 

transition state transition state 

(c) 

*(a) According to the following result, which of these two transition states is 
preferred? 

Me H H Me 
180° Me yee (mostly) 

H 

H H 

Me H H H 
S 180 Me. 2 ee 

Me H H H 

(b) When the terpene germacrone is distilled under reduced pressure at 165° 
it is transformed to B-elemenone by a Cope rearrangement. Deduce the 
structure of germacrone, including its stereochemistry. 

165° Serimactone == f-elemenone 

“25.45 Ions as well as neutral molecules undergo pericyclic reactions. Classify the pericy- 
clic reactions of the cation involved in the following transformation. Tell whether 
the methyl groups are cis or trans and why. 
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O OH H,PO; 

+ 

H3C CH, H;C CH, 

O 

H;C CH; 

*25.46 (a) The following transformation, involving a sequence of two pericyclic reac- 
tions, was used as a key step in a synthesis of the sex hormone estrone. 
Identify the unstable intermediate A and give the mechanism for both its 
formation and subsequent reaction. 

Me OH 

Meo 

[ 

(b) Show how the product of part (a) can be converted into estrone. 

MeO MeO 

(78% yield) 

Me O 

estrone 

HO 

25.47 An interesting heterocyclic compound C was prepared and trapped by the follow- 
ing sequence of reactions. Give the structure of all missing compounds, and 
explain what happens in each reaction. 

O 
| ; 

[ Dx—toce, [4] SS [a] == [c] 

O 
| 

NC CN / N—C— OCH, 

X CN 

Le iat all eimai keer CN 
NC CN ee 

CN 
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25.48 Anticipating the isolation of the potentially aromatic hydrocarbon B, a group of 

chemists irradiated compound A below with ultraviolet light. Compound C was 

obtained as a product instead of B. 

*(a) 

25.49 *(a) 

E2500 (a) 

COCO eee reer ee rere rerscecseeeeeeresensnesesccseces 

Explain why compound B might be expected to be unstable in spite of its 

cyclic array of 4n + 2 7 electrons. 

Explain why the formation of compound B is allowed by the pericyclic 
selection rules. 

Account for the formation of the observed product C. 

What type of pericyclic reaction is required to form benzene from Dewar 
benzene? 

H 

lel 

Dewar benzene benzene 

Explain why Dewar benzene, although a very unstable molecule, is not 
spontaneously transformed to benzene. (Although Dewar benzene forms 
benzene when heated, this reaction requires a surprisingly high temperature 
and is believed not to be concerted.) 

Identify the hydrocarbon B and the intermediate A (both with the formulas 
C),Hjo) in the reaction sequence below. Compound B is formed spontane- 
ously from A in a pericyclic reaction. 

2Br KOH CS) ae a = 0 
The proton NMR spectrum of B consists of a complex absorption at 5 7.1 
(8H) and a singlet at 6 (—0.5) (2H). Account for the absorption at a negative 
chemical shift; that is, to which protons does this absorption correspond, 
and why do they absorb at a negative chemical shift? 

POON aie shes SIS EDOI® Piel sie nre eh ele\a]e ohszeie.a:€ib/5e10,ieiese) tele etaiy(o\syeiefere)ays{o\a/e\elein el ale(e bYe\osaie)s\staieip)atelelavars) sie isis}eteieieisietaa ste metaaime eee 
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/ 26.1 

Neutral Amino Acids 

Amino Acids, 

Peptides, and 

Proteins 

mino acids, as the name implies, are compounds that contain both an amino group 

and a carboxylic acid group. 

O O 
! a 

FLUN— CH C—O Sa aN GH G—_O8 

Cit CH: 

alanine 
(an a@-amino acid) 

O 
! 

O 

| ‘ 

p-aminobenzoic acid 
(PABA, a component 

of folic acid, a vitamin) 

As these structures show, a neutral amino acid—an amino acid with an overall charge 

of zero—can contain within the same molecule two groups of opposite charge. Molecules 

containing oppositely charged groups are known as zwitterions (German “hybrid ion”). 

A zwitterionic structure is possible because the basic amino group can accept a proton 

and the acidic carboxylic acid group can lose a proton. Each of the @-amino acids, of 

which alanine above is an example, has an amino group on the a-carbon—the carbon 

adjacent to the carboxylic acid group. 

Peptides are biologically important polymers in which a-amino acids are joined 

into chains through amide bonds, called peptide bonds. A peptide bond is derived from 

the amino group of one amino acid and the carboxylic acid group of another. 

1263 
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NH C::: general peptide structure 

peptide bonds 

Proteins are very large peptides, and some proteins are aggregates of more than one 

peptide. The name protein (Greek “of first rank”) is particularly apt because peptides and 

proteins serve many important roles in biology. For example, enzymes (biological cata- 

lysts) and some hormones are peptides or proteins. 

Nomenclature of Amino Acids and Peptides 
POO e eee eee e meee eee Eee EEE E DEES OOOO OEE D ESOS HOHE EEE EEEEEEESESEEEEE SESE SESE EEE SEES OOS S EEE EeeeseseS 

POCO OOo meee etree tees eee reese reese reesre reese eres seer reer eee eee OOOO OOOO SESE ES ODS DESEO OSE Eee eeeeeereceseseses 

Some amino acids are named substitutively as carboxylic acids with amino substituents. 

+ 

H3N— CH2CH2CH2— COz «= H2N—CH2CH2,CH,—CO 2H 

4-aminobutanoic acid 
(y-aminobutyric acid) 

NH2 O 

+ ! 
CO2H (CH3)2NH— CH2CH,2— C—O7 

2-aminobenzoic acid 3-(dimethylamino)propanoic acid 
(o-aminobenzoic acid or 

anthranilic acid) 

Notice that even if they exist as zwitterions, amino acids are named as uncharged 
compounds. 

Twenty a-amino acids are known by widely accepted traditional names. These are the 
amino acids that occur commonly as constituents of proteins. The names and structures of 
these amino acids are given in Table 26.1 on pp. 1266-1267. 

Two points about the structures of the a-amino acids will help you to remember 
them. First, with the exception of proline, all a-amino acids have the same general 
structure, differing only in the identity of the side chain R. 

O O O 
| | ONESe se ere itn yes se Loe H,N—CH—C—o- 

| | | 
R CH,Ph CH,OH 

pen api uctc phenylalanine serine 
(R= CHPh) (R= CH5OR) 

Proline is the only naturally occurring amino acid with a secondary amino group. In 
proline the —NH— and the side chain are “tied together” in a ring. 
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Names of the 
Amino Acids 

26.1 Nomenclature of Amino Acids and Peptides 1265 

CO7 

“ proline 
No SH 

H’” ‘Hy 

Second, as Table 26.1 shows, the amino acids can be organized into six groups 

according to the nature of their side chains. 

1. Amino acids with —H or aliphatic hydrocarbon side chains 

2. Amino acids with side chains containing aromatic groups 

3. Amino acids with side chains containing —SH, —SCHs, or alcohol 

—OH groups 

4. Amino acids with side chains containing carboxylic acid or amide groups 

5. Amino acids with basic side chains 

6. Proline 

The a-amino acids are often designated by either three-letter or single-letter abbrevia- 

tions, which are given in Table 26.1. 

Bb. Nomenclature of Peptides 

The terminology and nomenclature associated with peptides are best illustrated by an 

example. Consider the following peptide formed from the three amino acids alanine, 

valine, and lysine. 

amino end valine residue carboxy end 

4 ed i i fs 

backbone —> H3N— CH— C— NH — CH — C—NH— CH—C—O7 

| | 

HiGe) - eH: | 

alanylvalyllysine 
(abbreviated Ala-Val-Lys or A-V-K) 

The peptide backbone is the repeating sequence of nitrogen, a-carbon, and carbonyl 

groups shown in boldface type in the structure above. The characteristic amino acid side 

chains are attached to the peptide backbone at the respective a-carbon atoms. Each amino 

acid unit in the peptide is called a residue. For example, the part of the peptide derived 

from valine, the valine residue, is shown in color. The ends of a peptide are labeled as 

the amino end or amino terminus and the carboxy end or carboxy terminus. A peptide 

can be characterized by the number of residues it contains. For example, the peptide 

above is a tripeptide because it contains three amino acid residues. A peptide containing 

two, three, or five amino acids would be termed a dipeptide, tripeptide, or pentapeptide, 

respectively. A relatively short peptide of unspecified length containing a few amino acids 

is sometimes referred to as an oligopeptide (from a Greek root meaning “scant” or 

“few”). 

A peptide is conventionally named by giving successively the names of the amino 

acid residues, starting at the amino end. The names of all but the carboxy-terminal residue 
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are formed by dropping the final ending (ine, ic, or an) and replacing it with yl. Thus, 

the peptide above is named alanylvalyllysine. In practice, this type of nomenclature is 

cumbersome for all but the smallest peptides. A simpler way of naming peptides is to 

connect with hyphens the three-letter (or one-letter) abbreviations of the component 

amino acid residues beginning with the amino-terminal residue. Thus, the peptide above 

is also written as Ala-Val-Lys or A-V-K. 

Large peptides of biological importance are known by common names. Thus, insulin 

is an important peptide hormone that contains fifty-one amino acid residues; ribonuclease, 

an enzyme, is a protein containing 124 amino acid residues (and a rather small protein 
at that!). 

SIS/IS) 16/6) €)@) 0/0) #0 |0)0 4/0, ¢/ 8.0.6 00/0/00 0/010 0.0/0 @ © 2/6 '0ie/0)0.0\¢,0\0\0\0 0 0/6)6/616/6)n]0\0'5)8\ 6101616 '0\ 016 \0\0)0\c\ cle e\a\e 0 1e]0d010: 6.6. 6.6.6.0.0.0. 010.0 W108 0 eleic.uis asa 600.0 .6.6.5\0\5\9\e 016 5:9 0191610 61616 016.6.061016 1010 6160.0 0 0\velc\e o1c.c.c.evielleese@ 

26.1 Draw the structures of the following peptides. 

*(a) tryptophylglycylisoleucylaspartic acid 

(b) Glu-Gln-Phe-Arg (or E-Q-F-R) 

$26.2 Using three-letter abbreviations for the amino acid residues, name the following 
peptide. 

i i + 

H3N— CH— C—NH— CH— C—NH— CH—C—NH— CH Se sei ae 

CH ae CH3 CH CH? CH20H 

N | 
/ \\ CoHs CH? 

< | 
H SCH3 

With the exception of glycine, all common naturally occurring a@-amino acids have an 
asymmetric a-carbon atom, and are chiral molecules. The chiral amino acids in Table 
26.1 are found within naturally occurring proteins in only one enantiomeric form, which 
has the following configuration: 

GOs CO; 

| + stereochemical configuration of the 
HN= / Cw H3N H naturally occurring a@amino acids 

H R 

This configuration is S in all cases except for cysteine (see Problem 26.4). 
The stereochemistry of a-amino acids is often specified with an older system, the 

D,L-system. An L amino acid by definition has the amino group on the left and the 
hydrogen on the right when the carboxylic acid group is up and the side chain is down 
in a Fischer projection of the a-carbon. Therefore, the naturally occurring amino acids 
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have the t-configuration. Thus, (S)-serine can also be called L-serine; its enantiomer is 
D-serine. 

CO COn 

+ a 
H3N H H NH, 

CH,OH CH,OH 

L-serine D-serine 
(S)-serine (R)-serine 

Note that the correspondence between S and 1 is not general (see Problem 26.4). 
The p or L designation for an a-amino acid refers to the configuration of the 

a-carbon regardless of the number of asymmetric carbons in the molecule. Thus, t-threonine, 
which has two asymmetric carbons, is the (2S,3R) stereoisomer. Its enantiomer, p-threo- 
nine, is the (2R,3S) stereoisomer. 

CO CO; 

+ + 
H3N H H NH, 

H OH HO H 

CH; CH; 

L-threonine D-threonine 

Because threonine has two asymmetric carbons, it also has two other stereoisomers—its 
diastereomers. In the p,L system, diastereomers are given different names. The diastereomers 
of threonine are called allothreonine. Thus, t-allothreonine is the (25,35) stereoisomer of 
threonine, and p-allothreonine is its enantiomer. We need not dwell further on this older 
system except to be aware that it is still used for amino acids and sugars. 

POCO OUI RUC COC OOCC OOO DOOR IO OCOO CUUOD OCU CIUOUOOOOL OD TOO OOO OOOO UO OCOOCI OAC TCCNCUUO CUO OOOO OC OTOMUCOUCODOCOO OUT OCINC COCODOOCOUOOOOCOCOOOOROHCEOOCOCOONAAnBocdadh 

26.3. *(a) .-Isoleucine has two asymmetric carbons and has the (2S,3S) configuration. 

Draw a Fischer projection of L-isoleucine. 
(b) Alloisoleucine is the diastereomer of isoleucine. Draw Fischer projections 

of t-alloisoleucine and p-alloisoleucine. 

26.4 *(a) What is the a-carbon configuration of L-cysteine in the R,S system? 
(b) Explain why it is that L-cysteine and L-serine have different configurations 

in the R,S system. 
DOCUDOCOCOCCCOOOUSUCOUCUOUCOCUUOCUUCUDOCOLOOOOOOOCOCOUCUCTOCONOOUUCUOIOU OOOO OOOOOUOOOOCOUOOOCOOOOCUOUUOGOOOUOCOOOOOOODOOCOOODOOOTCOOOFOOAOOFOOCOCGOOOROMarrErrrTrt 

Acid-Base Properties of Amino Acids and Peptides 
DOO OCCU COS OOO CC 0 CO.0 COC SCC COTY OCC ODD CC COT On IO CUCU IG OOOOOOUCUT OT ODOTOOONY: OOD OU QU COGKDOOUOOD DO CHOC OAO COTE PDOOUORAaOrcr 

1656-09} wiale/eie!a} eie/e\s\eis\s\sieiaiele o)e/b)eini6\4'016\9/6(0'6/4 161s (uinin\@la:@ 8/9 |p 16\U(p[8'¥ 61616 016 6,6,0:015\0|p\e)9 |e 161016 6.6 's/a\n\sinieiajbieieiele‘éieieluie'e oie \o:e.0:6 o)eiaieialelaleieié (@b'e ie eieleleipiaiaaiaiec cea 

As suggested in the introduction to this chapter, the neutral forms of the a-amino acids 
are zwitterions. How do we know this is so? Some of the evidence is as follows: 
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1. Amino acids are insoluble in apolar aprotic solvents such as ether. On the 

other hand, most unprotonated amines and un-ionized carboxylic acids 

dissolve in ether. Although the water solubilities of the different amino 

acids vary from case to case, all are more soluble in water than they are in 

ether. 

2. Amino acids have very high melting points. For example, glycine melts at 

262° (with decomposition), and tyrosine melts at 310° (also with decompo- 

sition). Hippuric acid, a much larger molecule than glycine, and glycin- 

amide, the amide of glycine, have much lower melting points. The former 

compound lacks the amino group, the latter lacks the carboxylic acid 

group, and neither can exist as a zwitterion. 

O O 7 

! ! + 
Ph— C—NH— Ch, — CO>H 5 HeN—Ci;—-G—__NE, H3N—CH3;—C—O5 

N-benzoylglycine (hippuric acid) glycinamide glycine 
mp 190° mp 67—68° mp 262° (d) 

The high melting points and greater solubilities in water than in ether are characteris- 

tics expected of salts, not uncharged organic compounds. These saltlike characteristics 

are, however, what would be expected of a zwitterionic compound. The strong forces in 

the solid states of the amino acids that result from the attraction of full positive and 
negative charges on different molecules are much like those between the ions in a salt. 
These attractions stabilize the solid state and resist conversion of the solid into a liq- 
uid—whether a pure liquid melt or a solution. Water is the best solvent for most amino 
acids because it solvates ionic groups much as it solvates the ions of a salt (Sec. 8.4B). 

3. The dipole moments of the amino acids are very large—much larger than 
those of similar-sized molecules with only one amine or carboxylic acid 
group. 

+ 

leLIN—Clk = COS CH,—CH,— C03H CH,CH,GH,CH,—_ NE, 

glycine propanoic acid butylamine 
ju 14 p fis = Mey ww fu Uh 1) 

A large dipole moment is expected for molecules that contain a great deal of separated 
charge (Sec. 1.2D and Study Guide Link 1.2). 

4. The pK, values for amino acids are what would be expected for the zwit- 
terionic forms of the neutral molecules. 

Suppose a neutral amino acid is titrated with acid. When one equivalent of acid is added, 
the basic group of the amino acid will have been protonated. When this experiment is 
carried out with glycine, the pK, of the basic group is found to be 2.3. If glycine is indeed 
a zwitterion, this basic group can only be the carboxylate ion. If glycine is not a zwitterion, 
this basic group has to be the amine. 

O O 
€ s ‘6 log ae H30* + H3N—CH,—C—O:- =» H;N—CH,—C—GH+H,0 (26.14) 

basic group of the zwitterionic form 
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O O 
oe + 

H;0+ + HN—CH,—C—OH => H;N—CH,—C—OH+H,0 (26.16) 
ss basic group of the nonzwitterionic form 

Which is the correct description of the titration? The pK, of 2.3 is that expected of 

a carboxylic acid in a molecule containing a nearby electron-withdrawing group (in this 

case, the HaN— group). In contrast, the conjugate acids of amines have pK, values 

in the 8-10 range. This analysis suggests that the zwitterion, not the uncharged form, is 
being titrated. 

Along the same lines, if NaOH is added to neutral glycine, a group is titrated with 

pK, = 9.6. This is a reasonable pK, value for an alkylammonium ion, but would be very 

unusual for a carboxylic acid. This comparison also suggests that the neutral form of 

glycine is a zwitterion. 

The acid-base equilibria for glycine can be summarized as follows: 

principal form in 
neutral aqueous solution 

ot = 

H3N— CH, —CO, 

pK, = 9.6 pK, = 2.3 

H30+ H30+ 
Ps + 

principal form H,N—CH,—COdz H3;N—CH,—CO3H principal form 
in aqueous base in aqueous acid 

Ye ye 

labINi—= CH, aC Opal 

minor neutral form 

(about | part in 10°) (26.2) 

The major neutral form of any a-amino acid is the zwitterion. In fact, it can be estimated 

that the ratio of the uncharged form of an a-amino acid to the zwitterion form is about 

one part in 10°, as shown for glycine in Eq. 26.2. 

Peptides also exist as zwitterions; that is, at pH values near 7, amino groups are 

protonated and carboxylic acid groups are ionized. 

eee meee eee errr eee eee e ners reese se asee esse eee eeeHssssESEEE HEED EEEEEEEESESES TORR EEESEEEEEEE SEES SEES EEE TEEES ESSE SHEESH SEED EOE EES ESE O EEE EEEEEED EEE EEeseseS 

26.5 Draw the structure of the major neutral form of each of the following peptides. 

*(a) A-K-V-E-M (b) G-D-G-L-F 

Pee eee meee teem eee rere menses eee eee asssEEE HEHEHE EE EHEHHEHEE EEE EHEEEEEEEEEE SESE E HEHEHE ESE SESH HOES EEE EEE EEE EEEEEE EEE EEE EEEEEEEEEEE EEE EEE EEEEE EEE EEE OREO EE 

TERRE HEHEHE HHH EEE EEE E HEHEHE EEEEEEEEEESEEHEHEEEEEEE EEE E EHH E EE EEEE HEHE EEE EEEEEEEE SESE REE EEE HEHE EEE EEE EEO ETERS 

An important measure of the-acidity or basicity of an amino acid is its isoelectric point 

or isoelectric pH. This is the pH of a dilute aqueous solution of the amino acid at which 



1273 Chapter 26 Amino Acids, Peptides, and Proteins 

the total charge on all molecules of the amino acid is zero. At the isoelectric point two 

conditions are met. First, the concentration of conjugate acid molecules A equals the 

concentration of conjugate base molecules B. Because the conjugate acid A is positively 

charged and the conjugate base B is negatively charged, the equality of the two concentra- 

tions means that the total charge on all molecules of the amino acid is zero. Second, the 

relative concentration of the neutral form N is greater than at any other pH. 

To illustrate, consider the ionization equilibria of the amino acid alanine. 

1 HO + HO 2 
lal} Cat =O Se ala Kay: sea —= JEN Clal—CO5 (26.3) 

H,0+ H,0* 

CH, CH; CH; 

A N B 

The isoelectric point of alanine is 6.0. Thus, in a solution of alanine in which the pH 

has been adjusted to 6.0, a very small amount of alanine is in form A, an exactly equal 

amount is in form B, and most of the alanine is in neutral (zwitterionic) form N. The 

isoelectric points of the twenty common amino acids are listed in Table 26.1. 

The isoelectric pH has a simple relationship to the pK, values of an amino acid. Let 

K,, be the dissociation constant of the carboxylic acid group of form A, and K, the 

dissociation constant of the ammonium group in form N (Eq. 26.3). 

[N][H;0*] [B][H;0*] 
Ky, = Sa 2 SS (26.4) 

[A] [N] 

Dividing both equations through by [H;O*], 

Kay [N] K. 2 [B] 
— d ae a e 

(eke re mer Ey ae 
Letting pK,; = —log K,,, and pK,, = —log Kao, 

A 
pKa — pH = log( 41) (26.6a) 

and 

B} H — pK,2 = lo (121) (26.6b) Pp P 8 IN] 

These two equations show that the relative concentrations of A, B, and N depend on the 
relationship between the pH of the solution and the respective pK, values. This point is 
illustrated in Fig. 26.1, which is a plot of the relative amounts of each form vs. pH. At 
low pH (pH << pK,,), form A predominates, as shown by Eq. 26.6a. As the PH is raised, 
the concentration of A falls and that of N grows. As the pH is raised further, the 
concentration of form N falls and that of B grows. At high pH, form B predominates, 
as required by Eq. 26.6b. As Fig. 26.1 demonstrates, form N has its maximum concentra- 
tion at a pH value higher than pK, and lower than pK,». In fact, the pH at which form 
N has a maximum concentration—the isoelectric point, pl—is the average of the two 
pK, values: 

pKa ‘3 PKa2 isoelectric point = pI = A (26.7) 
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Figure 26.1 Variation in the concentrations of the three forms of alanine shown in Eq. 26.3 as a function of pH. 
» concentration of the conjugate acid A; ----, concentration of the conjugate base B; , con- 

centration of the neutral zwitterionic form N. The dissociation constant of A is K,,, and that of B is 
Kaz (Eq. 26.4). Notice that the concentration of the neutral form N is a maximum at a pH that is 
halfway between pK,, and pK,; this pH is the isoelectric point. 

(See Problem 26.9.) Thus, alanine, with pK, values of 2.3 and 9.7 (Table 26.1), has an 
isoelectric point.ol (2:39, 9.7)/2) =" 6.0: 

The significance of the isoelectric point is that it indicates not only the pH value at 
which a solution of the amino acid contains the greatest amount of neutral form N but 
also the sign of the net charge on the amino acid at any pH. For example, at a pH value 
less than the isoelectric point, more molecules of an amino acid are in form A than in 
form B; in this situation, the amino acid is said to be positively charged. At a pH value 
greater than the isoelectric point, more molecules of an amino acid are in form B than 
in form A. In this situation, the amino acid is said to be negatively charged. Sec. 26.3C 
will show why a knowledge of the net charge can be useful. 

When an amino acid has a side chain containing an acidic or basic group, the 
isoelectric point is markedly changed. The amino acid lysine (Lys), for example, has a 
basic side-chain amino group as well as its a-amino and carboxy groups. 

+ Bp. H,O a H,O re 
lalIN—=Clal = COs TIN Or (0X8) << lnBIN-SClsI-(ClOs (26.8) 

EL” | Om 

vase isi wee 

*NH; *NH; NH, 

A N B 

The isoelectric point of lysine is 9.82, which is the average of its two highest pK, values 
of 9.12 and 10.53. At the isoelectric point of lysine, equal amounts of forms A and B of 
lysine are present, and form N has its maximum concentration. The lowest pK, of 
lysine—the pK, of the carboxylic acid group—doesn’t enter the picture because neither 
of the equilibria involving the neutral form N involves ionization of the carboxylic acid 
group. 
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Let’s compare the charge state of alanine and lysine at pH 6. Because pH 6 is the 

isoelectric point of alanine, its charge is zero. Because pH 6 is much lower than the 

isoelectric point of lysine, the net charge on lysine molecules is positive at this pH. Amino 

acids with high isoelectric points are classified as basic amino acids. Lysine and arginine 

are the two most basic of the common naturally occurring amino acids (Table 26.1). As 

indicated by its isoelectric point, arginine is the more basic of the two. Its side chain 

carries the basic guanidino group, the conjugate acid of which has a pK, of 12.5. The 

basicity of this group is a consequence of the fact that its conjugate acid is resonance- 
stabilized. 

| | | 
Ei Oa (NN (GREEN <> EMAC, <> C 

s H,N~ SNH; H,N~ NH, H,N~ NH, 

+ HO (26.9) 

The amino acids aspartic acid (Asp) and glutamic acid (Glu) have carboxylic acid 

groups on their side chains and have low isoelectric points. The isoelectric point of 

aspartic acid, for example, is 2.76, the average of its two lowest pK, values. (You should 

show why this is reasonable.) Amino acids with low isoelectric points are classified as 
acidic amino acids. Molecules of an acidic amino acid carry a net negative charge at pH 
6. Aspartic acid and glutamic acid are the two most acidic of the common naturally 
occurring amino acids. 

Amino acids with isoelectric points near 6, such as glycine or alanine, are classified 
as neutral amino acids. Of course, pH 6 is not exactly neutral; “neutral” amino acids are 
actually slightly acidic because the carboxylic acid group is somewhat more acidic than 
the amino group is basic. 

Let’s summarize the charge situation in basic, neutral, and acidic amino acids at 
pH 6: 

Principal forms at pH 6: 

te + 
H;N—CH—CO; H;N—CH—COy; H,N—CH—cop 

oe )a CH; CH, 

*NH, COR 
net +1 charge net 0 charge net —1 charge 

_lysine alanine aspartic acid 
(a basic amino acid) (a neutral amino acid) (an acidic amino acid) 

Peptides with both acidic and basic groups also have isoelectric points. We can tell 
by inspection ‘whether a peptide is acidic, basic, or neutral by examining the number of 
acidic and basic groups that it contains. A peptide with more amino and guanidino 
groups than carboxylic acid groups, for example, will have a high isoelectric point. 
Conversely, a peptide with more carboxylic acid groups than amino or guanidino groups 
will have a low isoelectric point. 



POOR e em meee eee eee eeeeeens 

_ PROBLEMS 

26.3 Acid-Base Properties of Amino Acids and Peptides 1275 

*26.6 (a) Point out the ionizable groups of the amino acid tyrosine (Table 26.1). 
(b) What is the net charge on tyrosine at pH 6? How do you know? 
(c) Draw the structure of the major form(s) of tyrosine present at this pH. 

26.7 (a) Point out the ionizable groups of the amino acid histidine (Table 26.1). 
(b) Draw all the acid-base equilibria for histidine. 
(c) What is the net charge on histidine at pH 6? How do you know? 
(d) Of the forms you drew in (b), which are the major one(s) present at this 

pH? 

26.8 Classify the following peptides as acidic, basic, or neutral. What is the net charge 
on each peptide at pH = 6? 

*(a) Gly-Leu-Val 

(b) Leu-Trp-Lys-Gly-Lys 
*(c) N-acetyl-Asp-Val-Ser-Arg-Arg (N-acetyl means that the terminal amino 

group of the peptide is acetylated.) 
(d) Glu-Lys-Asp-Ala-Phe-Ile 

*26.9 By definition the isoelectric point of an amino acid is that pH at which [A] = 
[B] (Eq. 26.3). Use this condition, along with Eq. 26.5, to derive Eqy26./ athe 
formula for the isoelectric point of a neutral amino acid. 

C. Separations of Amino Acids and 

Peptides Using Acid-Base Properties 

Isoelectric points are often used to design separations of amino acids and peptides. 
Consider, for example, the water solubilities of amino acids and peptides. Most peptides 
and amino acids, like carboxylic acids and amines, are most soluble when they carry a 
net charge and least soluble in their neutral forms. Thus, some peptides, proteins, and 
amino acids precipitate from water when the pH is adjusted to their isoelectric points. 
These same compounds are more soluble at pH values far from their isoelectric points, 
because they carry a net charge at these pH values. 

A separation technique used a great deal in amino acid and peptide chemistry is 
ion-exchange chromatography. This method, too, depends on the isoelectric points of 
amino acids and peptides. In this technique, a hollow tube or column is filled with a 
buffer solution in which is suspended a finely powdered, insoluble polymer called an ion- 
exchange resin. The resin bears acidic or basic groups. One popular resin, for example, 
is a sulfonated polystyrene—a polystyrene in which the phenyl rings contain strongly 
acidic sulfonic acid groups. If the pH of the buffer is such that the sulfonic acid groups 
are ionized, the resin bears a negative charge. This charge is the key to ion-exchange 
separations. 
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CH, ==CH— CH — CH — CH, —- CH 

structure of sulfonated 
polystyrene with ionized 
sulfonic acid groups (26.10) 

O=S=O nae 

| 
OF OT 

The way ion-exchange chromatography works is shown in Fig. 26.2. Suppose the 

buffer in the column has a pH of 6, and a solution containing a mixture of the two 

amino acids Val and Lys in the same buffer is added to the top of the column. Buffer is 

then allowed to flow through the column; a frit (a porous glass plate) keeps the resin 

from washing out. Since valine has zero charge at this pH, it is not attracted by the ionic 

groups on the column, and is washed through the column with a relatively small volume 

of buffer. Lysine, on the other hand, bears a net positive charge at pH 6, and is strongly 
attracted to the negatively charged resin. Because of this attraction, lysine is retained on 
the column and emerges only after a considerably larger amount of buffer has passed 
through the column. The two amino acids are thus separated. Thus, whether an amino 
acid or peptide is adsorbed by the column depends on its charge—which, in turn, depends 
on the relationship of its isoelectric point to the pH of the buffer. 

In the experiment shown in Fig. 26.2, the ion-exchange resin is negatively charged 
and adsorbs cations; it is therefore called a cation-exchange resin. Resins that bear positively 
charged pendant groups adsorb anions, and are called anion-exchange resins. 

Ion EXCHANGE AND WATER SOFTENERS 

Ion exchange has very important commercial applications, for example, in 
water treatment. Commercial water softeners contain cation-exchange resins 
much like the one used in this example, which adsorb the more highly charged 
calcium and magnesium ions in hard water and replace them with sodium 
ions with which the column is supplied. When the supply of sodium ions is 
exhausted, the column has to be flushed extensively, or regenerated, with 
concentrated NaCl solution to replace the adsorbed calcium and magnesium 
ions with sodium ions. 

atte nt artes hn eg tage nats) ernsesesecssie Bialeleso!s)atnlois Slee sisiAs\« A)sia}ereJe(a njeinlofele/al«[s{aluiaaia\ale{aelalale(alels{esatelaisisiaisinivlatx b oveloje!c(a)alsloteta’siatalsTele)ala\eioiers/sisisioleteievenieletatoie me aeieie cia meee 

“26.10 (a) How might the structure of the resin in Eq. 26.10 be altered to make the 
resin an anion exchanger (that is, an anion-binding resin)? (Hint: What 
type of organic functional group can carry a positive charge?) 

(b) Predict the order of elution of the following peptides from an anion- 
exchange resin’ at pH" 6:" A©V«G@ "1)-E-E-G) = D-_-N_N-G Explain your 
reasoning. 
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Figure 26.2 (a) Diagram of the cation-exchange separation of valine and lysine. (b) Amino acid concentration 
as a function of the volume of buffer passed through the cation-exchange column. Lysine, which car- 
ries a positive charge at the pH of the buffer, is attracted to the negatively charged resin and moves 
through the column more.slowly than valine, which carries zero charge. 
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26.11 A mixture of N-acetyl-Leu-Gly, Lys-Gly-Arg, and Lys-Gly-Leu is applied to a 

sulfonated polystyrene cation-exchange column at a buffer pH of 6.0. Predict 

the order in which these three peptides will elute from the column and explain 

your reasoning. (See Problem 26.8c for an explanation of the N-acetyl 

nomenclature.) 

CPPCC eee He ee EEE HEHE Hema EEE EEE EEEEEEEEEEEEE ESE E EE SESESESESESE ESSE EE EEEEESES EEE EEEEEESEEEE ES HESEEEEESESEEEESES EES ESESES ESOS EES 

TOP P eee HOHE HEHE HEE eee erase EEE EEEESEE HEHE EEE E SEES TEETH ENEWS ESCO EEES ESOS HEHE EEOC EEE ESE SEES DEED DO OEEEE EEO ESE SES ESO EOES 
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Some a@-amino acids can be prepared by alkylation of ammonia with a-bromo carboxylic 
acids. 

Br *NH; 

| fs 
CH3CH,CH— CH—CO,H + 2NH; —» CH;CH,CH—CH—CO; + NH, Br7 (26.11) 

(large | 
CH; excess) CH; 

isoleucine 
(49% yield) 

This is an Sx2 reaction in which ammonia acts as the nucleophile. (Recall from Sec. 
22.3D that a-halo carbonyl compounds are very reactive in Sy2 reactions.) Alkylation of 
ammonia is generally not an acceptable method for preparing primary amines because 
ammonia can be alkylated more than once to give complex mixtures (Sec. 23.7A). How- 
ever, the use of a large excess of ammonia in this synthesis favors monoalkylation. 
Furthermore, amino acids are less reactive toward alkylating agents than simple alkylam- 
ines because the amino groups of amino acids are less basic, and therefore less nucleophilic, 
than ammonia and simple alkylamines, and because branching in amino acids retards 
further alkylation. 

B. Alkylation of Aminomalonate Derivatives 

One of the most widely used methods for preparing a-amino acids is a variation of the 
malonic ester synthesis (Sec. 22.6A). The malonic ester derivative used is one in which 
a protected amino group is already in place: diethyl a-acetamidomalonate. This derivative 
is treated with sodium ethoxide in ethanol to form the enolate ion, which is then alkylated 
with an alkyl halide (benzyl chloride in the following example): 

] oe og 

CH;—C—NH—C—H —“2 BO, cH,—c—nn—cr 2h 
| CO,Et CO,Et 

diethyl 
a-acetamidomalonate 

enolate ion 

O CO, Et 

CH3;—C—NH—C—CH,Ph + Cl- (26.12a) 

CO,Et 
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O 

The resulting compound is then treated with hot aqueous HC] or HBr. This treatment 

accomplishes three things: First, the ester groups are hydrolyzed to carboxylic acids (Sec. 

21.7A), yielding a substituted malonic acid (draw it!). Second, the malonic acid derivative 

decarboxylates under the reaction conditions (Sec. 20.11). Third, the acetamido group, 

an amide, is also hydrolyzed (Sec. 21.7B). Neutralization gives the a-amino acid. 

CO,Et 

heat 

+ 

ag OS ee 1:0, HBr CH;CO,H + 2EtOH + CO, + H;N—CH—CH,Ph Br7 

CO,EFt CO,H 

phenylalanine hydrobromide 
(65% yield after 
neutralization) 

(26.12b) 

C. Strecker Synthesis 

An important method for the synthesis of carboxylic acids is the hydrolysis of nitriles 

(Sec. 21.7C, 21.11). Thus, a-amino nitriles can be hydrolyzed to give a-amino acids. 

a-Amino nitriles, in turn, are prepared by treatment of aldehydes with ammonia in the 

presence of cyanide ion. 

NH, h 
eat 

Me iS Hie) ees HCl -OH 

acetaldehyde CN 

2-aminopropanenitrile 
(an a-amino nitrile) 

O 

| 
Nid se Clay Cae = C=O (26.13) 

*NH; 

alanine 
(52-60% yield) 

This preparation of a-amino acids is called the Strecker synthesis. 
The mechanism of a@-amino nitrile formation probably involves an imine 

intermediate. 

+ 

= i5©) 
oe on H,0 + 

CH,—CH=O + NH; ——=» CH;—CH=NH == CH;—CH=NH), + H,0 (26.14a) 

an imine 

The conjugate acid of the imine reacts with cyanide under the conditions of the reaction 

to give the a-amino nitrile. 
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n 
a — ee 

CH,;—- CH==NH, + :CN —» CH,—CH—NH, (26.14) 
bs weal £4 | 

CN 

The addition of cyanide to an imine is analogous to the formation of a cyanohydrin from 

an aldehyde or ketone (Sec. 19.7A). 

CN 

TAREE EEE EEE e EEE HEHEHE OHHH EEE EEEEEEEE EEE EE EOE EEE EEEHEE HEHE EEE E HEE EESESE SHEE EE EEEEEEEEEEEEE SEES EEE E OEE EE EES 

26.12 Indicate which of the methods in this section could be used to prepare each of 

the following amino acids. For each method that can be used, give an equation. 

For each case in which a method would not work, give a reason. 

*(a) a-phenylglycine (b) leucine 

POPC P Cem meee e Ee eeee sere e rere rrr ees eee COO eee eee Ee ee TODO DEEDES OO EES EEE O HOSES ES ESE D ODED EEE EOE DED EEE EEO EeEEeeeeereseecS 
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Amino acids synthesized by common laboratory methods are racemic. Since many applica- 
tions require pure enantiomers, the racemic mixtures must be resolved. As useful as the 
diastereomeric salt method is (Sec. 6.8), it can be tedious and time-consuming. An 
alternative approach to the preparation of enantiomerically pure amino acids, and one 
that is used industrially, is the synthesis of amino acids by microbiological fermentation. 
Some cultures of microorganisms can be used to produce industrial quantities of certain 
amino acids in the natural L form. 

Certain enzymes—biological catalysts—can be used to resolve racemic amino acids 
into enantiomers. For example, a preparation of the enzyme acylase from hog kidney 
selectively catalyzes the hydrolysis of N-acetyl-L-amino acids and leaves the corresponding 
D isomers unaffected. Thus, treatment of the N-acetylated racemate with this enzyme 
affords the free t-amino acid only: 

O 
hog-kidney | 

HO + CH, —C—NH— CH—=CO.H selec 

GH 

N-acetyl-p,t-alanine 
(AES 

H H O 

nen, _ cry {NC + CH;CO;H 26.16) 

Coy CO.H 
L-(+)-alanine N-acetyl-pD-alanine 

(insoluble in EtOH) (soluble in EtOH) 
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In this example the liberated t-alanine is precipitated from ethanol; the N-acetyl-p- 
alanine remains in solution, from which it can be recovered and hydrolyzed in aqueous 
acid to p-alanine. 

The enzyme differentiates between the two enantiomers of N-acetylalanine because 

it is an optically pure chiral compound. Recall that enantiomers have different reactivities 

with chiral reagents (Sec. 7.7A). 

Acylation and Esterification Reactions of Amino Acids 
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Amino acids undergo many of the reactions characteristic of both amines and carboxylic 

acids. Acylation is an amine reaction that is very important in amino acid chemistry. 

Acylation by acetic anhydride is shown in Eq. 26.17. 

enon + 

H;N—CH—CO; + CH;—C—O—C—CH; CH;CO,H | __H,0 - 

i acetic anhydride | 2 

CH(CHs3)> 

leucine 7 

Che —-©—_ Ni CH CO5u (26.17) 

LL 
CH(CH;)> 

N-acetylleucine 
(85-95% yield) 

Acylation by acid chlorides is also a useful reaction (Sec. 21.8A). 

Amino acids, like ordinary carboxylic acids, are easily esterified by heating with an 

alcohol and a mineral acid catalyst (acid-catalyzed esterification; Sec. 20.8A). 

i 1 
HN )-¢—o1 GOH ire se, ROO HIN 6-00. te HO 

p-aminobenzoic acid (PABA) ethyl p-aminobenzoate 
(benzocaine, a local anesthetic) (26.18) 
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26.13. Give the major product expected when 

*(a) leucine is treated with p-toluenesulfonyl chloride (tosyl chloride). 

(b) alanine is heated in methanol solvent with HCl catalyst. 

*26.14 If the hydrochloride salt of glycine methyl ester is neutralized and allowed to 

stand in solution, a polymer forms. If the hydrochloride itself is allowed to stand, 
nothing happens. Explain these observations. 

RRR Heer eee eee EEE sees eee EEEEST HEHEHE SHEESH HEEEESEEEEE ESHEETS TEESE ES EEESEEEH HEHEHE HOES ESTEE EE EEE HED EEEE EEE EEE EOE E EEE E EEE E EEE EEEEeeEESEeeeeEeEee® 
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( 26.6 Determination of Peptide Structure 

This section covers several reactions that are used to determine the structures of unknown 

peptides. An important reaction used for this purpose is hydrolysis of the peptide (amide) 

bonds of a peptide to give its constituent amino acids (Sec. 21.7B). This hydrolysis is 

typically carried to completion in 6 M aqueous HCl for 20-24 hours at 110 °C. 

i i | 
NT 6M HCl 

He N eC bl © Nal Viger ae + H,O She 

CHa CH(CH3), 

Ala-Val 

i i | ‘ 
PENE=CH © OH -aELN “CH =O OH mene 

CH, CH(CH;); 

Ala Val 

When a peptide or protein is hydrolyzed, the product amino acids can be separated, 

identified, and quantitated by a technique called amino acid analysis. In one variation 

of this method, the amino acids in the hydrolyzed mixture are separated by passing them 

through a cation-exchange column (see Fig. 26.2) under very carefully defined conditions. 

The time at which each amino acid emerges from the column is accurately known from 

standards. As each amino acid emerges, it is mixed with ninhydrin, a reagent that reacts 

with primary amines and a-amino acids to give a dye called Ruhemann’s purple, which 
has an intense blue-violet color. 

O 

OH ri ; 
C 2 + H;N—CH—CO; ae 

STupy GUIDE LINK: OH 

26.3 O R 

Reaction of a-Amino 
Acids with Ninhydrin ninhydrin 

O- 

Ce N + R— CH= Os COR HO so 20) (26.20) 

O O 

Ruhemann’s purple 

Maeve = DIO) atin 

The intensity of the resulting color is proportional to the amount of the amino acid 
present. The color intensity, and therefore the amount of each amino acid, is recorded 
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Chart trace from the amino acid analysis of a mixture containing 10 nanomoles (10~* mol) of each 
amino acid. The pH values at the top of the chart show the pH of the buffers used to elute (wash) 
the amino acids from the cation-exchange column. The peaks are from the color resulting from mix- 
ing the column effluent with ninhydrin. 

as a function of time. Figure 26.3 shows the recorder trace obtained from a mixture of 
10 nanomoles (10~* mole) of each a@-amino acid. The trace obtained from the analysis 
of a peptide of unknown composition contains a peak corresponding to each amino acid 
present; the area of the peak is proportional to the amount of the amino acid. Thus, by 
hydrolysis, reaction with ninhydrin, and quantitation of the color produced, the identities 
and relative amounts of the amino acid residues in a peptide can be determined. 

For example, imagine that a hypothetical peptide P has been hydrolyzed and subjected 
to amino acid analysis, and that the results are as follows: 

P:  Alas,Arg,(Asp or Asn),Gly>,His,Ile,Leu,Lys, Met, NH3,Phe,Pro,Trp, Tyr, Val 

According to this analysis, the peptide contains three times as much Ala and twice as 
much Gly as Arg, His, Lys, or the other amino acids present. The absolute number of 
each amino acid residue is not known unless, in addition, the molecular mass of the 
peptide is known. Notice also that the relative order of the amino acid residues within 
the peptide is also not known. In this sense, amino acid analysis is to the amino acid 
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composition of a peptide as elemental analysis is to the molecular formula of an organic 

compound. 
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26.15 *(a) Explain why acid hydrolysis followed by amino acid analysis does not distin- 

guish between Asp and Asn. (Hint: Why is ammonia present in the peptide 

P above?) 

(b) What other pair of amino acids.are not differentiated by amino acid analysis? 

POR aae sarees eee e Heese eee Eee H Ee H sass eH HHH HHH E HEHEHE HEHE HEHEHE HEHE EER HERE EEE EEE EEE HEHEHE EEEET SHEE EEE EEEE EEE S SHE EEE HEHE HEHEHE EES 

PERT e eee ee meee meme meee eae H HEHEHE EERE EEE EEE EEE EHEEEEEEEEESE OEE E HEHEHE SETH EH EEHEEEEE HEHE OHSS EEE EEE HEHEHE EE EE EES 

The actual arrangement, or sequential order, of amino acid residues in a peptide is called 

its amino acid sequence or primary sequence. There are a large number of possible 

sequences for even a relatively small peptide with a given amino acid composition. For 

example, more than 10'* sequences are possible for peptide P described in the previous 

section! How can the amino acid sequence of a peptide or protein be determined? 

This apparently complex problem is actually solved rather easily. It is possible to 

remove one residue at a time from the amino end of a peptide, identify it, and then 

repeat the process sequentially on the remaining peptide. 

The standard technique for implementing this strategy is called the Edman degrada- 

tion, after Per Edman, a Swedish biochemist who devised the method in 1952. In an 
Edman degradation, the peptide is treated with phenyl isothiocyanate (often called the 

Edman reagent). The peptide reacts with the Edman reagent at its amino groups to give 

thiourea derivatives. Although reaction with the Edman reagent also occurs at the side- 
chain amino groups of lysine residues (see Problem 26.30), only the reaction at the 
terminal amino group is relevant to the degradation. (In this and subsequent equations, 
the abbreviation Pep’ is used for the amino-terminal part of a peptide and the abbreviation 
Pep© for the carboxy-terminal part.) 

i 
Ph—N=C=S + HJN—CH—C—NH—Pep® —Pytidine/HO 2 Me,NPh 

phenyl R 
isothiocyanate 
(Edman reagent) 

S O 
! ! 

Ph—NH—C—NH a C—NH—Pep>  (@eta) 

R 

thiourea derivative 

This reaction is exactly analogous to the reaction of amines with isocyanates, the oxygen 
analogs of isothiocyanates (Eq. 23.70, p. 1149). Any remaining phenyl isothiocyanate is 
removed, and the modified peptide is then treated with anhydrous trifluoroacetic acid. 
As a result of this treatment, the sulfur of the thiourea, which is nucleophilic, displaces 
the amino group of the adjacent residue to yield a five-membered heterocycle called a 
thiazolinone; the other product of the reaction is a peptide that is one residue shorter. 
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. Va 
C—_Ni Pep’ “Nc 

/ | CF3CO2H “a Ph—NH—C ——— > Ph—-NH— Cc | + H;N—Pep' (26.21b) Ve ie \\ -CH—R : NH Ne new peptide, one 
residue shorter thiourea derivative thiazolinone 

derivative 

When treated subsequently with aqueous acid, the thiazolinone derivative forms an isomer 
called a phenylthiohydantoin. This probably occurs by reopening of the thiazolinone to 
the thiourea, followed by ring formation involving the thiourea nitrogen. Notice in this 
and the previous equation the intramolecular formation of five-membered rings. 

side chain 
Y of amino terminal b Be O residue 

HO S. 7 CH—R I | 
C H20, H30+ | -H,0 ome Ph—NH—C | Te Eee NE _NH a act Po N GH \ _-CH—R C \ : a ! C—NH thiazolinone S VA 

thiourea (26.21¢) 
phenylthiohydantoin 
(PTH) derivative 

of amino terminal residue 

(You should fill in the details of these reactions using the curved-arrow formalism.) 
Because the phenylthiohydantoin (PTH) derivative carries the characteristic side 

chain of the amino-terminal residue, identification of the PTH identifies the amino acid 
residue that was removed. Methods for identifying PTH derivatives by chromatography 
are well established. The peptide liberated in Eq. 26.21b can be subjected in turn to the 
Edman degradation again to yield the PTH derivative of the next amino acid and a new 
peptide that is shorter by yet another residue. 

In principle, the Edman degradation can be continued indefinitely for as many 
residues as necessary to define completely the sequence of the peptide. In practice, because 
the yields at each step are not perfectly quantitative, an increasingly complex mixture of 
peptides is formed with each successive step in the cleavage, and after a number of such 
steps the results become ambiguous. Hence, the number of residues in a sequence that 
can be determined by the Edman method is limited. Nevertheless, instruments are now 
in use that can apply Edman chemistry to structure determination of peptides in a highly 
standardized, automated, and reproducible form. In such instruments the sequential 
degradation of twenty residues is common, and the degradation of as many as sixty or 
seventy amino acid residues is sometimes possible. The application of the Edman degrada- 
tion to the determination of peptide structure is illustrated in the following study problem. 

Sidi saiccaauaicir raat cn sce cha acacia ople lcdeae a cscieeinieieias iss [o(casce8) elcle/a\=/eie'* 8 so (e/e sie/olabiela\s/bie\0i9ssis(e Qin winjs/els olore(e sais s sineis alaleve ctaleiepaieiman eid ieiaae aa esisisioeie hea eEwe Ra REE 

A pentapeptide A contains the following amino acids: Gly, Ile, Leu, Lys, Phe. Successive 
cycles of the Edman degradation give PTH derivatives with the R groups shown in the 
table below. Propose a structure for A. 
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1 Repetition number 

vax —a ] ; 2 © . a 4 
Ph-—N CHa : — : 

\ —R=/ —CH,CH(CH;). —H —CHCH,CH; —CH)Ph 
CNH 

CH, 

PTH derivatives 

Solution Each side chain R in the table above corresponds to the side chain of the 

amino acid liberated in the given cycle of the Edman degradation, beginning at the amino 

terminus. R for cycle 1 corresponds to the side chain of Leu; cycle 2, Gly; cycle 3, Ile; 

and cycle 4, Phe. Hence, the sequence of A is Leu-Gly-Ile-Phe-Lys. Note that Lys is 

inferred to be at the carboxy terminus because it is the only amino acid not liberated in 

the Edman degradation. 

POP e eee eee eee eee SESE EEE EEE EH EEE HHH HEHE EH EH EEEEEEHEEEEEE EE ESE SESE HEHEHE EEEEEEEEEE ESSE OEEE HEHEHE SESE HEHEHE EEEE EEE E HOES 

LE 26.16 Using the curved-arrow formalism, write in detail the mechanisms for the reac- 

> tions in *(a) Eq. 26.21a; (b) Eq. 26.21b; *(c) Eq. 26.21c. 

*26.17 Some peptides found in nature have an amino-terminal acetyl group (color): 

819/014 014 610 i0;0'0'0\0 0.06068 0,0 0\0'0/0\8\0 8/0)0/6) 01 ¢)4/6/8\6\0'9.0 00 6.0 0 001010610 61016 0.0010 0.0.6.0 0 bb's 5.6/6.6. 000.0 10.6.010.0:6.0,0.6 000 4.066006 0.0600 0 euenuns e460 0000 0104.6 o-e/ealn 

Most common proteins contain hundreds of amino acid residues. Hence the Edman 
chemistry, which is limited by yield to 20-60 consecutive residues, cannot be used to 
determine the structure of such proteins in a single set of sequential degradations. The 
amino acid sequence of most large proteins is determined by breaking the protein into 
smaller peptides and sequencing these peptides individually. Then the sequence of the 
protein is reconstructed from the sequences of the peptides. In other words, the large 
sequencing problem is divided into a series of smaller sequencing problems. When break- 
ing a larger protein into smaller peptides, it is desirable to use reactions that cleave the 
protein in high yield at well-defined points so that a relatively small number of peptides 
are obtained. (Cleavages at random points in the protein chain would give complex, 
difficult-to-separate mixtures.) This section describes two of the most common methods 
used by protein chemists to cleave peptides at specific amino acid residues into smaller 
fragments. 

Peptide Cleavage at Methionine with Cyanogen Bromide When a peptide 
reacts with cyanogen bromide (Br—C==N) in aqueous HCl, a peptide bond is cleaved 
specifically at the carboxy side of each methionine residue. 
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O 

Pep’ —NH— CH—C—NH—Pep© + Br—C==N (excess) —2- MHC, 

CH, cyanogen 
| : bromide 

Clio 3 CH; 

peptide methionine residue 

Pep’—NH 

CH 
HC = ae is 

| C=O + H3N—Pep© Br7 + CH;—S—C==N (26.22) 
HC O carboxy terminal 7 

; ; fragment methyl thiocyanate 
ma terminal (reacts further) 

ragment 

Note that the amino terminal fragment from the cleavage shown in Eq. 26.22 has a 
carboxy terminal homoserine lactone residue instead of the starting methionine. 

| C=O _ homoserine lactone 

Methionine is a relatively rare amino acid; hence, when a typical protein is cleaved with 

BrCN, relatively few cleavage peptides are obtained, and all of them are derived from 

cleavage at methionine residues. 

Why does this cleavage work? Cyanogen bromide has the character of an acid halide. 

Although it can in principle react with any nucleophilic amino acid side chain, under 

the conditions of the reaction only its reaction at methionine leads to a peptide cleavage, 

for reasons that are apparent in the mechanism outlined below. (Fill in the details of 

each step using the curved-arrow formalism.) 

The sulfur in the methionine side chain acts as a nucleophile, displacing bromide 
from cyanogen bromide to give a type of sulfonium ion (Sec. 11.5A). 

O O 

Pep. —NH— CH— C—NH— Pep® + Br—CN —> ES SN yaaa a (26.23a) 

| 
CH, CHa 
| . + 
CH,—SCH3; CH, ee Br_ 

C=N 

a sulfonium ion 

The sulfonium ion, with its electron-withdrawing cyanide, is an excellent leaving group, 

and is displaced by the oxygen of the neighboring amide bond to form a five-membered 

ring. (The amide oxygen is normally not a very good nucleophile, but reactions that 

occur with the formation of five- or six-membered rings are particularly rapid; Sec. 11.6.) 
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NH—Pep© 

é 
Pep NH 

“en \ 
| SOE ==> 

Eo 
“Sat 

CHy;—SCN 
CNH—Pep® PNT cp 

hep) aa Nit ae Pep NH eee 
ch NG Riot aS 

Oy i 7 CH, CH, 

eH cr 

+ CH;—S—C=N (26.23b) 

This step shows why the cleavage is specific for methionine: only methionine has a side 

chain that can form a five-membered ring by such a mechanism. 

The last mechanistic step in the cleavage is hydrolysis of the ion formed in Eq. 
26.23b. It is in this step that the peptide bond is actually broken: 

Neen + 6 

Me sy H,O. NH—Pep© 
Cc NEG 

fe ee Caps ea orett ‘ 

| od + H,O —> | ys ——— 

CH CH, 

ee ce, 
oe a = ae (|| 

HO Nici le Cc aa Pep’ NH. PepS—NH. _~ 
SS 

CH < GH ~ se 
| :O: ——> | :O0: + H,N—Pep© 
CH ve CH, 

CH, oc 

h 

ne 

N GC 
Pep a Nie 

CH + 
| 70: + H3N—Pep© 

CH, 

GEE (26.23c) 



26.6 Determination of Peptide Structure 1289 

Peptide Cleavage with Proteolytic Enzymes The cyanogen bromide cleavage 

is one of relatively few nonenzymatic cleavages of peptides. In contrast, a number of 

enzymes catalyze the hydrolysis of peptide bonds at specific points in an amino acid 

sequence. Such peptide-hydrolyzing enzymes are called proteases, peptidases, or proteo- 

lytic enzymes. One of the most widely used proteases is the enzyme trypsin. This enzyme 

catalyzes the hydrolysis of peptides or proteins at the carbonyl group of arginine or lysine 

residues, provided that these residues (a) are not at the amino end of the protein, and 

(b) are not followed by a proline residue. 

O O 
aa | 

PepS —NH— CH— C—NH—Pep© + H,O ——SP , PepN—NH—CH—C—O7 + H;N—Pep© 
| 37°, pH 8 

(CH2)4 sine 

*NH;, *NH; 

cannot Lys residue next residue (26.24a) 

be H cannot be Pro 

1 1 F | ° 
Pep’ —NH— CH—C—NH—Pep© + H,O ——ZP* > pepN—NH—CH—C—O7- + H;N—Pep® 

| Mo, [ollinl ts: | 

See yysaee 

NH mle 

C + eG + 

FON ne NS HN fe NEL, 
Arg residue (26.24b) 

(The mechanism of trypsin-catalyzed hydrolysis will be discussed in Sec. 26.9.) Because 

trypsin catalyzes the hydrolysis of peptides at internal rather than terminal residues, it is 

called an endopeptidase. (Enzymes that cleave peptides only at terminal residues are 

termed exopeptidases. ) 

The use of both cyanogen bromide and trypsin-catalyzed hydrolysis in the determina- 

tion of peptide structure is illustrated in the following study problem. 

Pee eee eee meee eee EEE EEE ESS D HEHE EEE HEH SHEE EH EEH SHEESH EEE EEE EHEEHESESESEEESEEE OOOH OESEEEEEEEEE ESE SEE EEEEEEEEEEESE EEE EEEEEEE ESE SESE EE EEESESEEEE EEE OSES ESSE EEE EES 

Treatment of the peptide P (page 1283) with cyanogen bromide gives two new peptides, 

A and B, with the following compositions determined by amino acid analysis: 

composition of A: Ala,Gly,His,Ile,Leu,Lys,Phe,Pro,Tyr,homoserine lactone 

composition of B: Ala,,Arg,(Asp or Asn),Val,Trp 

Treatment of peptide A with trypsin gives two new peptides, C and D. 

composition of C: Gly,Ile,Leu,Phe,Tyr,Lys 

composition of D: Ala,Gly,His,Pro,homoserine lactone 

Treatment of peptide B with trypsin also gives two new peptides, E and F. 
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composition of E:  Ala,Trp,Arg 

composition of F: Ala,(Asp or Asn),Val 

Deduce as much information as you can from these data about the primary sequence of 

the original peptide P. 

Solution — First, the results of the cyanogen bromide cleavage suggest this partial structure: 

amino terminus carboxy terminus 

Ps 10 residues— Met—6 residues 
(Wy _ ees 

A B 

Peptide A must precede peptide B in the sequence because the homoserine lactone residue 

produced in the cyanogen bromide cleavage must occur at the carboxy terminus of the 

peptide at the “left” (amino-terminal side) of the cleavage point (Eq. 26.22). 

Now consider the cleavage with trypsin. Because C and D both come from A, 

D must be derived from the carboxy terminus of A because both A and D contain 

homoserine lactone. This means that C must come from the amino terminal side of A. 

This is also reasonable because C contains the Lys residue; trypsin cleaves at the “right” 

(carboxy-terminal) side of Lys (Eq. 26.24a). The partial structure of P so far is: 

P: 5 residues— Lys—4 residues—Met—B 
————— nr ee 

C D 
eee 

A 

Peptide E comes from the “left” (amino-terminal) side of B, because this peptide contains 
an Arg residue; presumably the carboxy-terminal side of Arg is the cleavage point. It 
therefore follows that Arg is at the carboxy-terminal end of E. If peptide E comes from 
the “left” side of B, then F must come from the “right” side. Therefore, the partial 
structure of P can be refined to the following. (Cleavage points with cyanogen bromide 
and trypsin are shown.) 

trypsin BrCN trypsin 

iD: 5 residues— Lys—4 residues—Met— 2 residues— Arg —3 residues 
— ee) —EE———E eS 

C D E F 
ee ee at, See 

A B 

This is the most detail that can be obtained from the data given. In principle the sequence 
could be completed by applying the Edman method to the short peptides C—F. 

Be oe icho = oleic < sleinle|s SSIs #18 ciel e\<.efeia/@ialela/aje)e)si6)4;0\6)0\¢)6/4\a,0) oie uigininigisieis:sis16;6(4tniwinie)|4(010|@/e1¥\s 615 ¢ieinieiviaie:d}e\elalateialelaininiieiainiarein(elsleletaretatataimeatercta 

Several enzymes besides trypsin are also used to cleave peptides. Chymotrypsin, a 
protein related to trypsin, is used to cleave peptides at amino acid residues with aromatic 
side chains and, to a lesser extent, residues with large hydrocarbon side chains. Thus, 
chymotrypsin <leaves peptides at Phe, Trp, Tyr, and occasionally Leu and Ile residues. 
Chymotrypsin and trypsin are mammalian digestive enzymes; their biological role, under- 
standably, is to catalyze the hydrolytic breakdown of dietary proteins in the intestine. An 
important endopeptidase from a microorganism, Staphylococcus aureus, catalyzes the 
hydrolysis of peptides at glutamic acid residues. Thus, biochemists have an arsenal of 
different proteases that can be used to cleave proteins into peptides at specific sites, 
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CET Day, 

(Pron , 

ak sted i 

ee) 

26.20 

(a) What product would you expect from the reaction of cyanogen bromide 

with free amino acid groups in a protein, such as the side-chain amino 

group of lysine? 

(b) What conditions of the reaction with BrCN prevent such a reaction? Explain. 

(See Eq. 26.22.) 

A peptide Q has the following amino acid composition. 

Q: Arg,Ile,,Glu,Gly,,Leu,Lys,Phe,Pro,Ser,Trp 

When Q was subjected to a cycle of the Edman degradation, the PTH derivative 

of leucine was formed, along with a new peptide. Treatment of Q with trypsin 

gave the following peptides. (Their individual sequences were determined by the 

Edman degradation.) 

Q eens Gly-Arg, Ile-Trp-Phe-Pro-Gly-Arg, Leu-Lys, Ser-Glu-Ile 

A B C 15) 

Cleavage of Q with chymotrypsin gave the following peptides: 

Q —chymotrypsin, g; partial sequence Leu-Lys-Gly... ; and 
F; partial sequence Phe-Pro-Gly-Arg-Ser ... 

From these data construct the amino acid sequence of Q. Explain why the 

additional cleavage data from chymotrypsin are necessary to define the sequence. 

(This and the following problem illustrate the use of overlapping peptides, a 

technique frequently used in the sequencing of large proteins.) 

A peptide R is cleaved with BrCN into two new peptides, A and B. Peptide A, 

when treated with trypsin, gives two peptides, C and D, with the following 

compositions: C: (Arg,Gly); D: (Ala,,Leu,Trp). Peptide B is also hydrolyzed in 

the presence of trypsin to give two peptides, E and F, with the following composi- 

tions: E: (Gly,Lys); F: (Asp,homoserine lactone.) Peptide R is cleaved with the 

enzyme chymotrypsin to give a mixture of four peptides G, H, I, and J with 

the following compositions: G: (Ala,,Leu); H: (Arg,Asp,Gly2,Lys,Met,Trp); I: 

(Arg,Asp,Gly,,Leu,Lys,Met,Trp); J: (contains only Ala). Deduce the complete 

sequence of peptide R from these data. 

ARERR eee eee eee EEE HERE HOHE EEE REESE HEHEHE EEEE EHH HEHEHE ESSE EEE EEE E HEHEHE EE HEHE EEE E HEHEHE EEE SEES 

Of the many procedures available for the synthesis of peptides, the most widely used are 

variations of an ingenious method called solid-phase peptide synthesis. In this method 

the carboxy-terminal amino acid is covalently anchored to an insoluble polymer, and the 

peptide is “grown” by adding one residue at a time to this polymer. Solutions containing 

the appropriate reagents are allowed to contact the polymer with shaking. At the conclu- 

sion of each step, the polymer containing the peptide is simply filtered away from the 

solution, which contains soluble by-products and impurities. The completed peptide is 

removed from the polymer by a reaction that cleaves its bond to the resin, just as a plant 
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is harvested by cutting it away from the ground. The advantage of this method is the 

ease with which the peptide is separated from soluble by-products of the reaction. The 

reactions used in solid-phase peptide synthesis also illustrate some important amino acid 

and peptide chemistry. 

SOLID-PHASE PEPTIDE SYNTHESIS 

Solid-phase peptide synthesis was devised by R. Bruce Merrifield (1921— 5 

a Rockefeller University chemist, and first reported in the early 1960s. A 

particularly impressive achievement of the method was the synthesis of an 

active enzyme by Merrifield’s research group in 1969 using a homemade 

machine in which the various steps of the method were preprogrammed. 

(Modern instruments for automated solid-phase peptide synthesis are now 

commercially available.) The enzyme that was synthesized, ribonuclease, con- 

tains 124 amino acid residues; the synthesis required 369 separate reactions 

and 11,931 individual operations, yet was carried out in 17% overall yield. 

(Several other proteins have since been prepared by solid-phase peptide syn- 

thesis.) For his invention and development of the solid-phase method, Merri- 

field was honored with the 1984 Nobel Prize in Chemistry. 

Solid-phase peptide synthesis will be illustrated by the preparation of the tripeptide 
Phe-Gly-Ala. The solid-phase peptide synthesis begins with a derivative of the carboxy 
terminal residue Ala. In this derivative the amino group is protected with a special acyl 
group, the tert-butyloxycarbonyl group, which is abbreviated Boc. 

Boc group 

O 

CH; 

Boc-protected alanine (Boc-Ala) 

The Boc group is introduced by allowing alanine to react with the anhydride di-tert-butyl 
dicarbonate. (The corresponding acid chloride is not stable.) 

O O O 

! 
H;N—CH—C—O7 + Me;CO—C—O—C—OCMe, : — 

CH; di-tert-butyl dicarbonate | 

alanine 

1 1 1 | | 
MecO—G— Ni CH= C= Ohi MeeG— 0— €_0O. (26.25) 

| (decomposes to 
CHG tert-butyl alcohol and CO,; 

gee Sae, 2 i 1) 
Boc-Ala 

(84% yield) 
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The amino group of the amino acid rather than the carboxylate group reacts with the 

anhydride because the amino group is the more basic, and therefore the more nucleophilic, 

group. 

The Boc-Ala formed in Eq. 26.25 is then anchored to the insoluble solid support 

using the reactivity of its free carboxylic acid group. The insoluble solid support, or resin, 

is supplied as a chloromethyl derivative of polystyrene called a Merrifield resin, named 

for the chemist who devised the solid-phase method. 

Chj-—Cl 

-{-cH—cH,+ 

chloromethylated 
abbreviated CICH; polystyrene 

(Merrifield resin) 

SSS) 

reactive in nucleophilic 
substitution reactions 

This is, in effect, an “insoluble benzyl chloride,” and it has the enhanced reactivity 

generally associated with benzylic halides (Sec. 17.4). An Sy2 reaction between the cesium 

salt of Boc-Ala and the resin results in the formation of an ester linkage to the resin. 

(See Sec. 20.8B for related chemistry.) 

j O 

MecO-20— NH ="GH-= Go -hast cy a 
Boc group | | 
ach CH; ve 

cesium salt of 
Boc-Ala 

O O 

| | 
Me COC Nig Ci— €— © CH, ae (CsCl 

| 
CH; 

Boc-Ala linked to resin (26.26) 

The Boc-protecting group is necessary in this reaction because if it were not present, the 

amino group would compete with the carboxylate group as a nucleophile for the benzylic 
halide group on the resin. 

Although the diagrams above show only one peptide on the resin, note that the 

resin polymer contains many sites for attaching peptides. The resin is supplied as a powder 

consisting of tiny spherical beads. Many peptide chains are anchored to each polymer 

bead, and many polymer beads are used in each synthesis. 

Once the Boc-amino acid is anchored to the resin, the Boc-protecting group is 

removed with anhydrous trifluoroacetic acid. Tert-alkyl esters, unlike esters of secondary 

and primary alkyl groups, are rapidly cleaved by acids under relatively mild conditions, 

and water need not be present. (The mechanism of this type of cleavage is discussed in 

Study Guide Link 21.5.) These conditions affect neither the ester linkage to the resin nor 
the peptide bonds. 
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O ] 

| 
CF3CO2H Me;CO— CNH CHC —O— CH SV 

or —Me3GO — CO— Crs 
CH, 

O y 

| 
H—O—C—NH— CH C—0- cH 5 

| 
CH, 

spontaneous 

O 

f 
COn HAN CH— GO Crs 

| 
CH, 

(neutralization with Et;N 
gives the free amino group) (26.27) 

Notice two important points about this reaction. First, the carboxylic acid group exposed 

in this reaction (color) is of the carbamic acid type, and carbamic acids decarboxylate 

under acidic conditions (Eq. 20.43). Second, this deprotection step, after neutralization 
of the ammonium salt, exposes the free amino group of the resin-bound amino acid, 
which is used as a nucleophile in the next reaction. 

Next comes the coupling of a second residue to the resin-bound alanine. Coupling 
of Boc-glycine to the free amino group of the resin-bound Ala is effected by the reagent 
N,N'-dicyclohexylcarbodiimide, or DCC. The result of this reaction is that the resin- 
bound Ala is acylated by the Boc-Gly, and a new peptide bond is formed. 

O O 

| | 
Me;CO— C—NH—CH,—C—OH + N—éG—IN + 

Boc-Gly 
(4—5 fold excess) DCC 

© O O | bes 
i Oa es Me;CO— C—NH—CH,—C—NH-Ala-resin + 

CH, Boc-Gly-Ala-resin 

Ala-resin 

O 

| 
(exc (26.28) 

N,N-dicyclohexylurea (DCU) 

What is the role of DCC in this reaction? Addition of the amino acid carboxylic 
acid group to a double bond of DCC gives a derivative called an O-acylisourea. 
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! na | | 
Raa Cos ORs: N=C=N >) | R== CG Of € . good leaving group 

protected \ : 
amino acid 

» 

O-acylisourea (26.29a) 

This derivative behaves somewhat like an anhydride, and is an excellent acylating agent. 

It reacts in either of two ways. First, it can react directly with the amino group of the 

resin-bound amino acid to form the peptide bond. This reaction is an example of ester 

or anhydride aminolysis (Sec. 21.8B,C). 

] ni) + H,N-Ala-resin ——> 

O OH 

RateoNe in + C\-necosnt (26.29b) 

enol form of DCU 

The by-product of this reaction, the enol form of DCU, is transformed into DCU itself 

under the reaction conditions. (You should write the mechanistic details of each of these 

reactions using the curved-arrow formalism.) 

eo C— ntrtiont to coum C— me. (26.29¢) 

The second way in which the O-acylisourea can react is with the carboxy group of 
another equivalent of the protected amino acid, giving an anhydride: 
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This anhydride can also acylate the amino group of the resin-bound amino acid to 

complete the formation of the peptide bond. 

i O 

R—C—O—C—R + H,N-Ala-resin ——> 

i 1 
R—C—NH—Ala-resin + R—C—OH (26.30b) 

Which of these acylation reactions actually occurs depends on the conditions actually 

used in the solid-phase peptide synthesis. In either case, the desired peptide bond is 

formed. The by-product DCU and the excess of the Boc-amino acid are simply washed 

away from the peptide because they are not attached covalently to the resin. 

Completion of the peptide synthesis requires deprotection of the resin-bound dipep- 

tide in the usual way and a final coupling step with Boc-Phe and DCC: 

deprotection neutralization 
O 

V Va 
Me,CO — C — NH-Gly-Ala-resin _CF3CO2H » Et3N DCE 

H,N-Gly-Ala-resin > 
Me; COE — Nir © OEL 

| 
O CH>Ph 

(Boc-Phe) 

O O 

! 
Me,CO— C — NH — CH —C — NH-Gly-Ala-resin + DCU 

| (in solution) 
CH,Ph 

Boc-Phe-Gly-Ala-resin (26.31) 

Once all the peptide bonds in the desired tripeptide are assembled, the completed 
peptide must be removed from the resin. The ester linkage that connects the peptide to 
the resin, like most esters, is more easily cleaved than the peptide (amide) bonds (Sec. 
21.7E), and is typically broken by liquid hydrogen fluoride, which also removes the Boc 
group from the product peptide. 

O O O O 

tee) NH— CH ! NH— CH; : NH—=CH ! O=- Gre { ) 

— us 
| liquid HF, 0-5 °C (26.32) 

O O O 

F- HN ee i Sree te! NH— CH ! OH + FCs 

CH,Ph os resin 
Phe-Gly-Ala, free in solution 
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The method of solid-phase peptide synthesis discussed above, which employs the 
Boc group as the amino-terminal protecting group, is one of two major methods in 
common use today. The other important method involves a conceptually similar stepwise 
approach but employs a different protecting group, the (9-fluorenylmethyloxy)carbonyl 
(Fmoc) group, that can be removed by a mild base; recall that the Boc group is removed 
by acid. A piperidine solution in DMF is usually used for the removal of this group. 

HN » piperidine 

H O O resin 

Gx dsca: lpeomees Wy rea 
CH,— O— C—NHCHCPep© —$ EA 55 

| 
Leo 

Fmoc-protected peptide 
Fmoc group 

O O 

o | | + ci i 
iS CH, + Hy "OC Paes = ed ee s 

R 

© 
(reacts further with | 

piperidine) HN + CO, + H,NCHCPep*—$ 

; a | 
R (26.33) 

This B-elimination reaction is very rapid because the hydrogen that is removed by the 
piperidine is very acidic (Sec. 17.3B). (The conjugate-base anion of the Fmoc group is 
an aromatic species.) Because the protecting group can be removed by base, the linkage 
of the peptide to the resin does not have to be stable to acid, as it is in the Boc procedure. 
Consequently, a number of peptide-resin linkages have been developed that can be 
removed by dilute trifluoroacetic acid. For this reason, the very hazardous liquid HF 
reagent can be avoided. 

The same reagents used for solid-phase peptide synthesis can also be used for peptide 
synthesis in solution, but removal of the DCU from the product peptide is sometimes 
difficult. The advantage of the solid-phase method, then, is the ease with which dissolved 
impurities and by-products are removed from the resin-bound peptide by simple filtration. 

Despite its advantages, solid-phase peptide synthesis has one unique problem. Sup- 
pose, for example, that a coupling reaction is incomplete, or that other side reactions 
take place to give impurities that remain covalently bound to the resin. These are then 
carried along to the end of the synthesis, when they are also removed from the resin and 
must be separated (in some cases tediously) from the desired peptide product. (This 
situation is something like what might occur if a flight attendant on a flight from San 
Francisco to New York discovers over Denver a passenger without a ticket; the offending 
party cannot be removed until the end of the line.) In order to avoid impurities, then, 
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each step in the solid-phase synthesis must occur with virtually 100% yield. Remarkably, 

this ideal is often approached closely in practice (Problem 26.21). 

CS DLIOO OOO OIC O OIC C OO COUCOIOIOOO OOOO OOOO OC OG OOOO COUIOUIOIONIOOGCOCOODOIOUIOUIOOOOOOOOOCOOOOGOCOOUOCICOOOOOONOOOOOOOOOCEICIMOOOOCC TCC 

—  *26.21_ Calculate the average yield of each of the 369 steps in the synthesis of ribonuclease 
PROBLEMS by the solid-phase method discussed above, assuming the reported overall yield 

‘i of 17%. 

26.22 What average yield per amino acid would have to be obtained in order to 

synthesize a protein containing 100 amino acids in 50% overall yield? 

26.23 *(a) An aspiring peptide chemist, Mo Bonds, has decided to attempt the synthesis 
of the peptide Gly-Lys-Ala using the solid-phase method. To the Ala-resin 
he couples the following derivative of lysine: 

OE — Nal —= Cis (COE! a,€-diBoc-lysine 

sae 

NH—Boc 

Why are two Boc groups necessary for the protection of lysine? 
*(b) After the coupling, he deprotects his resin-bound peptide with anhydrous 

CF3CO>H, and then completes the synthesis in the usual way by coupling 
Boc-Gly, deprotecting the peptide and removing it from the resin. He is 
shocked to find a mixture of several peptide products. Two of them give 
the amino acid analysis (Ala,Gly,Lys), and one gives the amino acid analysis 
(Ala,Gly>,Lys). Suggest a structure for each product and explain what 
happened. 

(c) On the suggestion of a colleague, Uri Thane, Mo Bonds repeats the chemistry 
in (b) using the lysine derivative below, and obtains a good yield of the 
desired tripeptide. Explain. 

O 

Me,;C—_O—C—NH—CH—COH 

Wek 

Nisan O—-CHoPh 
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Problem 26.23 shows that certain amino acid side chains can also react under the 
conditions of peptide synthesis. Special protecting groups (Sec. 19.10B) must be introduced 
on these side chains. These protecting groups must survive the entire synthesis, including 
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the removal of the amino-protecting group at each stage, yet themselves be removable 

at the end of the synthesis. The design of protecting groups that can meet these exacting 

requirements is an important aspect of research in peptide synthesis. 

Structures of Peptides and Proteins 

BRUCE GURU C COCO OCC OOOO OOOO gCOOOOOOOOO OO OIOON OOOO OOOUOOOIOOIOCOIOIOOOOOOOOOOOOOOOOOOOOONOCCnTT Crit 

The structures of molecules as large as peptides can be described at different levels of 

complexity. The simplest description of a peptide or protein structure is its covalent 

structure or primary structure. The most important aspect of any primary structure is 

the amino acid sequence (Sec. 26.6). However, peptide bonds are not the only covalent 

bonds that connect amino acid residues. In addition, disulfide bonds (Sec. 10.9) link the 

cysteine residues in different parts of a sequence. 

7] polypeptide chain 

ae Pe SN CH Cee no Me 

—* disulfide bond between two 
| cysteine residues 

SoA uae ince $6 ORLEANS eat ee 

O 

Disulfide bonds thus serve as crosslinks between different parts of a peptide chain. A 
number of proteins contain several peptide chains; disulfide bonds hold these chains 

together. The primary structure of a peptide or protein, then, includes its amino acid 

sequence and its disulfide bonds. The primary structure of lysozyme, a small enzyme that 

is abundant in hen egg white, is shown in Fig. 26.4. Lysozyme is a single polypeptide 

chain of 129 amino acids that includes eight cysteine residues linked together into four 
disulfide bonds. 

The disulfide bonds of a protein are readily reduced to free cysteine thiols by other 

thiols. Two commonly used thiol reagents are 2-mercaptoethanol (HSCH3;CH,OH), and 

dithiothreitol (known to biochemists as DTT, or Cleland’s reagent). 

protein protein 

err Ae a cise Ee 5 

ape. i oie ise onese, ie: aie 

lat dithiothreitol ee 
(DTT) 
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Figure 26.4 Primary structure of the enzyme lysozyme from hen egg white. Physiologically, lysozyme catalyzes the 
hydrolysis of bacterial cell walls. Different variants of this enzyme are found in tears, nasal mucus, 
and even viruses—anywhere antibacterial action is important. Lysozyme is one of the smallest 
known enzymes. Individual amino acid residues, connected by peptide bonds, are numbered from the 
amino terminus. The disulfide bonds are shown in color. 

This reaction is simply a biological example of the thiol-disulfide equilibrium shown in 
Eq. 10.59, p. 485. Typically, when the extraneous thiols are removed, the thiols of the 
protein spontaneously reoxidize in air back to disulfides. 

A PRACTICAL EXAMPLE OF DISULFIDE-BOND REDUCTION 

An interesting example of the biological effects of disulfide-bond reduction 
occurs in the ordinary hair permanent. Hair (protein) is treated with a thiol 
solution; this solution is responsible for the unpleasant smell of permanents. 
The thiol solution reduces the disulfide bonds in the hair. With the hair in 
curlers, the disulfides are allowed to reoxidize. The hair is thus set by disulfide- 
bond reformation into the conformation dictated by the curlers. Only after 
a long period of time do the disulfide bonds rescramble to their normal 
configuration, when another permanent becomes necessary. 
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An industrial example of the use of disulfide bonds is the process of 

vulcanization (Sec. 15.5), which introduces disulfide bonds into synthetic 

polymers. Vulcanization provides a polymer with greater rigidity. 

B. Secondary Structure 

The description of the primary structure of a protein gives no indication of how the 

molecule might actually appear in three dimensions. The structural characteristics of a 

typical peptide bond are shown in Fig. 26.5. With few exceptions, the amide units in 

most peptides are planar. Recall that rotation about the carbonyl-nitrogen bond of most 

amides is relatively slow, and that the preferred conformation about this bond is Z (Sec. 

21.2); the same is true for the amide bonds in a peptide. There are two other single bonds 

in a typical peptide residue: the two bonds to the a-carbon. In principle, rotation about 

these bonds should occur more rapidly. Because a protein contains many such bonds, it 

might seem that a very large number of conformations could occur in a protein or large 

peptide. However, it turns out that only three conformations are found most commonly. 

In one type of peptide conformation, the peptide backbone adopts the conformation 

of a right-handed alpha (a@)-helix, shown in Fig. 26.6 on p. 1302. “Right-handed” means 
that the helix turns in a clockwise fashion along the helical axis. In this conformation, 

the side-chain groups are positioned on the outside of the helix, and the helix is stabilized 

by hydrogen bonds between the amide N—H of one residue and the carbonyl oxygen 

four residues further along the helix. The alpha (@) terminology refers to a characteristic 

X-ray diffraction pattern that was observed for certain proteins before chemists fully 

Figure 26.5 Typical dimensions of a peptide bond. The two planes are those of the adjacent amide groups, and 
the amino acid side chain is represented by R. In principle, rotations about the bonds to the a- 
carbons (marked with arrows) are possible. 
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Figure 26.6 

Amino Acids, Peptides, and Proteins 

© hydrogen 
© R group (side-chain) 
@ carbon 

© nitrogen 
@ oxygen 

helical axis 

3.6 residues 

| 

A peptide a-helix. (a) All atoms are shown, with side chains represented by R. Note that the side 
chains extend away from the helix on the outside. (b) Backbone atoms only, which form the a-helix 
itself, are shown. The typical a-helix has a pitch of 26°, a distance of 5.1 A between turns, and 3.6 
residues per turn. 

understood their structures. The a type of pattern was eventually shown to be associated 
with the right-handed helix, thus the name a-helix. 

Another commonly occurring X-ray diffraction pattern, called a B pattern, was 
eventually found to be characteristic of a second commonly occurring peptide conforma- 
tion, called beta (B)-structure or pleated sheet. In this type of structure, a peptide chain 
adopts an open, zigzag conformation, and is engaged in hydrogen bonding with another 
peptide chain (or a different part of the same chain) in a similar conformation. The 
successive hydrogen-bonded chains can run (in the amino terminal to carboxy terminal 
sense) in the same direction (parallel pleated sheet ) or in opposite directions (antiparallel 
pleated sheet )- The antiparallel pleated sheet structure is shown in Fig. 26.7. The name 
“pleated sheet” is derived from the fanlike surface described by the aggregate of several 
hydrogen-bonded chains (Fig. 26.7b). Notice that the side-chain R-groups alternate 
between positions above and below the sheet. 

A third peptide conformation is the random coil. As the name implies, peptides 
that adopt a random coil show no discernible pattern in their conformations. An apt 
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© nitrogen 
@ oxygen 

interchain hydrogen bonds 

(a) top view (b) pleated sheet 

The B-antiparallel pleated sheet structure of proteins. (a) A top view of the antiparallel peptide 
chains. Notice the hydrogen bonds between chains (dotted lines). (b) A schematic view of the 
pleated-sheet surface formed by the backbone atoms. 

analogy for the random coil is the appearance of a tangled ball of yarn after an hour’s 
encounter with a playful house cat. 

Although other conformations are known in peptides, the a-helix, B-structure, and 
random coil are the major ones. Some peptides and proteins exist entirely in one of these 
three conformations. For example, the a-keratins, major proteins of hair and wool, exist 
in the a-helical conformation. In these proteins, several a-helices are coiled about each 
other to form “molecular ropes.” These structures have considerable physical strength. 
In contrast, silk fibroin, the fiber secreted by the silkworm, adopts the B-antiparallel 
pleated sheet conformation. 

The description of peptide or protein structure in terms of a-helix, £-structure, and 
random-coil conformations is called secondary structure. Despite the examples above, 
proteins that contain a single type of secondary structure are relatively rare. Rather, most 
proteins contain different types of secondary structure in different parts of their peptide 
chains. 

C. Tertiary and Quaternary Structures 

The complete three-dimensional description of protein structure at the atomic level is 
called tertiary structure. The tertiary structures of proteins are determined by X-ray 
crystallography; each crystallographic structure analysis requires significant effort. Never- 
theless, since the first protein crystallographic structure was determined in 1960, hundreds 
of protein structures have been elucidated, and more structures are continually appearing. 

The tertiary structure of any given protein is an aggregate of a-helix, B-sheet, random 
coil, and other structural elements. In recent years it has become evident that in many 
proteins certain higher-order structural motifs are common. For example, a common 
motif is a bundle of four helices (called a four-helix bundle), each running approximately 
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antiparallel to the next and separated by short turns in the peptide chain. Another 

common structural motif is the beta barrel, literally a bag consisting of B-sheets connected 

by short turns. Several such motifs can occur within a given protein, so that a protein 

might consist of several smaller, relatively ordered structures connected by short random 

loops. These ordered sub-structures are sometimes termed domains. For example, the 

enzyme lysozyme (Fig. 26.8) contains two domains, one on either side of the plane 

indicated by the dashed line. 

In general, the tertiary structures of proteins are determined by the noncovalent 

interactions between groups within protein molecules, and between groups of the protein 

with the surrounding solvent. The following three general types of interactions are illus- 

trated in Fig. 26.9. 

1. Hydrogen bonds 

2. Van der Waals attractions 

3. Electrostatic interactions 

Recall that hydrogen bonds stabilize both a-helices and B-sheets (Figs. 26.6, 26.7). 

All protein structures appear to contain many stable hydrogen bonds, not only within 

regions of helix or B-sheet, but also in other regions. Protein conformations are also 

stabilized in part by hydrogen bonding of certain groups to solvent water. 

Van der Waals interactions, or dispersion forces, are the same interactions that 

provide the cohesive force in a liquid hydrocarbon (Sec. 2.6A and Fig. 2.8), and can be 

regarded as examples of the “like-dissolves-like” phenomenon. For example, we know 

that benzene does not dissolve in water, but dissolves readily in hexane. In the same 

sense, the benzene ring of a phenylalanine side chain energetically prefers to be near 
other aromatic or hydrocarbon side chains rather than the “waterlike” side chain of a 
serine, the charged, polar side chain of an aspartic acid, or solvent water on the outside 
of a protein. (This does not mean that all phenylalanine residues are buried next to other 
hydrocarbonlike residues; it does mean, however, that phenylalanine residues, more often 

Figure 26.8 

_—_ division between 
~ two domains 
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random structure 
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disulfide linkage 
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Conformation of lysozyme from hens’ eggs. In this figure the peptide backbone is traced as a ribbon 
that shows the regions of a-helix, B-sheet, and random structure. The two domains of lysozyme 
occur on either side of the plane indicated by the dashed line. (The primary structure of lysozyme is 
shown in Fig. 26.4.) 
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van der Waals attractions 

(hydrophobic bonds) 

hydrogen bonds 

The tertiary structures of proteins are maintained by disulfide bonds and by noncovalent forces: van 
der Waals attractions (hydrophobic bonds), hydrogen bonds, and electrostatic attractions and 
repulsions. 

than not, will be found in hydrocarbonlike environments.) The van der Waals interactions 

of this type between hydrocarbonlike residues are sometimes called hydrophobic bonds, 

because the hydrocarbon groups energetically prefer each other to water. Residues such 

as the side chain of phenylalanine or isoleucine are sometimes called hydrophobic residues. 

In contrast, polar residues, such as the carboxy groups of aspartic acid and glutamic acid, 

or the amino groups of lysine, are often found to interact with other polar residues or 

with the aqueous solvent. Such residues are sometimes termed hydrophilic residues. 

Electrostatic interactions are noncovalent interactions between charged groups gov- 

erned by the electrostatic law (Eq. 3.40). A typical stabilizing electrostatic interaction is 

the attraction of a protonated, positively charged amino group and a nearby ionized, 

negatively charged carboxylate ion. 

A protein adopts a tertiary structure in which favorable interactions are maximized 

and unfavorable interactions are minimized. Although there are exceptions, most soluble 

proteins are globular and compact rather than extended. For example, lysozyme (Fig. 

26.8) is a globular protein. Globular, nearly spherical, shapes are a consequence of the 

fact that proteins expose to aqueous solvent as small a surface as possible. (A sphere 

is the geometrical object with the minimum surface-to-volume ratio.) The reason for 

minimizing the exposed surface is that the majority of the residues in most proteins 

are hydrophobic, and the interaction of hydrophobic side chains with solvent water is 

unfavorable. The conformations of proteins are probably as much a consequence of these 

unfavorable interactions with water as the favorable interactions of the amino acid residues 
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with each other. Indeed, to a first approximation, water-soluble proteins are large “grease 

balls” (with a few charged or polar groups on their surfaces) floating about in aqueous 

solution. In this respect, proteins somewhat resemble micelles (Sec. 20.5). 

Suppose we were to synthesize a protein. Would the finished protein automatically 

“know” what conformation to assume, or is some external agent required to direct the 

protein into its naturally occurring conformation? This question was first answered by 

two elegant experiments with the enzyme ribonuclease. First of all, synthetic ribonuclease 

was prepared by the solid-phase method and found to be an active enzyme. Because the 

enzyme must have its natural, or native, conformation in order to be active, it follows 

that ribonuclease, once synthesized, spontaneously folds into this conformation. 

The second type of experiment involved denaturation of ribonuclease. Denaturation 

is illustrated schematically in Fig. 26.10. When a protein is denatured, it is converted 

entirely into a random-coil structure. (A common example of irreversible protein denatur- 

ation occurs when an egg is fried; the denaturation and precipitation of the proteins in 

egg white are responsible for the change in appearance of the white as it is cooked.) Some 

proteins, including ribonuclease, can be denatured reversibly by chemical agents. Typically, 

a protein is denatured by breaking its disulfide bonds with thiols, such as DTT or 

2-mercaptoethanol (Eq. 26.34), and by treating it with 8 M urea, detergents, or heat. 

Ribonuclease was denatured by treatment with 2-mercaptoethanol and 8 M urea. After 

the urea was removed, and the cysteine —SH groups allowed to reoxidize back to 

disulfides, the protein spontaneously reassumed its original, native conformation. This 

experiment shows that the amino acid sequence of ribonuclease specifies its conformation; 

that 1s, the native structure is the most stable structure. If this were not so, another, more 

stable structure would have formed when the protein was allowed to refold after the urea 
was removed. 

There is a great deal of evidence that the ribonuclease result is fairly general: many 
proteins spontaneously assume their native conformations at the time of their biosynthesis. 
That is, primary structure dictates tertiary structure. 

To summarize: 

1. Many proteins appear to fold spontaneously into their native conformations. 

2. The noncovalent forces that determine conformation are: (a) hydrogen 
bonds; (b) van der Waals forces (hydrophobic bonds); and (c) electro- 
static forces. 

disulfide bonds 

peptide chain 

8 M urea 
—_____|___ >» 
HSCH,CH,OH 

= remove urea 

and HSCH,CH,OH 

native conformation random coil 

Figure 26.10 

(denatured, reduced protein) 

When a protein is denatured, its disulfide bonds are broken and it is converted entirely into a 
random coil. 
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3. Most soluble proteins appear to be compact, globular structures. Although 

there are exceptions, hydrocarbonlike amino acid residues tend to be 

found on the interior of a protein, away from solvent water, and the polar 

residues tend to be on the exterior of a protein, where they can form 

hydrogen bonds with water. 

Some (but not all) proteins are aggregates of other proteins. The best-known example 

of such proteins is hemoglobin, which transports oxygen in the bloodstream. Hemoglobin 

(Fig. 26.11) is an aggregate of four smaller proteins, or subunits, two of one type (called 

alpha subunits) and two of another (called beta subunits). (This terminology has nothing 

to do with a- and f-structure.) The alpha and beta subunits are similar, but differ 

somewhat in their primary structures. These subunits are held together solely by noncova- 

lent forces—hydrogen bonds, electrostatic interactions, and van der Waals interactions. 

Notice in Fig. 26.11 that the individual subunits lie more or less at the vertices of a 

regular tetrahedron. This shape is the most compact arrangement that can be assumed 

by four objects. Many important proteins are aggregates of individual polypeptide sub- 

units. In some proteins the subunits are identical; in other cases they are different. The 

description of subunit arrangement in a protein is called quaternary structure. 

[RUNG 
GEiS 

Figure 26.11 Quaternary structure of hemoglobin showing the general outline of each polypeptide chain. The rect- 
angles represent the heme groups (Sec. 24.6) and the spheres represent the iron at which oxygen is 
bound to hemoglobin. Notice the tetrahedral orientation of the subunits. 
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*26.24 What would you expect to happen when hemoglobin is treated with a denaturant 

such as 8 M urea? Explain. 
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Many of the proteins that occur naturally are enzymes. Enzymes are the catalysts for 

biological reactions (Sec. 4.9C). Through detailed studies of certain enzymes, chemists 

have come to understand some of the reasons why these proteins are efficient catalysts. 

To illustrate enzyme catalysis, let’s consider the mechanism by which the enzyme trypsin 

catalyzes the hydrolysis of peptide bonds. Trypsin, it will be recalled, is the enzyme used 

in the sequencing of proteins (Sec. 26.6C). With a molecular weight of about 24,000, 

trypsin is an enzyme of modest size. It is a globular protein containing three polypeptide 

chains held together by disulfide bonds. The following comparison provides some idea 

of the catalytic effectiveness of trypsin. Peptides in the presence of trypsin are rapidly 

hydrolyzed at 37° and pH = 8. In the absence of trypsin, the same peptides are indefinitely 

stable under the same conditions, and hydrolysis requires boiling them in 6 M HCl for 

several hours. However trypsin, in contrast to hot HCI solution, does not catalyze hydroly- 
sis at just any peptide bonds. It is specific for hydrolysis of the peptide bonds at lysine 
and arginine residues (Eq. 26.24). These two aspects of trypsin catalysis—catalytic efficiency 
and specificity—are characteristic of catalysis by all enzymes. Understanding these phe- 
nomena is the basis for understanding enzyme catalysis in general. 

If an enzyme catalyzes a reaction of a certain compound, the compound is said to 
be a substrate for the enzyme. Enzymes act on their substrates in at least three stages, 
shown schematically in the following equation. 

1 ag 5S == Beas — Eee <— yo a PAP (26.35) 
enzyme _ substrate noncovalent noncovalent enzyme product 

enzyme-substrate enzyme-product 
complex complex 

First, the substrate binds to the enzyme in a noncovalent enzyme-substrate complex. 
The binding occurs at a part of the enzyne called the active site. Within the active site 
are groups that attract the substrate by interacting favorably with it. The noncovalent 
interactions that cause a substrate to bind to an enzyme are typically the same ones that 
stabilize protein conformations: electrostatic interactions, hydrogen bonding, and van der 
Waals interactions, or hydrophobic bonds. 

In the second stage of enzyme catalysis, the enzyme promotes the appropriate chemi- 
cal reaction(s) on the bound substrate to give an enzyme-product complex. The necessary 
chemical transformations are brought about by groups in the active site of the enzyme. 
In most enzymes, these groups are particular amino acid side chains of the enzyme itself. 
However, in some cases, other molecules, called coenzymes, are also required. (An exam- 
ple of a coenzyme is NAD*; Sec. 10.7. Most vitamins are coenzymes.) 

In the last stage of enzyme catalysis, the product(s) depart from the active site, 
leaving the enzyme ready to repeat the process on a new substrate molecule. 
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Enzymes are true catalysts; their concentrations are typically much lower than the 
concentrations of their substrates. They do not affect the equilibrium constants of the 
reactions they catalyze. They catalyze equally both forward and reverse reactions of an 
equilibrium. 

Let's see how the trypsin-catalyzed hydrolysis of peptide bonds fits this general 
picture of enzyme catalysis. The active site of trypsin containing a bound peptide substrate 
is shown in Fig. 26.12 on p. 1310. The active site of trypsin consists of a cavity, or 
“pocket,” that just accommodates the amino acid side chain of a lysine or arginine residue 
from the substrate; an arginine is shown in Fig. 26.12. Several hydrophobic residues line 
this cavity. At the bottom of the cavity is the side-chain carboxylic acid group of an 
aspartic acid residue (Asp-189 in the trypsin sequence). This group is ionized, and there- 
fore negatively charged, at neutral pH. The amino group of a lysine side chain and the 
guanidino group of an arginine side chain are both protonated, and therefore positively 
charged, at neutral pH. The favorable electrostatic attraction between the ionized Asp- 
189 side chain of the enzyme and the positively charged side chain of the substrate helps 
stabilize the enzyme-substrate complex. This complex is also stabilized by the van der 
Waals interactions between the —CH,— groups of the substrate side chain and the 
hydrophobic residues that line the cavity. Here, then, can be seen some of the reasons 
for the specificity of trypsin. The active site just “fits” the substrate (or vice-versa), and 
it contains groups that are noncovalently attracted to groups on the substrate. 

Near the mouth of the active site are two amino acid residues that serve a critical 
catalytic function: a serine (Ser-195) and a histidine (His-57). The way that these residues 
act to catalyze peptide bond hydrolysis is shown in Fig. 26.13 on p. 1312. The —OH 
group of the serine side chain acts as a nucleophile to displace the peptide leaving group 
from the carbonyl group of the substrate. The resulting product is an acyl-enzyme; in 
this covalent complex, the residual peptide substrate is actually esterified to the enzyme! 
The imidazole group of histidine-57 serves as a base catalyst to remove the proton from 
the attacking serine. When water enters the active site, it too is deprotonated by the 
histidine as it attacks the carbonyl group of the acyl-enzyme, to give the free carboxy 
group of the substrate and regenerate the enzyme. After the product leaves the active 
site, the enzyme is ready for a new substrate molecule. 

The catalytic efficiency of trypsin, as well as that of other enzymes, is attributable 
mostly to the fact that all of the necessary reactive groups are positioned in proximity 
within the enzyme-substrate complex: the substrate carbonyl, a nucleophile (the serine 
— OH group), and an acid-base catalyst (the imidazole of the histidine). These groups 
do not have to “find” each other by random collision, as they would if they were all free 
in solution. Notice that the reactions shown in Fig. 26.13 are not particularly unusual; 
enzyme-catalyzed transformations find close analogy in common organic reactions. As 
this example shows, understanding the chemistry of life does not require the idea of a 
“vital force” so prevalent in Wohler’s day; it is simply good organic chemistry! We hasten 
to add that the rationality of this chemistry makes it no less remarkable and elegant. 

The discussion in this chapter shows conceptually why most enzyme-catalyzed reac- 
tions are stereoselective, that is, why an enzyme catalyzes the reaction of only one enan- 
tiomer of a chiral substrate (see, for example, Eq. 26.16). Enzymes are polymers of 
L-amino acids; that is, enzymes are enantiomerically pure chiral molecules. Each enzyme 
occurs naturally in only one enantiomeric form. When an enzyme reacts with its substrate, 
the enzyme-substrate complex is formed. The enzyme-substrate complex derived from 
the enantiomer of the substrate is the diastereomer of the complex formed from the 
substrate itself. 
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Because the two complexes are diastereomers, they have different energies, and one is 

more stable than the other. For the same reason, the rates at which these complexes are 

converted into products also differ. This is an important example of the differentiation 

of enantiomers by a chiral reagent (Sec. 7.7A). In fact, most enzymes do not catalyze 

reactions involving the enantiomers of their natural substrates to any significant extent. 

Putting a substrate enantiomer into the chiral active site is like putting a right hand into 

a left-handed glove: things simply don’t fit! 

If scientists understand the details of enzyme catalysis, they should be able to design 
and synthesize artificial enzymes that bind specific compounds and act on them catalyti- 

cally. Success in this endeavor might yield an arsenal of rationally designed molecules 

that could catalyze industrially important transformations under mild, environmentally 

friendly conditions. This sort of activity has yet to meet with general success. The rational 

synthesis of compounds with the catalytic efficiency and specificity of enzymes is an area 

of research that will undoubtedly occupy chemists of the future. 

Occurrence of Peptides and Proteins 

The previous section showed that proteins serve an important role as enzymes—biological 

catalysts. Peptides and proteins also serve other important biological roles. For example, 

proteins serve as transporters; thus, hemoglobin transports oxygen in the bloodstream. 

Some proteins have a structural role: collagen, a protein, is the major component of 

connective tissue. Proteins and peptides act as a line of defense: antibodies, or immuno- 

globulins, are the proteins that protect higher animals from invasion by foreign substances, 

including infectious agents. In some cases the active components present in venoms and 

toxins (for example snake and bee venoms) are proteins. Many hormones are peptides. 

Two classical examples of peptide hormones are insulin, which, among other things, 

controls the uptake of glucose into cells, and glucagon, which counterbalances the action 
of insulin. Gastrin is a peptide that controls the release of stomach acid. 

Figure 26.12 The enzyme trypsin. Only the a-carbons are shown. Disulfide bridges are shown in outline, and a 
portion of the polypeptide chain is shown in color. A substrate peptide containing an arginine resi- 
due 1s shown in the active site; the positively charged side chain lies in the “specificity pocket,” 
sketched in shading. The negatively charged side-chain carboxylate group of Asp-189 lies at the bot- 
tom of this pocket. The catalytically important His-57 and Ser-195 residues are prepared for cleav- 
age of the peptide bond marked with an arrow. 
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Figure 26.13 
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Mechanism of the trypsin-catalyzed hydrolysis of an arginyl-peptide bond, beginning with the 
enzyme-substrate complex and ending with the enzyme-product complex. Notice that the imidazole 
in the side chain of the His-57 residue acts alternately as an acid and as a base to facilitate the nec- 
essary proton transfers. Pep’ and Pep© denote the amino- and carboxy-terminal parts of the peptide 
substrate, respectively. 

An important discovery in the peptide field was prompted by the curiosity of scientists 

to find out why morphine, a compound that does not occur naturally in the human 

body, relieves pain. They reasoned that the body must contain another natural substance 

that might have the same effects as morphine. Certain peptides, called enkephalins, and 

£-endorphin, a longer peptide from which the enkephalins are derived, were discovered 

and found to have morphinelike effects. These may be the substances ultimately responsi- 

ble for tolerance to pain. (It has been theorized that “joggers’ high,” the state of quasi- 

addiction to long-distance running, may be attributed to the release of these peptides.) 

It is now clear that peptide hormones control a large number of biological functions. 

Who knows: perhaps your ability to learn organic chemistry is regulated by one or more 
peptides! 

Chemists have, on occasion, taken a cue for synthetic substances from protein 

chemistry. Nylon (Sec. 21.12A), with its many amide bonds, might be regarded as “syn- 

thetic silk”; silk is a protein fiber. In the 1970s, peptide chemists at G. D. Searle Co. 

accidently discovered a sweet-tasting peptide, L-aspartyl-t-phenylalanine methyl ester 

(aspartame), which is now an important artificial sweetener sold under the trade name 

NutraSweet®. 

] O 

Fee CHG “Nie CH = C=" OCH aracpartane 
| | (an artificial sweetener) 

CH, @He—Ph 

Peptide chemists are working to develop new, metabolically stable analogs of physiologi- 

cally important peptides that can be used in medicine. Peptide and protein chemistry is 

an important branch of organic chemistry that will undoubtedly yield more exciting 
developments in the future. 

Key IDEAS IN CHAPTER 26 

Amino acids are compounds that contain both an amino group and 

a carboxylic acid group. Peptides and proteins are polymers of the 

a-amino acids. 

(continues) 
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The common naturally occurring chiral amino acids have the L config- 

uration, which is the same as the S configuration for all amino acids 

except cysteine. 

Amino acids, as well as peptides that contain both acidic and basic 

groups, exist at neutrality as zwitterions. 

The acidic or basic character of an amino acid, peptide, or protein is 

indicated by its isoelectric point. 

Common methods for the synthesis of a-amino acids include the alkyl- 

ation of ammonia with a-halo acids; alkylation of a-acetamidomalo- 

nate esters, followed by hydrolysis and decarboxylation; and the 

Strecker synthesis. 

Amino acids react both as amines and carboxylic acids. Thus, the amino 

group can be acylated; the carboxylic acid group can be esterified. 

Peptides can be hydrolyzed to their constituent amino acids by heating 

them for several hours in aqueous acid or base. Hydrolysis of a pep- 

tide, separation of the resulting amino acids by ion-exchange chroma- 

tography, and quantitation give the relative number of each amino acid 

in the peptide. This procedure is called amino acid analysis. 

Peptides and proteins can be cleaved specifically at methionine residues 

with cyanogen bromide, and at arginine and lysine residues by trypsin- 

catalyzed hydrolysis. 

The primary sequence of a peptide or protein can be determined by 

the Edman degradation: treatment of the peptide with phenyl isothio- 

cyanate, followed by acid. Each cycle of this degradation affords a PTH 

derivative of the amino terminal amino acid plus a new peptide that is 
one residue shorter. 

Peptide synthesis strategically involves attaching amino acids, one at a 

time, to a peptide chain beginning at the carboxy terminus. Protecting 

groups such as the Boc group must be used to prevent competing reac- 

tions that would occur in their absence. In solid-phase peptide synthe- 

sis, a protected carboxy-terminal amino acid is covalently bound to an 
insoluble resin; deprotected; condensed with another protected amino 
acid using DCC; deprotected; and the cycle continued until the peptide 
chain has been assembled, at which point the peptide is removed from 
the resin by cleavage with liquid HF or other acidic reagents. 

The primary structure of a protein is a description of its covalent 
bonds, including disulfide bonds. Its secondary structure is a descrip- 
tion of its content of a-helix, B-structure, and random coil; and its 
tertiary structure is a complete description of its three-dimensional 
structure. The manner in which smaller proteins aggregate into larger 
ones is termed quaternary structure. 
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The noncovalent forces that determine the three-dimensional structure 

of a protein include hydrogen bonds, van der Waals attractions, and 
electrostatic interactions. 

Enzymes are highly specific and efficient biological catalysts. A sub- 
strate is bound noncovalently at the enzyme active site before it is trans- 
formed into products. 

SOR eeee reer sees ee ere recesses esses sees esses eeeseEEEEESEEEEES EHO E ESE EEEEEEEEEEESEEEEEE SEE EEEEEEEEEEEEEESEES ESSE EE EES 

Give the structures of the products expected when *(1) valine and (2) proline 

(or other compounds indicated) react with each of the following reagents: 

(a) ethanol (solvent) and H,SO, (b) benzoyl chloride, Et;N 

(c) aqueous HCl solution (d) aqueous NaOH solution 

(e) benzaldehyde, heat, NaCN 

(f) O 

Me;CO— C—O—C—OCMe;, DMF, Et;N 

(g) product of (f) + DCC + glycine tert-butyl ester 

(h) product of (g) + anhydrous CF;CO>H, then neutralize with NaOH 

(i) product of (h) + 6M HCl, heat 

Referring to Table 26.1, identify the amino acid(s) that satisfy each of the follow- 
ing criteria. 

*(a) the most acidic amino acid (b) the most basic amino acid 

*(c) the amino acids that can exist as diastereomers 

(d) the amino acid that has zero optical rotation under all conditions 

*(e) the amino acids that are converted into other amino acids on treatment 

with concentrated aqueous NaOH solution followed by neutralization. 

In repeated attempts to synthesize the dipeptide Val-Leu, aspiring peptide chem- 

ist Polly Styreen performs each of the following operations. Explain what, if 
anything, is wrong with each procedure. 

*(a) The cesium salt of leucine is allowed to react with chloromethylated poly- 

styrene (Merrifield resin). The resulting derivative is treated with Boc-Val 

and DCC, then with liquid HF. 

(b) The cesium salt of Boc-Leu is allowed to react with the Merrifield resin. 

The resulting derivative is then treated with Boc-Val and DCC, then with 

liquid HF. 

According to its amino acid composition (Fig. 26.4), lysozyme has an isoelectric 

point that is (choose-one and explain): 

(Gl) <6 (2) about 6 C= 6 
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26.29 Which of the statements below would correctly describe the isoelectric point of 

cysteic acid, an oxidation product of cysteine? Explain your answer. 

Pia Ni C= GO) > cysteic acid 

(1) lower than that of aspartic acid 

(2) about the same as that of aspartic acid 

(3) about the same as that of cysteine 

(4) about the same as that of lysine 

(5) higher than that of lysine 

*26.30 A peptide was subjected to one cycle of the Edman degradation, and the com- 

pound below was obtained. What is the amino-terminal residue of the peptide? 

y 
Ph S 

SS 
Neos | 
| JMET See 

we "~NH 

*26.31 — Dansyl chloride (5-dimethylamino-1-naphthalenesulfonyl chloride) reacts with 

amino groups to give a fluorescent derivative. After a peptide P with the composi- 

tion (Arg,Asp,Gly,Leu3,Thr,Val) reacts with dansyl chloride at pH 9, it is hydro- 

lyzed in 6 M aqueous HCl. The derivative shown in the the following equation, 
detected by its fluorescence, is isolated after neutralization, along with the free 
amino acids Arg, Asp, Gly, Leu, and Thr. What conclusion can be drawn about 
the structure of the peptide from this result? 

H3C CH, H3C CH; No SR 

1)6M HCl 
. pHs H20, heat 

cle) 7 peptide P 2) neutralize ce 3 Arg, aay 8p Pout 
(free amino acids) 

O= = O=S=O O 

| | 
Cl NH—CH—C—oO7 

dansyl chloride ies 
eA E.G CH, 

(fluorescent) 
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A peptide Q has the following composition by amino acid analysis: 

Q: Ala,Arg,Asp,Gly,,Glu,Leu, Val,,NH3 

Treatment of Q once with the Edman reagent followed by anhydrous acid gives 

a new peptide R with the following composition by amino acid analysis: 

R:  Ala,Arg,Asp,Gly2,Glu, Val,,NH3 

Treatment of Q and R with the enzyme dipeptidylaminopeptidase (DPAP) yields 

a mixture of the following peptides: 

QO DPAP Arg-Gly, Gln-Ala, Leu-Val, Val-Asp, Gly 

DPAP 
————— R Ala-Gly, Asp-Gln, Gly-Val, Val-Arg 

What is the amino acid sequence of Q? 

The peptide hormone glucagon has the following amino acid sequence: 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu- 

Asp-Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met- 
Asn-Thr 

Give the products that would be obtained when this protein is treated with 

(a) trypsin at pH 8 (b) cyanogen bromide in HCl 

(c) Ph—N==C=S, then CF;CO>H, then aqueous acid 

A peptide C was found to have a molecular mass of about 1100. Amino acid 

analysis of C revealed its composition to be (Ala),Arg,Gly,Ile). The peptide was 

unchanged on treatment with the Edman reagent, then CF;CO,H. Treatment 

of C with trypsin gave a single peptide D with an amino acid analysis identical 

to that of C. Three cycles of the Edman degradation applied to D revealed the 
partial sequence Ala-Ile-Gly. Suggest a structure for peptide C. 

When bovine insulin is treated with the Edman reagent followed by anhydrous 

CF;CO,>H, then by aqueous acid, the PTH derivatives of both glycine and phenyl- 

alanine are obtained in nearly equal amounts. What can be deduced about the 

structure of insulin from this information? 

An amino acid A, isolated from the acid hydrolysis of a peptide antibiotic, gave 

a positive test with ninhydrin and had an optical rotation (HCI solution) of 

+37.5°. Compound A was not identical to any of the amino acids in Table 26.1. 

In amino acid analysis, compound A emerged from the ion-exchange column 

with the basic amino acids, and it could be prepared by the reaction of 

L-glutamine with Br, in NaOH, followed by neutralization. Suggest a structure 
for A. 
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26.37 

*26.38 

26.39 

*26.40 

A previously unknown amino acid, y-carboxyglutamic acid (Gla), was discovered 

in the amino acid sequence of the blood-clotting protein prothrombin. 

Ne CH= CO: 

2 y-carboxyglutamic acid (Gla) 

This amino acid escaped detection for many years because, on acid hydrolysis, 

it is converted into another common amino acid. Explain. 

(a) With what reagent would the Merrifield chloromethylated polystyrene resin 

react to give the following resin? 

+cH,—cH+ 

CH=CH Gla 

(b) To a column containing this resin suspended in a pH 6 buffer is added a 

mixture of the amino acids Arg, Glu, and Leu, and the column is eluted 

with the same buffer. In what order will the amino acids be washed from 
the column? Explain. 

In paper electrophoresis, amino acids and peptides can be separated by their 
differential migration in an electric field. To the center of a strip of paper, wet 
with buffer at pH 6, is applied a mixture of the following three peptides in a 
single small spot: Gly-Lys, Gly-Asp, and Gly-Ala. A positively charged electrode 
(anode) is attached to the left side of the paper, and a negatively charged electrode 
(cathode) to the right side. A voltage is applied across the ends of the paper for 
a period of time, after which the peptides have separated into three spots: one 
near the cathode, one near the anode, and one in the center, at the location of 
the original spot. Which peptide is in each spot? Explain. 

Explain each of the following observations. 
(a) The optical rotations of alanine are different in water, 1 M HCl, and 1M 

NaOH. 
(b) Two mono-N-acetyl derivatives of lysine are known. 
(c) The peptide Gly-Ala-Arg-Ala-Glu is readily cleaved by trypsin in water at 

pH = 8, but is inert to trypsin in 8 M urea at the same pH. 
(d) After peptides containing cysteine are treated with HSCH,CH,OH, then 

with aziridine, they can be cleaved by trypsin at their (modified) cysteine 
residues. 

NH 

labC ==Claly aziridine 
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(e) When t-methionine is oxidized with H,O;, two separable methionine sulf- 

oxides with the following structure are formed: 

ae 

GHCh=s—cr: 

O 

(f) When benzamidine hydrochloride is present in solution, trypsin no longer 

catalyzes peptide hydrolysis. (Benzamidine hydrochloride is not a denatur- 

ant at the concentrations used.) 

+ 

HN 
\ 
Gg 

fp 
N 

Gi benzamidine hydrochloride 

Hy 

Poly-t-lysine (a peptide containing only lysine residues) exists entirely in an 

a-helical conformation at pH > 11. Below pH 10, however, the peptide assumes 

a random-coil conformation. Poly-1-glutamic acid, on the other hand, exists in 

the a-helical conformation at pH < 4, but above pH 5 it assumes a random- 

coil conformation. Explain the effect of pH on the secondary structure of both 

polymers. Your explanation should indicate why the helical conformation pre- 

dominates at high pH in one case and low pH in the other. (Hint: Look carefully 

at the location of the amino acid side chains in Fig. 26.6.) 

Complete the following reactions, assuming the amino acid residue is part of a 

peptide and is at neither the amino nor the carboxy terminus. 

*(a) lysine residue + CH,—=O + NaBH, oo 

(excess of both) 

(b) O 

lysine residue + Ose’ 

O 

succinic anhydride 

1) O 

; : pH>5 : oe 
cysteine residue + || NH ————~> (aconjugate-addition product) 

O 

maleimide 

(Problem 26.42 continues ) 
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*26.43 

(d) O 

. : = pH 8-9 
cysteine residue 4 I—-Cl15-_- GO) 

iodoacetate 

ze) 
+/ \ 

aspartic acid residue + N==C==N— CH2CH2—N O-- 
cl- (Pad 

H3C 

a water-soluble carbodiimide that 
reacts much like DCC 

H,N— CH2—CO0O2CH3 a 

+ . . des = pH 9 (f) tyrosine residue + PhN==N Cl> —+—> 

Outline a synthesis of each of the following compounds from the indicated 

starting material and any other reagents. 

(a) O @ 

| | 
h——NHK)—C—0GH, from p-aminobenzoic acid 

(b) Ph—CD—CO; from benzoic acid 

+NH, 

(¢) ©CD,;—= CH — CO; ‘from’ @D;—_ CH =0 

* NH: 

(d) 1-Lys-t-Ala-t-Pro from .-proline, t-alanine, and the following compound 
using a solid-phase peptide synthesis: 

O O 

(CH: seis oh es _ iy gia li OH a,€-diBoc-L-lysine 

Cae 

NH—C—OC(CH;); 
I 

(e) O 

] NH—C—CH; O 

Ceomteetct from zsh ne ea 

C=N 
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from the product of (e) and cyclopentene. (Cyclopentenyl amino acids are 

produced by certain plants. Hint: Hydrogens a to a cyano group are about 

as acidic as those @ to an ester group.) 

(g) The polymer p-aramid from terephthalic acid (1,4-benzenedicarboxylic 

acid). (This polymer is used in tire cord and other applications that require 

rigidity and strength.) 

1 1 
HN-{)—NH=C-{" p-aramid 

26.44 Show how the acetamidomalonate method can be used to prepare the following 

unusual amino acids from the indicated starting material and any other reagents. 

(a) (CH3),CDCH,—CH—COyj from isobutylene (2-methylpropene) 

*NH; 

(b) 3Ph— CHD ——CH=-CO7, trom" benzaldehyde 

*NH; 

(c) O 

Y-oxohomotyrosine ! 
C=—Cah—= ae CO; from anisole (methoxybenzene) 

se ge 
HO 

*26.45 When peptides containing a 2,3-diaminopropanoic acid (DAPA) residue are 

treated with the Edman reagent and then with acid, a peptide cleavage occurs 

in addition to degradation of the amino-terminal residue. Using the curved- 

arrow formalism to rationalize your answer, propose a structure for X. 

O O 

! | 
PepY—C—NH—CH—C—NH—Pep© + Ph—N=C=S —» —CECOM, 

Ht z 
[X] + H3N—Pep® 

CH,NH, 

DAPA residue 

26.46 The artificial sweetener aspartame was withheld from the market for several years 

because, on storage for extended periods of time in aqueous solution, it forms 
a diketopiperazine. 

(Problem 26.46 continues ) 
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H 
] ] Ok he AOE 

+ 

HN i C—NH os 6—0cHe = a Je + CH,OH 
N CH, CH,Ph ane ee 

a diketopiperazine 

aspartame 

(Extensive biological testing was required to show that this by-product was safe for 

consumers.) Give a curved-arrow mechanism for the formation of the diketopiperazine. 

*26.47 Complete the following reactions by giving the structure of the major organic 
product(s). 

(a) ethylamine + Ph—N=C==S —> 

(b) PhCH=O + KCN + CH;NH, ——~> aren 
ea 

(c) Hj\N—CH—co; —NaOQH_, _(CHs)CH—CH=O, _ NaBH, 
: : (1 equiv.) H,O0 

CH, 

(d) O O 

(CH;);C—O—C—NH—CH—C—OCH; + NaOH (1 equiv.) —> 
| 
CH; 

(e) 1 

Ph—C—NH—NH, + NaNo, —#C, 

heat in benzene 
(f) product of (e) 

(g) product of (f) + valine methyl ester ——> 

(h) ue 4 \ 
I ya 

H— ¢_ NH _Ch(COoE) oe 
EtOH heat 

(1) 

O 
N= GH C= OF HN NEL NaNO,, HCL __EtOH, heat HCI/H5O 

heat 

CH(CH;), 

26.48 Identify each of the bracketed compounds in the following reaction scheme. 
Explain your answers. 
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O 

rae adh a tt Mama a | gee ee 

CH(CH;), 

[B] eee [C] ee (CH,),CH CHO = 1D) 

*26.49 Give a curved-arrow mechanism for each of the following reactions. 

a SCH,CH,OH 
CH+=O 

a 

Ge ae 2S oe so MENGE GS OMe == mn ea 

Cao CH; CH, 
o-phthalaldehyde fluorescent; used to 

detect amino acids 

(b) 

CH =O 

| a 1) HCN 
GH Glia] NHoe Natjwecl peacetones—— > aP lalx©) 2) HClO” cysteine + acetone 

=N Kat ‘ 

(c) : COz 

CH,CHNH; Fs 

NH, 
Nee Gey MEANS pH 6.5 NX 

N N 
H H 

(d) 

O O 

i eri G =O Ch OSC ISO SE PCO — NH 

CH,0H 5 

*26.50 (a) In most peptides the amide bonds have the Z configuration; explain why. 

O Z configuration about this bond 

C P a £P 

H 

Pep 

(b) One particular amino acid residue in the Pep© position adopts the E config- 

uration in some cases. Which amino acid residue should be most likely to 
assume an E configuration and why? 
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When peptides containing the Asn-Gly sequence, such as H in the equation 

below, are stored in aqueous solution at neutral or slightly basic solution, ammo- 

nia is liberated and a derivative I is formed. On continued storage, species 

I reacts to give two new peptides, J and K. Peptide J is the same as peptide 

H except that Asn is replaced by Asp, and peptide K is an isomer of peptide 

J. Propose structures for peptides J and K, and rationalize their formation using 

the curved-arrow formalism. (These reactions are believed to be a major source of 

deterioration associated with aging in naturally occurring peptides and proteins. ) 

O 
O // 
! H2O, OH~ | BAe 

PepY —NH— CH—C—NH—CH,—C—Pep® —*—=——» PepN—NH—CH \ 

26.53 

N= CH,— C—Pep© 

peptides J and K 

(a) Explain why two monomethyl esters of N-acetyl-L-aspartic acid are known. 
Draw their structures. 

(b) Explain why a mixture of these two compounds can be separated by anion- 

exchange chromatography at pH = 3.0, but not at pH = 7. (Hint: Use the 
pK, values of aspartic acid in Table 26.1.) 

(c) Which of the two compounds would emerge first from an anion-exchange 
column at pH = 3.0? Explain. 

When N-acetyl-t-aspartic acid is treated with acetic anhydride, an optically active 
compound A, Cg.H;NO,, is formed. Treatment of A with the amino acid t-valine 
yields two separable, isomeric peptides, B and C, that are both converted into 
a mixture of L-alanine and L-aspartic acid by acid hydrolysis. Suggest structures 
for An band C. 

BID CES MUR UL AUS LULL. UDO UOLMLUDOCUL OUCH COCRIGEI Cy OU TO COO COUCOUCIOOROCOCCUOCOOCOC USCA CO. OOOO OO IO MOCO COUNT SO ACCOOOUTTIOCAECOOCC ICU COODS NONE SSCdaasbagroosnonoors 
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Carbohydrates 
and Nucleic Acids 

ecause of their abundance in the natural world and their importance to living 
things, sugars have been the subject of intense investigation since the earlest days 
of scientific inquiry. Scientists refer to sugars and their derivatives as carbohydrates. 

As this name implies, most of the common sugars have molecular formulas that fit a 
“hydrate of carbon” pattern, that is, a formula of the form C,(H2O),. For example, 
sucrose (table sugar) has the formula C,,(H,O),, or C,2H»0,,, and both glucose and 
fructose (a sugar prevalent in honey) have the formula C,(H,O),¢ or C.6H)20,. This 
“hydrate of carbon” pattern is more than an apparent relationship. Anyone familiar with 
the conversion of table sugar into carbon by concentrated H,SO, (or anyone who has 
made caramel sauce, a less extreme example of the same phenomenon) has witnessed in 
practice the dehydration of carbohydrates: 

A quarter pound of nice white lump sugar put into a breakfast cup with the small- 
est possible dash of boiling water and then the addition of plenty of oil of vitriol 
[H3SO,] is a truly wonderful spectacle, and more instructive than much reading, to 
see the white sugar turn black, then boil spontaneously, and now, rising out of the 
cup in solemn black, it heaves and throbs as the oil of vitriol continues its work in 
the lower part of the cup, emitting volumes of steam....  [J.W. Pepper, Scientific 
Amusements for Young People, 1863] 

As the result of a more modern understanding of their structures, carbohydrates 
are now defined as aldehydes and ketones containing a number of hydroxy groups on 
an unbranched carbon chain, as well as their chemical derivatives. 

Two common carbohydrate structures: 

Ca Gi CH ia CH,0OH 

Ciel “lsh Olek «Oya! Oe Oren Ol ae Ob 

Less precisely, but more descriptively, carbohydrate chemistry can be regarded as the 
chemistry of sugars and their derivatives. 

Carbohydrates are among the most abundant organic compounds on the earth. In 
polymerized form as cellulose, carbohydrates account for 50-80% of the dry weight of 

1325 
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plants. Carbohydrates are a major source of food; sucrose (table sugar) and lactose (milk 

sugar) are examples. Even the shells of arthropods such as lobsters consist largely of 
carbohydrate. 

The study of carbohydrates relies heavily on the principles of stereochemistry (Chap- 

ter 6) and on the conformational aspects of cyclohexane rings (Chapter 7). Do not hesitate 
to use molecular models when necessary. 

Nucleic acids are so named because they are a principal component of the cell nucleus 

(although they also occur elsewhere). Nucleic acids are of two types: deoxyribonucleic acids 

(DNA) and ribonucleic acids (RNA). DNA is the storehouse of genetic information in the 

cell. Your hair color, your sex, and the color of your eyes are all determined by the 

structure of your DNA. RNA serves various roles in translating and processing the infor- 

mation encoded within the structure of DNA. Both DNA and RNA are polymers. Just 

as proteins are polymers of a-amino acids, RNA and DNA are polymers of fundamental 

building blocks called nucleotides. A study of nucleic acids concludes this chapter. It is 
appropriate to consider nucleotides and their polymers along with the carbohydrates 

because nucleotides, as you'll see subsequently, are derivatized carbohydrates. 

Classification and Properties of Carbohydrates 
©\0)0/@)e\e\0 0\00,0)0/0\0)010\6'0 6)0)0:8.910\94,6,6\v.a)/0\0 010 00 000 c eee e 0 oes ee ete cesceseaceres see cseeececeececeeccce cece occeececescecccwocscuceseceessece 

Carbohydrates can be classified in several ways. Certain classifications that are based on 
structure are illustrated by the following examples. 

HOCH, — CH— CH— CH—CH—CH=0O an aldose (aldehyde carbonyl group) 
| | | a hexose (six carbon atoms) 

OH. -OH OH On an aldohexose (combination of 

the above classifications) 

HOCH,— CH—CH—C—CH,OH a ketose (ketone carbonyl group) 
| | | a pentose (five carbon atoms) 
OLnLOLE EO a ketopentose or pentulose (combination 

of the above classifications) 

One type of classification is based on the type of carbonyl group in the carbohydrate. A 
carbohydrate with an aldehyde carbonyl group is called an aldose; a carbohydrate with 
a ketone carbonyl group is called a ketose. Carbohydrates can also be classified by the 
number of carbon atoms they contain. A six-carbon carbohydrate is called a hexose, and 
a five-carbon carbohydrate is called a pentose. These two classifications can be combined: 
an aldohexose is an aldose containing six carbon atoms, and a ketopentose is a ketose 
containing five carbon atoms. A ketose can also be indicated with the suffix ulose; thus, 
a five-carbon ketose is also termed a pentulose. 

Another type of classification scheme is based on the hydrolysis of certain carbohy- 
drates to simpler carbohydrates. Monosaccharides cannot be converted into simpler 
carbohydrates by hydrolysis. Glucose and fructose are examples of monosaccharides. 
Sucrose, however, is a disaccharide—a compound that can be converted by hydrolysis 
into two monosaccharides. 

FA geneed 
sucrose (CipH3,0;) HO |. ——— ae glucose (CsH;.0,) + fructose (CgHy,0¢) (27.1) 

a disaccharide Bs 
monosaccharides 
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Likewise, trisaccharides can be hydrolyzed to three monosaccharides, oligosaccharides 

to a “few” monosaccharides (in the same sense that oligopeptides can be hydrolyzed to a 

few amino acids), and polysaccharides to a very large number of monosaccharides. 

Because of their many hydroxy groups, carbohydrates are very soluble in water. The 

ease with which a large amount of table sugar dissolves in water to make syrup is an 

example from common experience of carbohydrate solubility. Carbohydrates are virtually 

insoluble in nonpolar solvents. 

Structures of the Monosaccharides 
Oem eee eee e eee e ee eee Hee eee HHH EHEEHHE HEHE HEHEHE HEHEHE EEEEEEEEEE SESE EEE HEHEHE HEHEHE EE EEEEE EEE EEE EEE E EEE SEES 

We'll consider the stereochemistry of carbohydrates by focusing largely on the aldoses 

with six or fewer carbons. The aldohexoses have four asymmetric carbons and exist as 

2* or sixteen possible stereoisomers. These can be divided into two enantiomeric sets of 

eight diastereomers. 

OCG Ch Gl Gh (CF (Ci —— ©maldahtexoses 
| | | | four asymmetric carbons 
OH OK ORL OR 2 = 16 stereoisomers 

Similarly, there are two enantiomeric sets of four diastereomers (eight stereoisomers total) 

in the aldopentose series. Each diastereomer is a different carbohydrate with different 

properties, known by a different name. The aldoses with six or fewer carbons are given in 

Fig. 27.1 as Fischer projections. Be sure you understand how to draw and interpret Fischer 

projections, as they are widely used in carbohydrate chemistry (Sec. 6.11). 

Each of the monosaccharides in Fig. 27.1 has an enantiomer. For example, the two 

enantiomers of glucose have the following structures: 

CHO CHO 

enantiomers 
of glucose 

Heo HO H 

On HO H 

CH,OH CH,OH 

It is important to specify the enantiomers of carbohydrates in a simple way. Suppose you 

had a model of one of these glucose enantiomers in your hand; how would you explain 

to someone who cannot see the model (for example, over the telephone) which enantiomer 

you were holding? You could, of course, use the R,S system to describe the configuration 

of one or more of the asymmetric carbon atoms. A different system, however, was in use 

long before the R,S system was established. The D,L system, which came from proposals 

made in 1906 by a New York University chemist, M. A. Rosanoff, is used for this purpose. 

In this system, the configuration of a carbohydrate enantiomer is specified by applying 

the following conventions: 
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1. The naturally occurring stereoisomer of the aldotriose glyceraldehyde (the 

2R enantiomer) is arbitrarily said to have the p configuration; its enantio- 

mer is then said to have the L configuration. 

Coe Gheso 

ton HO : H 

CH,OH CH,OH 

b-glyceraldehyde L-glyceraldehyde 

2. The other aldoses or ketoses are written in a Fischer projection with their 

carbon atoms in a straight vertical line, and the carbons are numbered 

consecutively as they would be in systematic nomenclature, so that the car- 

bonyl carbon receives the lowest number. 

3. The asymmetric carbon of highest number is designated as a reference car- 

bon. If this carbon has the H, OH, and CH,OH groups in the same rela- 

tive configuration as the same three groups of p-glyceraldehyde, the 

carbohydrate is said to have the p configuration. If this carbon has the 
same configuration as L-glyceraldehyde, the carbohydrate is said to have 

the L configuration. 

The application of these conventions is illustrated in the following study problem. 

OPO meee eee e recess cee scree eres eee Here reese EEE essere es EEE SEED OOO EEE OS OOOO REECE EOE O EE ED EEE ee me renee eect ne eeeseereseseseeseoeoS 

Determine whether the following carbohydrate derivative, shown in Fischer projection, 
has the D or L configuration. 

OH 

HOCH, H 

H OH 

HO H 

CO.H 

Solution First redraw the structure so that the carbon with the lowest number in 
substitutive nomenclature—the carboxylic acid group—is at the top. This can be done 
by rotating the structure 180° in the plane of the page. Then carry out a cyclic permutation 
of the three groups at the bottom so that all carbons lie in a vertical line. Recall (Sec. 
6.11) that these are allowed manipulations of Fischer projections. 

Figure 27.1 The v family of aldoses. Each compound shown here has an enantiomer in the i family. The colored 
arrows show how the aldoses are related by the Kiliani-Fischer synthesis (Sec. 27.8). 
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OH CO,H CO,H 

H H OH a ©) Fy 

OH rotate 180° in plane HO H cyclic permutation HO HH 

a ica 
H H CH,OH HO H 

aA 
CO,H = OHS CH,OH 

Finally, compare the configuration of the highest numbered carbon with that of p-glycer- 

aldehyde. Because the configuration is different, the molecule has the L-configuration. 

CO,H 

CH=0O 

H OH 
<— different configurations ——~ 

D-glyceraldehyde L-configuration 
POMC OT COC 0000500500 0000 OC Oe Oe ee Ses cociciccccceereeeeeee Cee e ee Dees Hee OOO Eee OOD E DODO ECO OLED OLED EDEL eeeEee ee oOo esenes elle eee eeeeeeenecsesccceaanesceeeococooene 

The monosaccharides shown in Fig. 27.1 are the p family of enantiomers. Each of 
the compounds in this figure has an enantiomer with the t configuration. Recall that 
there is no general correspondence between configuration and the sign of the optical rotation 
(see Sec. 6.3C). Notice, for example, that some p aldoses have positive rotations, but 
others have negative rotations. Also, there is no simple relationship between the p,. system 
and the R,S system. The R,S system is used to specify the configuration of each asymmetric 
carbon atom in a molecule, but the p,1 system specifies a particular enantiomer of a 
molecule that might contain many asymmetric carbons. Although use of the p,t system is 
straightforward for carbohydrates and amino acids, it has been virtually abandoned for 
other compounds. 

An annoying aspect of the p,L system is that each diastereomer is given a different 
name. This is one reason why the p,L system has been generally replaced with the R,S 
system, which can be used with systematic nomenclature. Nevertheless, the common 
names of many carbohydrates are so well entrenched that they remain important. 

A few of the aldoses in Fig. 27.1 are particularly important, and their structures 
should be learned. p-Glucose, p-mannose, and p-galactose are the most important aldo- 
hexoses because of their wide natural occurrence. The structures of the latter two aldoses 
are easy to remember once the structure of glucose is learned, because their configurations 
differ in a simple way from the configuration of glucose. p-Glucose and p-mannose differ 
in configuration only at carbon-2; p-glucose and p-galactose differ only at carbon-4. 
Compounds that differ in configuration at only one of several asymmetric carbons are 
called epimers. Hence, p-glucose and p-mannose are epimeric at carbon-2; p-glucose 
and p-galactose are epimeric at carbon-4. 

D-Ribose is a particularly important aldopentose; its structure is easy to remember 
because all of its —OH groups are on the right in the standard Fischer projection. 
D-Fructose is an important naturally occurring ketose: 
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p-fructose 

CH,OH 

Notice that carbons 3, 4, and 5 of p-fructose have the same stereochemical configuration 

as carbons 3, 4, and 5 of p-glucose. 

SHH H OOOO eee eee ere DE see EHEE EEE EE ETE EEE EE EO EE SEED EE EEE EERES EEE TESTE EEE E ES OOO OESESEESES SEES OEE E TEESE OEE SEED EEE EEEEEEESESEEE EEE OS OEE E ESE OS ESO EEEEEEeeeS 

e271 Classify each of the following aldoses as p or L. 

(a) Cri ©) (b) the glucose enantiomer with the R configuration 

at carbon-3. 
H OH 

HO H 

H OH 

CH; H 

OH 

6-deoxyglucose 

ee Draw the two enantiomers of galactose as Fischer projections. Tell which is the 

D enantiomer and which is L, and how you know. 

e273 By using the rules for manipulating Fischer projections (Sec. 6.11), tell which 

pair of the following aldoses are epimers and which pair are enantiomers. 

(a) CHO (b) OH (c) OH 

H OH O==CH H H CHO 

HO H HO H H OH 

OH H OH HO H 

CH,OH HO CH,0OH HO H 

OH H CH,0H 

Demme meee meme meee eee eres sees sees e sess HEH eee EE EE DE HHH OHHH ESESE DOS EEEEEESESE OER OESEEESEEES HOE EHESESEDEEEE HEHE EEE EEESEE SESE OEE EEE SESE EE EEE E OE EEEEEEEEeeeeeS 

RRR eee eee Eee He EEE HEHE TEESE EEEEEEEEEEHE HOE H HEHEHE EEH HEHEHE EERO EE EEEEEEEEEE ESE SESE EEE EEE EEE E SEES SEES EEE HOOD 

Recall that y- or 6-hydroxy aldehydes exist predominantly as cyclic hemiacetals (Sec. 
TONOAy). 
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HO 4H 

O 
Chek (Chal CH,CI 1,CH, CH= O <=_" (Qi) 

ih CH; 
HO 4H 

O 
CHe== CH == Ch, Ch — Cha O fae (27.2b) 

Or CH, 

The same is true of aldoses and ketoses. Although monosaccharides are often written by 

convention as acylic carbonyl compounds, they exist predominantly as cyclic acetals. For 

example, in aqueous solution glucose consists of about 0.003% aldehyde and a trace of 

the hydrate; the rest—more than 99.99%—is cyclic hemiacetals. 

In many carbohydrates both five- and six-membered cyclic hemiacetals are possible, 

depending on which hydroxy group undergoes cyclization. 

1CL—= G6 

| 
H 2G Or 

O 'CH— OH 
| 

5 oe OH 4CH— OH 

°CHoOH 5CH—OH 

furanose form | pyranose form 
6CH,OH 

aldehyde form (27.3) 

A five-membered cyclic acetal form of a carbohydrate is called a furanose (after furan, 
a five-membered oxygen heterocycle); a six-membered cyclic acetal form of a carbohydrate 
is called a pyranose (after pyran, a six-membered oxygen heterocycle). 

OO 
O O 

furan pyran 

The aldohexoses and aldopentoses exist predominantly as pyranoses, but the furanose 
forms of some carbohydrates are important. 

A name such as glucose is used when referring to any or all forms of the carbohydrate. 
To name a cyclic hemiacetal form of a carbohydrate, start with a prefix derived from the 
name of the carbohydrate (for example, gluco for glucose, manno for mannose) followed 
by a suffix that indicates the type of hemiacetal ring (pyranose for a six-membered ring, 
furanose for a five-membered ring). Thus, a six-membered cyclic hemiacetal form of 
D-glucose is called p-glucopyranose; a five-membered cyclic hemiacetal form of 
D-mannose is called D-mannofuranose. 

The cyclic hemiacetal structures of aldoses were suspected originally because they 
do not undergo (or undergo very slowly) certain reactions of aldehydes. This fact suggested 
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that the aldehyde group is somehow masked. Confirmation of these cyclic structures 

was originally obtained from chemical degradations. However, the cyclic structures of 

carbohydrates are readily apparent today from NMR spectroscopy. For example, the 

aldehydic proton resonance of glucose in the 6 9-10 region of its proton NMR spectrum 

is too weak to detect under ordinary circumstances, yet there is a doublet at 6 5.2 

corresponding to a proton @ to two oxygens—the proton at carbon-1 of the pyranose 

structure. Similarly, in the CMR spectrum, the carbonyl carbon absorption in the 6 200 

region of the spectrum is not discernible in ordinary spectra. 

Anomers It is important to notice that the furanose or pyranose form of a carbohydrate 

has one more asymmetric carbon than the open chain form—carbon-1. Thus there are two 

possible diastereomers of p-glucopyranose. 

one additional 
asymmetric carbon 
(anomeric carbon) 

1 a 
OH Hoe H 

HO H as el @) H 

OH H OH 

O H O 

CH,OH CH,OH 

q@-anomer 8 -anomer 

anomers of D-glucopyranose (27.4) 

(The rings in the Fischer projections of these cyclic compounds are closed with a rather 

strange-looking long bond.) Both of these compounds are forms of p-glucopyranose, and 

in fact, glucose in solution exists as a mixture of both. They are diastereomers, and are 
therefore separable compounds with different properties. When two cyclic forms of a 

carbohydrate differ in configuration only at their hemiacetal carbons, they are said to be 

anomers. Thus, the two forms of p-glucopyranose are anomers of glucose. The hemiacetal 

carbon (carbon-1 of an aldose) is sometimes referred to as the anomeric carbon. 

As the structures above illustrate, anomers are named with the Greek letters a and 

£. This nomenclature refers to the Fischer projection of the cyclic form of a carbohydrate, 

written with all carbon atoms in a straight vertical line. In the a-anomer the hemiacetal 

— OH group is on the same side of the Fischer projection as the oxygen at the configurational 

carbon. (The configurational carbon is the one used for specifying the p,, designation; 

that is, carbon-5 for the aldohexoses.) Conversely, in the B-anomer the hemiacetal, 

— OH group is on the side of the Fischer projection opposite the oxygen at the configura- 

tional carbon. The application of these definitions to the nomenclature of the p-glucopyra- 
nose anomers is as follows: 
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anomeric carbon “athe 

HO—*}— H---}- | 

lal 

both oxygens on 
--- opposite sides of the 

Fischer projection 

both oxygens on 
+-- same side ofthe HO 
' Fischer projection 

H 

H eee a configurstions] ~~ 

CH,OH carbon CH,OH 

a-anomer B-anomer 

a-D-glucopyranose B-D-glucopyranose 

Conformational Representations of Pyranoses Fischer projections of carbo- 

hydrates are convenient for specifying their configurations at each asymmetric carbon, 

but Fischer projections contain no information about the conformations of carbohydrates. 

It is important to relate Fischer projections to conformational representations of the 

carbohydrates. The following study problem shows how to establish this relationship in 
a systematic manner for the pyranoses. 

DUIGUIOUOOOCOOUDCUCCCOCOCCICCCCIOIIOIMIOIO OOOO OOO UOIOICCCIOICOICOICOIOOIOOOIOOOOOOOGOCO OOOO OO OIOOOOO OOOO OOO OOOOOOOOOOOOOOOOOOOOOCOONOOOOOOOOOOONCCOMnCrnnncnnrrrinri tit 

Convert the Fischer projection of B-p-glucopyranose into a chair conformation. 

Solution First redraw the Fischer projection for B-p-glucopyranose in an equivalent 

Fischer projection in which the ring oxygen is in a down position. This is done by using 

a cyclic permutation of the groups on carbon-5, an allowed manipulation of Fischer 
projections (Sec. 6.11). 

redraw 

“—O 

Sener 

Recall that the carbon backbone of such a Fischer projection is imagined to be folded 
around a barrel or drum (Fig. 6.18c). Such an interpretation of the Fischer projection 
of B-p-glucopyranose yields the following structure, in which the ring lies in a plane 
perpendicular to the page. (The ring hydrogens are not shown.) 
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ring oxygen in 
right rear position 

HOCH, 
D0m 

anomeric carbon 
on the right 

OH 
Haworth projection 

When the plane of the ring is turned 90° so that the anomeric carbon is on the right and 

the ring oxygen is in the rear, the groups in up positions are those that are on the left 

in the Fischer projection; the groups in down positions are those that are on the right in 

the Fischer projection. A planar structure of this sort is called a Haworth projection. In 

a Haworth projection, the ring is drawn in a plane at right angles to the page and positions 

of the substituents are indicated with up or down bonds. The shaded bonds are in front 
of the page, and the others are in back. 

A Haworth projection does not indicate the conformation of the ring. Six-membered 

carbohydrate rings are like substituted cyclohexanes, and, like substituted cyclohexanes, 

exist in chair conformations. Thus, to complete the conformational representation of 

B-p-glucopyranose, draw either one of the two chair conformations in which the anomeric 

carbon and the ring oxygen are in the same relative positions as they are in the Haworth 

projection above. Then place up and down groups in axial or equatorial positions, as 
appropriate. 

CH,0H OH anomeric 
ee carbon 

anomeric 

1 CH,OH—O carbon 

OH 

Remember: Although the chair flip changes equatorial groups to axial, and vice-versa, it 

does not change whether a group is up or down. Consequently, it doesn’t matter which 

of the two possible chair conformations you draw first. 

POO m meee meee eee Heese HEHEHE Ea as EEE EEES ESSE EEE E SHEE EEEEEES SEES ESTEE EEEEE DESEO OSE EEEEESESEE SEES EHH EEEEEEESESE EEE EEEEEEESE SEES EOE HEHE EES EE SEES EEE EEeEeeseseEes 

To summarize the conclusions of Study Problem 27.2: When a carbohydrate ring is 

drawn with the anomeric carbon on the right and the ring oxygen in the rear, substituents 

that are on the left in the Fischer projection are up in either the Haworth projection or 

the chair structures; groups that are on the right in the Fischer projection are down in 

either the Haworth projection or the chair structures. 

Although the five-membered rings of furanoses are nonplanar, they are close enough 

to planarity that Haworth formulas are good approximations to their actual structures. 

Haworth projections are frequently used for furanoses for this reason. Thus, a Haworth 

projection of B-p-ribofuranose is derived as follows: 
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(27.5) 

OF Or 

B-pD-ribofuranose 
(Haworth projection) 

The Haworth formula is named for Sir Walter Norman Haworth (1883-1950), a 

noted British carbohydrate chemist who carried out important research on the 

cyclic structures of carbohydrates. Haworth received the Nobel Prize in Chemistry 

in 1937 and was knighted in 1947. 

Although the procedure in Study Problem 27.2 can be used for any carbohydrate, 

in some cases it is sometimes simpler to derive a cyclic structure from its relationship to 

another cyclic structure. First, notice that the structure of B-p-glucopyranose is easy to 

remember because, in one conformation, all ring substituents are equatorial (Study Prob- 

lem 27.2). Suppose, now, that we want to draw the conformation of B-p-galactopyranose. 

Because p-galactose and p-glucose are epimers at carbon-4, then the conformational 

representation of 6-p-galactopyranose can be quickly derived by interchanging the 

—H and —OH groups at carbon-4 of B-p-glucopyranose. 

F OH 
CH,OH._O eee HO ees = (27.6) 

OH HO Sie 
a or OH I H 

weer e eee sree ee seeseeeees 

B-D-glucopyranose £-D-galactopyranose 

Likewise, because mannose and glucose are epimeric at carbon-2, the structure of a 

D-mannopyranose can be simply derived by interchanging the —H and —OH groups 

at carbon-2 of the corresponding p-glucopyranose structure. 

Sometimes it becomes necessary to draw the conformation of a carbohydrate that 
either is a mixture of anomers or is of uncertain anomeric composition. In such cases, 
the configuration at the anomeric carbon is represented by a “squiggly bond.” 

CH,OH_O. = Sauiggly bond 
HO 

OH D-glucopyranose of mixed or 
HO OH | uncertain anomeric composition 

anomeric carbon 

26.4 Draw a Fischer projection, a Haworth projection, and, for the pyranoses, a chair 
structure for each of the following compounds. 
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*(a) a-p-fructopyranose (b) B-p-mannopyranose 

*(c) -p-xylofuranose (d) a-p-glucopyranose 

*(e) a-t-glucopyranose 

(f) a mixture of the a- and B-anomers of L-glucopyranose. 

21.0 Name each of the following aldoses. In (a), work back to the Fischer projection 

and consult Fig. 27.1. In (b), decide which carbons have configurations epimeric 

to those of glucose, and which have the same configurations; then use Fig. 27.1. 

*(a) | HOCH, (b) OH 
O CH,OHO 

When pure a-p-glucopyranose is dissolved in water, its specific rotation is found to be 

+112°. With time, however, the rotation of the solution decreases, ultimately reaching a 

stable value of +52.7° (Fig. 27.2). When pure B-p-glucopyranose is dissolved in water, 

<— pure a-anomer (112°) 

100° 

80° 

60° 

specific rotation 
40° 

20° 
<— pure B-anomer (18.7°) 

time 

Figure 27.2 Mutarotation of v-glucose. Equimolar aqueous solutions of pure a- or B-glucopyranose gradually 
change their specific optical rotations to the same final value that is characteristic of the equilibrium 
mixture. 
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it has a specific rotation of +18.7°. The rotation of this solution increases with time, also 

to +52.7°. This change of optical rotation with time is called mutarotation (muta = 

change). Mutarotation also occurs when pure anomers of other carbohydrates are dis- 

solved in aqueous solution. 

The mutarotation of glucose is caused by the conversion of the a- and B-glucopyra- 

nose anomers into an equilibrium mixture of both. The same equilibrium mixture is 

formed, as it must be, from either pure a-p-glucopyranose or B-p-glucopyranose. Muta- 

rotation is catalyzed by both acid and base, but also occurs even in pure water. 

CH,OH_-O CH,OHO 
HO ne Meee. 

H <r or base OH ee HO OH aci 
OH 

a-anomer (36%) B-anomer (64%) 
[a]p = +112° [a]p = +18.7° 

equilibrium mixture: [@]p = +52.7° 

Mutarotation occurs, first, by opening of the pyranose ring to the free aldehyde 

form. This is nothing more than the reverse of hemiacetal formation (Sec. 19.10A). Then 

a 180° rotation about the carbon-carbon bond to the carbonyl group permits re-closure 

of the hemiacetal ring by attack of the hydroxy group on the opposite face of the carbonyl 
carbon. 

opening of 
hemiacetal 

CH,OH-O CH,OH- OH 

sic) 

qa@-anomer 

180° internal rotation —=— 

closing of 
hemiacetal 

CH,OH OH H307* or OH CH,OH O 

OH 

Ne 

~ an 

H 

B-anomer (27.8) 

The mutarotation of glucose is due almost entirely to the interconversion of its two 
pyranose forms. Other carbohydrates undergo more complex mutarotations. For example, 
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the crystalline form of p-fructose, a 2-ketohexose, is B-p-fructopyranose. When crystalline 

D-fructose is dissolved in aqueous solution, it equilibrates to both pyranose and furanose 
forms. 

CH,OH 

mya aaa ae 
B-D-fructopyranose a-D-fructopyranose 

(57%) (3%) 

a es HOCH, O CH,OH 

H HO 

CH,OH H OH 

OH H 

8 -D-fructofuranose a-D-fructofuranose 
(31%) (9%) 

(27.9) 

Glucose in solution also contains furanose forms, but these are present in very small 

amounts—about 0.2% each. 

The foregoing discussion shows that a single hexose can exist in at least five forms: 

the acyclic aldehyde or ketone form, the a- and B-pyranose forms, and the a- and B- 

furanose forms. Modern techniques, particularly NMR spectroscopy, have enabled chem- 

ists to determine for many carbohydrates the amounts of the different forms that are 

present at equilibrium. The results for some monosaccharides are summarized in Table 

27.1 on p. 1340. 

Some general conclusions from this table are: 

1. Most aldohexoses and aldopentoses exist primarily as pyranoses, although 

a few have substantial amounts of furanose forms. 

2. There are relatively small amounts of noncyclic carbonyl forms of most 
monosaccharides. 

3. Mixtures of a- and B-anomers are usually found, although the exact 

amounts of each vary from case to case. 

The fraction of any form in solution at equilibrium is determined by its stability 

relative to that of all other forms. To predict the data in Table 27.1 for a given monosaccha- 

ride would require an understanding of all the factors that contribute to the stability or 

instability of every one of its isomeric forms in aqueous solution. In some cases, though, 

the principles of cyclohexane conformational analysis (Sec. 7.3, 7.4) can be applied, as 

Problem 27.8 illustrates. 
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Table 27.1 Compositions of Monosaccharides at 

Equilibrium in Aqueous Solution at 40° 
eee eee eee eee eee eee ee H eee E HEHE EEE EEEE HEE EEE HEHEHE HEE HH EEEEESEEEESEHEEEEEEEEHEEHESESEE EEE E EES 

Percent at equilibrium 

pyranose furanose aldehyde 

Sugar a B a B or ketone 

p-glucose 36 64 trace@ 0.003 

p-galactose? 27-36 64-73 trace trace 
D-mannose 68 ow) trace 0 trace 

p-allose 18 70 5 7 

p-altrose 27 40 20 13 

D-idose® 39 36 11 14 

p-talose 40 29 20 11 

p-arabinose4 63 34 3 
D-xylose 37; 63 

p-ribose 20 56 6 18 0.02 

p-fructose 0-3 57-75 4-9 21-31 0.25 

4 In 10% aqueous dioxane, glucose contains 0.1—0.2% of each furanose. 

Bb At 25 °C, galactose contains 29% a-pyranose, 64% $-pyranose, 3% a-furanose, and 4% -furanose. 

PETE 

d at 25 °C, arabinose contains 60% a-pyranose, 35% B-pyranose, 3% a-furanose, and 2% B-furanose. 

B|s'n\0/|¢/e)0/4 6/60/00. 0:0'0'9'e 0'0 060.0106. 6)0\0,0'6)010/0\0\b1e/0/0's)0\0'0\6/6\8/0\9'4\0\6/0:0'8' 618 600.0 8/6 F,0.0:60.6 0100010661009 0610.06 066.600 0 bn ewe unals 00:0 6.010.0000/60 00 6.0 0.05.00 clesebeeestliaavetacsucuceoensueececiescn 

227.6 Using the curved-arrow formalism, fill in the details for acid-catalyzed mutarota- 
tion of glucopyranose shown in Eq. 27.8. Begin by protonating the ring oxygen. 

Riven 

PROBLEMS 

Qik Using the curved-arrow formalism, fill in the details for base-catalyzed mutarota- 
tion of glucopyranose. Begin by removing a proton from the hydroxy group at 
carbon-1. 

*27.8 Consider the B-p-pyranose forms of glucose and talose. Suggest one reason why 
talose contains a smaller fraction of B-pyranose form than glucose. 

27.9 Draw a conformational representation of: 
(a) -p-allopyranose (b) a-p-idofuranose. 

“27.10 From the specific rotations shown in Fig. 27.2, calculate the amounts of a- and 
B-p-gtucopyranose present at equilibrium. (Assume that the amounts of aldehyde 
and furanose forms are negligible.) Compare your answer to the data given in 
Table 27.1. 

PEALE LSS ES EES 9 80) loie eieleselere) Seis eiese seieie\e/eip{eimieiniela\e}e\siaiais;eiaca{oinie eis)aiaiele:sieielsiaiain/ni4/aioiu 16\s] ola) olnisiaislsinceta\ainiels ahdis\e'v.einie csie(slelers’ aie etugia ote siaivlay's etareiatdaieinre-ocvetviatatelaeie aiaicetencre 



CH=O 

H OH 

HO H 

OH 

OH 

CH,0H 

D-glucose 

CH=O: 

HO YH-S1— oH 

HO H 

OH 

OH 

CH,0H 

D-glucose 
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PPC e ee ee eee eee Hee Eee EHD ee eee ease EE EEE EEEEEEFES EEE EEEEEEEH OH HE SESE DEE H EEE HEEEEEEEEEEE HEHE HEHEHE EEE EEE EEE HEHEHE EEE EES 

In base, aldoses and ketoses rapidly equilibrate to mixtures of other aldoses and ketoses. 

Cit ©) CH—© as 

H OH DO ae es C0) 

0.02 M 

penne at se traces of other 

H——0H pls he OH ~~ compounds 

H OH lal OH H OH 

CH,OH CH,OH CH,OH 

recovered D-mannose D-fructose 
D-glucose (0.8—2.4%) (29-31%) 
(63-67%) (27.10) 

This transformation is an example of the Lobry de Bruyn-Alberda van Ekenstein reac- 

tion, named for two Dutch chemists, Cornelius Adriaan van Troostenbery Lobry de 

Bruyn (1857-1904) and Willem Alberda van Ekenstein (1858-1907). Despite its rather 

formidable name, this reaction is a simple one, and is closely related to processes you 
have already studied. 

Although glucose in solution exists mostly in its cyclic hemiacetal forms, it is also 

in equilibrium with a small amount of its acyclic aldehyde form. This aldehyde, like other 

carbonyl compounds with a-hydrogens, ionizes to give small amounts of its enolate ion 

in base. Protonation of this enolate ion at one face of the double bond gives back glucose; 

protonation at the other face gives mannose. This is much like the process shown in Eq. 
22.6. 

ware ee ‘ CH=O 

-:C— OH C—OH HO eee OH 

<= |HO H <>» HO H => HO H 

OH H OH H OH 

OH H OH H—}— OH 

CH,OH CH,OH CH,OH 
ELO : one D-mannose (272) 

The enolate ion can also be protonated on oxygen to give a new enol, called an enediol. 

An enediol contains a hydroxy group at each end of a double bond. The enediol derived 

from glucose is simultaneously the enol of not only the aldoses glucose and mannose, 

but also the ketose fructose. 



1342 

HO: 

Sony 

Chapter 27 Carbohydrates and Nucleic Acids 

HC=0 HC——0 HC—O: | H—OH HC—OH 
| 2 

(Pele Spe S/o Swe Sed C—OH+7:0H — (27.122) 
| | | | 

glucose or enolate ion enediol 
mannose 

+ H—OH 

HC eee 
| IP 

Fes sae << Boe ae ae S (27.12b) 

Ro enolate ion 

enediol ; <p Le OH Ea 

Such base-catalyzed epimerizations and aldose-ketose equilibria need not stop at carbon- 

2. For example, fructose epimerizes on prolonged treatment with base (why?). 

Several transformations of this type are important in metabolism. One such reaction, 

the conversion of glucose-6-phosphate into fructose-6-phosphate, occurs in the break- 

down of glucose (glycolysis), the series of reactions by which glucose is utilized as a food 

source. Since biochemical reactions occur near pH 7, there is too little hydroxide ion 

present to catalyze the reaction. Instead, the reaction is catalyzed by an enzyme, glucose- 
6-phosphate isomerase. 

CH=O eae 

H OH C=O 

HO H HO H glucose-6-phosphate 
isomerase (enzyme) 

OH = mars Wee OH ay 
OH H OH 

CHLOPOss CH,OPO3- 

glucose-6-phosphate fructose-6-phosphate 

eae Sai OLS SSS: SI818) nS bie! (0/818) 210) 02) 210; #41919 /0:0;6:0 4:6i0\016;01s)8in)e plessleieia a(e\slale|p a\ee'e:e,stpvnip/aa) iis bisa ece's,6\0[u(a\¥iainial nin’ gray¥le\ bia als (a)a\¥ e'ove nia ninlaie'sersdieiwiavate’s wipisteraieeinieisicistaintatele ai iniecincicictoe 

27.11 Into what other aldose and 2-ketose would each of the following aldoses be 
transformed on treatment with base? Give the structure and name of the aldose, 
and the structure of the 2-ketose. 

*(a) p-galactose (b) v-allose 
EE Ee GSI ERP ALE ONS MISIR NRG A RS HE: O°M #01:e Pelee Rial aiNyAid Asien, Wi Bie hi ei8 Q0i sie ein Oe 8's AM AMN DNS ONG MTOR Meee SMS wEW Magan see (s ib Rew RNR Bete enisit arsed ain annie eo a ete eae TI 



Papier) Glycosides 1343 
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RS 
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Most monosaccharides react with alcohols under acidic conditions to yield cyclic acetals. 

CH,OHO 
HO 

HO OH“ OH + CH,0OH CY 

D-glucose 

CH,OH-O CH,OH-O 

NEN iis oe + H,O I H OCH; 2 
HO OH | HO OH 

OCH, H 

methyl a-D-glucopyranoside methyl 6-D-glucopyranoside 

(83-85% yield; separated by fractional crystallization) (27.14) 

Such compounds are called glycosides. They are special types of acetals in which one of 
the oxygens of the acetal linkage is the ring oxygen of the pyranose or furanose. 

O 

H acetal linkage 

OR 

As illustrated in Eq. 27.14, glycosides are named as derivatives of the parent carbohy- 
drate. The term pyranoside indicates that the glycoside ring is a six-membered ring. The 
term furanoside is used for a five-membered ring. 

Glycoside formation, like acetal formation, is catalyzed by acid and involves an 
a-alkoxy carbocation intermediate (Sec. 19.6). 

CHV AOF CH,OH 0; i 

NE = oe = HO faye, OD HO OH “OH, 

Gls 

es 
StupDy GUIDE LINK: Girone Oo: GHOHE O« 

127.2 HO \) HO ~ 
Acid Catalysis of <> 

Carbohydrate is(@) Onn HO OH 
Reactions 

an a-alkoxy carbocation (27.15a) 
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CH,OH_-O H eee CH,OH-O t 
HO r\s ie LO ar OCHs 

Lor OCH; DOCH, HO = 
HO Onset OH 

H H 
attack at 

upper face / methyl 6-p-glycopyranoside 

Ve 8 4 3 

oeN aa HO OH, + 

attack at 
lower face | 

CH,OH_-O CH,CH 0 : HO E WES PrOCH 
H HOCH; H 

HO OH J, HO OH | 

| 
H methyl a-D-glucopyranoside 

(27lSc) 

It is useful to contrast what happens to a carbohydrate and what happens to an 
ordinary aldehyde or ketone in the presence of alcohol and acid. When an aldehyde 
reacts with methanol to form an acetal (Sec. 19.10A), two additional carbon atoms are 
incorporated into the molecule. When glucose forms a methyl glycoside, only one addi- 
tional carbon atom is incorporated; the other part of the acetal group is derived from 
the carbohydrate itself. 

CEs 

acid 
R—CH=O + 2CH;0H == R—CH + HO (27.16a) 

OCH, 

acetal 

O O 
2 acid 

+ CH,0H =——= pol s@) (27.16b) 
OH OCH, 

glycoside 

This difference between aldoses and ordinary aldehydes is one piece of evidence that led 
early chemists to suspect the cyclic (pyranose or furanose) structure of carbohydrates. 
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CH,OH 
HO CH,OH 

salicin 
HO OH aa (from extract of willow bark) 

Adriamycin 
(an antitumor drug) 

HO 

Figure 27.3 Two naturally occurring glycosides of medicinal interest. The carbohydrate part of each glycoside is 
shown in color. 

Like other acetals, glycosides are stable to base, but are hydrolyzed in dilute aqueous 

acid back to their parent carbohydrates. 

CEoOn © CH,OH ~O 

Se ess + HO Ht puarccale ee, + HOCH, 
OCH 

HO OH : (27.17) 

Many compounds occur naturally as glycosides; two examples are shown in Fig. 

27.3. In addition, glycoside formation plays an important role in the removal of some 

chemicals from the body. In this process, a carbohydrate is joined to an —OH group 

of the substance to be removed. The added carbohydrate group makes the substance 

more soluble in water and, hence, more easily excreted. 

Like simple methyl glycosides, the glycoside of a natural product can be hydrolyzed 

to its component alcohol or phenol and carbohydrate. 

CH OH © _H;0* | CH,OH_-O 
a 

ns 

lath ollie) AN into alcohol or phenol 

(27.18) 
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Pererrrrereererrrr rrr rrr ere eee ree rere eee eee Pee eee eee meee eee eee tHE EH eee eee eee sees E EEE EES EE EERE HEHE SEES 

LO, *27.12 (a) Name the following glycoside. 

ee OH 
sug caine CH,OH_-O 

HO OH 

(b) Into what products will this glycoside be hydrolyzed in aqueous acid? 

27.13 Vanillin (the natural vanilla flavoring) occurs in nature as a B-glycoside of 

glucose. Suggest a structure for this glycoside. 

CH,O 

HO Ca @ vanillin 

27.14 Draw structures for: 

*(a) methyl B-p-fructofuranoside (b) isopropyl a-p-galactopyranoside 

Ether and Ester Derivatives of Carbohydrates 
POOR emer errr reer eee reer esses EE SEES ESSE SHEE EHEHE EEE EE ESESE EEE EEEEEEESESEEEEEEEEEEEE EEE EESESEEE EOE EEEEE RSE S EEE EES 

Because carbohydrates contain many —OH groups, it should not be surprising that 

carbohydrates undergo many of the reactions of alcohols. One such reaction is ether 

formation. In the presence of concentrated base, carbohydrates are converted into ethers 

by reactive alkylating agents such as dimethyl sulfate, methyl iodide, or benzyl chloride. 

O 
CH,OH_-O Tl 

NaOH HO Sir a eae ie os > 

OH 
HO OH O 

dimethyl sulfate 
(see Eq. 10.20) 

CH,0CH, 0 

CH30 =F Sy | ane 

(Gia 
CH;0 OCH, : O 

methyl 2,3,4,6-tetra- 
O-methyl-p-glucopyranoside (27.19) 

(Note that the ethers are named as O-alkyl derivatives of the carbohydrates.) These 
reactions are examples of the Williamson ether synthesis (Sec. 11.1A). This synthesis with 
most alcohols requires a base stronger than ~OH to form the conjugate-base alkoxide. 
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The hydroxy groups of carbohydrates, however, are more acidic (pK, ~ 12) than those 

of ordinary alcohols. (The higher acidity of carbohydrate hydroxy groups is attributable 

to the polar effect of the many neighboring oxygens in the molecule.) Consequently, 

substantial concentrations of their conjugate-base alkoxide ions are formed in concen- 

trated NaOH. A large excess of the alkylating reagent is used because hydroxide itself, 

present in large excess, also reacts with alkylating agents. It is interesting that little or no 

base-catalyzed epimerization (Sec. 27.4) is observed in this reaction, despite the strongly 

basic conditions used. Evidently, alkylation of the hydroxy group at the anomeric carbon 

is much faster than epimerization. Once this oxygen is alkylated, epimerization can no 

longer occur (why?). 

Other reagents used to form methyl ethers of carbohydrates include CH;I/Ag,O, 

and the strongly basic NaNH, (sodium amide) in liquid NH, followed by CH,I. 

Remember that the alkoxy group at the anomeric carbon is different from the other 

alkoxy groups in an alkylated carbohydrate because it is part of the glycosidic linkage. 

Because it is an acetal, it can be hydrolyzed in aqueous acid under mild conditions: 

CH,OCH, CH,OCH; 
O Oe 

Brera nar sings HG yl ear no + CH;OH 
OCH OH 

CH;O OCH, : CH;0 OCH, (27.20) 

The other alkoxy groups are ordinary ethers and do not hydrolyze under these conditions. 

They require much stronger conditions for cleavage (Sec. 11.3). 

Another reaction of alcohols is esterification; indeed, the hydroxy groups of carbohy- 

drates, like those of other alcohols, can be esterified. 

CH,OH O excess acetic CH,OAc _O 

OH pyridine or aci OAc 

HO OH AcO OAc 

D-glucopyranose 1,2,3,4,6-penta- O -acetyl-D- 
glucopyranose 
(83% yield) 

Ester derivatives of carbohydrates can be saponified in base or removed by transesterifica- 

tion with an alkoxide such as methoxide: 

O 

| 
CHO — cn: 

H30H Cr ee 

O 
| 

+ 5CH;—C—OCH; 27.22) 
OH 

HO OH 
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Ethers and esters are used as protecting groups in reactions involving carbohydrates. 

Because ethers and esters of carbohydrates have broader solubility characteristics and 

greater volatility than the carbohydrates themselves, they also find use in the characteriza- 

tion of carbohydrates by chromatography and mass spectrometry. 

POOH EERE EEE EEE EEE EE EEE EEE ESE HEHEHE HEHEHE EEEEEEEEE EEE EEE EE ESOS HEHEHE ESEE EEE EEE HEEEHEEEEEEE EES EEEEEEEEEE EEE SESEEEEEEEEEHEEEEH EE EES 

Outline a sequence of reactions by which glucose can be converted into methyl 2,3,4,6- 

tetra-O-acetylglucopyranoside. 

CH,OAc _O 

AcO 

hee OAc OCH; methyl 2,3,4,6-tetra- O -acetylglucopyranoside 

Solution In solving problems of this sort, in which apparently similar hydroxy groups 

are converted into different derivatives, the key is to recognize that hydroxy groups and 

alkoxy groups at the anomeric position (carbon-1 in aldoses) behave quite differently 
than these groups at other positions. As the text discussion above shows, the hydroxy 

group at carbon-1 of glucose is part of a hemiacetal group, and alkoxy groups at the same 

carbon are part of an acetal group. Acetals are formed and hydrolyzed under much milder 

conditions than ordinary ethers. Consequently, the methyl “ether” (actually, a methyl 

acetal) at carbon-1 can be formed by treating glucose with methanol and acid. The 

remaining hydroxy groups can then be esterified with excess acetic anhydride (as in Eq. 
27.21) to give the desired product: 

CH,OH © excess acetic CH,0Ac 

glucose ——=——»> — a HO anhydride REO 

pyridine OCH, 

(27.23) 

COU C OC COCOOCUOUOUC UCC CCOCO OC OUD OOO OOO OOO COO COO UOC OO UGC GU CUE CROCCO CO COCO OCU CCI OOOOO OOOO OCIOOOO OOO CRO OOOO OIOOIOIOICIGOOOOOIONOOOOOOOOOOCCCCCICICOCICOCCCITT cr 

*27.15 Explain why acetals hydrolyze more rapidly than ordinary ethers. (Hint: Con- 
sider hydrolysis by a carbocation mechanism.) 

27.16 Outline a sequence of reactions that will bring about each of the following 
conversions. 

*(a) p-galactopyranose to ethyl 2,3,4,6-tetra-O-methyl-p-galactopyranoside 
(b) p-glucopyranose to 2,3,4,6-tetra-O-benzyl-p-glucopyranose 

Sele; eiejeie)eleleie)eis\e!A)6\0;0)¢ ¢:¢\6:e/2i0'8/019/e]e!elele)elelaje\ele(siaie)e)e\s)e'e/¢'e;a)e'0\s o'0/6)0:8\u)sin/e\sis)ai6ieis)a'¢| ais. 6, ofajefe)sielb!sis)ares[e(4\6laje|e\e e/6)4(n)=\nia(e\a/¢.9:0\e]6\6ieia] sale) die:e'ere\e'pieiptale(als{s'a\s/a) Viaeleleleleipietelalereisiaielerate'aieielercclaieieeione 

S)sieleretele:eieieie)¢\e)4ia/e eis) eisieleie.oi¢jeis\eisje}eisisiaivisie\e{s/e\eje\e/n\s\ste}eje\eip\6\a\6)els[«) 6]¢[ole(p\elela)e]0160\\6in1s/0\s\a/n|0|u 0's (o[616]0 s[6\n\aiwiolal6ieieieinleialole aieialelpleiwioteiaiaia’viaisvslefelsietelsternele 

Like simpler aldehydes, the aldehyde group of aldoses can be both oxidized and reduced. 
It is also possible to oxidize selectively the primary alcohol group of an aldose. The 
structures and names of the common oxidation and reduction products of aldoses are 
summarized in Table 27.2. 
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Table 27.2 Structures of Common Oxidation 

and Reduction Products of Aldoses 

General structure: x ia W 

OF) 
SPEER e eee e eee em eee eee ree esses sssss seers Here eH Ee EH EHH H HESS EEEE HEHEHE HEE EESEESEEEEEEESESE EEE EE EES 

General Example derived 

X— = —Y= _ name from glucose 

rOG@E pa —_CH=—0O aldose glucose 

HOCH,— == OO EL aldonic acid gluconic acid 

KOKO ae One aldaric acid glucaric acid 

HOCH, — —CH,0OH alditol glucitol 

HO;e— a Gl ——@) uronic acid glucuronic acid 
POOR O eee mmm m ema e anes seer eee eee sees ees s esse ss eee He eee eee eee eee eee Ess ESEE EE ESSE EE EEE eee EsseHeHeeeeEES 

TOPO O meee eee eee eee e eee eseeeeeresess sess see Eee Eee EEE EEEEEEEESEE EEO E DESEO ELESESESEEEESESEEE SEH E OEE EEE TEESE SEED DEES OEE E SEES EEE ESE ES ESSE eEeeeEEEEe® 

27.17 Using Table 27.2 to assist you, draw a Fischer projection for the structure of 

*(a) galacturonic acid, the uronic acid derived from galactose; (b) ribitol, the 

alditol derived from ribose. 

FORO HH eee eee eee eea reer arene esses sssE EE EH Eee HEE EEE EEEEEEEEEEES HEE E ODEO OOOOH EEHEEE HEHE HEHE EHH EEEEEEEEEESESEEE EEE EEE E EEE EEEEEEEEEEEE EERE EEE TEESE EE EEES 

PPO eee eee eee e esas eee eee eee eee EEE Ee EET EEE HEE EEEEEE SESE HEHE SEES HEHEHE EEE EEE EE EE EE EEE EEEE EEE EEE OEE EEE eEES 

Treatment of an aldose with bromine water oxidizes the aldehyde group to a carboxylic 

acid. The oxidation product is an aldonic acid (see Table 27.2). 

CH=O CO,H 

H OH H OH 

HO H Br HO H 
H,O (27.24) 

OH CaCO; H OH 
pH 5-6 

OH H OH 

CH,OH CH,0OH 

D-glucose D-gluconic acid 
(an aldonic acid; 

77-96% yield as Ca’* salt) 

Although it is customary to represent aldonic acids in the free carboxylic acid form, they, 

like other y- and 6-hydroxy acids (Sec. 20.8A), exist in acidic solution as lactones called 

aldonolactones. The lactones with five-membered rings are somewhat more stable than 
those with six-membered rings. 
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O O 

| | 
C—OH C 

H OH H OH 

HO H _H,0 HO H 

or 

OH O 

H OH OH 

CH,OH CH,OH 

D-gluconic acid D- y-gluconolactone (an aldonolactone) (27.25) 

Oxidation with bromine water is a useful test for aldoses. Aldoses can also be oxidized 

with other reagents, for example, Tollens’ reagent (Ag*(NH3).; Sec. 19.14). However, 

because Tollens’ reagent is alkaline and causes base-catalyzed epimerization of aldoses 

(Sec. 27.4), it is less useful synthetically. Because the alkaline conditions of Tollens’ test 

also promote the equilibration of aldoses and ketoses, ketoses also give positive Tollens’ 

tests. Glycosides are not oxidized by bromine water, because the aldehyde carbonyl group 
is protected as an acetal. 

B. Oxidation to Aldaric Acids 

Dilute nitric acid oxidizes aldehydes and primary alcohols to carboxylic acids without 
affecting secondary alcohols. Consequently, this is a very useful reagent for converting 
aldoses (or aldonic acids) into aldaric acids (Table 27.2). 

be a HNO; (dilute) HS # D-glucaric acid 

OH 55-60° H OH (an aldaric acid) (27.26) 

CH,OH CO,H 

p-glucose (41% ee he as 

Like aldonic acids, aldaric acids in acidic solution form lactones. Two different five- 
membered lactones are possible, depending on which carboxylic acid group undergoes 
lactonization. Furthermore, under certain conditions, some aldaric acids can be isolated 
as dilactones, in which both carboxylic acid groups are lactonized. 
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CO.H 
CO.H 

H OH 
H OH H 

O H ae) 
HO H HO 

H OH 
ee) OH H 

H OH 
H OH OH 

hg 
l COH CO.H 
O 

D-glucaric acid 
D-glucaric acid -2H20 1,4-lactone 

3,6-lactone y 

O 

| 
(G 

OH 
H OH 

ak H O 
O H H 

A O 

Strupy GuIpDE LINK: H O O | OH 
v 27.3 H O 

Configurations of H OH H 
Aldaric Acids 

(G 

| 
O 

D-glucaric acid 1,4: 3,6-dilactone (27.27) 
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*27.18 Give Fischer projections for the aldaric acids derived from both p-glucose and 
t-gulose. What is the relationship between these structures? 

i oat i ge a 

27.19 Draw a Fischer projection for the aldaric acid, and a structure of the 1,4-lactone, 

derived from the oxidation of *(a) p-galactose; (b) p-mannose. 

27.20 Give the product formed when each of the following alcohols is oxidized by 
dilute HNO3. 

aia) (b) HOCH,CH,CH,CH,OH 

CH,OH 
HO’ wea 
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C. Periodate Oxidation 

Many carbohydrates contain vicinal glycol units and, like other 1,2-glycols, are oxidized 

by periodic acid (Sec. 10.6C). A complication arises when, as in many carbohydrates, 

more than two adjacent carbons bear hydroxy groups. When one of the oxidation products 

is an a-hydroxy aldehyde, as in the following example, it is oxidized further to formic 

acid and another aldehyde. 

OH OH OH OH O ‘ 
ene | 

= hr Ge Rae en ee Ch CL CLT 
t oxidized 

a-hydroxy aldehyde Nees 

| H;10¢ 

O O 

| | 
R— C—H + HO—C—H 

formic acid (27.28) 

By analogy, an a-hydroxy ketone is oxidized to an aldehyde and a carboxylic acid. 

Because it is possible to determine accurately both the amount of periodate consumed 

and the amount of formic acid produced, periodate oxidation can be used to differentiate 

between pyranose and furanose structures of saccharide derivatives. For example, perio- 

date oxidation of methyl a-p-glucopyranoside liberates one equivalent of formic acid: 

not a 1,2-glycol; 
not oxidized 
oS O 

CH,OH -O ul __H,0H-0 ] 
HO H510¢ oe (27.29a) ap HC H + H— C—OH 

HO Ont | formic acid 
OCH, O OCH, (observed) 

A furanose form of this glycoside, however, would liberate only formaldehyde: 

HO—CH, 

HO—CH H O=CH 
O H510¢ O A OH H — 

aE CH,—O 

OCH; CH HC OCH3 — formaldehyde —(27.29b) 
pel Hee OH @° 6 

The periodate oxidation of carbohydrates was developed by C. S. Hudson (1881- 
1952), a noted American carbohydrate chemist. It was used extensively to relate the 
anomeric configurations of many carbohydrate derivatives. How this was done is suggested 
by Problems 27.21 and 27.22. 
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aa 

*27.21 Explain why the methyl a-p-pyranosides of all p-aldohexoses give, in addition 

to formic acid, the same compound when oxidized by periodate. 

27.22 Assuming you knew the properties of the compound obtained in Problem 27.21, 

including its optical rotation, show how you could use periodate oxidation to 

distinguish methyl a-p-galactopyranoside from methyl B-p-galactopyranoside. 
TORR e meme eee RHEE EHH H eee EEE EE ERE HEHE EEE E EEE HEHE EERE SESE SEES EEE EES SEES ESE E HEHEHE TEESE EEE SEES SEES EEE H EEE E EEE EEEEEEEEEEEEH HEHEHE EEE E EEE EE EEES 
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Aldohexoses, like ordinary aldehydes, undergo many of the usual carbonyl reductions. 

Por example, sodium borohydride (NaBHg, Sec. 19.8) reduces aldoses to alditols (Table 

PP) 

CH=O CH,0H 

H OH H OH 

A s NaBH, we Hi (90% yield); (27.30) 

LO iaar 4 eee ate a eal See 
H = OH H OH 

CH,OH CH,OH 

D-galactose galactitol (dulcitol) 
an alditol 

Catalytic hydrogenation (for example, H, with a Raney nickel catalyst in aqueous ethanol) 

can also be used for the same transformation. 

In the oxidation and reduction reactions discussed in this section aldoses have been 

depicted in their carbonyl forms rather than in their cyclic hemiacetal forms. Do not lose 

sight of the fact that all forms are present at equilibrium, and the aldehyde form can 

react even though it is present in a very small amount. Once it reacts, it is immediately 

replenished (LeChatelier’s principle). Thus, when the aldehyde group reacts with NaBH, 
to give alditol, the equilibrium provides more of the aldehyde form: 

cyclic (hemiacetal) forms ~«— aldehyde form — alditol (27.31) 

Furthermore, the acidic or basic conditions of many aldehyde reactions (basic conditions 

in the case of NaBH, reduction) catalyze this equilibrium. Not only is more aldehyde 

formed, but it is formed rapidly. 

Kiliani-Fischer Synthesis 

Aldoses, like other aldehydes, add hydrogen cyanide to give cyanohydrins (Sec. 19.7). 

Notice that the following reaction, like several others that have been discussed, involves 

the aldehyde form of the sugar. 
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additional 
asymmetric carbon 

(Ge Pil C==N 

CHO 
H OH HO H 

HO H 
HO H HO 1! 

H OH +NacN —228, a: (27.32) 
PH OH H OH 

H OH 
H OH OH 

CH,OH 
CH,OH CH,OH 

D-arabinose 

D-gluconitrile D-mannonitrile 
(29% yield) (51% yield) 

Because the cyanohydrin product has an additional asymmetric carbon, it is formed 

as a mixture of two epimers. Because these epimers are diastereomers, they are typically 

formed in different amounts (Sec. 7.8B). Although the exact amount of each is not easily 

predicted, in most cases significant amounts of both are obtained. 

The mixture of cyanohydrins can be converted into a mixture of aldoses by catalytic 

hydrogenation, and these aldoses can be separated. 

C=N CH=NH CHO 

H OH H OH H OH 

HoH HO H HO Hi H, + eee as ae ingle (apes) 
H OH pH vie OH : ie OH 

a OF H OH H OH 
CH,OH CH,OH CH,0H 

imine 
intermediate 

As this equation shows, the hydrogenation reaction involves reduction of the nitrile to 
an imine (or a cyclic carbinolamine derivative of the imine). Under the reaction condi- 
tions, the imine hydrolyzes readily to the aldose and ammonium ion. 

This example shows that cyanohydrin formation followed by reduction converts an 
aldose into two epimeric aldoses with one additional carbon. That is, two aldohexoses, 
epimeric at carbon-2, are formed from an aldopentose. Notice particularly that this 
synthesis does not affect the stereochemistry of carbons 2, 3, and 4 in the starting material. 

The formation of cyanohydrins from aldoses was developed by Heinrich Kiliani 
(1855-1945), Head of the Medicinal Chemistry Laboratory at the University of Freiburg. 
Kiliani also showed that the cyanohydrins could be hydrolyzed to aldonic acids. Emil 
Fischer, whose remarkable accomplishments in carbohydrate chemistry are described in 
the following section, developed a method to reduce the aldonic acids (as their lactones) 
to aldoses. The three processes—cyanohydrin formation, hydrolysis, and reduction—pro- 
vided a way to convert an aldose into two other aldoses with one additional carbon. The 
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overall transformation came to be known as the Kiliani-Fischer synthesis. The chemistry 

shown in Eqs. 27.32—27.33 is a modern variation of the Kiliani-Fischer synthesis developed 

in the 1970s. 

Kiliani, a noted authority on carbohydrates, also proved the structures of several 

monosaccharides, including the 2-ketose structure of fructose. 
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*27.23 Assuming the p configuration, identify A and B. 

dilute HNO, 
an aldopentose A an aldaric acid, optically inactive 

Kiliani-Fischer 
synthesis 

an aldose B _ dilute HNO; 5 

(one of two formed) 

an aldaric acid, optically inactive 
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Proof of Glucose Stereochemistry 

The aldohexose structure of (+)-glucose was established around 1870. The van’t Hoff- 

LeBel theory of the tetrahedral carbon atom, published in 1874 (Sec. 6.12), suggested the 

possibility that glucose and the other aldohexoses could be stereoisomers. The problem 

to be solved, then, was: Which one of the 2* possible stereoisomers is glucose? This 

problem was solved in two stages. 

A. Which Diastereomer? The Fischer Proof 
PERO ee OOOH meee RHEE EEE EEE H HEED EEE EEE EEEE HEHEHE HEHEHE SEES EEE E ESHEETS EEE EEE SESE EESEE ESSE EE EEE EEE EEE EEEEEEEES EES 

The first (and major) part of the solution to the problem of glucose stereochemistry 

was published in 1891 by Emil Fischer, a German chemist who carried out landmark 

investigations in several fields of organic chemistry. It would be reason enough to study 

Fischer’s proof as one of the most brilliant pieces of reasoning in the history of chemistry. 
However, it also will serve to sharpen your understanding of stereochemical relationships. 

It is important to understand that in Fischer’s day there was no way to determine 

the absolute stereochemical configuration of any chemical compound. Consequently, 

Fischer arbitrarily assumed that carbon-5 (the configurational carbon in the p,L system) 

of (+)-glucose has the —OH on the right in the standard Fischer projection; that is, 

Fischer assumed that (+)-glucose has what we now call the p configuration. No one 

knew whether this assumption was correct; the solution to this problem had to await the 

development of special physical methods not available in Fischer’s day. If Fischer’s guess 

had been wrong, then it would have been necessary to reverse all of his stereochemical 

assignments. Fischer, then, proved the stereochemistry of (+)-glucose relative to an 

assumed configuration at carbon-5. The remarkable thing about his proof is that it allowed 

him to assign relative configurations in space using only chemical reactions and optical 

activity. The logic involved is. direct, simple, and elegant, and can be summarized in four 

steps: 
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Step 1 (—)-Arabinose is converted into both (+ )-glucose and (+ )-mannose by a Kiliani- 

Fischer synthesis. From this fact (see Sec. 27.8), Fischer deduced that (+)-glucose and 

(+)-mannose are epimeric at carbon-2, and that the configuration of (—)-arabinose at 

carbons 2, 3, and 4 is the same as that of (+)-glucose and (+)-mannose at carbons 3, 

4, and 5, repectively. 

opposite configurations 

CHO CHO 

CH=0 H—+#= OH HOH 

2 ? <— same —> Q 

Kiliani-Fischer Sat 2 iy Ce 

H OH H OH ee OU 

SSu wa CH,OH CH,OH CH,OH 

(—)-arabinose one is (+)-glucose; one is (+)-mannose 

Step 2 (—)-Arabinose can be oxidized by dilute HNO; (Sec. 27.7B) to an optically active 

aldaric acid. From this, Fischer concluded that the —OH group at carbon-2 of arabinose 

must be on the left. If this —OH group were on the right, then the aldaric acid of 

arabinose would have to be meso, and thus optically inactive, regardless of the configuration 

of the —OH group at carbon-3. (Be sure you see why this is so; if necessary, draw both 

possible structures for (—)-arabinose to verify this deduction.) 

CO,H CHO CO,H 

__ HNO; __HNO; 
(2735) 

CH,0H CO,H CH,0H CO,H 
bi optically active cannot be meso 

(—)-arabinose arabinose (optically inactive) 

The relationships among arabinose, glucose, and mannose established in Steps 1 and 2 
require the following partial structures for (+)-glucose and (+)-mannose. 

Ci —@ Cr © 

CH=O H OH HO H 

HO H HO H HO H 

2 same configurations (Step 1) 2 <—— same ——> 2 (27.36) 
z configurations 

H OH H OH H OH 

CH,OH CH,0H CH,0H 

(—)-arabinose one is (+)-glucose; 
one is (+)-mannose 
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Step 3 Oxidations of both (+)-glucose and (+)-mannose with HNO; give optically 

active aldaric acids. From this, Fischer deduced that the —OH group at carbon-4 is on 

the right in both (+)-glucose and (+)-mannose. Recall that whatever the configuration 

at carbon-4 in these two aldohexoses, it must be the same in both. Only if the —OH is 

on the right will both structures yield, on oxidation, optically active aldaric acids. If the 

— OH were on the left, one of the two aldohexoses would have given a meso, and hence, 

optically inactive, aldaric acid. 

CHO CHO CHO CHO 

H OH HO H H OH no H 

HO Jal HO H HO Jel HO 

Or OH cate HO 

igh Bla! OH H——_OH H OH 

CH,OH CH,0H CH,OH CH,0H 

one is (+)-glucose; neither can be glucose nor 
one is (+)-mannose mannose 

| HNO, | HNO, HNO, | HNO; y 

CO,H CO,H CO,H CO,H 

H OH HO H H OH HO lg! 

HO H HO H HOH HO—}—H 

H OH OH HO Jal HO H 

H OH OH ce ete H OH 

CO2H CO,H CO,H CO,H 

both optically active meso 

Because the configuration at carbon-4 of (+)-glucose and (+)-mannose is the same as 

that at carbon-3 of (— )-arabinose (Step 1), at this point Fischer could deduce the complete 

structure of (— )-arabinose. 

CH=O 

H OH 

Ok ae 

H OH 

H OH 

CH,0H 

CHO 

HO H 

HO lal implies 

on (Stee) 

OH 

CH,OH 

one is (+)-mannose; one is (+)-glucose 

CH=O 

HO H 

Be a OE 

H OH 

CH,0H 

(—)-arabinose 

(27.38) 
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Step 4 The previous steps had established that (+ )-glucose had one of the two structures 

in Eq. 27.38 and (+)-mannose had the other, but Fischer did not yet know which 

structure goes with which sugar. This point is confusing to some students. Fischer’s 

situation was like that of a young man who has just met two sisters, but he doesn’t know 

their names. So he asks a friend: “What are their names?” The friend says, “Oh, they are 

Mannose and Glucose; only I don’t know which is which!” Just because the young man 

knows both names doesn’t mean that he can associate each name with each face. Similarly, 

although Fischer knew the structures associated with both (+ )-glucose and (+ )-mannose, 

he did not yet know how to correlate each aldose with each structure. 

This problem was solved when Fischer found that another aldose, (+ )-gulose, can 

be oxidized with HNO; to the same aldaric acid as (+)-glucose. (Fischer had synthesized 

(+)-gulose in the course of his research.) How does this fact differentiate between 

(+)-glucose and (+)-mannose? Two different aldoses can give the same aldaric acid only 

if their —CH==O and —CH,OH groups are at opposite ends of an otherwise identical 

molecule (Problem 27.18). Interchange of the —CH,OH and —CH=O groups in one 

of the aldohexose structures in Eq. 27.38 gives the same aldohexose. (You should verify 

that these two structures are identical by rotating either one 180° in the plane of the page 
and comparing it to the other.) 

CH,OH CO.H =O 

H 

__HNO3 INO; _ i 
Cio) 

OH 

OH 

CH= ORM CO.H CH,OH 
same aldohexose: fart asleote 

Because there is only one adohexose that can be oxidized to this aldaric acid, that 
aldohexose cannot be (+ )-glucose; therefore it must be (+)-mannose. Interchanging the 
end groups of the other aldohexose structure in Eq. 27.38 gives a different aldose: 

H OH El OH H OH 

HO H HNO, HO lal HNO, HO H 

(27.40) 
OH OH OH 

OH it OH H @Or 

CH,OH CO,H Chi ©) 

D-(+ )glucose L-(+)gulose 

different aldohexoses 

Consequently, one of these two structures must be that of (+)-glucose. Only the structure 
on the left is one of the possibilities listed in Eq. 27.38; consequently, this is the structure 
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of (+)-glucose. The structure on the right of Eq. 27.40, then, is that of (+)-gulose. (Note 

that (+)-gulose has the t-configuration; that is, the —OH group at carbon-5 in the 

standard Fischer projection is on the left. Rotate the (+)-gulose structure 180° in the 

plane of the page to see this.) 

EMIL FISCHER 

Emil Fischer (1852-1919) studied with Adolph von Baeyer and ultimately 

became Professor at Berlin in 1892. Fischer carried out important research 

on sugars, proteins (he devised the first rational syntheses of peptides), and 

heterocycles (for example, the Fischer indole synthesis). Fischer was a technical 

advisor to Kaiser Wilhelm. The following story gives some indication of the 

authority that Fischer commanded in Germany. It is said that one day he 

and the Kaiser were arguing questions of science policy, and the Kaiser sought 

to end debate by pounding his fist on the table, shouting, “Ich bin der Kaiser!” 

(I am the King!) Fischer, not to be silenced, responded in kind: “Ich bin 

Fischer!” Another story, perhaps apocryphal, attributes an important labora- 

tory function to Fischer’s long, flowing beard. It was said that when a student 

had difficulty crystallizing a sugar derivative (some of which are notoriously 

difficult to crystallize), Fischer would shake his beard over the flask containing 

the recalcitrant compound. The accumulated seed crystals in his beard would 

fall into the flask and bring about the desired crystallization. Fischer was 

awarded the Nobel Prize in 1902. 

An aldopentose A can be oxidized with dilute HNO; to an optically active aldaric 

acid. A Kiliani-Fischer synthesis starting with A gives two new aldoses B and C. 

Aldose B can be oxidized to an achiral, and therefore optically inactive, aldaric 

acid, but aldose C is oxidized to an optically active aldaric acid. Assuming the 

D configuration, give the structures of A, B, and C. 

27.25 An aldohexose A is either p-idose or p-gulose (see Fig. 27.1). It is found that a 

different aldohexose, L-(—)-glucose, gives the same aldaric acid as A. What is 

the identity of A? 
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6b. Which Enantiomer? The Absolute 

Configuration of D-(+)-Glucose 

Fischer never learned whether his arbitrary assignment of the absolute configuration of 

(+)-glucose was correct, that is, whether the —OH at carbon-5 of (+)-glucose was 

really on the right in its Fischer projection (as assumed) or on the left. The groundwork 

for solving this problem was laid when the configuration of (+)-glucose was correlated 

to that of (—)-tartaric acid. (Stereochemical correlation was introduced in Sec. 6.5.) This 

was done in the following way. 
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CH,0OH 

D-glucose 

Carbohydrates and Nucleic Acids 

(+ )-Glucose was converted into (— )-arabinose by a reaction called the Ruff degrada- 

tion. In this reaction sequence, an aldose is oxidized to its aldonic acid (Sec. 27.7A), and 

the calcium salt of the aldonic acid is treated with ferric ion and hydrogen peroxide. This 

treatment decarboxylates the calcium salt and simultaneously oxidizes carbon-2 to an 

aldehyde. 

COs. Gar" /2 Chiat) 

H OH OS Sal 

1) Br,/H,O HO—}—H Fe(OAe); H CON aoa 
2) Ca(OH), A 30% HO; ‘ ae 

ee aE CH,OH 

CH,OH D-arabinose 
(41% yield) 

calcium gluconate 

In other words, an aldose is degraded to another aldose with one fewer carbon atom, its 
stereochemistry otherwise remaining the same. Because the relationship between (+)- 
glucose and (—)-arabinose was already known from the Kiliani-Fischer synthesis (see 
Step | of the Fischer proof in the last section), this reaction served to establish the course 
of the Ruff degradation. Next, (— )-arabinose was converted into (— )-erythrose by another 
cycle of the Ruff degradation. 

Ruff degradation pee eee (— )-arabinose (— )-erythrose (27.42) 

p-Glyceraldehyde, in turn, was related to (—)-erythrose by a Kiliani-Fischer synthesis: 

CH=O CHO 
CH=O 

aac H OH HO H 
H eee ee as (27.43) Fischer H OH H OH 

CH,OH 

CH,0H CH,OH 
D-(+)-glyceraldehyde 
(absolute configura- D-(—)erythrose D-(—)threose 

tion assumed by (configurations at carbon-3 
convention) assumed by convention) 

This sequence of reactions showed that (+)-glucose, (—)-erythrose, (—)-threose, and 
(+ )-glyceraldehyde were all of the same stereochemical series—the p series. Oxidation 
of p-(—)-threose with dilute HNO; gave p-(—)-tartaric acid. 

In 1950 the absolute configuration of naturally occurring (+)-tartaric acid (as its 
potassium rubidium double salt) was determined by a special technique of X-ray crystal- 
lography called anomalous dispersion. This determination was made by J.M. Bijvoet, A.F. 
Peerdeman, and_A.J. van Bommel, Dutch chemists who worked, appropriately enough, 
at the van’t Hoff laboratory in Utrecht. If Fischer had made the right choice for the 
D configuration, the assumed structure for p-(—)-tartaric acid and the experimentally 
determined structure of (+)-tartaric acid determined by the Dutch crystallographers 
would be enantiomers. If Fischer had guessed incorrectly, the assumed structure for 
(—)-tartaric acid would be the same as the experimentally determined structure of 
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(+ )-tartaric acid, and would have to be reversed. To quote Bijvoet and his colleagues: 

“The result is that Emil Fischer’s convention [for the p configuration] appears to answer 

to reality.” 

CH=0O CO>;H CO,H 

HO H Ne) HO lil H OH 

———— (27.44) 
H OH H OH HO H 

pD-(—)-threose D-(—)-tartaric L-(+)-tartaric acid 
acid (by X-ray crystallography) 
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“27.26 Given the structure of p-glyceraldehyde, how would you assign a structure to 

each of the two aldoses obtained from it by Eq. 27.43, assuming that these 

compounds were previously unknown? 

27.27 Imagine that a scientist reexamines the crystallographic work that established 

the absolute configuration of (+)-tartaric acid and finds that the structure of 

this compound is the mirror image of the one given in the text above. What 

changes would have to be made in Fischer’s structure of p-(+)-glucose? 
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Disaccharides and Polysaccharides 
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A. Disaccharides 

Disaccharides consist of two monosaccharides connected by a glycosidic linkage. 

(+)-Lactose is an example of a disaccharide. ((+)-Lactose is present to the extent of 

about 4.5% in cow’s milk and 6—7% in human milk.) 

B-glycosidic bond 

CH,OH—O 
+)-lactose or 
4-O-(B-D-galactopyranosyl)-D-glucopyranose OH 

i HO OH 
glucose residue 

galactose residue 

In (+)-lactose, a p-glucopyranose molecule is linked by its oxygen at carbon-4 to 

carbon-1 of p-galactopyranose. In effect, (+ )-lactose is a glycoside in which galactose is 

the carbohydrate and glucose is the “alcohol.” Recall that the glycosidic linkage is an 

acetal, and therefore hydrolyzes under acidic conditions (Sec. 27.5). Hence, (+)-lactose 

can be hydrolyzed in acidic solution to give one equivalent each of p-glucose and p- 

galactose, in the same sense that a methyl glycoside can be hydrolyzed to give methanol 

and a carbohydrate. 
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H 
GHOn,-O 

HO OH 
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crore. 
é CH,OH—O 
Ne + On 

OH HO OH rs nr 

Y CHLOH O CH,OH-O 

+ HO 
OH 

D-galactose D-glucose (27.45a) 

Compare: 

H 
CH,OHO 

CCl Ve Oe + HOCH: (27.45b) 
OH 

HO OH 

Certain enzymes also catalyze the same reaction at pH values near neutrality. Note 
that Eq. 27.45a demonstrates the structural basis for the definition of disaccharides pre- 
sented in Sec. 27.1: A disaccharide is a carbohydrate that can be hydrolyzed to two 
monosaccharides. Hydrolysis occurs at the glycosidic bond between the two monosaccha- 
ride residues. 

The stereochemistry of the glycosidic bond in (+)-lactose is B. That is, the stereo- 
chemistry of the oxygen linking the two monosaccharide residues in the glycosidic bond 
corresponds to that in the B-anomer of p-galactopyranose. This stereochemistry is very 
important in biology, because higher animals possess an enzyme, B- galactosidase, that 
catalyzes the hydrolysis of this B-glycosidic linkage; this hydrolysis allows lactose to act 
as a source of glucose. a-Glycosides of galactose are inert to the action of this enzyme. 

Because carbon-1 of the galactose residue in (+)-lactose is involved in a glycosidic 
linkage, it cannot be oxidized. However, carbon-1 of the glucose residue is part of a 
hemiacetal group, which, like the hemiacetal group of monosaccharides, is in equilibrium 
with the free aldehyde, and can undergo characteristic aldehyde reactions. Thus, oxidation 
of (+)-lactose with bromine water (Sec. 27.7A) effects oxidation of the glucose residue: 

To in AO) 
20 CH,OH O 

__Bro,H20 | HO 

ipl s=oee 6 

(+)-lactose 

” CH OHO 

OH 

lactobionic acid (27.46) 
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Carbohydrates such as (+)-lactose that can be oxidized in this way are called reducing 

sugars. The glucose residue is said to be at the reducing end of the disaccharide, and the 
galactose residue at the nonreducing end. Because of its hemiacetal group, (+ )-lactose 

also undergoes many other reactions of aldose hemiacetals, such as mutarotation. 

(+)-Sucrose, or table sugar, is another important disaccharide. About ninety million 

tons of sucrose are produced annually in the world. Sucrose consists of a p-glucopyranose 

residue and a p-fructofuranose residue connected by a glycosidic bond (color) at the 

anomeric carbons of both monosaccharides. 

a-linkage at glucose 
CHOH = © : 

HO 
H 

HO OH OH 

O CH,OH (+)-sucrose or 
es HO a-D-glucopyranosyl- 3 -D- 

B-linkage at fructose facihanands 

HOCH, 

The glycosidic bond in (+)-sucrose is different from the one in lactose. Only one 

of the residues of lactose—the galactose residue—contains an acetal (glycosidic) carbon. 

In contrast, both residues of (+)-sucrose have an acetal carbon. The glycosidic bond in 

(+)-sucrose bridges carbon-2 of the fructofuranose residue and carbon-1 of the glucopyr- 

anose residue. These are the carbonyl carbons in the noncyclic forms of the individual 

monosaccharides; remember that the carbonyl carbons become the acetal or hemiacetal 

carbons in the cyclic forms. 

O O 

O ouble glycoside linkage 

C-1 of glucose C-2 of fructose 

Thus, neither the fructose nor the glucose part of sucrose has a free hemiacetal group. 

Hence, (+ )-sucrose cannot be oxidized by bromine water, nor does it undergo mutarota- 

tion. Carbohydrates such as (+)-sucrose that cannot be oxidized by bromine water are 

classified as nonreducing sugars. 

Like other glycosides, (+ )-sucrose can be hydrolyzed to its component monosaccha- 

rides. Sucrose is hydrolyzed by aqueous acid or by enzymes (called invertases) to an 

equimolar mixture of p-glucose and p-fructose. This mixture is sometimes called invert 

sugar because, as hydrolysis of sucrose proceeds, the positive rotation of the solution 

changes to a negative rotation characteristic of the glucose-fructose mixture. This rotation 

is negative because the strongly negative rotation (—92°) of fructose (sometimes called 

levulose) has a greater magnitude than the positive rotation (+52.7°) of glucose (sometimes 

called dextrose). Fructose, which is the sweetest of the common sugars (about twice as 

sweet as sucrose), accounts for the intense sweetness of honey, which is mostly invert 

sugar. 
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*27.28 What products are expected from each of the following reactions? 

(a) lactobionic acid (Eq. 27.46) + 1M aqueous HCl] > 

(b) (+)-lactose + dimethyl sulfate, NaOH > 

(c) product of (b) + 1M aqueous H,SO, > 

27.29 The structure of cellobiose, a disaccharide obtained from the hydrolysis of the 

polysaccharide cellulose, is given below. Into what monosaccharide(s) is cellobi- 

ose hydrolyzed by aqueous HCl? 

O CH,0H CH,OH-O 

HO 
O cellobiose 

DEOL TAT SCOTS IDE TOO CU OOO COU OCU GOD OG OOO CCC CC COCO OOOO OOOO CMTC OO COCO OOOO OOOO NOU C CITOU OOOO COIUCI OO OOODOOOOOCOOC OOOO OUCHOOCOOONOOOOAOCOACOOODOOOOOaNOA 

In principle, any number of monosaccharide residues can be linked together with glyco- 
sidic bonds to form chains. When such chains are long, the sugars are called polysaccha- 
rides. This section surveys a few important polysaccharides. 

Cellulose Cellulose, the principal structural component of plants, is the most abun- 
dant organic compound on the earth. Cotton is almost pure cellulose; wood is cellulose 
combined with a polymer called lignin. About 5 X 10'4 kg of cellulose are biosynthesized 
and degraded annually on the earth. 

Cellulose is a regular polymer of p-glucopyranose residues connected by B-1,4- 
glycosidic linkages. 

B-glycosidic linkages 

CH,OH-O 

HO OOH CGH,OH 0 reducing end 
O 

se bia HO OH : See 
n HO OH 

nonreducing end 
cellulose 

CH,OH-O 

O general structure 

HO OH z 
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Like disaccharides, polysaccharides can be hydrolyzed to their constituent monosaccha- 

rides. Thus, cellulose can be hydrolyzed to p-glucose residues. Mammals lack the enzymes 

that catalyze the hydrolysis of the B-glycosidic linkages of cellulose; this is why humans 

cannot digest grasses, which are principally cellulose. Cattle can, of course, derive nourish- 

ment from grasses, but this is because the bacteria in their rumens provide the appropriate 

enzymes that break down plant cellulose to glucose. 
Processed cellulose (cellulose that has been specially treated) has many other uses. 

It can be spun into fibers (rayon) or made into wraps (cellophane). The paper on which 

this book is printed is largely processed cellulose. Nitration of the cellulose hydroxy 

groups gives nitrocellulose, a powerful explosive. Cellulose acetate, in which the hydroxy 

groups of cellulose are esterified with acetic acid, is known by the trade names Celanese, 

Arnel, etc., and is used in knitting yarn and decorative household articles. 

cellulose acetate 

Cellulose is potentially important as an alternative energy source. Recall that biomass 

is largely cellulose, and cellulose is merely polymerized glucose. The glucose derived from 

hydrolysis of cellulose can be fermented to ethanol, which can be used as a fuel (as in 

gasohol). And plants obtain the energy to manufacture cellulose from the sun. Thus, the 

cellulose in plants—the most abundant source of carbon on the earth—can be regarded 

as a storehouse of solar energy. 

Starch Starch, like cellulose, is also a polymer of glucose. In fact, starch is a mixture 

of two different types of glucose polymers. In one, amylose, the glucose residues are 

connected by a-1,4-glycosidic linkages. Conceptually, the only chemical difference 

between amylose and cellulose is the stereochemistry of the glycosidic bond. 

CH,OH_- 0 

H amylose 
HO OH (n = 400) 

a-glycosidic bond 

The other constituent of starch is amylopectin, a branched polysaccharide. Amylopectin 

contains relatively short chains of glucose residues in a-1,4-linkages. In addition, it 

contains branches that involve a-1,6-glycosidic linkages. Part of a typical amylopectin 

molecule might look as follows: 
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glucose residues 

Carbohydrates and Nucleic Acids 

HO 

amylopectin branch 

Starch is the important storage polysaccharide in corn, potatoes, and other starchy 
vegetables. Humans have enzymes that catalyze the hydrolysis of the a-glycosidic bonds 

in starch, and can therefore use starch as a source of glucose. 

Chitin Chitin is a polysaccharide that also occurs widely in nature—notably, in the 

shells of arthropods (for example, lobsters and crabs). Crab shell is an excellent source 

of nearly pure chitin. 

B-1,4-glycosidic linkage 

CH,OH_-O | 

O 
HO 

chitin 

Chitin is a polymer of N-acetyl-p-glucosamine (or, as it is known systematically, 
2-acetamido-2-deoxy-p-glucose). Residues of this carbohydrate are connected by B-1,4- 
glycosidic linkages within the chitin polymer. N-Acetyl-p-glucosamine is liberated when 
chitin is hydrolyzed in aqueous acid. Stronger acid brings about hydrolysis of the amide 
bond to give p-glucosamine hydrochloride and acetic acid. 

CH,OH_-O 
H,0 

2M HCl 

iad 

- : 
CH, 

N-acetyl-D-glucosamine 
(2-acetamido-2-deoxy-D-glucose) 

CH,0OHO 
ent Oa 

“heat;6 MHCl 6M HCl 
—CH3CO2H +NH, yee 

D-glucosamine HCI salt 
(2-amino-2-deoxy-D-glucose) 

(27.47) 
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Glucosamine and N-acetylglucosamine are the best-known examples of the amino sugars. 

A number of amino sugars occur widely in nature. Amino sugars linked to proteins 

(glycoproteins) are found at the outer surfaces of cell membranes, and some of these are 

responsible for blood-group specificity. 

DISCOVERY OF D-GLUCOSAMINE 

In 1876 Georg Ledderhose was a premedical student working in the laboratory 

of his uncle, Friedrich Wohler (the same chemist who first synthesized urea; 

Sec. 1.1B). One day, Wohler had lobster for lunch, and returned to the 

laboratory carrying the lobster shell. “Find out what this is,” he told his 

nephew. History does not record Ledderhose’s thoughts on receiving the 

refuse from his uncle’s lunch, but he proceeded to do what all chemists did 

with unknown material—he boiled it in concentrated HCl. After hydrolysis 

of the shell, crystals of the previously unknown p-glucosamine hydrochloride 

precipitated from the cooled solution (see Eq. 27.47). 

Principles of Polysaccharide Structure Studies of many polysaccharides have 

revealed the following generalizations about polysaccharide structure: 

1. Polysaccharides are mostly long chains with some branches; there are no 

highly cross-linked, three-dimensional networks. Some cyclic oligosaccha- 

rides are known. 

2. The linkages between monosaccharide units are in every case glycosidic 

linkages; thus, monosaccharides can be liberated from all polysaccharides 

by acid hydrolysis. 

3. A given polysaccharide contains only one stereochemical type of glycoside 

linkage. Thus, the glycoside linkages in cellulose are all B; those in starch 

are all a. 

MEE _  *27.30 What product(s) would be obtained when cellulose is treated first exhaustively 

_ PROBLEM 2 with dimethyl sulfate/NaOH, then 1 M aqueous HCl? 

Nucleosides, Nucleotides, and Nucleic Acids 

A ribonucleoside is a B-glycoside formed between the furanose form of p-ribose and a 

heterocyclic compound. The heterocyclic group is commonly referred to as the base, and 
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the ribose as the sugar. A deoxyribonucleoside is a B-glycoside of p-2-deoxyribose and 

a heterocyclic base. The prefix deoxy means “without oxygen;” thus, 2-deoxyribose is a 

ribose that lacks an —OH group at carbon-2. 

NH : 
adenine f thymine 
(base) pe (base) 

O 

HO—CH;, | 
ribose 2-deoxyribose 
(sugar) 4 ; (sugar) 

OH o note absence of —OH here 

adenosine 2'-deoxythymidine 
(a ribonucleoside) (a deoxyribonucleoside) 

Notice that in these structures the sugar ring and the heterocyclic ring are numbered 

separately. To differentiate the two sets of numbers, primes (') are used in referring to 

the atoms of the sugar. For example, the 2’ (pronounced two-prime) carbon of adenosine 
is carbon-2 of the sugar ring. 

The bases that occur most frequently in nucleosides are derived from two heterocyclic 
ring systems: pyrimidine and purine. Notice particularly the numbering of these rings. 
Three bases of the pyrimidine type and two of the purine type occur most commonly. 

1 6 

5 Ne NE SS N 
pyrimidine | sl purine kk | s 

6 “2 2 
N } 

3 

N. : H’ 

NH, 
2 

H3C : SN (NH : (NH HN” ~ \ NZ ) \ 
S 

_S woke wo bee ak . NY i 
| | | 
H H H 

cytosine uracil thymine guanine adenine 
(C) (U; occurs in RNA) (T; occurs in DNA) (G) (A) 

The base is attached to the sugar at N-9 of the purines and N-1 of the pyrimidines, as 
in the examples-above. 

In nature, the 5’ —OH group of the ribose in a nucleoside is usually found esteri- 
fied to a phosphate group. A 5’-phosphorylated nucleoside is called a nucleotide. A 
ribonucleotide is derived from the monosaccharide ribose; a deoxyribonucleotide is 
derived from 2'-deoxyribose. Some nucleotides contain a single phosphate group; others 
contain two or three phosphate groups condensed in phosphoric anhydride linkages. 
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Table 27.3 Nomenclature of Nucleic Acid Bases, 

Nucleosides, and Nucleotides‘ 
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Nucleotide Abbreviation for 

Base Nucleoside monophosphate the monophosphate 

adenine (A) adenosine adenylic acid AMP 

uracil (U) uridine uridylic acid UMP 

thymine (T) thymidine thymidylic acid TMP 

cytosine (C) cytidine cytidylic acid CMP 

guanine (G) guanosine guanidylic acid GMP 

4 The deoxyribonucleosides and deoxyribonucleotides are named by appending the prefix deoxy: 

deoxyadenosine deoxyadenylic acid dAMP 

The prefix deoxy means 2'-deoxy unless stated otherwise. 

5'-monophosphate ester O NH, 

three condensed 
iL phosphate groups N~ | \ 

O Naa O O O S N 
| | ! ! 

7O—P=0--GH, pO te eee OCH 

es | | | 
aie Oly On On 

OH MOH OLS O rl 

uridylic acid or UMP adenosine triphosphate 
(for uridine monophosphate) or ATP 

Although the ionization state of the phosphate groups depends on pH, these groups are 

written conventionally in the ionized form. 

Nomenclature of the five common bases and their corresponding nucleosides and 

nucleotides is summarized in Table 27.3. This table gives the names of the ribonucleosides 

and ribonucleotides. To name the corresponding 2'-deoxy derivatives, the prefix 2'-deoxy 

(or simply deoxy) is appended to the names of the corresponding ribose derivatives. 

For example, the 2'-deoxy analog of adenosine is called 2'-deoxyadenosine or simply 

deoxyadenosine. In addition, the names of the mono-, di-, and triphosphonucleotide 

derivatives are often abbreviated. Thus, adenylic acid is abbreviated AMP (for adenosine 

monophosphate); the di- and tri-phosphorylated derivatives are called ADP and ATP, 

respectively (see example above). The abbreviations for the corresponding deoxy deriva- 

tives contain a d prefix. Thus, 2’-deoxythymidylic acid can be abbreviated dTMP. 

Nucleotides are important because they are the building blocks of ribonucleic acid 

(RNA) and deoxyribonucleic acid (DNA), polymeric molecules that are responsible for 

the storage and transmission of genetic information. Ribonucleotides also have other 

important biochemical functions, some of which have already been presented. NAD*, 

one of nature’s important oxidizing agents (Fig. 10.1, Sec. 10.7), and coenzyme A (Fig. 

DOS CORO) rane both ribonucleotides. One of the most ubiquitous nucleotides is ATP 

(adenosine triphosphate), which serves as the fundamental energy source for the living 
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cell. The hydrolysis of ATP to ADP, shown in Eq. 27.48, liberates 30.5 kJ/mol (7.3 kcal/ 

mol) of energy at pH 7; living systems harness this energy to drive energy-requiring 

biochemical processes. 

O O 1 

| ! 
r©O—P—0—P—0O—P—OCH3 6 adenine 

| | | 
Cr Oa O7 ain 2H,O ae 

Ao SS 

a phosphoric 
anhydride OH OH 

ATP 

| | ; 
"O—P—O—P—O—CH; adenine j 

| | SiO P= 6 FLOs 

OF 

OH OH inorganic 
phosphate 

ADP (27.48) 

Muscle contraction—obviously an energy-requiring process—is an example of the biolog- 

ical use of ATP hydrolysis to provide energy. Abbreviating inorganic phosphate as P,, the 
overall process for muscle contraction can be summarized as follows: 

energy + muscle ——> contracted muscle 

AI? rah O = ADP eraser energy, (27.49) 

sum: ATP + muscle +H,0 —» ADP + P.+ contracted muscle 

(A human might use 0.5 kilogram of ATP/hr during strenuous exercise!) How living 
organisms use the energy from ATP hydrolysis is a subject that we leave for your study 
of biochemistry; the important point is that overall ATP hydrolysis is invariably involved 
in any biological process that requires energy. The energy for making ATP from ADP is 
ultimately derived from the foods we eat, for example, carbohydrates; and the carbohy- 
drates that we use as foods are produced by plants using solar energy harnessed by the 
processes of photosynthesis. 

BOUL DOG IOOC XO CUE 10: OU UCCUECOOCOOOCOUSUOU CE COOO OS JU LOUII SS GUCCOr OOOO. OCOC OOOO OCO CNS COOCCHORC OTA DOOCNCOONODOSTIEOCCCrAmcm I ABNOSABOOSA 

i 27.31 Draw the structure of *(a) deoxythymidine monophosphate (dTMP); (b) GDP. 
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Deoxyribonucleic acid (DNA) is a polymer of deoxyribonucleotides, and is the storehouse 
of genetic information throughout all of nature (with the exception of certain viruses). 
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A typical section of DNA is shown in Fig. 27.4. This figure shows that the nucleotide 
residues in DNA are interconnected by phosphate groups that are esterified both to the 

3’ —OH group of one ribose and the 5’ —OH of another. The DNA polymer incor- 

porates adenine, thymine, guanine, and cytosine as the nucleotide bases. Although only 

four residues are shown in Fig. 27.4, a typical strand of DNA might be thousands of 

nucleotides long. Just as each amino acid residue in a peptide is differentiated by its 

amino acid side chain, each residue in a polynucleotide is differentiated by the identity of 

its base. The DNA polymer is thus a backbone of alternating phosphates and 2’-deoxyri- 

bose groups to which are connected bases that differ from residue to residue. The ends 

of the DNA polymer are labeled 3’ or 5’, corresponding to the deoxyribose carbon on 

which the terminal hydroxy group is attached. 

Figure 27.4 General structure of DNA (base = A, T, G, or C; Table 27.3). Only four residues are shown here; a 
typical strand of DNA contains thousands of residues. 
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Ribonucleic acid (RNA) polymers are conceptually much like DNA polymers, except 

that ribose, rather than 2'-deoxyribose, is the sugar. RNA also incorporates essentially 

the same bases as DNA, except that uracil occurs in RNA instead of thymine, and some 

rare bases (not considered here) are found in certain types of RNA. 

It was known for many years before the detailed structure of DNA was determined 

that DNA carries genetic information. It was also known that DNA is replicated, or copied, 

during cell reproduction. In 1950, Erwin Chargaff of Columbia University showed that 

the ratios of adenine to thymine, and guanosine to cytosine, in DNA are both 1.0; 

these observations are called Chargaff’s rules. How these facts relate to the storage and 

transmission of genetic information, however, remained a mystery. It became clear to a 

number of scientists that a knowledge of the three-dimensional structure of DNA would 

be essential in order to understand how DNA functions as it does. The importance of 

this problem was sufficiently obvious that several scientists worked feverishly to be the 

first to determine the three-dimensional structure of DNA. In 1953, James D. Watson 

and Francis C. Crick, then at Cambridge University, proposed a structure for DNA. Their 

proposal was based on X-ray diffraction patterns of DNA fibers obtained by their col- 

leagues at the Medical Research Council laboratory in England, Rosalind Franklin and 
Maurice Wilkins. (For an intriguing account of the race for the DNA structure, see “The 
Double Helix,” by James D. Watson; Atheneum, 1968.) For their work on the structure 
of DNA, Watson, Wilkins, and Crick received the Nobel Prize for Medicine and Physiology 
in 1962. 

The Watson-Crick structure of DNA is shown in Fig. 27.5. The structure has the 
following important features: 

1. The structure of DNA contains two right-handed helical polynucleotide 
chains that run in opposite directions, coiled around a common axis; the 
structure is therefore that of a double helix. The helix makes a complete 
turn every ten nucleotide residues. (Other helical conformations of DNA 
are also known; current research is aimed at elucidating the biological 
roles of different DNA conformations.) 

2. The sugars and phosphates, which are rich in —OH groups and charges, 
are on the outside of the helix, where they can interact with solvent water; 
the bases, which are more hydrocarbonlike, are largely buried in the inte- 
rior of the double helix, away from water. 

3. The chains are held together by hydrogen bonds between bases. Each ade- 
nine (A) in one chain hydrogen-bonds to a thymine (T) in the other, and 
each guanosine (G) in one chain hydrogen-bonds to a cytosine (C) in the 
other. Thus, every purine in one chain is hydrogen-bonded to a pyrimi- 
dine in the other. For this reason, A is said to be complementary to T, and 
G is complementary to C. A closer look at these hydrogen-bonded Watson- 
Crick base pairs is shown in Fig. 27.6, p. 1374. Notice that the A-T pair 
has about the same spatial dimensions as the G—C pair. 

4. The planes of successive complementary base pairs are stacked, one on 
top of the other, and are perpendicular to the axis of the helix. The dis- 
tance between each successive base-pair plane is 3.4 A. Since the helix 
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sugar-phosphate 
“backbone” 

Figure 27.5 Space-filling model of the DNA double helix. The phosphate oxygens of the sugar-phosphate back- 
bones are shown in color and the phosphorus atoms in gray. All other atoms are shown in outline 
only. The sugar-phosphate backbones trace the outline of the double helix. 

makes a complete turn every ten residues, this means that there is a dis- 

tance of 10 X 3.4 = 34 A along the helix per complete turn. 

5. There is no intrinsic restriction on the sequence of bases in a polynucleo- 

tide; however, because of the hydrogen bonding described in Point 3, the 

sequence of one polynucleotide strand (the “Watson” strand) in the dou- 

ble helix is complementary to that in the other strand (the “Crick” 

strand). Thus everywhere there is an A in one strand, there is a T in the 

other; everywhere there is a G in one strand, there is a C in the other. 

Hydrogen-bonding complementarity in DNA accounts nicely for Chargaff’s rules: 

if A always hydrogen bonds to T and G always hydrogen bonds to C, then the number 

of As must equal the number of Ts, and the number of Gs must equal the number of 

Cs. This structure also suggests a reasonable mechanism for the duplication of DNA 

during cell division: the two strands can come apart, and a new strand can be grown as 
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hydrogen bonds 

Cy of d ib y of deoxyribose 
Cy of deoxyribose 

Figure 27.6 A closer look at the complementary base pairing in DNA. (a) A cytosine—guanine (C-G) base pair 
involves three hydrogen bonds. (b) A thymine—adenine (T—A) base pair involves two hydrogen 
bonds. (c) Superposition of the C-G and T—A (color) base pairs shows that the two occupy the 
same space. 

a complement of each original strand. In other words, the proper sequence of each new 
DNA strand during cellular reproduction is assured by hydrogen-bonding complementarity 
(Fig. 27.7). 
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*27.32 Draw in detail the structure of a section of RNA four residues long which, from 
the 5’-end, has the following sequence of bases: A, U, C, G. 

27.33 Would you expect Chargaff’s rules to apply within an individual strand of DNA? 
Explain. 
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original parent 
molecule 

(a) (c) 

Figure 27.7 Complementary base pairing in DNA is crucial to its faithful replication. (a) A typical DNA double 

helix. (b) In the replicating DNA a new strand grows on each of the original strands. (c) Two new 
molecules of DNA, each containing one old strand and one new strand. 
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The sequence of nucleotides in DNA forms a linear code for every protein and RNA 

molecule. To understand this point, let us see how the following strand of DNA, which 

might be imagined as part of a gene in some organism, could be used biologically to 



1376 ~— Chapter 27 

cS 

Stupy GurpE LINK: 

v 27.5 

DNA Transcription 

Carbohydrates and Nucleic Acids 

direct the synthesis of a section of a specific protein. If this were a DNA strand from a 

cell, it would be one of the two strands of the double helix; each letter in the sequence 

identifies a residue of DNA by its particular base. 

<— 3’-end 5'-end ——~> 

. . ~A-A-A—G—A-—T-T-—C-—A-—C-—C-—C-—C-T-—C-—A-T-C-}. . . 

First, a strand of DNA directs the synthesis of a complementary strand of RNA. 

This process is called transcription. The ultimate RNA product of transcription—the 

transcript—is called messenger RNA (mRNA). The sequence of the mRNA transcript is 

complementary to one DNA strand of the gene. For example, everywhere there is a G in 

DNA, there is a C (the complementary base) in the mRNA transcript. An adenine (A) 

in DNA is transcribed into a uracil (U). (Messenger RNA contains uracil rather than 

thymine (T); uracil is just a thymine without its methyl group.) Thus the gene fragment 

above would be transcribed as follows: 

DNA, a polydeoxyribonucleotide 

3'-end 5’-end 

.. ~A-A-A-—G—A-T-T-—C-—A-—C-—C-—C-C-T-—C-A-T-C.. . . 

. .. -U—U-—U-—C-U-—A-A-—G-—U-G-—G-—G-—G-A-—G-U-A-G-. . . 

5’-end 3’-end 

mRNA, a polyribonucleotide 

Notice that the complementary sequence of mRNA runs in the direction opposite to that 
of its parent DNA—the 3’-end of RNA matches the 5’-end of DNA, and vice-versa. 

Once the mRNA synthesis is complete, the mRNA sequence is used by the cell to 
direct the synthesis of a specific protein from its component amino acids. This process 
is called translation. Each successive three-residue triplet in the sequence of mRNA is 
translated as a specific amino acid in the sequence of a protein according to the genetic 
code given in Table 27.4. Thus, the particular stretch of mRNA shown above would be 
translated into a protein sequence as follows: 

mRNA 

5’-end 3’-end 
. ..-U-U-U—C-U-A-A-G-U-G-G-G-G-A-G-U-A-G.-. .. 

..—Phe — Leu — Ser = Gly — Glu STOP! 
amino end carboxy end 

peptide chain 

Just as a sequence of dots and dashes in Morse code can be used to form words, the 
precise sequence of bases in DNA (by way of its complementary mRNA transcription product) 
codes for the successive amino acids of a protein. Morse code has two coding units—the 
dot and the dash. In DNA or mRNA, there are four: A, T (U in mRNA), G, and C, the four 
nucleotide bases. Notice that the sequences of DNA and mRNA contain no “commas.” The 
protein-synthesizing “machinery” of the cell knows where one amino acid code ends and 
another starts because, as Table 27.4 shows, there is a specific “start” signal—either of 
the nucleotide sequences AUG or GUG—at the appropriate point in the mRNA. Because 
mRNA also contains “stop” signals (UAA, UGA, or UAG), protein synthesis is also 
terminated at the right place. 

Some amino acids have multiple codes. For example, Table 27.4 shows that glycine, 
the most abundant amino acid in proteins, is coded by GGU, GGC, GGA, and GGG. 
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It is possible for the change of only one base in the DNA (and consequently in the 

mRNA) of an organism to cause the change of an amino acid in the corresponding 

protein. A dramatic example of such a change is the genetic disease sickle-cell anemia. In 

this painful disease, the red blood cells take on a peculiar sickle shape that causes them 

to clog capillaries. The molecular basis for this disease is a single amino acid substitution 

in hemoglobin, the protein that transports oxygen in the blood (Fig. 26.11). In sickle- 

cell hemoglobin, glutamic acid at position 6 in one of the protein chains of normal 

hemoglobin is changed to valine. That is, sickle-cell disease results from a change in but 

one of the 141 amino acids in this hemoglobin chain! The mRNA genetic code for Glu 

is GAA and GAG; that for Val is GUA and GUG (among others). In other words, a 

change of only one nucleotide (A > U) of the (3 X 141), or 423, nucleotides that code 

for this chain of hemoglobin is responsible for the disease. 

Although we’ve focused on the structure and function of DNA, the structure of 

RNA is also important. Although a detailed discussion of this topic is beyond the scope 

of this text, there are many different types of RNA besides messenger RNA, each with a 

specific function in the cell. 

Very powerful methods have been developed for sequencing DNA and RNA. With 

these methods, DNA and RNA sequences containing several hundred nucleotides can be 

determined in a relatively short time. These nucleotide sequences can be used to check, 

or even predict, protein sequences by applying the genetic code. Similarly, effective 

methods for the synthesis of DNA and RNA fragments also exist. These methods strategi- 

cally resemble peptide synthesis in the sense that a strand of DNA or RNA is “grown” 

Table 27.4 The Genetic Code 
PER e eee eee eee eee EH EEE EEE EH EEE HEE HEHE HEHEHE E EEE EEE HEHE HEHEHE HHEEEEEHEE EEE HEHEHE HEHEHE HEHE EEE HEHE REE REED 

5'-OH Terminal 3'-OH Terminal 

base of mRNA U C A G base of mRNA 

U Phe Ser Tyr Cys U 

Phe Ser Tyr Cys Cc 

Leu Set (Stop) (Stop) A 

Leu Ser (Stop) Trp G 

€ Leu Pro His Arg U 

Leu Pro His Arg C 

Leu Pro Gln Arg A 

Leu Pro Gln Arg G 

A Ile Thr Asn Ser U 

Ile Thr Asn Ser C 

Ile Thr Lys Arg A 

Met# Thr Lys Arg G 

G Val Ala Asp Gly U 

Val Ala Asp Gly (C 

Val Ala Glu Gly A 

Vala Ala Glu Gly G 
Ree eee Reet eee ee eee HEHEHE EEE Ee EEE HE EE EEE H Ht E HEHE OHHH HEHEHE HEHE HEHEHE HEHEHE HEHEHE EEE E HEHEHE EEE EEE EEE E HEE ES 

4 Sometimes used as “start” codons. 
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from individual nucleotides by using a series of protection, coupling, and deprotection 

steps. Molecular biologists have also discovered ways in which foreign DNA can be 

incorporated into, and expressed by, host organisms. All of these techniques used together 

have led to new biotechnologies that have been termed collectively “genetic engineering.” 

One major pharmaceutical house employs a lowly bacterium—Escherichia coli—for the 

commercial production of human insulin using these techniques. Formerly all insulin 

used for the treatment of diabetes came from horses and pigs, and shortages of this 

important hormone occurred. The new process has made available an abundant supply 

of human insulin, and was one of the first’ of many such processes that have been 

developed for the production of complex biological materials for use in human medicine. 

B. DNA Modification and Chemical Carcinogenesis 

We've shown how the double-helical structure of DNA, DNA replication, and the fidelity 

of DNA transcription into RNA involve very specific base-pairing complementarity. Other 

important processes, such as the recognition of the three-base triplet code of mRNA 

during protein biosynthesis, also involve this type of complementarity. The molecular 

basis of this complementarity is the specific hydrogen bonding between a pyrimidine and 

a purine base. You can perhaps imagine that, if this hydrogen bonding were upset, the 

base-pairing complementarity would also be upset, and with it, some or all of the biological 

processes that rely on this phenomenon. There is strong circumstantial evidence that 

chemical damage to DNA can interfere with this hydrogen-bonding complementarity 

and can trigger the state of uncontrolled cell division known as cancer. 

One type of chemical damage to DNA is caused by alkylating agents (Sec. 10.3B). 

Certain types of alkylating agents react with DNA by alkylating one or more of the 

nucleotide bases. These same alkylating agents are also carcinogens (cancer-causing com- 

pounds). A few such compounds are shown below. 

O O 

O O 

methyl methanesulfonate dimethyl] sulfate 
(a weak carcinogen) (a weak carcinogen) 

O=N O 

! on i6 + 

H;,0* + CH,—N—C—NH, eevee CH,;—N==N: + CO, + NH; + H,O (27.50) 

N-methyl-N-nitrosourea methyldiazonium ion 
(a potent carcinogen) ; (the actual alkylating agent) 

When such alkylating agents (abbreviated CH;—X below) react with DNA, alkylated 
guanosines are among the products. The major product is alkylated on N-7 of the guanine 
base, but an important minor product is alkylated on the oxygen at C-6 (called the O- 
6 position). 
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N tN \ EN 
HN HN 7 N~ 
pis | »> OH aa oe | »y + ele | » ap LEDS (27.51) 

SN SS SNS 
Noa ) H,N~ ~N~ -N H,N~ ~N ‘ 

deoxyribose deoxyribose deoxyribose 

G residue of DNA N-7 alkylation product O-6 alkylation product 
(major) (minor) 

(An analogous alkylation occurs at O-4 of thymine; see Problem 27.34.) Notice that the 

alkylation at O-6 prevents the N-1 nitrogen from acting as a hydrogen-bond donor in a 

Watson-Crick base pair (Fig. 27.6) because the hydrogen is lost from this nitrogen as a 
result of alkylation. 

iw cu, x O26: 

< — + HX (27.52) 

ape ey 
The N-7 alkylation, in contrast, does not directly affect any of the atoms involved in the 

hydrogen-bonding complementarity. It has been found that the alkylating agents which 

are the most potent carcinogens also yield the greatest amount of the guanines alkylated 

at O-6 and thymines alkylated at O-4. Although this correlation does not prove that these 

alkylations are primary events in carcinogenesis, it provides strong circumstantial evidence 

in this direction. 

The way in which aromatic hydrocarbons are converted into carcinogenic epoxides 

by enzymes in living systems was discussed in Sec. 16.7. These epoxides have been shown 

to react with DNA; among the products of this reaction is a guanosine residue alkylated 
on the nitrogen at carbon-2 of the guanine base. 

G residue N LE 
of ae N NH (27.53) 

Nt deoxy- HO., 

ie Oe HOO) 

diol epoxide of 
benzo[a]pyrene OH 

(Eq. 16.47) 

This nitrogen is also involved in the hydrogen-bonding interaction of G with C (Fig. 

27.6). Thus, it may be that alkylation by aromatic hydrocarbon epoxides also triggers the 

onset of cancer by interfering with the base-pairing complementarity. 

One last example of DNA damage is caused by ultraviolet radiation. Ultraviolet light 

promotes the [2s + 2s] cycloaddition (Sec. 25.3) of two pyrimidines when they occur in 

adjacent positions on a strand of DNA. In the following example, a thymine dimer is 

formed from two adjacent thymines. 
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Fetus 

O O 

N 
__light — ome wi" (27.54) 

ae O N it i O 

0 am \ ee deoxyribose 

Hee thymine dimer 

two thymines in DNA at 
adjacent positions on same strand 

Most people have a biological repair system that effects the removal of the modified 
pyrimidines and repairs the DNA. People with a rare skin disease, xeroderma pigmentosum, 

have a genetic deficiency in the enzyme that initiates this repair. Most of these people 

contract skin cancer and die at an early age. Here, then, is a situation in which the 

chemical modification of DNA has been clearly associated with the onset of cancer. 

As these examples show, it is possible to understand the molecular basis of some 

diseases. Certainly further progress in human medicine will stem from an understanding 

of the organic chemistry of the living cell. 

DOOR CUCU C CCUG G ECO ILC GR LOGIC OCU OO OC UCC OO ODOC OOIOO OOO OOO OOOO OO OOOO OOO OUOOUOOOOOOCOCOOOOCOIOOOOOOOIOOIOOIOOOOCOOOCIOOOOOOCHOCOOOOCOACOOMM CMM Mrenrr rrr 

27.34 There is evidence that alkylation at O-4 of thymine, like alkylation at O-6 of 

guanine, is another mutagenic event that can lead to cancer. 

*(a) Draw the structure of a thymine residue as it would exist after O-4 
methylation. 

(b) Explain why O-4 alkylation at thymine would disrupt Watson-Crick base 
pairing. 

Ria.) 2, 86, 016; 8\0/5/0/8)4)p)4)0)4's)\ais/m\0/¥)e) #1) 8\4) 4\8) 941610, 0, 07610. @; 6'e 2 wie! 0:01 eieie)e 61e'0\616/8) 41016) 4)m elm iu) e/#)9/9)6-6)9{6 0101 0{610/8\0:4/6[n|s\u\a(a\6(e/@\4ie.@:0:010.e16)a hin Als. a)w-6/h18/9/0/0b)0\n) aiaYaieve!éjbidjaaieiu/pse'e:6 e/s(olelate'p\arsiathialwiale-aleta‘aleinveleiersietaters 

Key IDEAS IN CHAPTER 27 

[\ Carbohydrates are aldehydes and ketones that contain a number of 
hydroxy groups on an unbranched carbon chain, as well as their chemi- 
cal derivatives. 

[\ The p,1 system is an older but widely used method for specifying carbo- 
hydrate enantiomers. The p enantiomer is the one in which the asym- 
metric carbon of highest number has the same configuration as 
(2R)-glyceraldehyde (p-glyceraldehyde). 
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Monosaccharides exist in cyclic furanose or pyranose forms in which a 

hydroxy group and the carbonyl group of the aldehyde or ketone have 

reacted to form a cyclic hemiacetal. 

The cyclic forms of monosaccharides are in equilibrium with small 

amounts of their respective aldehydes or ketones, and can therefore 

undergo a number of aldehyde and ketone reactions. These include oxi- 

dation (bromine water or dilute nitric acid); reduction with sodium 

borohydride; cyanohydrin formation (the first step in the Kiliani- 

Fischer synthesis); and base-catalyzed enolization and enolate-ion for- 
mation (the Lobry de Bruyn-Alberda van Eckenstein reaction). 

The —OH groups of carbohydrates undergo many typical reactions of 
alcohols and glycols, such as ether formation, ester formation, and gly- 

col cleavage with periodate. 

Because the hemiacetal carbons of monosaccharides are asymmetric, 

the cyclic forms of monosaccharides exist as diastereomers called ano- 

mers. The equilibration of anomers is why carbohydrates undergo 

mutarotation. 

In a glycoside the —OH group at the anomeric carbon of a carbohy- 

drate is substituted with an ether (—OR) group. In disaccharides or 

polysaccharides, the —OR group is derived from another saccharide 

residue. The —OR group of glycosides can be replaced with an —OH 

group by hydrolysis. Thus, higher saccharides can be hydrolyzed to 

their component monosaccharides in aqueous acid. 

Disaccharides, trisaccharides, etc., can be classified as reducing or non- 

reducing sugars. Reducing sugars have at least one free hemiacetal 

group. In nonreducing sugars all anomeric carbons are involved in gly- 

cosidic linkages. 

Ribonucleotides and deoxyribonucleotides, which are phosphorylated 

derivatives of ribonucleosides and deoxyribonucleosides, are the build- 

ing blocks of RNA and DNA, respectively. These compounds are 

B-glycosides of either ribose or 2'-deoxyribose, respectively, and a 

purine or pyrimidine base. Adenine, guanine, and cytosine are bases in 

both DNA and RNA; thymine is unique to DNA, and uracil to RNA. 

An important conformation of DNA is the double helix, in which two 

strands of DNA running in opposite directions wrap around a com- 

mon helical axis. The sugars and phosphate groups lie on the outside 

of the helix, and the bases are stacked in parallel planes on the inside. 

The two strands of the double helix are held together by purine- 

pyrimidine hydrogen bonds between complementary residues. A num- 

ber of known carcinogens apparently modify DNA in such a way that 
this complementary hydrogen bonding is disrupted. 

1381 



1382 Chapter 27 Carbohydrates and Nucleic Acids 

CORR Ome e meee eee eee ee eee eee eee EEE EEE EE ESE EEE HEHE HEHEHE EE HEE EEE HEEESEEESESESESEEHEEEEEEEEEEE EEE E SEES EHS EEEEEEEEE SEH E DEERE SHEE HEHEHE EE EEEEES 

*27.35 Give the product(s) expected when p-mannose (or other compound indicated) 

reacts with each of the following reagents. (Assume that cyclic mannose deriva- 

tives are pyranoses.) 

(a) Ag*(NH3)> (b) dilute HCl (c) dilute NaOH 

(d) Brj/H,O, then H,0* (e)i a CH.OH, HCl (f) acetic anhydride 

(g) product of (d) + Ca(OH),, then Fe(OAc)3;, HO, 

(h) product of (e) + PhCH,Cl (excess) and NaOH 

27.36 Give the products expected when p-ribose (or other compound indicated) reacts 

with each of the following reagents. 

(a) dilute HNO, (b) -7GN, HO (c) product of (b) + H,/Pd/BaSO, 

(d) CH3;OH, HCl (four isomeric compounds; two pyranosides and two 

furanosides) 

(e) products of (d) + (CH3),SO,4 (excess) and NaOH 

27.37. Draw the indicated type of structure for each compound below. 
*(a) CDP (sugar ring in Haworth projection) 

(b) «a-p-talopyranose (chair) 

*(c) propyl B-L-arabinopyranoside (chair) 
(d) (+)-lactose (Haworth projection) 

27.38 Name the specific form of each aldose shown below. 

*(a) HOCH, 
O OH 

OH OH 
OH 

(b) CH,OHO 

H 
2 OH 

OH 

OH 

*(c) HOCH H 
“So 0H 

OH 
O 

OH 

OH 

27.39 Draw the structure(s) of 

*(a) alk the 2-ketohexoses (b) an achiral ketopentose C;H, 90; 
*(c) a-p-galactofuranose (d) B-p-glucofuranose 

27.40 — Specify the relationship(s) of the compounds in each of the following sets. Choose 
among the following terms: epimers, anomers, enantiomers, diastereomers, con- 
stitutional isomers, none of the above. (More than one answer may be correct.) 
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) a-p-glucopyranose and B-p-glucopyranose 

) a-p-glucopyranose and a-p-mannopyranose 

) -p-mannopyranose and B-L-mannopyranose 

) a-p-ribofuranose and a-p-ribopyranose 

e) aldehyde form of p-glucose and a-p-glucopyranose 

f) methyl a-p-fructofuranoside and 2-O-methyl-a-p-fructofuranose 

27.41 Tell whether each structure or term is a correct description of the L-sorbose 

structure below or a form with which it is in equilibrium. 

CH,OH 

C=O 

HO H 

L-sorbose 
H OH 

HO H 

CH,OH 

*(a) a hexose (b) a ketohexose 

*(c) a glycoside (d) an aldohexose 

ee) CH,OH (f) H 

C=O HOCH, OH 

HO H HO H 

H OH H OH 

HOCH), OH C=O 

H yee 

*(g) HOCH, CH,OH (h) HOCH, CH,OH 

HO OH 
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*27.42 Consider the structure of raffinose, a trisaccharide found in sugar beets and a 

number of higher plants. 

H 
CH,OH_-O 

HO OH 

O=Crs 0 
H raffinose 

HO OF OF 

O CH,OH 
HO 

O 
HOCH, 

(a) Classify raffinose as a reducing or nonreducing sugar, and tell how you 
know. 

(b) Identify the glycoside linkages in raffinose, and classify each as either a 
or B. 

(c) Name the monosaccharides formed when raffinose is hydrolyzed in aqueous 
acid, 

(d) What products are formed when raffinose is treated with dimethyl sulfate 
in NaOH, and then with aqueous acid and heat? 

27.43 Draw the structure of 3-O-B-p-glucopyranosyl-a-p-arabinofuranose, a disaccha- 
ride that is the B-glycoside formed between p-glucopyranose at the nonreducing 
end and the —OH group at carbon-3 of a-p-arabinofuranose at the reducing 
end. 

27.44 Complete the following reactions by giving the major organic product(s). 

*(a) phenyl B-p-glucopyranoside + CH OH (solvent) SROs 

(b) HOCH,CH,CH,CH,CH=O + CH;OH (solvent) —2#C, 

AG) 
L@sO; H5106 NaBH, 
2) H,0, NaHSO, CH30H 

(d) 
1) OsO, acetone 

2) H,O, NaHSO, GilpElel 

*(e) (+ )-sucrose Ste CH;] (excess) _ Ag,0 

(eG lactose Go HeOH aaa 
ea 
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27.46 
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*(g) CH,O OCH, 
al 
CH 

H OH LCH,OH, HC 

HO H 

OH 

OH 
p-glucose dimethy! acetal 

CH,OH (prepared by special methods) 

An important reaction used by Emil Fischer in his research on carbohydrate 

chemistry was the reaction of aldoses and ketoses with phenylhydrazine to give 

osazones, shown below. Osazones, unlike many carbohydrates, form crystalline 

solids that are useful in characterizing carbohydrates. 

Ce aia brite 

limba ae 

(Qal=—O)sl ‘sl —78i5' 
| + 3PhNHNH, —~— | + NH, + PhNH, + 2H,O 
Gia Or Co Or 
| phenylhydrazine | 

ace CH— OH 

CH,0H CH,OH 

an aldose an osazone 

*(a) Glucose and mannose give the same osazone. Given that these two com- 

pounds are aldohexoses, what could a scientist who knows nothing about the 

stereochemistry of these carbohydrates deduce about their stereochemical] 

relationship from this fact? 

(b) What aldopentose gives the same osazone as p-arabinose? 

A biologist, Simone Spore, needs the following isotopically labeled aldoses for 

some feeding experiments. Realizing your expertise in the saccharide field, she 

has come to you to ask whether you will synthesize these compounds for her. 

She has agreed to provide an unlimited supply of p-(— )-arabinose as a starting 

material. (* = “C, T = 7H = tritium) 

*(a) *CH=O (b) CT=O ter CHO 

H OH H OH HO—C—H 

HO H HO H nO 

OH H OH H OH 

OH H OH H OH 

CH,OH CH,OH CH,OH 
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*27,.47 

27.48 

*27.49 

*27.50 

aldose 
Br2/H20 

Carbohydrates and Nucleic Acids 

Available commercial sources of isotopes include Na;*CO3, Na*CN, *H>, and 

°H,O. Outline a synthesis of each isotopically labeled compound. 

Compound A, known to be a monomethyl ether of p-glucose, can be oxidized 

to a carboxylic acid B with bromine water. When the calcium salt of B is subjected 

to ferric acetate and hydrogen peroxide (Ruff degradation), another aldose mono- 

methyl ether is obtained that can also be oxidized with bromine water. When 

A is subjected to the Kiliani-Fischer synthesis, two new methyl ethers are 

obtained. Both are optically active, and one of them can be oxidized with dilute 

nitric acid to an optically inactive compound. Suggest a structure for A, including 

its stereochemistry. 

When p-ribose-5-phosphate was treated with an extract of mouse spleen, an 

optically inactive compound X, C5H, Os, was produced. Treatment of X with 

NaBH, gave a mixture of the alditols ribitol and xylitol. (See Table 27.2.) Treat- 

ment of X with periodic acid produced two molar equivalents of formaldehyde. 
Suggest a structure for X. 

The Wohl degradation can be used to convert an aldose into another aldose with 

one fewer carbon. Give the structure of the missing compounds as well as the 

curved-arrow mechanisms for the conversion of B to C and C to arabinose. 

CH=O 

isl OH 

Bae 
me H OH 

CH,OH 

NH,OH excess Ac,O Nat AcO7 
> A > B os 

an oxime C,gsH350;.N 

an © > @) ap OH 

CH,OAc CH,OH 

Cc D-arabinose 

The following sequence of reactions, called the Weerman degradation, can be 
used to degrade an aldose to another aldose with one fewer carbon atom. 

H;O0f NH, 
> [A] — ay aldose with one fewer carbon Poa eer 

NaOH 

Using glucose as the aldose, explain what is happening in each step of this 
sequence. Your explanation should include the identity of each compound in 
brackets. (Hint: Compound A is a lactone, and a lactone is a type of ester.) 
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*27.51 1-Rhamnose is a 6-deoxyaldose with the structure shown below. When a methyl 

glycoside of t-rhamnose, methyl a-Lt-rhamnopyranoside, was treated with peri- 

odic acid, compound A, CsH,,O; was obtained that showed no evidence of a 

carbonyl group in its IR spectrum. Treatment of A with CH;I/Ag,O gave a 

derivative B, CsH,,O;. Treatment of A with H,/Ni or NaBH, gave compound 

C, shown below in Fischer projection. Give the structure of A. Explain why A 

gives no detectable carbonyl absorption in its IR spectrum, yet reacts with NaBHy,. 

HO O OH CH,OH 

CH; L-rhamnose H OCH, 

O ¢ 

OH OH CH; H 

CH,OH 

27.52 Oligosaccharides of the following type are obtained from the partial hydrolysis 

of starch amylopectin. 

CH,OH- O 

HO 

HO OH CH,OH-O 

O 

HO OH CH,OH-O 

O 
n-2 

HO OH 

What ratio of erythritol to glycerol would be obtained from successive treatment 

of a twelve-residue oligosaccharide of the type shown above with periodic acid, 

then NaBHy,, and then hydrolysis in aqueous acid? 

CH,OH 

OH CH,OH 

OH TT ene) GL 

CH,OH CH,OH 

erythritol glycerol 

27.53 One theory of genetic mutation postulates that some mutations arise as the 

result of mis-pairing of bases caused by the existence of relatively rare tautomeric 

forms of the bases in DNA. Show the hydrogen-bonding complementarity that 

can result from *(a) the pairing of an imine tautomer of C with A; (b) the 

pairing of an enol tautomer of T with G. 
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27.54 The stability of a DNA double helix can be measured by its melting temperature, 

Ti» defined as the temperature at which the helix is 50% dissociated into individ- 

ual chains. 

*(a) Explain why the double helix formed between polydeoxyadenylic acid 

(polyA) and polydeoxythymidylic acid (polyT) has a considerably lower T,, 

(68°) than that of the double helix formed between polydeoxyguanidylic 

acid (polyG) and polydeoxycytidylic acid (polyC) (91°). (Hint: See Fig. 
27.6.) 

(b) Which of the following viruses has the higher ratio of (G + C)/(A + T) 
in its DNA? Explain. 

Viral DNA source eee: 

Human adenovirus I 58.5 

Fowl pox 35 

*27.55  Maltose is a disaccharide obtained from the hydrolysis of starch. Maltose can 

be hydrolyzed to two equivalents of glucose, and can be oxidized to an acid, 
maltobionic acid, with bromine water. Treatment of maltose with dimethyl 

sulfate and sodium hydroxide, followed by hydrolysis of the product in aqueous 

acid, yields one equivalent each of 2,3,4,6-tetra-O-methyl-p-glucose and 2,3,6,- 

tri-O-methyl-p-glucose. Hydrolysis of maltose is catalyzed by a-amylase, an 
enzyme known to affect only a-glycosidic linkages. Give two structures of maltose 
consistent with these data, and explain your answers. 

Treatment of maltobionic acid with dimethyl sulfate and sodium hydroxide 
followed by hydrolysis of the product in aqueous acid gives 2,3,4,6-tetra-O- 
methyl-p-glucose and 2,3,5,6-tetra~-O-methyl-p-gluconic acid. (See Eq. 27.25 for 
the structure of p-gluconic acid.) Give the structure of maltose. 

27.56 Planteose, a carbohydrate isolated from tobacco seeds, can be hydrolyzed in 
dilute acid to yield one equivalent each of p-fructose, D-glucose, and p-galactose. 
Almond emulsin (an enzyme preparation that hydrolyzes a-galactosides) cata- 
lyzes the hydrolysis of planteose to p-galactose and sucrose. Planteose does 
not react with bromine water. Treatment of planteose with (CH3).SO4/NaOH, 
followed by dilute acid hydrolysis, yields, among other compounds, 1,3,4-tri-O- 
methyl-p-fructose. Suggest a structure for planteose. 

27.57  *(a) What is the amino acid sequence of a peptide coded by a strand of mRNA 
with the following base sequence? 

5’ AUGAAACAAGAUUUUUAUUGGGGG 3’ 

(b) What is the sequence of the DNA from which the mRNA is transcribed? 
Be sure to specify the 3’ and 5’ ends. 
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*(c) What would be the translation product resulting from a single mutation in 

which a change occurs from U to A at position 18 from the 5’ end in the 

mRNA? 

*27.58 Outline a mechanism for the following reaction, an example of the Amadori 

rearrangement. 

cin) Ch 

C=O 

aro H 
p-glucose + cy) Ni moe 

H OH 

OH 

CH,OH 

27.59 Explain with a mechanism why treatment of the 2-deoxy-2-amino derivative of 

p-glucose (p-glucosamine) with aqueous NaOH liberates ammonia. 

CH,OH -O 

HO D-glucosamine 

OH 
HO NH, 

*27.60 1-Ascorbic acid (vitamin C) has the following structure: 

1 
H bak fet HO : HO Oa 

Si CHLOH | 
HO=—G 

O 
O o H O 

HO H 
HO OH 

CH,OH 

(a) Ascorbic acid has pK, = 4.21, and is thus about as acidic as a typical 

carboxylic acid. Identify the acidic hydrogen and explain. 

(b) Thousands of tons annually of ascorbic acid are made commercially from 

p-glucose. In the synthesis below give the structures of the compounds 

[A]-[C]. 
(Problem 27.60 continues ) 
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D-glucose NaBH, [A] poem [B] [ J 

oxidation 

D-glucitol L-sorbose 
(L-sorbitol) (a ketose) 

ic Cae © CH,OH 

i Cam ©) H 

H O CH MO LoL aria L-ascorbic acid 
3 

O H 

HSC a O CH; 

*27.61 When RNA is treated with periodic acid, and the product of that reaction treated 

with base, only the nucleotide residue at the 3’-end is removed. 

(a) Explain why the degradation is reasonable by showing its chemistry. 
(b) Would the same degradation work with DNA? Explain. 

27.62 When DNA is treated with 0.5. M NaOH at 25°, no reaction takes place, but 
when RNA is subjected to the same conditions, it is rapidly cleaved into mono- 

nucleotide 2- and 3-phosphates. Explain. (Hint: What is the only structural 
difference between RNA and DNA? How can this difference promote the 
observed behavior? See Sec. 11.6.) 

*27.63 At 100°, p-idose exists mostly (about 86%) as a 1,6-anhydropyranose: 

Cr 

HO H 

H OH 
1,6-anhydro-D-idopyranose 

HO H 

H O 

O a CH Do 

(a) Draw the chair conformation of this compound. 
(b) Explain why p-idose has more of the anhydro form than p-glucose. (Under 

the same conditions glucose contains only 0.2% of the 1,6-anhydro form.) 
Die Bee cinta =e isin ls SICISA PS Sis ese hele aielesoiels\o sie cie's\s 2/e\ese)eleioje/s\eeia ele sis\e'e aisle sjajsiaisie\ele\s{alelaielelejeie\eratacaieio/eia)8[6)s(elolecolniele{ale (s/ais’e’s\9:¢\e'e)ale/ejee'vfe'ale(e\siaiessiaieroje)sielaievere’sisiate tre oe vie aiele ciecten moe rtie 
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Appendix I. Substitutive 

Nomenclature of Organic Compounds 
Reet eee eee meee Hee EEE EERE OEE OEE EEE H EEE EEE EEE H SHEE OEE EHE EEE S TEESE EEESEEEEEEHEEHE SEES ESSE EEE EEE SE EEE EEESEEEEEE EES 

The substitutive name of an organic compound is based on its principal group and 

principal chain. 

The principal group is assigned according to the following priorities: 

O 7 O O 

—- © — OH (carboxylic add) — C—-O — C— (anhydnde) = —_C—_OR \ester))-— 

O O ] 

—C—X (acid halide) > —C—NR,; (amide) > —C=N (nitrile) > —C—H (aldehyde) > 

O 

| 
—C— (ketone) > — OH (alcohol, phenol) > SH (thiol) = —-NR> (amine) 

The principal chain is identified by applying the following criteria in order until a 

decision can be made. 

. Maximum number of substituents corresponding to the principal group 

. Maximum number of double and triple bonds considered together 

] 

D 

3. Maximum length 

4. Maximum number of double bonds 

b) . Maximum number of substituents cited as prefixes 

A principal chain is numbered by applying the following criteria in order until there 

is no ambiguity. Where multiple numbers are possible, comparisons are made at the first 

point of difference. 

1. Lowest number for the principal group cited as a suffix, that is, the group 

on which the name is based 

2. Lowest numbers for multiple bonds, with double bonds having priority 

over triple bonds 



Type of Absorption 

C—H stretch 

C=C stretch 

\ 

y 
others 

== (— Hi stretch 

—C—H bend 

ae Ol Cla, 

Appendices 

3. Lowest numbers for other substituents, taking into account the “first 

point of difference” rule (Sec. 2.4C, Rule 8) 

4. Lowest number for the substituent named as a prefix that is cited first in 

the name 

The name is constructed starting with the hydrocarbon corresponding to the principal 

chain. 

1. Cite the principal group by its suffix and number; its number is the last 

one cited in the name. 

2. If there is no principal group, name the compound as a substituted 
hydrocarbon. 

3. Cite the names and numbers of the other substituents in alphabetical 

order at the beginning of the name. 

These lists cover most of the cases cited in the text. (See Study Problems 8.1 and 
8.2 for illustrations.) For a more complete discussion of nomenclature, see, Nomenclature 

of Organic Chemistry, 1979 Edition, by the International Union of Pure and Applied 
Chemistry, published by Pergamon Press. 

Appendix II. Important Infrared Absorptions 
BT UO OIC OIOUOIOOIOOONIS OOOO OOOO NOOOOCOCORIOOOOIOOOOOOOOOOOOCOCCOAOTOOOOOCMOM rrr rrr 

Frequency, cm~' (Intensity) Comment 

Alkanes 

2850-3000 (m) occurs in all compounds with aliphatic C—H bonds 

Alkenes 

1640 (m) 

1655 (m) 

1660-1675 (w) not observed if alkene is symmetrical 

3000-3100 (m) 

910-990 (s) 

890 (s) 

960-980 (s) 



Type of Absorption 

H H 

\ i 
C=C 

i \ 

H 

\ yi 
G—_€ 

Vi Ny 

O—H stretch 

C—O stretch 

C=C stretch 

=C—H stretch 

@— @stretch 

C—H bend 

overtone 

C=O stretch 

ordinary 

a, B-unsaturated 

benzaldehydes 

@—Hestreteh 

C=O stretch 

ordinary 

a, B-unsaturated 

aryl ketones 

C=O stretch 

ordinary 

benzoic acids 

O—H stretch 

C=O stretch 

¢€—O stretch 

C=0 stretch 

Frequency, cm™' (Intensity) 

675-730 (s) 

800-840 (s) 

3200-3400 (s) 

1050-1250 (s) 

2100-2200 (m) 

3300 (s) 

1500, 1600 (s) 

650-750 (s) 

1660-2000 (w) 

1720-1725 (s) 

1680-1690 (s) 

1700 (s) 

2720 (m) 

1710-1715 (s) 

1670-1680 (s) 

1680-1690 (s) 

1710 (s) 

1680-1690 (s) 

2400-3000 (s) 

1735 (s) 

1800 (s) 

1760, 1820 (s) 

Appendix II Important Infrared Absorptions A-3 

Comment 

position is highly variable 

Alcohols and Phenols 

also present in other compounds with C—O bonds: 

ethers, esters, etc. 

Alkynes 

not present or weak in many internal alkynes 

present in 1-alkynes only 

Aromatic Compounds 

two absorptions 

Aldehydes 

Ketones 

increases with decreasing ring size (Table 21.3) 

Carboxylic Acids 

very broad 

Esters and Lactones 

increases with decreasing ring size (Table 21.3) 

Acid Chlorides 

second weaker band sometimes observed at 1700-1750 

Anhydrides 

two bands; increases with decreasing ring size in cyclic 

anhydrides 

(Table continues) 
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Appendix I (continued) 

Type of Absorption Frequency, cm~' (Intensity) Comment 

Amides and Lactams 

C=O stretch 1650-1655 (s) increases with decreasing ring size (Table 21.3) 
N—H bend 1640 (s) 

INeaeilecunetch 3200-3400 (m) doublet absorption observed for some primary amides 

Nitriles 

C=N stretch 2200-2250 (m) 

Amines 

N—H stretch 3200-3375 (m) several absorptions sometimes observed, especially for 
primary amines 

DOSER OCLC OD POO DOI CR OOOOS OOOO OU COCIOOOTOC ODOC CO COOC COCO CO OOO COCO ON OO UR UOCO CC OG. CCU OIC UO OD CIOCIO OC HOO OU TT OOOO MICOOONOTCIOC OCD OOOCCOSRASEM OT DCOODSAOGSnonAG 

Appendix III. Important Proton NMR Chemical Shifts 
S/218 10) 00\u) aim /o a) aia \eie\e!e\a\@\6\4!e\e ei6i0iei6\a wieis|ei6 > 6/8) €\0\6\6\6\e)t\6)6inle/eieis 616\b.6 0.0 0.0/0/6in\ein 6 \n'a'a\s\a/0le\6:% 6'6-610/0/6\a\0\6 Ole pla\u5s m0 16 16-610.0.014/016 nieieie@wid-alaiuiateie eats élauioves.e n pie 

civleleleie)¢|e8aieeieleieie\eie\eleieieje\e(aie\¢i¢'e\e)s'w)a\a'p/e1¥je)e\e/e/e{0)9/6\6/¢\6{6/s\e(n/u,0\9'0:0\0/018\0.0\61016\a/0(9)0\m a’n\uip'w]e16 [6/0] 6]¢10\6,016(0)6,016\s pluielein'a'e.6 Slele ola/ain vie eie\e olcte\s Wialeielsie/e'ee.e slain 

Group Chemical shift, ppm Group Chemical shift, ppm 

| O 
—C—C—H O75 | 
ba —C—H 9-11 

H O 

~ 4.6—5.7 I = .6—5. (C= INI 7.9—9.5 lo | 
=O==Il varies with solvent and | 

with acidity of O—H —C—NH— 0.5-1.5 

oe O —— Ola 1.7—2.5 | 

Ge eee en yO CORO CUE CEROOC OCD OCD OCUOOTID CSD OOCOOaDO RICH OCH IOCC NDT CIOOO COB CHOHOCG AOL OU DAGEOL a IOASAGicHSensnesenanoon 

Group G j 6 for CH;—G, ppm Og 4 

Ia 0.2 — 
— CR; or —CR,— (R= H, alkyl) 0.9 0.6 
== 4.3 3.6 
==Chl 3.0 Wed) 
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Group G 6 for CH;—G, ppm Og 4 

Dt Ped 2 

=| ep) 1.8 

—CR=CR, (R = H, alkyl) 1.8 ile 

SCC 12 (IR = IBb, alligial) 230) 1.4 

Or 35) 2.6 

—OR_ (R = alkyl) 33 2.4 

—OR (R = aryl) Bel, 2.9 

—=Slal, SIR 2.4 1.6 

<) 20 1.8 

O 
| 2.1 (R = aryl) 15 

=C=R 2.6 (R= aryl) 
O 

| 
—C—OR (R= H, alkyl) Desk es 

O 
I 3.6 (R = alkyl) 3.0 

—O—C—R 3.8 (R = aryl) 

O 

! 
—C—NR, (R = H, alkyl) 2.0 15 

O 

cee (R = H, alkyl) 2.8 = 
—NR, (R = H, alkyl) 2?) 1.6 

ivi (R = aryl) 2) — 

= CZ IN 220) atl 

4 Effective contribution to the chemical shift of the methylene protons in a group G, —CH,—G) 

according to the equation 

o—— CH —)| = 0.25 OG, 5 cy 

Some '*C chemical shifts are given in Table 13.7, page 623. 

Appendix IV. Summary of Synthetic Methods 

The methods below are listed in order of their occurrence in the text; the section reference 

follows each reaction in parentheses. Thus, a review at any point in the text is possible 

by considering the methods listed for earlier sections. 

Don’t forget that in many cases a method can be applied to compounds containing 

more than one functional group. Thus, catalytic hydrogenation can be used to convert 

phenols into alcohols, but it is listed under “Synthesis of Alkanes and Aromatic Hydrocar- 

bons” because the actual transformation is the formation of —CH,—CH,— groups 

from —CH=CH— groups; the presence of the —OH group is incidental. 

Reaction summaries for each chapter are found in the Study Guide. 
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Synthesis of Alkanes and Aromatic Hydrocarbons 
eee eeeee Ree eee eRe eee eee eee EE HEHEHE HEHEHE HEHEHE EEE EHEHEEE HEHEHE EEH EEE HEHEEEEE EHH HEEEE EOE E SHEE EEE EEE EES 

. Catalytic hydrogenation of alkenes (4.9A) 

2. Protonolysis of Grignard or related reagents (8.7B) 

Oo 

CON DD OT Bf 

. Cyclopropane formation by the addition of carbenoids to alkenes 

(Simmons-Smith reaction; 9.8B) 

. Catalytic hydrogenation of alkynes (14.6A) 

. Friedel-Crafts alkylation of aromatic compounds (16.4F) 

. Catalytic hydrogenation of aromatic compounds (16.6) 

. Wolff-Kishner or Clemmensen reductions of aldehydes or ketones (19.12) 

. Reaction of aryldiazonium salts with hypophosphorous acid (23.10A) 

Synthesis of Alkenes 

. B-Elimination reactions of alkyl halides or sulfonates (9.5, 10.3A, 17.3B) 

. Acid-catalyzed dehydration of alcohols (10.1) 

. Catalytic hydrogenation of alkynes (gives cis-alkenes when used with inter- 
nal alkynes; 14.6A) 

. Reduction of alkynes with alkali metals in liquid ammonia (gives trans- 
alkenes when used with internal alkenes; 14.6B) 

. Diels-Alder reaction of dienes and alkenes to give cyclic alkenes (15.3, 25.3) 

6. Wittig reaction of aldehydes or ketones (19.13) 

7. Aldol condensation reactions of aldehydes or ketones to give a,B- 
unsaturated aldehydes or ketones (22.4) 

. Hofmann elimination of quaternary ammonium hydroxides (23.8) 

Synthesis of Alkynes 

ll. 

Ze 

Sie-6. 918) 0:0) 5ivinisio\ole} 416) a eie!elaietare\sisi4 1s A)e,'le(o)¢i6) eie]e(eia/e .ate.6:8/5\n's\elsie\e/s!e ¢)e:6i0iGiNiais/m\s/n 6/6\61p/6\n)q i910 8/¥ie's'w'w\n/uis)e.e'e S\b/9\ele\aih @ albu a\ain/qieiejeie\e\a ereielslelereiete 

Alkylation of acetylenic anions with alkyl halides or sulfonates (14.7B) 

B-Elimination reactions of alkyl dihalides or vinylic halides (18.2) 

Synthesis of Alkyl and Aryl Halides 
Bene wee 

on 

SiS OOS Mip'el6) a} iB O10 ie! eheiale\dieie'0'S/e)s’a\e\ajn/elainia ei vie ip iejaze & alo (6\6)o)R¥9.0i0\e\e:e\e\s[0/ajeic.ein'e » Au(h le [0id:6 80 m/S.divieje:< 0's s/a\e olalalnislslulsiaipieisisinic(a/e\e eleleicie cicleeleie 

. Addition of hydrogen halides to alkenes (4.7, 15.4A) 

. Addition of halogens to alkenes (5.1) 

. Peroxide-promoted addition of HBr to alkenes (5.6) 

. Synthesis‘ of dihalocyclopropanes by addition of dihalomethylene to 
alkenes (9.8A) 

. Reaction of alcohols with HBr or thionyl chloride (10.2, 10.3D, 17.1) 

6. Reaction of sulfonate esters or other alkyl halides with halide ions (10.3A,, 17.4) 
7. Halogenation of aromatic compounds (16.4A) 
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8. Allylic and benzylic bromination of alkenes or aromatic hydrocarbons (17.2) 

9. a-Halogenation of aldehydes, ketones, or carboxylic acids (22.3A,C) 

10. Synthesis of aryl halides by the reaction of cuprous chloride, cuprous bro- 

mide, or potassium iodide with aryldiazonium salts (Sandmeyer and 

related reactions; 23.10A) 

Synthesis of Grignard Reagents and 

Related Organometallic Compounds 

1. Reaction of alkyl or aryl halides with metals (8.7A, 18.5) 

2. Preparation of acetylenic Grignard reagents by metal-hydrogen exchange 

(14.7A) 

3. Preparation of lithium dialkylcuprates by reaction of alkyllithium reagents 

with cuprous halides (21.10B) 

Synthesis of Alcohols and Phenols 
Ree eee eee eee eee Eee HEHEHE EEE H HEHEHE EEE E SEES OHHH EERE HEHEHE EEES OSES EES EEHEEEEEEEEEEE OSES EEE H HEHEHE EEE EEE EE EEE EE EEE EEEES 

(Syntheses apply only to alcohols unless noted otherwise.) 

1. Acid-catalyzed hydration of alkenes (used industrially, but generally not a 

good laboratory method; 4.9B) 

. Synthesis of halohydrins from alkenes (5.1B) 

. Oxymercuration-reduction of alkenes (5.3A) 

Hydroboration-oxidation of alkenes (5.3B) 

. Ring-opening reactions of epoxides (11.4A,B) 

. Reaction of ethylene oxide with Grignard reagents (11.4C) 

. Reduction of aldehydes or ketones (19.8, 27.7D, 22.9) 

. Reaction of aldehydes or ketones with Grignard or related reagents (19.9, 

22.10A) 

9. Reduction of carboxylic acids to primary alcohols (20.10) 

10. Reduction of esters to primary alcohols (21.9A) 

11. Reaction of esters with Grignard or related reagents (21.10A) 

12. Aldol addition reactions of aldehydes or some ketones to give B-hydroxy 

aldehydes or ketones (22.4) 

13. Reaction of diazonium salts with water to give phenols (23.10A) 

14. Synthesis of phenols by the Claisen rearrangement of allylic aryl ethers (25.4B) 

Synthesis of Glycols 
eee eae eee eee eee ee HHH EEE HEHE HOHE HEHEHE HEHE HEHEHE E HEHEHE HEHEHE EEE EEE HEHEHEEEE HERE EHEEEHEEEEEET EEE HEHE EEE E HETERO EES 

1. Reaction of alkenes with osmium tetroxide or alkaline potassium perman- 

ganate (5.5) 

2. Acid-catalyzed hydrolysis of epoxides (11.4B) 
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Synthesis of Ethers 

1. Alkylation of alkoxides or phenoxides with alkyl halides or alkyl sulfonates 

(Williamson synthesis; 11.1A, 18.6B, 27.6) 

. Alkoxymercuration-reduction of alkenes (11.1B) 

. Acid-catalyzed dehydration of alcohols (11.1C) 

. Acid-catalyzed addition of alcohols to alkenes (11.1C) 

mn —& WwW bd . Acetal formation by the acid-catalyzed reaction of alcohols with aldehydes 

or ketones (19.10A, 27.5) 

Synthesis of Epoxides 

1. Oxidation of alkenes with peroxycarboxylic acids (11.2A) 

2. Cyclization of halohydrins (11.2B) 

Synthesis of Disulfides 

1. Oxidation of thiols (10.9) 

Synthesis of Aldehydes 

1. Ozonolysis of alkenes (of limited utility because carbon-carbon bonds are 
broken; 5.4) 

2. Oxidation of primary alcohols (10.6A) 

Oo . Oxidative cleavage of glycols (of limited utility because carbon-carbon 
bonds are broken; 10.6C) 

. Hydroboration-oxidation of alkynes (14.5B) 

. Reduction of acid chlorides (21.9D) 

. Aldol addition reactions of aldehydes to give B-hydroxy aldehydes (22.4) 

. Aldol condensation reactions of aldehydes to give a,@-unsaturated alde- 
hydes (22.4) 

8. Synthesis of aldoses from other aldoses by the Kiliani-Fischer synthesis 
(27.8) and the Ruff degradation (27.9B) 

ND Ww 

Synthesis of Ketones 
Wied Mowe ee AOD OC CLC IU CO CUO CUCCOOUCTOUNCTOOCOOCOCOCCOCOO COC CUM UCL S UUDCOOG STH PAC UU COCOOEOCOCCOCDANCOCOnODCaaaKt 

1. Ozonolysis of alkenes (of limited utility because carbon-carbon bonds are 
broken; 5.4) 

2. Oxidation of secondary alcohols (10.6A) 

3. Oxidative cleavage of glycols (of limited utility because carbon-carbon 
bonds are broken; 10.6C) 
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. Mercuric-ion catalyzed hydration of alkynes (14.5A) 

. Friedel-Crafts acylation of aromatic compounds (16.4E) 

. Oxidation of phenols to quinones (18.7) 

. Reaction of acid chlorides with lithium dialkylcuprates (21.10B) 

. Aldol condensation reactions of ketones to give a,B-unsaturated ketones (22.4) 

NOR COI ON On ae . Claisen and Dieckmann condensation reactions of esters to give B-keto 

esters (22.5A,B) 

10. Crossed Claisen condensation reactions of esters to give B-diketones (22.5C) 

11. Acetoacetic ester synthesis (22.6C) 

12. Conjugate addition reactions of a,6-unsaturated ketones (22.8), including 

addition of lithium dialkylcuprate reagents (22.10B) 

Synthesis of Sulfoxides and Sulfones 
POR eee meee eee eee eee eee eee eee e eee EEEEEEE EEO H EEE EEESEEEHEHE TEESE DESO SESE EEEE ESE HEH HEHEHE EEE EEE E HEHEHE HEHE EES 

1. Oxidation of sulfides (11.7) 

Synthesis of Carboxylic and Sulfonic Acids 
OOO e meee meme eee EE EEE E THEE HEHE HOHE EE SEES ES HE EH HEHEHE EEEEEE HEHE EHH E HEED HEHEHE HEHEHE EEE EEE HEHEHE EHH EES 

(Syntheses apply only to carboxylic acids unless noted otherwise.) 

1. Ozonolysis of alkenes (of limited utility because carbon-carbon bonds are 

broken; 5.4) 

. Oxidation of primary alcohols (10.6B) 

. Oxidation of thiols to sulfonic acids (10.9) 

. Sulfonation of aromatic compounds to give arylsulfonic acids (16.4D) 

. Side-chain oxidation of alkylbenzenes (17.5) 

. Oxidation of aldehydes (19.14) 

. Reaction of Grignard or related reagents with carbon dioxide (20.6) 

CORRS SONS Ole ies OomS: . Hydrolysis of carboxylic acid derivatives, especially nitriles (21.7, 21.11, 

26.4C) 

9. Haloform reaction of methyl ketones (of limited utility, since this reaction 

breaks carbon-carbon bonds; 22.3B) 

10. Malonic ester synthesis (22.6A) 

Synthesis of Esters 
nema e meme eee eee erase eee ee sees ea eee e Hess HHH HEHEHE OHHH HEHEHE HEHEHE HEE E HEHE EEE E HEHEHE EE EE EEE H HEHEHE EEE EE EEE HEHE EEEEED 

1. Reaction of alcohols with sulfonyl chlorides (for sulfonate esters; 10.3A) 

2. Acid-catalyzed esterification of carboxylic acids with primary or secondary 

alcohols (20.8A, 26.5) 

3. Alkylation of carboxylic acids with diazomethane (20.8B) 

4, Alkylation of carboxylate salts with alkyl halides (20.8B) 

5. Reaction of acid chlorides, anhydrides, or esters with alcohols (21.8, 27.6) 
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6. Claisen and Dieckman condensation reactions of esters to give B-keto 

esters (22.5A,B) 

7. Alkylation of ester enolate ions (22.6A,B) 

8. Conjugate addition reactions of a,B-unsaturated esters (22.8) 

Synthesis of Anhydrides 

1. Reaction of carboxylic acids with dehydrating agents (20.9B) 

2. Reaction of acid chlorides with carboxylate salts (21.8A) 

Synthesis of Acid Chlorides 
CORO e eae m ee ee eee n seer reese esses TE EEE EEE HOHE OSES EESESEEEEE SEES ERED EEEEEEEEE ESHEETS ESSE TEES OEEES EDO EOE SHEED DE EEEEEEeEEeES 

1. Reaction of carboxylic or sulfonic acids with thionyl chloride, phosphorus 

pentachloride, or related reagents (20.9A) 

2. Synthesis of sulfonyl halides by chlorosulfonation of aromatic compounds 
(20.9A) 

Synthesis of Amides 
Be OO OOOO OOOO SOOO OOM ONO OOO OOOO OOOO OUUOOOOOOOOOOOOOOOOOOOOOOIOCMICCnCmnmnirrrrinriririrrirs 

1. Reaction of acid chlorides, anhydrides, or esters with amines (21.8, 26.5) 

2. Condensation of amines and carboxylic acids with dicyclohexylcarbodi- 
imide (26.7) 

Synthesis of Nitriles 
#:©/n| wi 0A) G\a a 0m sa iB 16(B\6|6(0la(ns0/616\910\01e. 6,0 a. 4'6)6 10 .5\0\u10\0' 61610 '6 hie inv Uo n s\n 'ele/01010.e)6(6 106.616 a\e(nleia 1s a16(0:4 a0 d,010|0'¢:¢\e bie|uluinja'a ps v0 wleie(e'e'6:6laie mie nia‘eie'd aide Uielavainlcleielels 

1. Formation of cyanohydrins from aldehydes or some ketones (19.7A, 27.8A) 

2. Reaction of alkyl halides or sulfonates with cyanide ion (21.11) 

3. Conjugate addition of cyanide ion to a,B-unsaturated carbonyl com- 
pounds (22.8A) 

4. Reaction of cuprous cyanide with aryldiazonium salts (23.10A) 

Synthesis of Amines 
OLESEN PRICE 2S 810 0[ni9i€ e160 \€. 6601819 dle'8 9:6 /8.6 wo a\0, 019) 9[s\e\ele]sleie. 6816's 9(e/ei4is.e|0'e o:e ¥16)ae.¢|616 o\b/e (ala \u wiele e.6'e/e7b)4(elnleleialeie(e\éie alelsiaia\diaie/eie/eierenislavetaatetersteleieiatetare 

1. Reduction of amides (21.9B) 

2. Reduction of nitriles to primary amines (21.9C) 

3. Direct alkylation of ammonia and amines (of limited utility because of the 
possibility of overalkylation; 23.7A, 26.4A) 

4. Reductive amination of aldehydes and ketones (@377B)) 

5. Aromatic substitution reactions of aniline derivatives (23.9) 

6. Gabriel synthesis of primary amines (23.11A) 
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Reduction of nitro compounds (23.11B) 

Curtius and Hofmann rearrangements (23.11C) 

Synthesis of Nitro Compounds 

It. Nitration of aromatic compounds (16.4C) 

Appendix V. Reactions Used 

to Form Carbon-Carbon Bonds 
Omer eee eee ee mee meme eee e eee eee EEE HEHE EEE EEE HEHE SEES HEHEHE EEEEEEEEEEEEEHEEE HEHEHE EEE EEE HEHEHE EEES 

Reactions are listed in the order that they are discussed in the text. The section reference 

follows each reaction in parentheses. 

il. 

Oo GON HW OH S& WH WN 

i — S&S) 

Cyclopropane formation by addition of carbenes or carbenoids to alkenes 

(9.8) 

. Reaction of Grignard reagents with ethylene oxide (11.4C) 

. Reaction of acetylenic anions with alkyl halides or sulfonates (14.7B) 

. Diels-Alder reactions (15.3, 25.3) 

. Friedel-Crafts acylation (16.4E) and alkylation reactions (16.4F) 

. Cyanohydrin formation (19.7, 26.4C, 27.8A) 

. Reaction of Grignard and related reagents with aldehydes or ketones (19.9) 

. Wittig alkene synthesis (19.13) 

. Reaction of Grignard and related reagents with carbon dioxide (20.6) 

. Reaction of Grignard and related reagents with esters (21.10A) 

. Reaction of lithium dialkylcuprates with acid chlorides (21.10B) 

. Reaction of cyanide ion with alkyl halides or sulfonates (21.11) 

. Aldol addition and condensation reactions (22.4) 

. Claisen and related condensation reactions (22.5) 

. Malonic ester synthesis (22.6A, 26.4B) 

. Alkylation of ester enolate ions with alkyl halides or sulfonates (22.6B) 

. Acetoacetic ester synthesis (22.6C) 

. Conjugate-addition reactions of cyanide ion (22.8A) or enolate ions 

(22.8C) to a,B-unsaturated carbonyl compounds 

. Conjugate addition of lithium dialkylcuprate reagents to a,B-unsaturated 

carbonyl compounds (22.10B) 

. Reaction of aryldiazonium salts with cuprous cyanide (23.10A) 

. Fischer and Reissert indole syntheses (24.4) 

. Skraup quinoline synthesis (24.5E) 

. Formation of rings by electrocyclic reactions (25.2) 

. Claisen rearrangement (25.4B) 



Appendices 

Appendix VI. Typical Acidities and 

Basicities of Organic Functional Groups 
TEPER meee e ee ee eee eee eae esses HEHEHE EEE EE EEE HEE HOHEHEHEEEH HED E EEE EEEEEHE HEHEHE EEEEEE HEHE HHEEEEE EEE E HEE EE EE EEE EEEE EES 

A. Acidities of Groups That Ionize to 

Give Anionic Conjugate Bases 
SER e Ree eee eee eee eee eee n eee e eee EEH TEESE EEE E EEE HEHEHE EEE EEE HEEEEEHEEE SEES HEHEHE EE ESE HEEEEEE EEE EEEESEEESEEEES ESSE EES 

Functional group Structure Typical pK, 

O 

; | 
sulfonic acid? R— § —O—He <1 

| (strong acid) 
O 

O 

| 
carboxylic acids R= a 3-5 

phenol? ( )p-o-H 9-11 

thiol? R= G1 9-11 

OME 

ae 
sulfonamide? R— i —N—R 10 

O 

7 H 

| 
amide R—===(C.—=|IN SIR 15-17 

alcohol ROI 4 15-19 

Oger 

| | 
aldehyde, ketone Rea Oaks 17-20 

©) 

| || 
ester R,€—C—OR 20-25 

H 

| 
nitrile RE— €=N 25 

amine RON el 2 3)5 

alkane R,C—H 50—60 (2) 

* Acidic enough to dissolve in aqueous 5% NaHCO; solution. 
» Acidic enough to dissolve in aqueous 5% NaOH solution. 
© Acidic hydrogens in color. 



Appendix VI Typical Acidities and Basicities of Organic Functional Groups A-13 

Bb. Basicities of Groups That Protonate 

to Give Cationic Conjugate Acids 

Structure of Typical pK, of Structure of Typical pK, of 

Functional group conjugate acid conjugate acid Functional group conjugate acid conjugate acid 

+ 
alkylamine® R3N— H? 9-11 i 

. . te 

aromatic amine ATS NR5 4—5 thiol, sulfide Rasa = {5 ey — 9) 

ae (R,R’ = alkyl, H) 

+O—H 
amide R—C—NR; =i ] 

H ester, acid R—C—OR —6 

| *O—H 
alcohol, ether Rae —dtOua dS | 

(R,R’ = alkyl, H) aldehyde, ketone R—C—R —7 

H 
| nitrile RCN — tito 

phenol, aromatic A= QIN 6 1 =7/ 
+ 

ether 

@ Basic enough to dissolve in 5% aqueous HCl. 

» Acidic hydrogens in color. 
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indicates a Study Guide Link. 

A 
Abietic acid, 735p 

Absolute stereochemical configuration, 

233 

relationship to optical rotation, 238 

Absorbance, 684 

Absorptions, infrared 

confirmatory, 543 

diagnostic, 543 

Absorption spectroscopy, 538 

Absorptivity, see Extinction coefficient 

Abstraction, of atoms in free-radical reac- 

tions, 198 

Ac, abbreviation for acetyl group, 1064¢ 

Acceptor, hydrogen-bond, 348 

Acebutolol, structure, 85p 

Acetaldehyde 

aldol addition, 1055 

enolization, 1044 

from biological oxidation of ethanol, 

472-475 

structure, 866f, 934f 

synthesis from acetylene by hydration, 

656 

trimerization, 901 

Acetals, 898, 898-902 

as protecting groups, 902—904 

glycosides, 1344 

synthesis, 898 

2-Acetamido-2-deoxy-p-glucose, 1366 

Acetamido group, 977t 

Acetanilide, nitration, 1139 

Acetate group, abbreviation, 1064¢ 

Acetic acid 

in spoiled wine, 474 

pK, 108, 939t, 939 
solvent properties, 352, 354 

structure, 930, 934f 

Acetic anhydride 

in acetylation of amino acids, 1281 

in Friedel-Crafts acylation, 1185-1186 

reaction with carbohydrates, 1347 

Acetoacetic acid, decarboxylation, 958 

Acetoacetic ester synthesis, 1079-1082 

Acetone 

aldol reactions, 1056, 1058 

industrial synthesis and use, 851-852, 

ON) 

production from petroleum, 213f 

solvent properties, 354 

structure, 866f, 934f 

Acetonitrile, solvent properties, 355t 

Acetophenone, 867 

acidity, 1039 

Acetoxy group, 9771 

abbreviation, 1064t¢ 

Acetylacetone, see 2,4-Pentanedione 

Acetylamino group, 977t 

Acetylcholine, 1155 

AcetylCoA, 1082, 1083f 
1-Acetylcyclohexene, UV spectrum, 877 

Acetylene 

bonding, 648-649 

hydration to acetaldehyde, 656 

industrial synthesis and use, 670 

structure, 14f, 17 

Acetylenes, 46; see also Alkynes 

Acetylenic anions, 662—665 

as nucleophiles, 665—666 

synthesis, 663 

N-Acetyl-p-glucosamine, 1366 

Acetyl group, 868 

abbreviation, 1064 

as protecting group, 1138 

Acetyloxy group, 977¢ 

Achiral, 227 

Acid, see specific types, e.g., Bronsted, 

Lewis, carboxylic acid, etc. 

Acid anhydrides, see Anhydrides 

Acid-base reactions, importance to 

organic chemistry, 87 

Acid bromides, in a-bromination of car- 

boxylic acids, 1053 

Acid chlorides, see Acid halides 

Acid halides 

hydrolysis, 995-996 

in Friedel-Crafts acylation reactions, 

754 

in organic synthesis, summary, 

1003—1004 

IR spectroscopy, 982—983 

NMR and CMR spectroscopy, 982—986 

nomenclature, 973-974, 976-977 

physical properties, 980 

reactions 

reduction to aldehydes, 1012-1013 

with amines and ammonia, 

1001-1002 

with alcohols and phenols, 

1002-1003 

with carboxylate salts, 1003 

with lithium dialkylcuprates, 

1017-1018 

relative carbonyl reactivity, 1014 

relative reactivity in nucleophilic acyl 

substitution, 996—1000 

synthesis from carboxylic acids, 

952-953 

mechanism, SGL 20.6 

Acidity 

of alcohols, gas-phase, 365-366 

of alcohols and thiols, 360—366 

of functional groups, summary, Al2 

relationship to orbital hybridization, 

604 

I-1 



=D; Index 

AcO, abbreviation for acetoxy 

group, 1064t 

Acrilan, 209t 

Acrolein, 868 

intermediate in Skraup quinoline syn- 

thesis, 1204 

Acrylic acid 

pK, 939t 
structure, 931f 

Acrylonitrile, conjugate-addition reac- 

tions, 1086-1087 

Activating group 

in electrophilic aromatic substitution, 

767, 767-771 

in electrophilic aromatic substitution of 

naphthalene derivatives, 1176 

Active site, of enzymes, 1308 

Acylamino group, activating and directing 

effects in electrophilic aromatic 

substitution, 762t 

Acylase, 1280 

Acylation, see also specific reactions, e.g., 

Friedel-Crafts reaction 

of amines, 1132 

of a-amino acids, 1281 

of phenols, 848-849 

Acyl azides, 1148 

Curtius rearrangement, 1148-1150 

synthesis, 1150 

Acyl carrier protein, 1083 

Acyl enzyme, intermediate in trypsin catal- 

ysis, 1309, 1312 

Acyl group, 988 

introduction in Friedel-Crafts acyl- 

ations, 754 

Acyl hydrazides, 1150 

O-Acylisourea, intermediate in solid-phase 

peptide synthesis, 1295 

Acylium ion, intermediate in Friedel- 

Crafts acylations, 754 

Acyloxy group, activating and directing 

effects in electrophilic aromatic 

substitution, 762t 

Acyl substitution, 988 

nucleophilic, 991 

mechanisms and reactivity, 996-1000 

1,2-Addition, 700 

1,4-Addition, see Conjugate addition 

Addition polymer, 208 

Addition reactions 

carbonyl, see also Nucleophilic addition 

mechanisms, 884-886 

relationship to nucleophilic acyl sub- 

stitution, 949 

structural effects on rates and equilib- 

ria, 887-890 

of alkenes, introduction, 144 

stereochemistry, 310-311 

of alkynes, 653-662 

Adenine, 1368 

Adenosine, 1369t 

Adenosine triphosphate, 1369 

hydrolysis, 1370 

S-Adenosylmethionine, 517-518 

structure, 518f 

Adenylic acid, 1369t 

Adipic acid 

in nylon synthesis, 1021 

pK, values, 939t 

structure, 931t 

ADP, 1370 

Adriamycin, 1345f 

Adriamycin, 843 

AIBN, 198 

Alanine 

enantiomeric resolution, 1280 

isoelectric point, 1272-1273 

protonation state vs. pH, 1273f 

structure and properties, 1266f 

Alcohol, see also Ethanol, e.g., Ethanol, 

industrial 

Alcohol dehydrogenase, 472 

and stereochemistry of ethanol oxida- 

tion, 480-482 

Alcohols, 335 

acidity, 360-366 

in gas phase, 365 

polar effects, 364 

addition to aldehydes and ketones, 

898-901 

amphoterism, 366 

basicity, 366-367 

role in alcohol dehydration, 444 

boiling points, 348 

role of hydrogen bonding, 350 

by-products in ester reduction, 1007 

classification, 335 

conversion into alkoxides, 362—363 

conversion into alkyl halides, summary, 

457-458 

conversion into esters, 946-949 

conversion into sulfonate esters, 

451-452 

dehydration, 443-446 

IR spectroscopy, 553-554 

NMR spectroscopy, 616-619 

nomenclature, 338-342 

pK, 99t, 365t 
reactivity in iodoform test, 1051 

reactions 

~ acetal formation, 898-902 

conversion into ethers by dehydra- 

tion, 500-503 

dehydration to ethers, 496p 

oxidation to aldehydes and ketones, 

467—469 

oxidation to carboxylic acids, 

467-470 

with Grignard reagents, 371 

with acid chlorides, 1002—1003 

with anhydrides, 1004—1005 

with epoxides, 509, 511 

with esters, 1005 

with hydrogen halides, 447—450 

comparison to ether cleavage, 508 

with thionyl chloride, 456—457 

sulfonate ester derivatives, 450-454 

synthesis 

alkene hydration, 163-165 

ester reduction, 1007—1008 

from alkenes, comparison of meth- 

ods, 187-188 

Grignard reactions of aldehydes and 

ketones, 895-897, 

Grignard reactions of esters, 

1015-1016 

Grignard reactions with ethylene 

oxide, 515-516 

hydroboration-oxidation of alkenes, 

185-187 

oxymercuration-reduction of alkenes, 

180-182 

reduction of aldehydes and ketones, 

890-894 

reduction of carboxylic acids, 

956-957 

reduction of esters 

ring-opening reactions of epoxides, 

509-511 

summary, 485—486, A-7 

Aldaric acids 

synthesis from aldoses, 1350-1351 

structure, 1349t 

Aldehydes, see also a,8-Unsaturated car- 

bonyl compounds 

acidity, 1039-1042 

base-catalyzed halogenation, 1050-1051 

basicity, 881-883 

in gas phase, 883 

bonding, 866 

CMR spectroscopy, 875 

formation in ozonolysis, 190-191 

formation in periodate cleavage of gly- 

cols, 470-472 

a-halo, reactivity, 1053-1054 

a-halogenation, acid-catalyzed, 

1048-1049 

hydrates, role in aldehyde oxidation, 

468, 916 

a-hydroxy, from periodate oxidation of 

carbohydrates, 1352 

intermediates in LiAIH, reduction of 

esters, 1007-1008 

IR spectroscopy, 872-873 



manufacture and use, 917 

mass spectrometry, 878-879 

NMR spectroscopy, 874 

nomenclature, 867—871 

physical properties, 871-872 

summary, 880, A-8 

reactions 

acetal formation, 898-899 

aldol reactions, 1055-1063 

autoxidation, 916 

bisulfite addition, 919p 

Clemmensen reduction, 910 

enolization, 1044-1048 

exchange of a-hydrogens 

acid-catalyzed, 1047 

base-catalyzed, 1042 

halogenation 

acid-catalyzed, 1048-1049 

base-catalyzed, 1050-1051 

hydration, 884—886 

Fischer indole synthesis, 1190-1191 

Grignard reactions, 895-897 

imine and enamine formation, 

904—909 

oxidation to carboxylic acids, 468, 

915-916 

racemization 

acid-catalyzed, 1047 

base-catalyzed, 1043 

reduction to alcohols, 890-894 

reductive amination, 1130-1132 

Wittig reaction, 911-915 

Wolff-Kishner reduction, 909-911 

relative carbonyl reactivity, 1014 

stability, 889 

structure, 865 

synthesis 

aldol condensation to give a,6-unsat- 

urated aldehydes, 1057-1063 

conjugate addition to a@,f6-unsatu- 

rated aldehydes, 1085-1093 

hydroboration-oxidation of alkynes, 

657—659 

oxidation of primary alcohols, 

467-469 

reduction of acid chlorides, 

1012-1013 

UV spectroscopy, 876-877 

Alder, Kurt, 690 

Alditols 

synthesis from aldoses, 1353 

structure, 1349¢ 

Aldohexose, 1326 

Aldol, 1055 

Aldol addition, see Aldol reactions 

Aldol condensation, see Aldol reactions 

Aldol reactions, 1055—1063 

acid-catalyzed, 1058-1063 

base-catalyzed, 1055-1058 

crossed, 1060-1061 

in synthesis, 1062-1063 

intramolecular, 1061-1062 

of methylpyridines, 1203 

of pyridinium salts, 1203 

variations, SGL 22.5 

Aldonic acids 

structure, 1349¢ 

synthesis from aldoses, 1349-1350 

Aldonolactones, 1350 

Aldoses, 1326; see also Monosaccharides 

Amadori rearrangement, 1389p 

isomerization in base, 1341-1342 

Kiliani-Fischer synthesis, 1353-1354 

oxidation to aldonic acids, 1349-1350 

Ruff degradation, 1360 

structures, 1329f 

Weerman degradation, 1386p 

Wohl degradation, 1386p 

Alizarin yellow R, 1159p 

Alkaloids, 1154 

Alkanes, 45—79, 46 

acidity, 663 

benzylic bromination, 795-796 

boiling points, 67—70 

combustion, 72-75 

conformations, 49-55 

cracking, 76 

cyclic, 271-298; see also Cycloalkanes 

halogenation, 371—373 

insolubility in water, 71 

IR spectroscopy, 549-550 

melting points, 70-71 

motor fuels, 77-78 

NMR spectroscopy, 615 

nomenclature, 56-61, SGL 2.2 

occurrence and use, 75-78 

physical properties, 47t, 67—72 

reforming, 76 

synthesis 

from aldehydes and ketones, 

909-911 

from alkynes, 659-660 

summary, A-5 

thermal cracking, 210-212 

unbranched, 47—48 

Alkenes, 121—223, 121; see also Dienes 

acidity, 663 

carbon hybridization, 122-126 

elemental analysis, 72-75 

conjugated 

electrocyclic reactions, 1229-1231 

molecular orbitals, 1222-1226 

UV spectroscopy, 688-690 

formation in B-elimination reactions, 

387-389 © 

heats of formation, 140-142, 6801 

Index I-3 

industrial source, 210-212 

IR spectroscopy, 550-553, 551 

NMR spectroscopy, 612-614 

chemical shift table for alkene pro- 

tons, 612t 

nomenclature, 129-136, 646 

physical properties, 138-139 

reactions 

addition of halogens, 175-176 

stereochemistry, 313—317, 820p 

addition of hydrogen halides, 

145-153 

addition reactions, introduction, 144 

alkoxymercuration-reduction, 

499-500 

allylic bromination, 796-797 

catalytic hydrogenation, 161—162 

stereochemistry, 319 

conversion into dihalocyclopropanes, 

428-429 

conversion into epoxides with peroxy 

acids, 503—505 

conversion into glycols, 192-194 

stereochemistry, 320 

conversion into halohydrins, 

177-178 

Diels-Alder reaction, 690-699 

free-radical addition of HBr, 

194-207 

free-radical polymerization, 207—210 

Friedel-Crafts alkylation reactions, 

USS) 

hydration, 163-165 

hydroboration-oxidation, 183-187 

stereochemistry, 317-318 

oxymercuration-reduction, 180—182 

stereochemistry, 319-320 

ozonolysis, 188—192 

Simmons-Smith reaction, 430-433 

relative stabilities, 139-143 

and regiochemistry in alcohol dehy- 

dration, 445—446 

and regiochemistry in E2 reactions, 

410-411 

stereoisomerism, 129 

structure and bonding, 121-129 

synthesis 

dehydration of alcohols, 443-446 

Diels-Alder-reaction, 690-699 

B-elimination reactions, 411, 414, 

454, 1133-1137 

Grignard reactions, 896 

reduction of alkynes to cis alkenes, 

659-660 

reduction of alkynes to trans alkenes, 

660—662 

summary, A-6 

Wittig reaction, 911—915 



1-4 Index 

Alkoxides, 61 

base strength, 99¢ 

effect of structure on E2-Sy2 competi- 

tion, 413-415 

in transesterification of esters, 1005 

in Williamson ether synthesis, 497-499 

stabilization by polarization of alkyl 

groups, 365 

synthesis 

from alcohols with sodium hydride, 

362 

from alcohols with alkali metals, 

362-363 

a-Alkoxy carbocations, 881 

Alkoxy group, 343 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

Alkylating agent, 454-455, 455 

Alkylation, 454; see also specific reactions, 

e.g., Friedel-Crafts alkylation 

of amines, 1128-1130 

of esters, 1076-1078 

of B-keto esters, 1079-1082 

of malonic ester derivatives, 1074-1075 

of phenols, 849 

Alkyl bromides, see Alkyl halides 

Alkyl chlorides, see Alkyl halides 

Alkyl groups, 57 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

abbreviation by R, 79 

abbreviations, 1064t 

Alkyl halides, 335, 385-441 

allylic, relative Sy1 reactivities, 790t 

benzylic, relative Syl reactivities, 791t 

boiling points, 346-347 

classification, 335 

conversion into ethers by Williamson 

synthesis, 497-499 

E2-Sy2 competition, effect of structure, 

411-415 

IR spectroscopy, 550 

NMR spectroscopy, 616 

nomenclature, 336 

predicting results of Sy1-S\2-E1-E2 

competition, 423-427 

reactions 

alkylation of amines, 1128-1130 

alkylation of B-keto esters, 

1079-1082 

aryl ether formation with phenoxide 

ions, 841 

£2 reaction, 404—416; see also E2 

reaction 

involving allylic and benzylic 

hydrogens, 802-803 

a-elimination reactions, 427-429 

B-elimination reactions, 387-389 

ester alkylation, 1076-1078 

ester formation with carboxylate 

salts, 951 

Friedel-Crafts alkylation, 757 

Gabriel synthesis of amines, 

1146-1147 

Grignard and organolithium reagent 

formation, 368 

malonic ester alkylation, 1074-1075 * 

nucleophilic substitution reactions, 

386t, 385-387 

Snl and El reactions, 416-423 

Sy2 reactions, 394—404; see also Sy2 

reactions 

Williamson ether synthesis, 497-499 

with acetylenic anions, 665—666 

with cyanide ion, 1019 

Wittig alkene synthesis, 913-914 

synthesis 

alkane halogenation, 371-373 

allylic bromination, 796-797 

benzylic bromination, 795-796 

hydrogen halide addition to alkenes, 

145-153 

free-radical addition of HBr to 

alkenes, 195 

free-radical halogenation of alkanes, 
371-373 

from alcohols 

reaction with hydrogen halides, 

447—450 

reaction with thionyl chloride, 

456-457 

reaction with phosphorus tribro- 

mide, 457p 

Sn2 reactions of sulfonate esters, 453 

summary, A-6 

uses, 373-374 

Alkyl iodides, see Alkyl halides 

Alkylthio group, 343 

Alkyne anions, 662 

Alkynes, 46, 645-677 

acidity of l-alkynes, 662—665 

heats of formation, 859p 

IR spectroscopy, 650 

NMR and CMR spectroscopy, 650-652 

nomenclature, 645-647 

occurrence and use, 670—671 

physical properties, 649-650 

reactions 

addition of bromine, 653 

addition of hydrogen halides, 653 

catalytic hydrogenation, 659-660 

Diels-Alder reactions, 691 

formation of acetylenic Grignard 

reagents, 663-664 

hydration, 654—657 

hydroboration-oxidation, 657—659 

reduction with sodium in liquid 

ammonia, 660-662 

structure and bonding, 647—649 

synthesis 

elimination reactions of vinylic dihal- 

ides, 826 

from other alkynes, 665-666 

test for l-alkynes, 664 

Alkynyl groups, 646 

Allenes, 679 

structure and bonding, 682f, 683f 

chirality, 683 

Alloisoleucine, 1269p 

physical properties, 244t 

p-(+)-Allose 

equilibrium composition, 1340¢ 

structure, 1329f 

Allothreonine, 1269 

Allowed pericyclic reactions, 1231 

Allyl alcohol, structure, 338 

Allyl anion 

molecular orbitals, 1226-1227 

resonance structures, 96p, 799 

Allyl cation 

molecular orbitals, 1226-1227 

resonance structures, 96p, 789 

structure and bonding, 702 

Allyl chloride, structure, 337 

Allyl group, 131, 337 

Allylic, 701 

Allylic group, 701, 789 

Allylic protons, chemical shifts in NMR, 

612 

Allylic rearrangement, 801 

of Grignard reagents, 801 

Allyl radical, molecular orbitals, 

1226-1227 

p-(+)-Altrose 

equilibrium composition, 1340t 

structure, 1329f 

Aluminum trichloride 

catalyst in Friedel-Crafts acylations, 

754-755 

reaction with phenol, 848 

Amadori rearrangement, 1389p 

Amide anion, 663 

Amides (carboxylic acid derivatives) 

acidity, 1041-1042 

basicity, 987 

classification, 975 

intermediates in nitrile hydrolysis, 994 

internal rotation, 979, SGL 21.1 

IR spectroscopy, 982—983 

NMR and CMR spectroscopy, 982—986 

nomenclature, 975-977 

physical properties, 981 



Index I-5 

reactions 

Hofmann rearrangement, 1150-1153 

hydrolysis, 992-993 

reduction to amines, 1008-1010 

relative carbonyl reactivity, 1014 

relative reactivity in nucleophilic acyl 

substitution, 996—1000 

structure, 978-979 

synthesis 

from acid chlorides, 1001—1002 

from carboxylic acids and amines, 

1291-1298 

from esters, 1005 

summary, A-10 

Amides (conjugate bases of amines and 

ammonia) 1127 

basicity, 99t 

structure, SGL 23.1 

Amination, reductive, 1130-1132 

Amines, 1113-1168 

acidity, 1127 

as leaving groups, 1133-1137 

basicity, 99f, 1120-1121 

effect of alkyl substitution, 1123 

gas-phase, 1123 

polar effects, 1124 

use in enantiomeric resolutions, 

249-250 

use in separations, 1125-1126 

industrial use, 1153-1154 

inversion, 254-255, 1116-1117 

IR spectroscopy, 1118 

mass spectrometry, 1119-1120 

naturally occurring, 1154-1155 

NMR spectroscopy, 1119 

nomenclature, 1114-1116 

oxidation, 1139 

physical properties, 1117-1118 

primary, 1113 

reactions 

acylation with acid chlorides, 

1001-1002 

acylation with anhydrides, 

1004—1005 

alkylation, 1128-1130 

alkylation by reductive amination, 

1130-1132 

formation of diazonium salts, 

1139-1143 

imine and enamine formation, 

905-909 

quaternization, 1129-1130 

oxidation of pyridines and quino- 

lines, 1196 

with nitrous acid, 1144-1145 

secondary, 1113 

structure, 1116-1117 

synthesis 

Curtius and Hofmann 

rearrangements, 1148—1153 

Gabriel synthesis, 1146-1147 

reduction of amides, 1008-1010 

reduction of nitriles, 1010-1012 

reduction of nitro compounds, 

1147-1148 

summary, A-10 

tertiary, 1113 

reaction with aldehydes and ketones, 

908-909 

Amino radical, electron affinity, 107 

Amino acid analysis, 1282-1284 

Amino acids, 1263-1324, 1263; see also 

a-amino acids 

acid-base properties, 1269-1278 

acylation, 1281 

dipole moments, 1270 

esterification, 1281 

isoelectric points, 1271-1275 

melting points, 1270 

nomenclature, 1266-1267 

pK, 1270-1271 
separation using acid-base properties, 

1275-1277 

solubility, 1270 

zwitterionic structures, evidence, 

1269-1271 

a-Amino acids, 1263; see also Amino 

acids 

enantiomeric resolution, 1280-1281 

formation in peptide hydrolysis, 

1282-1284 

optical rotations, 1267—1268t 

pK, values, 1267—1268t 

separation, 1283f 

stereochemistry, 1268-1269 

synthesis, 1278-1280 

1-Amino-1-cyclopropanecarboxylic acid, 

in biosynthesis of ethylene, 212 

2-Amino-2-deoxy-p-glucose, 1366 

Amino group, 1115 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

directing effect, effect of protonation, 

1137-1138 

2-Aminopyridine 

diazotization, 1200 

synthesis by Chichibabin reaction, 1197 

acidity and pK,, 99f 

bond dissociation energy, 106 

industrial use and synthesis, 1154 

liquid, reagent in alkyne reduction, 

660—662 

nitrogen hybridization, 36 

reaction with acid chlorides, 1001-1002 

reaction with esters, 1005 

solvent for forming acetylenic anions, 

663 

structure, 14f, 17 

Ammonium cyanate, in synthesis 

of urea, 2 

Ammonium salts, 1120 

quaternary, 1127-1128 

Hofmann elimination, 1133-1137 

AMP, 1369t 

Amphipathic, 1025 

Amphoteric compounds, 97 

alcohols, 366 

pK, values, 102 

Amplitude, of a bond vibration, 542 

Amylopectin, 1365-1366 

Amylose, 1365 

Anchimeric assistance, see Neighboring- 

group participation 

Anesthetics, 373 

Angle strain, 293 

Angular momentum quantum 

number, 23 

Anhydrides 

cyclic, 955 

IR spectroscopy, 982—983 

mixed, 947 

nomenclature, 974 

physical properties, 980 

reactions 

hydrolysis, 995-996 

with alcohols and phenols, 1005 

with amines, 1004—1006 

relative reactivity in nucleophilic acyl 

substitution, 996—1000 

synthesis 

from acid chlorides and carboxylate 

salts, 1003 

from carboxylic acids, 954—955 

mechanism, SGL 20.8 

summary, A-10 

Anhydropyranose, 1390p 

Aniline, 1114 

and derivatives, electrophilic aromatic 

substitution, 1137-1139 

bromination, 1137 

diazotization, 1140 

summary, 1153 

with acid chlorides, 1001—1002 

with anhydrides, 1004—1005 

with esters, 1005 

Amino sugars, 1367 

Amino terminus, of a peptide, 1267 

2-Aminothiazole, 1139p 

Ammonia 

in Skraup quinoline synthesis, 1204 

nitration, 1137 

structure, 1117 

Anion-exchange resin, 1276 



1-6 Index 

Anions, see also Carbanions 

solvation, 357 

Anisole, structure, 738 

Annulation, 1092 

Anomalous dispersion, 240 

Anomeric carbon, 1333 

Anomers, 1333, 1333-1334 

configuration, determination by perio- 

date reaction, 1352-1353 

Antarafacial, 1235-1236, 1240 

Anthracene, 1170f 

addition reactions, 1212p 

resonance structures, 117p 

Anthranilic acid, 1159p 

9,10-Anthraquinone, 842 

Anti 

stereochemistry of addition, 311 

conformation, see Butane, conforma- 

tions; Conformations 

Antiaromatic compounds, 725-726 

Antibiotic, 360 

ionophore, 360 

Antibonding molecular orbitals, 32, 1222 

role in ultraviolet absorption, 687 

Anti elimination, 407, 407-409 

Antifreeze, automotive, 377 

Antisymmetric molecular orbital, 1224 

Apolar, solvent classification, 352 

Applied frequency, in NMR spectroscopy, 

582 

Aprotic, solvent classification, 352 

p-(—)-Arabinose 

equilibrium composition, 1340t 

Fischer proof of stereochemistry, 

1356-1357 

structure, 1329f 

synthesis from glucose, 1360 

p-Aramid, 1321p 

Arginine, structure and properties, 1267t 

Arnel, 1365 

Aromatic, see Aromaticity 

Aromatic compounds, see also Benzene 

derivatives 

biosynthesis, 1084 

carcinogenicity, 777-778 

hydrocarbons, source and industrial 

use, 776-777 

polycyclic aromatic hydrocarbons, 

1169, 1169-1171 

Aromaticity, 715-726 

4n + 2 rule, 719-726 

evidence from NMR spectra, 743 

Aromatic substitution 

contrast of different types, SGL 18.2 

electrophilic, 750-751 

of benzene, 748-760 

of benzene derivatives, 760-775 

of furan, pyrrole, and thiophene, 

1184-1188 

of naphthalene and derivatives, 

1176-1177 

of pyridine and derivatives, 

1194-1197 

ortho, para ratio, 766-767 

nucleophilic, 829-832 

of pyridine derivatives, 1197-1201 

Aryl cation, 828 

Aryl group, 79 

Aryl halides, 823 

elimination to give benzyne, 832-835 

in synthesis of phenols, 848 

nucleophilic substitution reactions, 

829-836 

summary, 835 

Syl reactions, 826-829 

Sn2 reactions, 824—825 

synthesis 

electrophilic halogenation, 748-750 

Sandmeyer reaction, 1140-1141 

L-(—)-Ascorbic acid, 1389—1390p 

Asparagine, structure and properties, 

1267t 

Aspartame, 1313 

Aspartic acid 

isoelectric point, 1274 

structure and properties, 1267t 

Aspirin, 1004 

Association reactions, Lewis acid-base, 88 

Asymmetric carbon, 228 

and chirality, 251 

Atomic orbitals, 22; see also Orbitals, 

atomic 

ATP, see Adenosine triphosphate 

Attack, 90 

Aufbau principle 

and atomic orbitals, 28 

and molecular orbitals, 32-33, 

1224-1225 

Autoxidation, 377 

of aldehydes, 916 

of ethers, 377-378 

of phenol, 851 

Axial, substituent positions in cyclohex- 

anes, 274, 274-275 

Aziridine, 1115 

Aziridines, nitrogen inversion, 327p 

Azobenzene, 1143 

Azobenzenes, synthesis from nitro com- 

pounds, 1148 

Azo dyes, 1143 

Azoisobutyronitrile (AIBN), as free-radical 

initiator, 198 

Backside attack 

in epoxide ring opening, 510 

in halohydrin formation, 506 

in Sy2 reactions, 396-397 

of nucleophiles, stereochemical conse- 

quences, 316 

Bacteria, anaerobic, source of methane, 76 

Baeyer test, for unsaturation, 193 

Bakelite, 917 

Barbier, Francois Phillipe Antoine, 

367-368 

Barbital, 1108p 

Barbiturates, 1107—1108p 

Barium sulfate, support for hydrogenation 

catalyst, 162 

Base, see also specific type, e.g., Bronsted, 

Lewis, etc. 

in nucleic acids, 1367-1368 

Base pairs, in DNA structure, 1372-1375 

Base peak, in mass spectrometry, 558 

Basicity, see also Acidity 

and leaving-group effectiveness, 403 

and nucleophilicity, 399 

Bronsted, and nucleophilicity, 401 

constant, 100—101 

gas-phase, 1123 

of aldehydes and ketones, 883 

of alcohols, 366-367 

role in alcohol dehydration to 

alkenes, 444 

role in alcohol dehydration to 

ethers, 501 

role in reactions of alcohols with 

hydrogen halides, 447—450 

of ethers, 366-367 

importance in ether cleavage, 507 

of epoxides, importance in ring- 

opening reactions, 512 

of functional groups, summary, A-13 

of leaving groups, importance in nucleo- 

philic acyl substitution, 998-999 

Beer’s law, 686 

Bending vibration, 546 

Benhydryl chloride, 791t 

Benzalacetone, 1061 

Benzaldehyde, 867 

Benzalkonium chloride, 942, 1127-1128 

Benzenamine, see Aniline 

Benzene, see also Benzene derivatives 

evolution of structure, 715—717 

heat of formation, 719 

heat of hydrogenation, 776 

lack of reactivity in addition reac- 

tions, 716 

NMR spectrum, 742 

q-orbitals, 718 

physical properties, 740 

production from petroleum, 213f 

reactions 

conversion into benzenesulfonyl chlo- 
ride, 953 
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electrophilic aromatic substitution 

reactions, 748—760 

Friedel-Crafts acylation, 754-757 

Friedel-Crafts alkylation, 757—759 

halogenation, 748—750 

nitration, 752-753 

sulfonation, 753-754 

resonance structures, 21p, 96p 

resonance energy, 719, 1181t 

estimate by heats of hydrogenation, 

786p 
solvent properties, 354t 

source and industrial use, 776 

stability, 719 

structure and bonding, 79, 717-719, 

717f 
Benzene derivatives, see also Aryl halides, 

Phenol 

CMR spectroscopy, 745-746 

IR spectroscopy, 741—742 

NMR spectroscopy, 742-746 

nomenclature, 737—739 

physical properties, 740-741 

reactions 

benzylic bromination, 795—796 

benzylic oxidation, 804—805 

catalytichydrogenation, 775-776 

conversion into sulfonyl chlorides, 

953 

electrophilic aromatic substitution, 

760-775, 1137-1139 

with diazonium salts, 

1143-1144 

source and industrial use, 776-777 

synthesis 

electrophilic aromatic substitution, 

771-775 . 
from diazonium salts, 1140-1143 

Wolff-Kishner and Clemmensen 

reductions, 910-911 

UV spectroscopy, 746-747 

Benzenediazonium chloride, synthesis, 

1140 

1,2-Benzenedicarboxylic acid, see Phthalic 

acid 

Benzenesulfonic acid 

structure, 450 

synthesis from benzene, 753 

Benzofuran, structure, 1178f 

Benzoic acid 

structure, 930 

pK,, 941t 

Benzophenone, 867 

Benzo[a]pyrene 

carcinogenicity, 777-778 

guanosine alkylation in DNA, 1379 

1,4-Benzoquinone, 841 

p-Benzoquinone, see 1,4-Benzoquinone 

Benzothiophene, structure, 1178f 

Benzoyl group, 868 

Benzyl alcohol, structure, 338 

Benzylamine, pK, of conjugate 

acid, 1121t 

Benzyl anion, resonance structures, 799 

Benzyl bromide, structure, 337 

Benzyl cation, resonance structures, 789 

Benzyl chloride, reaction with carbohy- 

drates, 1346 

Benzyl group, 337, 739 

Benzylic group, 789 

Benzylic protons, chemical shifts, 744 

Benzyne, 832—835 

heat of formation, 859p 

Berzelius, Jons Jacob, 1 

BHA, see Butylated hydroxyanisole 

BHT, see Butylated hydroxytoluene 

Biacetyl, 925p 

Bicyclic, 294 

Bicyclic compounds, 294-302 

bridged, 295 

stereochemistry, 333p 

fused, 295 

nomenclature, 295-296 

synthesis by Diels-Alder reactions, 

691-694 

Bicyclo[4.4.0]decane, see Decalin 

Bimesityl, UV absorption, comparison to 

mesitylene, 748 

Bimolecular, 394 

Biosynthesis, 808 

Biosynthesis, of fatty acids, 1082-1085 

Biot, Jean-Baptiste, 261-262 

Bisulfate, basicity, 99t 

Boat, conformation of cyclohexane, 276, 

277279278 
Boc group, 1292 

Boilermakers, best in Big, 10 

Boiling point, 67; see also specific com- 

pounds or classes 

principles, 67-70 

summary of factors governing, 350 

trends with structure, 70 

Bond angle, 13, 14-15 

Bond dipole, 11 

effect on acid strength, 109-110 

Bond dissociation energies, 204—207 

effect on acid strength, 106-107 

effect on IR absorption positions, 545 

table of values, 205t 

Bonding molecular orbital, 32, 1222 

Bond length, 13 

rules, 13-14 

Bond order, 13 

Bonds 

bent or “banana,” 294 

carbon-carbon, formation in organic 

synthesis, 523 

chemical, theories, 3—37 

covalent, 5-12, 6 

and molecular orbital theory, 

30-34 

double, 7 

ionic, 4—5 

pi (a), 124-125 
polar covalent, 10, 10-11 

sigma (a) 33 

strength, 204 

triple, 7 

Borane 

complexes with Lewis bases, 184 

in hydroboration of alkenes, 183 

Borazole, 732p 

Boron trifluoride 

complex with diethyl ether, 367 

structure, 16 

Boron trifluoride etherate, 367 

Breathalyzer test, 492p 

Bredt’s rule, 299 

Bridgehead carbons, 295 

in naphthalene, 1172 

Bridged bicyclic compound, 295 

Bromide, basicity, 99¢ 

Bromination, see also Halogenation 

allylic, 796-797 

benzylic, 795-796 

of aldehydes and ketones, acid- 

catalyzed, 1048-1049 

of aniline, 1137 

of benzene, 748—750 

of carboxylic acids, 1052-1053 

of naphthalene, 1175 

of phenol, 846-847 

Bromine 

addition to alkenes, 175-176 

stereochemistry, 313-317 

as an oxidation, 461 

addition to alkynes, 653 

addition to furan, 1188 

aqueous, uses 

bromination of phenols, 846-847 

halohydrin formation, 177—178 

oxidation of aldoses, 1349 

atom 

electron affinity, 107 

exact isotopic masses and natural 

abundances, 559t 

group, activating and directing effects 

in electrophilic aromatic sunstitu- 

tion, 762¢ 

oxidation of thiols to disulfides, 484 

N-Bromoamide, intermediate in Hofmann 

rearrangement, 1151 

1-Bromo-3-chloropropane, NMR spec- 

trum and splitting analysis, 606 

7-Bromo-1,3,5-cycloheptatriene, 732p 

5-Bromo-1,3-cyclopentadiene, solvolysis, 

819p 
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1-Bromo-2,2-dimethylpropane, in substitu- 

tion and elimination reactions, 

390, 426 

Bromoethane 

NMR spectrum, 594f 

physical properties, 347 

Bromoform 

product of haloform reaction of methyl 

ketones, 1050 

structure, 337 

Bromohydrin, 177 

Bromomethane, structure, comparison to 

other methyl derivatives, 345t 

2-Bromo-2-methylpropane, formation by 

HBr addition to 2-methylpropene, 

148 

Bromonium ion, 176 

formation, relationship to epoxide for- 

mation from alkenes, 504 

in halohydrin formation, 177-178 

relationship to mercurinium ion, 181 

stereochemical evidence, 315-316 

N-Bromosuccinimide 

reaction with HBr, 798 

reagent for allylic bromination, 

797-798 

Bromotrifluoromethane, industrial use, 

373 

Bronsted acid-base reactions, 96-102 

equilibrium constants, 101-102, 119p 

relationship to nucleophilic substitution 

reactions, 389 

relation to hydrogen bonding, 349 

Bronsted acids, 96, 96-102 

free energy of dissociation, 103 

identification, SGL 3.3 

strengths, 98-100, 99t 

element effect, 105-108 

polar effect, 108-111 

trends, 110 

Bronsted bases, 96, 96-102 

identification, SGL 3.3 

strengths, 100-101 

Brown, Herbert C., 186, 893-894 

Bu, abbreviation for butyl group, 1064t 

i-Bu, abbreviation for isobutyl group, 

1064t 

t-Bu, abbreviation for tert-butyl group, 

1064t 

Buckminsterfullerene, 1170-1171, 1 171f 

Bullvalene, 1251-1252 

1,3-Butadiene 

conformations, 681 

molecular orbitals, 1223f 

symmetry classification, 1225f 

structure and bonding, 679, 681 

UV absorption, 688¢t 

Butanal, IR spectrum, 873f 

1-Butanamine 

boiling point and dipole moment, 1117 

IR spectrum, 1118f 

Butane 

conformations, 52-55 

analysis of stereochemistry, 253 

physical properties, 47t 

Butanedioic acid, see Succinic acid 

2,3-Butanediol, analysis of stereoisomers, 

245-247 

2,3-Butanedione, 925p 

Butanoic acid, pK,, 108 

2-Butanol, analysis of chirality, 226-227 

2-Butanone, dielectric constant, 353p 

1-Butene, heat of formation, 141p 

2-Butene, cis-trans isomerism, 126 

cis-2-Butene 

heat of formation, 140 

space-filling model, 142f 

stereochemistry of bromine addition, 

313-317 

trans-2-Butene 

space-filling model, 142f 

heat of formation, 140 

stereochemistry of bromine addition, 

313-317 

Butlin, Henry T., 777 

tert-Butoxycarbonyl group, see Boc group 

tert-Butoxy radical, 196 

Butyraldehyde, see Butanal 

Butter yellow, 1143 

tert-Butyl acetate, synthesis, 951p 

tert-Butyl alcohol, see 2-Methyl-2- 

propanol 

Butylated hydroxyanisole (BHA), food pre- 

servative, 844 

Butylated hydroxytoluene (BHT), food 

preservative, 844 

tert-Butylbenzene, synthesis from benzene, 

758 

tert-Butyl bromide, see 2-Bromo-2- 

methylpropane 

Butyl cation, heat of formation, 149t 

sec-Butyl cation, heat of formation, 149t 

tert-Butyl cation, 148 

heat of formation, 149t 

structure, 149-150, 150f 

Butyl group, abbreviation, 1064t 

tert-Butyl group, abbreviation, 1064t 

Butyllithium 

in synthesis of amide bases, 1077, 1127 

in Wittig alkene synthesis, 913 

reaction with 2-picoline, 1202 

synthesis, 369 

tert-Butyl methyl ether, see 2-Methoxy-2- 

methylpropane 

4-tert-Butylphenol, synthesis, 849 

sec-Butyl radical, heat of formation, 203t 

sec-Butyl group, structure, 58t 

tert-Butyl group, skeletal structure, 

66-67 

Butyric acid, structure, 931t 

y-Butyrolactam, 976 

y-Butyrolactone, 975 

'SC NMR spectroscopy, see CMR 
spectroscopy 

C 
Cahn-Ingold-Prelog system, 132, 231-233; 

see also E,Z, R,S 

Calcium carbide, 670 

Camphor, DEPT CMR spectrum, 627f 

Cancer 

and aromatic hydrocarbons, 777-778 

and DNA alkylation, 1378-1379 

and nitrosamines, 1145 

Capric acid, structure, 931t 

Caproic acid, structure, 931t 

e-Caprolactam, polymerization, 

1022—1023 

Caprylic acid, structure, 931t 

Capsaicin, 1031p 

Carbaldehyde, suffix in substitutive 

nomenclature, 869 

Carbamate esters, see Esters, of carbamic 

acids 

Carbamic acid, 977 

decarboxylation, 959, 1149, 1152 

from hydration of isocyanates, 1149 

Carbamoyl group, 977t 

Carbanions, 662—665 

allylic and benzylic, as reactive interme- 

diates, 799-803 

Carbaryl, 1162p 

Carbene, 428; see also Methylene 

Carbenes, 427-431 

Carbenoids, 431 

Carbinolamines 

dehydration, 905, SGL 19.10 

intermediates in enamine formation, 

907-908 

intermediates in imine formation, 

905-906 

mechanism of formation, SGL 19.9 

Carboalkoxy groups, activating and direct- 

ing effects in electrophilic aromatic 

substitution, 762t 

Carbocations, 147 

activating and directing effects in elec- 
trophilic aromatic substitution, 

762-766 

a-alkoxy, 881 

allylic, 701-702 



as reactive intermediates, 789-794 

aryl, 828 

benzylic, as reactive intermediates, 

789-794 

classification, 149 

generation from different starting mate- 

rials, SGL 11.2, SGL 16.3 

heats of formation, 149¢ 

a-hydroxy, intermediates in acetal for- 

mation and hydrolysis, 899-900 

intermediates 

in acid-catalyzed alkene hydration, 

163 

in acid-catalyzed halogenation of 

aldehydes and ketones, 1049 

in alcohol dehydration, 444 

in biosynthesis of terpenes, 808-812 

in electrophilic aromatic substitution, 

750, 1174, 1195 

in ether cleavage, 507—508 

in formation and hydrolysis of glyco- 

sides, 1343-1346 

in Friedel-Crafts acylations, 754 

in Friedel-Crafts alkylations, 757—758 

in hydrogen halide addition to 

alkenes, 146-148 

in hydrogen halide addition to conju- 

gated dienes, 700-702 

in mass spectrometry fragmentations, 

561-565 

in pinacol rearrangement, 882 

in reactions of alcohols with hydro- 

gen halides, 449-450 

in Sy1-El reactions, 417-419, 421 

in synthesis of ethers from tertiary 

alcohols, 501 

rearrangement, 151—153 

in Friedel-Crafts alkylation, 758 

structure and stability, 148-151 

summary of fundamental reactions, 

422, 755 

vinylic, 827, 828f 

Carbohydrates, 1325-1390, 1325; see also 

Aldoses, Ketoses 

alkylation, 1346-1347 

classification and properties, 1326-1327 

ether and ester derivatives, 1346-1348 

glycosides, 1343-1346 

mutarotation, 1337-1340 

oxidation and reduction, 1348-1353 

periodate oxidation, 1352 

Carbon 
asymmetric, see Asymmetric carbon 

catalyst support, 162 

electronic configuration, 29 

exact isotopic masses and natural abun- 

dances, 559t 

hybridization, 35, 123, 648 

effect on rates of Sy2 reactions, 824 

a-Carbon 

in alkyl halides, 387 

in carbonyl compounds, 868 

B-Carbon, 387 

Carbon-13, see °C 

Carbon dioxide 

environmental effects, 375-376 

reaction with Grignard reagents, 

944—945 

Carbonic acid 

decarboxylation, 959 

derivatives, 977-978 

pK, values, 939t 

Carbonium ions, 147; see also 

Carbocations 

Carbon monoxide 

in commercial methanol produc- 

tion, 376 

production from petroleum, 213f 

Carbon NMR spectroscopy, see CMR 

spectroscopy 

Carbon tetrachloride 

solvent properties, 354 

solvent effect in NBS bromina- 

tions, 798 

Carbonyl-addition reactions, see Addition 

reactions, carbonyl 

Carbonyl compounds, 865; see also spe- 

cific types, e.g., Ketones 

Carbonyl group 

bond length, 978 

treatment in E,Z-system, 135 

Carbonyl oxygen, 934 

Carboxaldehyde, suffix in substitutive 

nomenclature, 869 

Carboxamido group, activating and direct- 

ing effects in electrophilic aromatic 

substitution, 762t¢ 

y-Carboxyglutamic acid, 1318p 

Carboxy group, 977t 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

Carboxylate ions, 108, 938 

basicity, 99t 

resonance structures, 938 

Carboxylate oxygen, 934 

Carboxylate salts 

reaction with acid chlorides, 1003 

reactivity, 1029p 

Carboxylic acids, 929-970 

acidity, 937-941 

polar effects, 108-111 

use in purification, 940—941 

basicity, 941 

a-bromo, synthesis, 1052-1053 

conjugate acids, 941 

derivatives, 971-1038; see also specific 

types, e.g., Esters 

summary, 972t 

fatty acids soaps and detergents, 

942-944 

formation in ozonolysis, 190-191 

a-halo 

reactivity in nucleophilic substitu- 

tion, 1053-1054 

infrared spectroscopy, 935-936 

solubility and ionization, 940 

NMR and CMR spectroscopy, 935-937 

nomenclature, 929-933 

physical properties, 934—935 

pK, values, 99t 

reactions 

a-bromination, 1052-1053 

conversion into acid chlorides, 

952—953 

conversion into anhydrides, 954—955 

conversion into esters, 946-949 

conversion into primary alcohols, 

956-957 

decarboxylation, 958-959 

dimerization, 935 

a-halogenation, 1052—1053 

reduction with LiAIHy, 956-957 

summary, 945—946 

with NaBH,, 959 
relative carbonyl reactivity, 1014 

relative reactivity in nucleophilic acyl 

substitution, 996-1000 

resonance structures, 934 

structure, 934—935 

synthesis 

benzylic oxidation, 804—805 

Grignard reactions of CO3, 944—945 

hydrolysis of carboxylic acid deriva- 

tives, 989-996, 1019-1020 

malonic ester synthesis, 1075 

oxidation of aldehydes, 915-916 

oxidation of primary alcohols, 467, 

469-470 

summary, A-9 

Carboxymethyl group, 933, 977t 

Carboxy terminus, of a peptide, 1267 

Carnauba wax, 1023 

B-Carotene 

structure, 689, 809f 

and visible absorption, 689 

Carpenter, Barry, 726 

Caryphyllene, structure, 809f 

Catalysis, 161-166 

by enzymes, 165-166 

Catalysts, 161 

and equilibrium constant, 166 

chiral, 306-307 

heterogeneous, 161 
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Catalysts (continued ) 

homogeneous, 161 

poisons, 161, 659 

Catalytic hydrogenation, see 

Hydrogenation 

Catechol, 739, 823 

Cation-exchange resin, 1276 

Cations, solvation, 357 

Celanese, 1365 

Celestolide, 783p 

Cellobiose, 1364p 

Cellulose, 1364-1365 

Cellulose acetate, 1365 

CEC, see Chlorofluorocarbons 

Chain reactions, see Free-radical chain 

reactions, 197-200 

Chair, conformation of cyclohexane, 

272-27 

how to draw, 274 

of cyclohexane derivatives, separation, 

282-283 

Chair flip 

in cyclohexane, 276-277 

in decalins, 298 

in Mackey Arena, 1985 

role in halohydrin formation, 506 

stereochemical consequences, 289-292 

Chair interconversion, see Chair flip 

Chargaff, Erwin, 1372 

Chargaff’s rules, 1372-1374 

Charge see also Formal charge 

delocalization, 711 

separation, 711 

Chelidonic acid, 1107p 

Chemical Abstracts, 62 

Chemical equilibrium, see Equilibrium 

Chemical equivalence, 476-480, 476 

determination, 584 

relationship to constitutional equiva- 

lence, 476 

test, 479-480 

Chemical exchange, 617 

and NMR spectroscopy, 617-618, 

620-621 

Chemical-ionization mass spectra, 567 

Chemical literature, 62 

Chemical shift, 582-590, 583 

dependence on operating frequency, 

583 

differences, and validity of n + 1 rule, 

608 

effect of hydrogen bonding, 617 

group contributions, 588-590, 589t 

in CMR spectroscopy, 623t 

of alkene protons, 612t 

relationship to structure, 587-591 

use in solving NMR problems, 592-593 

Chichibabin reaction, 1197-1201 

Chiral, 226 

Chirality, 225-227, 226 

and symmetry, 229-230 

importance, 227 

of allenes, 683 

Chiral molecules, reactions, 

SGL 7.4 

Chitin, 1366-1367 

Chloral, hydration, 889 

Chloral hydrate, 889 

Chlordane 

decomposition in base, 436p 

structure and use, 374 

Chloride, basicity, 99t 

Chlorination, see also Halogenation 

of aldehydes and ketones, acid- 

catalyzed, 1048-1049 

of benzene, 748 

Chlorine 

addition to alkenes, 175-176 

stereochemistry, 820p 

atom, electron affinity, 107 

exact isotopic masses and natural abun- 

dances, 559t 

group, activating and directing effects 

in electrophilic aromatic substitu- 

tion, 762t 

Chloroacetic acid, pK,, 939t 

2-Chloroaniline, pK, of conjugate acid, 

1121t 

3-Chloroaniline, pK, of conjugate acid, 

1121t 

4-Chloroaniline, pK, of conjugate acid, 

1121t 

Chlorobenzene, reaction with potassium 

amide, 853-854 

4-Chlorobenzoic acid, pK,, 939t 

2-Chloro-1,3-butadiene (chloroprene), 

731p 
industrial synthesis, 671 

1-Chlorobutane, CMR spectrum, 624f 

NMR spectra and analysis, 608f, 609f 

physical properties, 347 

2-Chlorobutanoic acid, pK,, 108 

3-Chlorobutanoic acid, pK,, 108 

4-Chlorobutanoic acid, pK,, 108 

Chlorofluorocarbons (CFCs) 

environmental effects, 373 

reactions with stratospheric ozone, 200 

Chloroform 

solvent properties, 354t 

structure, 337 

use in generating dichloromethylene, 

427 

Chloroformyl group, 977t 

Chlorohydrin, 177 

Chloromethane 

dipole moment, 41p 

structure, comparison to other methyl 

derivatives, 345t 

m-Chloroperoxybenzoic acid, in conver- 

sion of alkenes into epoxides, 503 

Chlorophyll a, 1207f 

Chloroprene, see 2-Chloro-1,3-butadiene 

2-Chloropyridine 

nucleophilic aromatic substitution reac- 

tions, 1199-1200 

synthesis, 1200 

4-Chloropyridine, nucleophilic aromatic 

substitution reactions, 1200 

Chlorosulfonic acid, in synthesis of sulfo- 

nyl chlorides, 953 

Cholecalciferol (Vitamin D3), 1253 

Cholesterol, structure, 301 

Chromate, oxidizing agent for alcohols, 

467-469 

Chromate ester, intermediate in alcohol 

oxidation, 468 

Chromic anhydride, see Chromium 

trioxide 

Chromium trioxide 

in alcohol oxidations, 467—469 

in benzylic oxidations, 804 

Chromophore, 687 

Chrysene, 1170f 

Chymotrypsin, use in peptide hydrolysis, 

1290, 1291p 
CI, see Chemical ionization 

Cine substitution, 835 

Cinnamaldehyde, 868 

Cinnamic acid, structure, 930 

Cis; see also Cis-trans isomerism 

alkene stereochemistry, 129 

cycloalkane substitution, 283—287 

ring fusion in polycyclic compounds, 

297-299 

Cisoid conformation, of dienes, 681 

Cis-trans isomerism 

in alkenes, 129 

in substituted cyclohexanes, 283-287 

ring fusion in polycyclic compounds, 

297-299 

Citronellol, 806 

Claisen, Ludwig, 1065 

Claisen condensation, 1065-1073 

crossed, 1069—1070, 

relationship to Reissert indole synthesis, 
1192 

side reaction in ester alkylation, 1078 
use in synthesis, 1071-1073, SGL 22.8 
variations, SGL 22.5 

Claisen rearrangement, 1247-1248 

Claisen-Schmidt condensation, 

1060-1061 

of pyridinium salts, 1203 

a-Cleavage, 564 

in mass spectrometry of amines, 1119 
in mass spectrometry of carbonyl com- 

pounds, 879 



Cleland’s reagent, 1299 

Clemmensen reduction, 909-911 

CMP, 1369¢ 

Carbon NMR (CMR) spectroscopy, 

622-628; see also specific com- 

pound classes, e.g., Ketones, CMR 

spectroscopy 

DEPT technique, 635, 627f 

proton-decoupled spectra, 624 

Coal tar 

as source of aromatic compounds, 

as source of pyridine derivatives, 1194 

Cocaine, 1154f 

Codeine, 1154f 

Coenzyme A, 1082—1083 

Coenzymes, 474, 1308 

Cole, Thomas W., 296 

Collins reagent, oxidizing agent for alco- 

hols, 467—468 

Color, effect of light absorption, 

688-689 

Combes synthesis of quinolines, 1218p 

Combination bands in infrared spectra, 

742 

Combustion, 72 

and respiration, 1 

of alkanes, 72-75 

use in elemental analysis, 72—75 

Common nomenclature, 336; see also spe- 

cific compound classes, e.g., 

Alkenes, nomenclature 

Concerted mechanism, 185, 189 

Concerted reaction, SGL 15.1 

Condensation, 1057 

Condensation polymer, 1021 

Conformation, 18, 18-19 

anti, 53 

detection by NMR spectroscopy, 

619-621 

eclipsed, 50 

gauche, 53 

of alkanes, generalizations, 54 

of butane, 52—55 

chirality, 253 

of cyclohexane, 272-279 

of ethane, 49-52 

of 1,3-butadiene, 681 

of dienes 

effect on Diels-Alder reaction, 

694—696 

effect on UV absorption, 689-690 

of proteins, 1301-1303 

staggered, 50 

Conformational analysis, 279-287, 282 

of cyclohexanes, 280-282, 286-287 

Conformational diastereomers, 253 

Conformational enantiomers, 253 

Congruence, testing molecules for, 

226-227 

Congruent, 225 

Coniine, 1137p 

Conjugate acid, 97 

Conjugate acid-base pair, 97 

Conjugate addition, 692 

competition with carbonyl group reac- 

tions, 1088-1090 

of enolate ions, 1090-1093 

of hydrogen halides to conjugated 

dienes, 699-700, 703—706 

of lithium dialkyl cuprates to a,6-unsat- 

urated carbonyl compounds, 

1095-1098 

of a,B-unsaturated carbonyl com- 

pounds, 1085-1093 

use in organic synthesis, 1097-1098 

Conjugate base, 97 

Conjugation, 679 

effect on IR spectra, 873 

effect on UV spectra, 687-690 

Connectivity, 47 

and stereoisomerism, 126 

and principal chain, 56 

and constitutional equivalence, 478 

Conrotatory, 1229 

Conservation of orbital symmetry, 1221 

Constitutional equivalence, 476 

and chemical equivalence, 476, 

585-586 

Cope rearrangement, 1247 

Copolymer, 708 

Coronene, 1170f 

Cortisone, structure, 301 

COT, see 1,3,5,7-Cyclooctatetraene 

Couper, Archibald Scott, 46 

Coupled protons, 595 

Coupling constant, 595 

and validity of n + 1 splitting rule, 608 

of alkene protons, 614t 

of aromatic protons, 744t 

Covalent bond, 5-12, 6; see also Bond, 

covalent 

and molecular orbitals, 30-34 

Covalent compounds, structure, 

12-19 

Cracking, of alkanes, 76, 210-212 

Crafts, James Mason, 756 

Cram, Donald J., 360 

Cresols, 738 

o-Cresol, 823 

Crick, Francis C., 1372 

Critical micelle concentration, 943 

Crosslinks, in rubber, 708 

Crotonic acid, structure, 931f 

[12]-Crown-4, structure, 358 

[18]-Crown-6, structure, 358 

Crown ethers, 358-359 

Crystal violet, 965p 

Cubane, structure, 296 

Cumene 

in phenol synthesis, 851 

production from petroleum, 213f 

source and industrial use, 776-777 

structure, 738 

Cumene hydroperoxide, intermediate in 

phenol synthesis, 851 

Cumulenes, 679 

tert-Cumyl chloride, 791t 

Cupric nitrate, reaction with diazonium 

salts, 1141 

Cuprous bromide, reaction with diazo- 

nium salts, 1141 

Cuprous chloride, reaction with diazoni- 

umsalts, 1140-1141 

Cuprous cyanide, reaction with diazo- 

nium salts, 1141 

Cuprous oxide, reaction with diazonium 

salts, 1141 

Curtius rearrangement 

of acyl azides, 1148-1150 

stereochemistry, 1152 

mechanism, 1149, SGL 23.4 

Curved-arrow formalism, SGL 3.1 

for electron-pair displacement reac- 

tions, 91-94 

for free-radical reactions, 196 

for Lewis acid-base association reac- 

tions, 89-90 

for resonance structures, 95—96, 709 

review, 94—96 

Cyanide, see also Hydrogen cyanide 

basicity, 99t 

reaction with alkyl halides, 1019 

use in Strecker synthesis, 1279-1280 

Cyanoethylation, 1087 

Cyanogen bromide, reaction with pep- 

tides, 1286-1288 

Cyano group, 977t 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

priority in E,Z system, 135 

polar effect, 1124 

Cyanohydrins, 884 

formation, relationship to aldol addi- 

tion, 1056 

in Kiliani-Fischer synthesis, 

1353-1355 

synthesis, 884—886 

1,3-Cyclopentadiene 

acidity, 722 

in synthesis of bicyclic compounds, 

691-694 

Cyclic compounds, 271-302; see also spe- 

cific compounds or classes, e.g., 

Cycloalkanes 

Cycloaddition reactions, 189, 691, 1219, 

1235-1239, SGL 15.1 



I-12 Index 

Cycloaddition reactions (continued) 

and DNA damage, 1379-1380 

classification, 1235-1236 

selection rules, 1238¢ 

Cycloalkanes, 271-298 

bicyclic and polycyclic, 294—299 

heats of formation, 272t 

nomenclature, 65—67 

planar structures, 287-289 

physical properties, 65¢ 

relative stability, 271-272 

trans-Cycloalkenes, 299-300 

Cycloalkynes, 649p 

1,3-Cyclobutadiene 

antiaromaticity, 725 

complex with Fe(0), 724 

Cyclobutane 

conformation, 293-294 

heat of formation, 272t 

physical properties, 651 

Cyclobutene derivatives, synthesis by 

cycloaddition reactions, 1237 

Cyclodecane, heat of formation, 272t 

Cyclododecane, heat of formation, 272t 

Cycloheptane 

heat of formation, 272¢ 

physical properties, 65t 

(E)-Cycloheptene, 171p 

1,3-Cyclohexadiene, heat of hydrogena- 

tion, 776 

Cyclohexane 

and derivatives, synthesis by catalytic 

hydrogenation, 775-776 
chair flip, 

effect on NMR spectrum, 619-621 

conformations, 272-279 

heat of formation, 272t 

mass spectrum, 560f 

physical properties, , 65t, 740 

planar structures, 287-289 

relative energies of conformations, 279f 

stability, 271-272 

structure, 64 

Cyclohexane-d,;, NMR spectrum, tempera- 

ture dependence, 621 

Cyclohexanes, substituted, 279-287 

manipulating rings, SGL 7.1 

Cyclohexanone, 869 

enolization, 1044 

Cyclohexene, heat of hydrogenation, 776 

|-Cyclohexenyl-1-ethanone, see 

1-Acetylcyclohexene 

Cyclohexylbenzene, conformational analy- 

sis, 333p 

Cyclononane, heat of formation, 272t 

Cyclooctane 

heat of formation, 272¢ 

physical properties, 651 

1,3,5,7-Cyclooctatetraene (COT) 

bromine addition, 716 

heat of formation, 719 

7-orbitals, 718 

planar, antiaromaticity, 725 

stability, comparison to benzene, 719 

structure, 717-718, 718f 

trans-Cyclooctene, 299 

Cyclopentadienyl anion, aromaticity, 722 

Cyclopentane 

conformation, 292-293 

heat of formation, 272t 

physical properties, 65f, 346 

Cyclopropane, heat of formation, 272t 

Cyclopropane 

alkenelike behavior, SGL 7.2 

derivatives 

NMR spectra, 615 

ring opening, comparison to epox- 

ides, 527p 

synthesis by Simmons-Smith reac- 

tion, 430-433 

physical properties, 65f 

structure and bonding, 294 

Cyclopropenyl cation, aromaticity, 722 

Cyclopropyl halides, Sy2 reactions, 436p 

Cyclotetradecane, heat of formation, 272t 

Cyclotridecane, heat of formation, 272t 

Cycloundecane, heat of formation, 272t 
m-Cymene, structure, 814 

p-Cymene, structure, 715 

Cysteine 

L-isomer, absolute configuration, 

1269p 
structure and properties, 1267t 

Cystine, 1267¢ 

Cytidine, 1369¢ 

Cytidylic acid, 1369t 

Cytosine, 1368 

D 
D, stereochemical configuration, 

1268-1269 

2,4-D, herbicide, 1053 

Dansyl chloride, 1316p 

DCC, see Dicyclohexylcarbodiimide 
DDT 

structure and use, 374 

synthesis, 923p 

Deactivating group, in electrophilic aro- 

matic substitution, 767, 767-771, 

1176 

Debye, unit of dipole moment, 11, 

SG 1:2 

Decalin, cis- and trans-, 297-298 

Decane, 558f 

physical properties, 47t, 347 

Decarboxylation, 958 

of carbamic acid derivatives, 1149, 

1152 

of 2-furancarboxylic acid, 1188 

of heterocyclic carboxylic acids, 1188, 

1193 

role in acetoacetic ester synthesis, 

1080-1082 

role in malonic ester synthesis, 1075 

Decoupled spectra, in CMR spectroscopy, 

624 

Degree of unsaturation, see Unsaturation 

number 

Dehydration, 443 

of alcohols, 443-446 

of aldol addition product, 1057 

of B-hydroxy carbonyl compounds, 

acid-catalyzed, mechanism, 

SGI22 

7-Dehydrocholesterol, precursor of vita- 

min D, 1252 

Delocalization of charge, 711 

Demerol, 821p 

Denaturants, for ethanol, 375 

Denaturation, of proteins, 1306 

Deoxyribonucleic acid 

alkylation, 1378-1379 

covalent structure, 1370-1374 

double-helical structure, 1372-1373, 

1373f 
replication, 1373-1375 

role in protein synthesis, 1375-1378 

Deoxyribonucleoside, 1367-1368 

Deoxyribonucleotide, 1368 

2'-Deoxyribose, component of deoxyribo- 

nucleic acids, 1368 

DEPT, technique of CMR spectroscopy, 

625, 627f 
Deshielded, 588 

Detergent, 942 

Deuterium, 217p 

exact isotopic mass and natural abun- 

dance, 559t 

introduction by Grignard protonolysis 

im DsONs71 

isotope effect, see Isotope effect 

use in proton NMR, 611 

D,0 shake, 618 

Dewar benzene, and orbital symmetry, 

1233-1234, 1262p 

Dextropimaricacid, 735p 

Dextrorotatory, 235 

Dextrose, 1363 

Diastereoisomers, see Diastereomers 

Diastereomers, 241-244, 242 

conformational, 253 

formation in reactions, 307-308 

physical properties, 243 

relative reactivities, 304 
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LS 

role in enantiomeric resolution, 

249-250 

Diastereotopic, 478 

Diastereotopic groups 

and chemical equivalence, 479-480 

nonequivalence in NMR spectra, 

585-586 

1,3-Diaxial interactions, 280 

Diazomethane, in esterification of carbox- 

ylic acids, 950 

Diazonium salts 

aliphatic, decomposition, 1140 

electrophilic aromatic substitution reac- 

tions, 1143-1144 

Sandmeyer and related reactions, 

1140-1141 

synthesis, 1139-1143 

Diazotization, 1139, 1139-1143 

mechanism, SGL 23.3 

of acyl hydrazides, 1150 

of aminopyridines, 1200 

Dibenzo-{18]-crown-6 

Rb* complex, structure, 359f 
structure, 358 

Diborane, structure, 184 

Dibutyl dicarbonate, 1292 

Di-tert-butyl peroxide, as free-radical initi- 

ator, 196-197 

B-Dicarbonyl compounds, 1045, see also 

specific types, e.g., Esters, B-keto 

Dichlorocarbene, see Dichloromethylene 

Dichloromethane, see Methylene chloride 

Dichloromethylene, 427 

addition to alkenes, stereochemistry, 

429 

structure, 428 

2,4-Dichlorophenoxyacetic acid (2,4-D), 

as selective herbicide, 373, 1053 

1,3-Dichloropropane, NMR spectrum, 

598f 
Dichromate, oxidizing agent for alcohols, 

467-469 

Dicyclohexylcarbodiimide, 1294 

Dicyclohexylurea, by-product of peptide 

synthesis, 1295 

Dieckmann condensation, 1068 

Dielectric constant, 352 

relationship to solvent polarity, 352 

role in separating ions, 357 

Diels, Otto, 690 

Diels-Alder reaction, 690-699, 

1235-1236 

mechanism, 691 

of furan, 1188 

stereochemistry, 696-699 

transition state, 695f 

use in organic synthesis, 692-693 

Dienes, 679 

conformation 

effect on Diels-Alder reaction, 

694-696 

effect on UV absorption, 689-690 

conjugated, 679 

addition of hydrogen halides, kinetic 

control, 703-707 

Diels-Alder reaction, 690-699 

structure and stability, 680-682 

UV absorption, 688-690 

cumulated, structure and stability, 

682-683 

heats of formation, 680t 

polymerization, 707-708 

structure and stability, 680-684 

Dienophile, 691 

Diethyl acetamidomalonate, 1278 

Diethylamine 

boiling point and dipole moment, 1117 

pK, of conjugate acid, 1121t 

Diethyl carbonate, in crossed Claisen con- 

densations, 1070 

Diethylene glycol dimethyl ether (dig- 

lyme), solvent in hydroboration, 

184 

Diethyl ether 

cleavage, 507 

complex with boron trifluoride, 367 

flammability, 378 

synthesis by dehydration of ethanol, 

500 

solvent in hydroboration, 184 

solvent in synthesis of Grignard 

reagents, 368 

solvent properties, 354t 

Diethyl malonate 

acidity, 1042p, 1074 
in malonic ester synthesis, 1074-1076 

Diethyl oxalate, in Reissert indole synthe- 

sis, 1192 

Difluoroacetic acid, pK,, 108, 939 

Diglyme, see Diethylene glycol dimethyl] 

ether 

Dihedral angle, 18 

Dihydropyridines, Hantzsch synthesis, 

1218p 
Dihydroquinoline, intermediate in Skraup 

quinoline synthesis, 1205 

Diiodomethane, see Methylene iodide 

Diketopiperazine, 1321—1322 

Dimethoxymethane (Formaldehyde 

dimethyl acetal), NMR spectrum, 

583 
y,y-Dimethylallyl pyrophosphate, 

809-811 

Dimethylamine, pK, of conjugate acid, 

1121t 

4-Dimethylaminopyridine, basicity, 1184p 

N,N-Dimethylaniline, pK, of conjugate 
acid, 1121t 

7,12-Dimethylbenz[a]anthracene, carcino- 

genicity, 777-778 

(2R,5R)-Dimethylborolane, chiral hydro- 

borating reagent, 303-304, 331p 

2,3-Dimethyl-2,3-butanediol, see Pinacol 

3,3-Dimethyl-2-butanone, see Pinacolone 

2,3-Dimethyl-2-butene, heat of formation, 

143t 

Dimethyl carbonate, 977 

structure, 959 

Dimethyl ether 

boiling point and dipole moment, 346 

physical properties, 350 

structure, 345f, 934f 

N,N-Dimethylformamide, solvent proper- 

ties, 355t 

2,2-Dimethylpropanoic acid, pK,, 939t 

Dimethy! sulfate 

reaction with carbohydrates, 1346 

structure and synthesis, 455 

use as alkylating agent, 455 

Dimethyl! sulfide 

reducing agent in ozonolysis, 189-190 

structure, 345 

Dimethylsulfoxide 

solvent properties, 355t 

synthesis, 522 

2,4-Dinitrophenol, synthesis, 848 

2,4-Dinitrophenylhydrazine, reaction with 

aldehydes and ketones, 905—906 

2,4-Dinitrophenylhydrazones, 905-906 

Dioscorea, source of steroids, 302 

Diosgenin, 302 

1,4-Dioxane 

dipole moment, 384p 

solvent properties, 354t 

structure, 344 

Dioxin, 861p 

Dipeptide, 1267 

Dipeptidylaminopeptidase, 1317p 

Diphenylisobenzofuran, use for trapping 

reactive dienes, 733—734p 

Diphenylsulfone, by-product in sulfona- 

tion of benzene, 788p 

Dipole, bond, 11 

Dipole moment, 11 

effect of electron delocalization, 

1179-1180 

effect on IR absorptions, 548 

Dipoles, induced, 68 

Directing effects, of substituents in electro- 

philic aromatic substitution, 

761-767, 1176-1177 

Disaccharides, 1326, 1361-1364 

Disiamylborane, in hydroboration of 

1-alkynes, 658 

Disparlure, 675p 

Dispersion forces, 69; see also van der 

Waals forces, attractive 



I-14 Index 

Displacement, see specific types, e.g., 

Electron-pair displacements, 

Substitutions 

Disrotatory, 1229 

Dissociation, free energy of, 103 

Dissociation constant, 98 

Dissociation reactions, see Lewis acid-base 

dissociation 

Disulfide, 483f 

Disulfide bonds, see Disulfides 

Disulfides 

equilibration, 485 

in proteins, 1299-1300 

in vulcanized rubber, 708 

reduction, 1299-1300 

synthesis from thiols, 484 

Diterpenes, 807 

Dithiothreitol (DTT), reducing agent for 

disulfides, 1299 

1,4-Divinylbenzene, as crosslinker in sty- 

rene polymerization, 220p 

D,L-system, 1268-1269 

applied to monosaccharides, 

1327-1331 

DMAP, see y,y-Dimethylallyl 

pyrophosphate 

DMEF, see N, N-Dimethylformamide 

DMSO, see Dimethylsulfoxide 

DNA, see Deoxyribonucleic acid 

2,4-DNP, see 2,4-Dinitrophenyl- 

hydrazones 

D0 shake, in NMR spectroscopy, 

618 

Dodecahedrane, structure, 296 

(3E,5E,7E,9E)-1,3,5,7,9,11-Dodecahexaene, 

UV absorption, 688¢ 

Dodecane, physical properties, 47t 

Donor 

hydrogen-bond, 348 

interactions, role in solvating cations, 
357 

solvent classification, 352 

Double bond (carbon-carbon), 7 

conjugated, 679 

cumulated, 679 

orbital description, 124—125 

polar effect, 799, 1103-1104, 

SGI We 

treatment in E,Z-system, 135 

Double helix, structure of DNA, 

1572 ao mlo/ofe 

melting behavior, 1388p 

Doublet, splitting pattern in NMR 

spectra, 596 

Downfield, 582 

Doxorubicin, 843 

DTT, see Dithiothreitol, 1299 

Dulcitol, 1353 

Dumas, Jean-Baptiste Andre, 374 

Ie) 
E, stereochemical nomenclature, 132 

El reaction, 417—423, 419 

contrast with S\2 and E2 reactions, 421 

in alcohol dehydration, 444-445 

leaving-group effect on rate, 421 

of aryl and vinylic halides, 826-829 

prediction, 423-427 

rate law and mechanism, 417—419 

rearrangements, 422 

regioselectivity, 421-422 

solvent effect on rate, 417, 421 

summary, 423 

E2 reaction, 404—416, 404 

competition with S,2 reaction, 

411-415 

competition with Sy2 reaction, 803 

contrast with Sy1-E1 reaction, 420 

in chromate oxidation of alcohols, 

468-469 

involving allylic and benzylic hydro- 

gens, 802—803, 1136 

involving a-hydrogens in carbonyl com- 

pounds, 1136 

leaving-group effect on rate, 405 

of quaternary ammonium hydroxides, 

1133-1137 

regioselectivity, 1134-1135 

of sulfonate esters, 454 

of vinylic halides, 826 

prediction, 423-427 

primary deuterium isotope effects , 

405-406 

rate law and mechanism, 404 

regioselectivity, 410-411 

stereochemistry, 407—410, 1134 

summary, 416 

Eaton, Philip, 296 

Eclipsed conformation, 50 

Edman reagent, see Phenyl isothiocyanate 

EI, see Electron-impact 

Eicosane, physical properties, 47t 

Electrocyclic reactions, 1219 

of excited states, 1231-1232 

photochemical, 1232 

selection rules, 1232t 

thermal, 1229-1231 

Electromagnetic radiation, 535 

Electromagnetic spectrum, 537f 

Electron affinity, and acid strength, 

- 106-107 

Electron-deficient compounds, 88 

as Lewis acids, 87-90 

Electron-donating, see Polar effect 

Electronegativity, 10 

and Bronsted acidity, 107 

and chemical shift, 587-588 

table, 10t 

Electronic configuration, 28 

Electron-impact mass spectra, 567 

Electron-pair displacement reactions, 

90-94, 91 

Bronsted acid-base reaction, 97 

Electrons 

counting 

for formal charge, 7-8 

for 4n + 2 rule, 721-723 

for octet, 6-7 

energy and quantum number, 24 

loss or gain in oxidation-reduction, 

462—463 

magnetic resonance (ESR), 644p 

position and probability, 22 

solvated, 660 

wave character, 21-22 

unshared pairs, 6 

and molecular geometry, 17 

valence, 3 

Electron spin resonance spectroscopy, 

644p 
Electron-withdrawing, see Polar effect 
Electrophile, 88 

Electrophilic aromatic substitution, see 

Aromatic substitution 

Electrophoresis, 1318p 

Electrospray mass spectrometry, 569 

Electrostatic attraction, 4 

Electrostatic interactions, in proteins, 

1304-1305 

Electrostatic law, 110, 352 

role in Bronsted acidity, 109-110 

B-Elemenone, 1260p 

Elemental analysis, 72 

by combustion, 72-75 

by mass spectrometry, 568 

Element effect, on strength of Bronsted 

acids, 105-108 

role in alcohol and thiol acidity, 361 

trends in acidity, 107-108 

B-Elimination, 387, 387-389; see also spe- 

cific types, e.g., E2 reaction 

competition with nucleophilic substitu- 

tion, 388-389, 423-427 

a-Elimination, 427—429, 428 
Empirical formula, see Formula, empirical 
Enamines, formation from aldehydes and 

ketones, 907-909 

Enantiomerically pure, 238 

Enantiomeric resolution 239, 

249-250 

in nature, 309-310 

of a-amino acids, 1280-1281 

Enantiomers, 225-227, 226, 243 

conformational, 253 

formation as reaction products, 

305-307 



nomenclature, 231-233 

physical properties, 234—240 

relationship of optical activities, 238 

relative reactivities, 302-304 

Enantiotopic, 477 

Enantiotopic groups 

and chemical equivalence, 479-480 

in NMR spectra, 585-586 

Endopeptidase, 1289 

B-Endorphin, 1313 

Endo stereoisomer, 698 

Endothermic reaction, 139 

Enediol, intermediate in base-catalyzed 

monosaccharide isomerization, 

1341-1342 

Energy barrier, 154 

analogy, 155 

Enkephalins, 1313 

Enolate ions, 1039-1042 

alkylation, 1074-1075, 1079-1082, 

SEAL, Poi! 

conjugate-addition reactions, 

1090-1093 

electronic structure, 1040f 

intermediates 

in acetoacetic ester synthesis, 

1079-1082 

in aldol reactions, 1055 

in Claisen and related condensations, 

1065-1073 

in base-catalyzed enolizations, 1047 

in base-catalyzed monosaccharide 

isomerizations, 1341-1342 

in conjugate-addition reactions, 1085 

in haloform reaction, 1050-1051 

in malonic ester synthesis, 

1074-1075 

reactions, introduction, 1042—1044 

Enol ethers, see Vinylic ethers 

Enolization, mechanisms, 1047—1048 

Enols, 654, 1044-1048 

conversion into aldehydes and ketones, 

655 

intermediates 

in a-bromination of carboxylic acids, 

1052 

in acid-catalyzed aldol condensation, 

1059 

in acid-catalyzed conjugate addition, 

1087 

in acid-catalyzed enolization, 

1047-1048 

in acid-catalyzed halogenation of 

aldehydes and ketones, 1048-1049 

in alkyne hydration, 654-657 
in decarboxylation of B-ketoacids, 

958 
in hydroboration-oxidation of 

alkynes, 657-659 

relationship to enamines, 908 

Enthalpy of formation, see Heat of 

formation 

Entropy, SGL 4.4 

and reaction probability, SGL 11.6 

Envelope, conformation of cyclopentane, 

292 

Enzymes, 165 

as catalysts, 165-166, 1308-1311 

as chiral reagents, 306-307 

stereoselectivity, 1310-1311 

use in enantiomeric resolutions, 

1280 

Enzyme-substrate complex, 1308 

Epimers, 1330 

Epinephrine, 1155 

Episulfonium salt, reactive inter- 

mediate, 519 

Epoxides 

basicity, importance in ring-opening 

reactions, 512 

nomenclature, 344 

reactions 

Grignard reactions, see Ethylene 

oxide 

hydrolysis (conversion into glycols), 

513-514 

polymerization in base, 531p 

ring-opening reactions under acidic 

conditions, 511 

ring-opening reactions under basic 

conditions, 509-511 

with amines, 1129 

synthesis 

halohydrin cyclization, 505-507 

reaction of alkenes with peroxy acids, 

503-505 

summary, A-8 

role in carcinogenicity of aromatic 

hydrocarbons, 778 

EPR spectroscopy, see Electron spin 

resonance 

Equatorial, substituent positions in cyclo- 

hexanes, 274, 274-275 

Equilibrium 

and free energy, 102-105 

constants 

and catalysts, 166 

and reaction rate, 155-156 

relationship to free energies, 103, 

104t 

Equivalence, chemical, see Chemical 

equivalence 

Ergocalciferol (Vitamin D ), 1253-1254 

Ergosterol, 1253-1254 

Erlich’s reagent, 1189p 

Ernst, Richard, 633 

p-(—)-Erythrose 

structure, 1329f 

synthesis from p-glyceraldehyde, 1360 

ESR spectroscopy, see Electron spin reso- 

nance spectroscopy 

Essential oils, 806, SGL 17.4 

Esterification 

by acid-catalyzed reaction of carboxylic 

acids and alcohols, 946—949 

by alkylation, 950-951 

Esters, see also Sulfonate esters 

acidity, 1040-1042 
basicity, 987 

tert-butyl, in peptide synthesis, 1292 

IR spectroscopy, 982-983 

B-keto, 1065 

alkylation, 1079-1082 

synthesis by Claisen condensation, 

1065-1073 

NMR and CMR spectroscopy, 982-986 

nomenclature, 971-973, 976-977 

of carbamic acids, synthesis from isocya- 

nates, 1149 

of carbohydrates, 1346-1347 

of strong inorganic acids. 455—456 

physical properties, 980 

reactions 

acid-catalyzed hydrolysis, 990-992 

alkylation, 1076-1078 

Claisen condensations, 1065-1073 

Dieckmann condensation, 1068 

dienophiles in Diels-Alder reactions, 

691 

enolization, 1045 

Grignard reactions, 1015-1016 

reduction to primary alcohols, 

1007—1008 

saponification, 989-990 

transesterification, 1005 

with ammonia and amines, 1005 

relative carbonyl reactivity, 1014 

relative reactivity in nucleophilic acyl 

substitution, 996—1000 

synthesis 

conjugate addition to a@,B-unsatu- 

rated esters, 1085-1093 

from acid chlorides, 1002—1003 

from carboxylic acids, 946-951 

from other esters, 1005 

malonic ester synthesis, 1074-1076 

summary, A-9 

Estrone, synthesis, 1261p 

Et, abbreviation for ethyl group, 1064t 

Ethane 

bonding, 45, 46f 

conformation, 49-52 

models, 45 

physical properties, 47t 

structure, 14f, 122f 

compared to other methyl deriva- 

tives, 345¢ 



1-16 Index 

1,2-Ethanediol, see Ethylene glycol 

Ethanethiol 

hydrogen bonding, 382p 

pK,, 105 
Ethanol 

absence of chirality, 225-226 

absolute, 375 

as a drug, 375 

as a fuel, 375-376 

biological oxidation, 472—475 

stereochemistry, 480-482 

commercial synthesis, 164 

dehydration to diethyl ether, 500 

denatured, 375 

from fermentation, 375, 474 

hydrogen bonding, 382p 

industrial, 375 

NMR spectrum, effect of moisture, 617, 

618f 
physical properties, 350 

pK,, 105, 365t 
production and use, 213f, 374-375 

solvent properties, 355t 

Ethers, 336; see also Acetals, Diethyl ether 

aryl 

cleavage, 850 

Sy2 reactivity, 849-850 

synthesis, 841 

basicity, 366-367 

role in ether cleavage, 507 

boiling points, 346-347 

complexes with borane, 184 

crown ethers, 358-359 

heterocyclic, 344 

IR spectroscopy, 553-554 

NMR spectroscopy, 616 

nomenclature, 343-344 

of carbohydrates, 1346-1347 

reactions 

autoxidation, 377-378 

Claisen rearrangement, 1247-1248 

cleavage, 507-509 

comparison to alcohol dehydra- 

tion, 508 

safety hazards, 377-378 

solvents, for synthesis of Grignard 

reagents, 368 

synthesis 

addition of alcohols to alkenes, 502 

alcohol dehydration, 496p 

alkoxymercuration-reduction of 

alkenes, 499-500 

dehydration of alcohols, 500-503 

reaction of alcohols with epoxides, 

509; oii 

summary, A-7—A-8 

Williamson synthesis, 497-499 

Ethoxycarbonyl group, 977 

Ethoxyethane, see Diethyl ether 

Ethoxyethylene, hydrolysis, 1109p 

2-Ethoxy-2-methylpropane, synthesis by 

alcohol dehydration, 501 

Ethyl acetate 

acidity, 1040 

Claisen condensation, 1065 

in crossed Claisen condensations, 1070 

solvent properties, 354t 

Ethyl acetoacetate 

acidity, 1042p, 1079 

alkylation, 1079 

synthesis by Claisen condensation, 

1065 

Ethylamine, pK, of conjugate acid, 1121¢ 

Ethylbenzene 

production from petroleum, 213f 

UV spectrum, 747f 

2-Ethyl-1-butene, heat of formation, 141p, 

143t 

Ethyldimethylamine, boiling point and 

dipole moment, 1117 

Ethylene 

as fruit ripener, 212 

bonding, 124-125 

commercial synthesis, 210-212 

conformation, 18-19, 19f, 41-42 

in ethanol production, 164, 374-375 

molecular orbitals, 1223f 

polymerization, 208 

structure, 14f, 122f 

UV absorption, 688¢ 

physical basis, 687f 

Ethylene glycol 

commercial synthesis, 212—213 

in formation of cyclic acetals, 899 

in polyester production, 1021 

production and use, 377 

production from petroleum, 213f 

structure, 338 

Ethylene oxide 

Grignard reaction, 515-516 

production and use, 377 

structure, 344 

Ethyl formate, crossed Claisen condensa- 

tions, 1069-1070 

Ethyl group 

abbreviation, 1064t 

structure, 57 

1-Ethyl-4-methoxybenzene, UV spectrum, 

TAF 
Ethyl 3-oxobutanoate, see Ethyl 

“acetoacetate 

Ethyl radical, heat of formation, 203¢t 

Ethyl sulfate, in commercial synthesis of 

ethanol, 164 

Ethynylmagnesium bromide, synthesis, 
664 

Eudesmol, biosynthesis, 817—818p 

Even-electron ions, 565 

Excited state, and molecular orbital 

theory, 1227-1229 

Exclusion principle, 28 

Exhaustive methylation, 1130 

in Hofmann elimination, 1134 

Exopeptidase, 1289 

Exo stereoisomer, 698 

Exothermic reaction, 139 

Extinction coefficient, 686 

F 
FAB, see Fast-atom bombardment 

a- and B-Faces, of steroids, 301 

Farnesol, biosynthesis, 812p 

Fast-atom bombardment, mass spectrome- 

try ionization method, 569 

Fats, 1023 

saturated and unsaturated, 1023 

Fatty acids, 942 

biosynthesis, 1082-1085 

FD & C #6, 1144 

Feedstocks, 76 

Fermentation, anaerobic, 474 

Ferric bromide, catalyst for bromination 

of benzene, 748 

Ferrocene, structure and aromaticity, 

723-724 

Fiberglass, 851 

Fingerprint region, of IR spectrum, 544 

First-order 

NMR spectra, 607 

reaction kinetics, 392 

“First point of difference” rule 

in alkene nomenclature, 130-131 

in E,Z nomenclature, 133 

Fischer, Emil, 256, 270p, 1359 

Fischer indole synthesis, 1190-1191, 

SGL 24.1 

Fischer projections, 256-260 

Fishhook formalism, 196 

use in writing resonance structures, 709 

Flame retardants, 373 

Flash point, 378 

Fluoradene, acidity, 820p 

(9-Fluorenyl)methyloxycarbonyl group, 

see Fmoc group 

Fluoride, basicity, 99t 

Fluorine 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

exact mass, 559t 

Fluoroacetic acid, pK,, 108, 939 



Fluoroborate ion, 517 

Fluorocyclohexane, 283p 

Fluoroethane, physical properties, 350 

Fluoromethane 

dipole moment, 41p 

structure, comparison to other methyl 

derivatives, 345¢ 

1-Fluoropropane, 283p 

Fluxional molecules, 1251-1252 

Fmoc group, 1297 

Forbidden 

pericyclic reactions, 1231 

UV absorptions, 877 

Formal charge, 7—8, 7, SGL 1.1 

Formaldehyde 

from periodate oxidation of carbohy- 

drates, 1352 

Grignard reactions, 896 

manufacture and use, 917 

polymerization, 901 

production from petroleum, 213f 

structure, 866f 

Formamide, solvent properties, 355¢ 

Formic acid 

from periodate oxidation of carbohy- 

drates, 1352 

pK,, 939¢ 
solvent properties, 352, 355t 

Formula 

condensed structural, 48 

empirical, 73 

determination, 73—74 

molecular, 47, 74 

determination by combustion, 74 

determination by mass spectrometry, 

577p 
relation to unsaturation number, 

136-137 

structural, 47 

Formyl group, 868 

Four-helix bundle, in protein structure, 

1303 

Fourier transform, NMR spectroscopy 

technique, 633, SGL 13.6 

Fractional distillation, 75 

Fragmentation, in mass spectrometry, 

556-557 

mechanisms, 561—565 

Franklin, Rosalind, 1372 

Free energy 

and chemical equilibrium, 102—105 

relationship to equilibrium constant, 

103, 104t 

of acid dissociation, 103 

of activation, 154 

relationship to rate constant, 392 

of formation, 173p 

relationship to enthalpy, SGL 4.4 

relationship to acid dissociation of 

ammonium ions, 1122 

Pree-radical chain reactions, 197—200 

initiation, 197-199, 199 

inhibition by quinones, 844 

mechanisms, how to write, SGL 5.4 

propagation, 198—199 

termination, 199-200 

Free radicals, 196, 196—204 

allylic 

as reactive intermediates, 794—799 

relative stabilities, 795 

benzylic, as reactive intermediates, 

794-799 

intermediates 

in alkane halogenation, 372 

in alkyne reduction with sodium and 

liquid ammonia, 660—662 

in allylic and benzylic brominations, 

794-799 

in peroxide-promoted HBr addition 

to alkenes, 194—207 

in phenol oxidation to quinones, 

841-845 

in synthesis of Grignard reagents, 

369 

relative stabilities, 202-203 

structure and geometry, 203 

summary of fundamental reactions, 211 

Free-radical substitution, 372 

Freons, see Chlorofluorocarbons 

Frequency, of a wave, 536 

Freud, Sigmund, endorsement of organic 

chemistry, 1156 

Friedel, Charles, 756 

Priedel-Crafts acylation, 754—757 

in synthesis of alkylbenzenes, 910-911 

intramolecular, 755 

of benzene, 754-757 

of furan, 1185 

substituent effects, 774 

Friedel-Crafts alkylation 

of benzene, 757—759 

substituent effects, 774-775 

Friedlander synthesis, of quinolines, 1217p 

Fries rearrangement, SGL 18.4 

Frontier orbitals, 1225 

Frontier-orbital theory, 1221 

a-p-Fructofuranose, 1339 

B-p-Fructofuranose, 1339 

a-p-Fructopyranose, 1339 

B-p-Fructopyranose, 1339 

p-Fructose 

equilibrium composition, 1340¢ 

isomerization to D-glucose and 

p-mannose, 1341 

mutarotation, 1339 

Structure, 1331 

Fructose-6-phosphate, isomerization to 

glucose-6-phosphate, 1342 

Fukui, Kenichi, 1221 

Fumarase, 165, 495 

catalysis of fumarate hydration, 165, 

306 

stereochemistry, 306-307, 328p, 495p 

Fumaric acid 

conversion into malic acid, see 

Fumarase 

structure, 931f 

Fuming sulfuric acid, 753 

Functional-group region, of IR spectrum, 

544 

Functional groups, 78, 78-80 

Functional-group transformation, 523 

Furan 

addition reactions, 1187-1188 

aromaticity, 724p 

derivatives, electrophilic aromatic substi- 

tution, 1186-1187 

Diels-Alder reactions, 1188 

dipole moment, 1179 

electronic structure, 1179-1180, 1180f 

electrophilic aromatic substitution, 

1185-1186 

Friedel-Crafts acylation, 1185 

in nylon production, 1022p 

resonance energy, 1181t 

structure, 344, 1178f 

Furanose, 1332 

Furfural, 868 

in nylon production, 1022p 

Fused bicyclic compound, 295 

Fusion, of rings, 297-299 

G 
AG®*, (Standard free energy of activa- 

tion), 154 

Gabriel synthesis, of amines, 1146-1147 

Galactitol, synthesis from galactose, 1353 

B-p-Galactopyranose, 1336 

p-(+ )-Galactose 

equilibrium composition, 1340f 

structure, 1329f 

Gasoline, octane rating system,77—78 

Gastrin, 1311 

Gauche, see also Butane, conformations; 

Conformation; 1,3-Diaxial 

interactions 

interactions in methyl cyclohexane, 282 

Genetic code, 1376-1377, 1377t 

Geometry 

linear, 16 



1-18 Index 

Geometry (continued ) 

of covalent compounds, predicting, 

13-19 

relationship to hybridization, 123 

trigonal, 17 

trigonal-planar, 16 

trigonal-pyramidal, 17 

Geraniol, 811 

Geranyl pyrophosphate, 811 

Gerhardt, Charles, 48 

Globin, 1206 

Glucagon, 1311 

Glucagon, structure, 1317p 

p-Glucaric acid, synthesis from p-glucose, 

1350-1351 

1,4:3,6-Glucaric acid dilactone, 1350 

p-1,4-Glucaric acid lactone, 1350 

p-3,6-Glucaric acid lactone, 1350 

p-Gluconic acid, synthesis from 

p-glucose, 1349 

p-Gluconolactone, equilibration with 

p-gluconic acid, 1350 

p-Glucopyranose, 1332 

a-p-Glucopyranose, 325p, 901, 1334 

B-p-Glucopyranose, 1334 

p-Glucosamine, 1366-1367 

discovery, 1367 

Glucose 

cyclic hemiacetal, 901, 1334 

mutarotation, 1337-1338 

NMR and CMR spectra, 1333 

p-(+)-Glucose 

absolute configuration, 1359-1361 

conversion into D-arabinose, 1360 

equilibrium composition, 1340t 

Fischer proof of stereochemistry, 

1355-1359 

isomerization to D-mannose and 

D-fructose, 1341 

oxidation to p-glucaric acid, 1350-1351 

oxidation to p-gluconic acid, 1349 

structure, 1329f 

Glucose-6-phosphate, isomerization to 

fructose-6-phosphate, 1342 

Glucose-6-phosphate isomerase, 1342 

Glutamic acid 

isoelectric point, 1274 

structure and properties, 1267t 

Glutamine, structure and properties, 

1267¢ 

Glutaric acid 

pK, values, 939¢ 

structure, 931t 

p-(+)-Glyceraldehyde 

conversion into p-erythrose and 

p-threose, 1360 

standard for p and 1 configurations, 

1328 

structure, 1329f 

Glycerin, see Glycerol 

Glycerol 

in Skraup quinoline synthesis, 1204 

structural component of fats and phos- 

pholipids, 1023-1025 

structure, 338 

Glyceryl tristearate, 1023 

Glycine 

acid-base equilibria, 1271 

structure and properties, 1266f 

Glycols, 336 

acid-catalyzed rearrangement, 882-883 

periodate cleavage, 470-472 

synthesis 

and stereochemistry, 513-514 

by epoxide hydrolysis, 513 

from alkenes, 192-194 

Glycosides, 1343, 1343-1346 

hydrolysis, 1345 

GMP, 1369t 

Gomberg, Moses, 819p 

Goodyear, Charles, 708 

Graphite, 1169-1170, 1170f 

Grignard, Victor, 368 

Grignard reactions, see Grignard reagents, 

reactions 

Grignard reagents, 367-371, 367 

acetylenic, synthesis, 663—664 

allylic, 800-802 

formation, 368 

from aryl and vinylic halides, 836 

history, 367-368 

reactions 

protonolysis, 370-371 

with acid chlorides, 1017 

with aldehydes and ketones, 895-897 

with carbon dioxide, 944-945 

with esters, 1015-1016 

with ethylene oxide, 515-516 

with indole and pyrrole, 1183 

with pyridine-N-oxide, 1202 

with a,B-unsaturated carbonyl com- 

pounds, 1095 

Ground state, and molecular orbital the- 

ory, 1227-1229 

Guanidino group, 1274 

Guanidylic acid, 1369t 

Guanine, 1368 

Guanosine, 1369¢ 

D-(—)-Gulose, structure, 1329f 

L-(+ )-Gulose, Fischer proof of stereo- 

chemistry, 1358 

Gutta-percha, 220p 

H 
Half-amides 

conversion into imides, 1005 

synthesis, 1004—1005 

Half-cystine, structure, 1267¢ 

Half-esters, synthesis, 1004 

Half-reactions, in oxidation-reduction, 

462—463 

Halide ions, nucleophilic reactivities, 401 

Haloform, 337 

Haloform reaction, 1050-1051 

Halogenation, see also Bromination, 

Chlorination 

of aldehydes and ketones, 1048-1049 

of alkanes, 371-373 

of benzene, 748-750 

Halogens see also Bromine, Chlorine 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

addition to alkenes, 175-176 

Halohydrins, 177 

conversion into epoxides, 505-507, 

SG UES 

synthesis from alkenes, 177-178 

Halothane, 373, 380p 

Hammond, George S., 159 

Hammond’s postulate, 158-160, 159 

applications 

alcohol dehydration, 445 

alkene additions, 158-160 

electrophilic aromatic substitution, 

763, 765 

free-radical HBr addition to alkenes, 

203 

Hantzsch synthesis, of dihydropyridines, 

1218p 

Hard water, 944 

Hatiy, The Abbé Rene Just, 261 

Haworth, Sir Walter Norman, 1336 

Haworth projections, 1335-1336 

Heat of combustion, SGL 4.3 

Heat of formation, 139, SGL 4.3 

Heisenberg, see Uncertainty principle 

Helium 

and molecular orbital theory, 33 

electronic configuration, 29 

a-Helix, in peptides and proteins, 

1301-1302 

Hell-Volhard-Zelinsky reaction, 

1052-1053 

Heme, 1206 

Hemiacetals, 899 

cyclic, 900-901 

in structures of carbohydrates, 1332 

Hemoglobin, 1206 

mutation and sickle-cell 

anemia, 1377 

tertiary structure, 1307 

Heptafulvalene, 1257p 

Heptane 

as octane number standard, 78 
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physical properties, 47t 

1-Heptanol, mass spectrum, 566f 

trans-2-Heptene, infrared spectrum, 

553f 
2-Heptyne, CMR spectrum, 651 

Herschel, Sir John E. W., 261 

Hertz, 536, 583 

Hess’s law, 140 

Heteroatom, 1177 

Hetercyclic compounds, 344, 1177 

aromatic 

aromaticity, 721-722, 1179-1181 

nomenclature, 1178 

occurrence, 1206-1207 

structures, 1179-1181 

nomenclature, 344, 1115-1116 

Heterogeneous catalyst, 161 

Heterolysis, 196 

Heterolytic cleavage, of bonds, 196 

trans-1,3-Hexadiene, heat of formation, 

680t 

trans-1,4-Hexadiene, heat of formation, 

680t 

Hexamethylenediamine, see 

1,6-Hexanediamine 

Hexamethylphosphoric triamide, solvent 

properties, 355t 

Hexane 

physical properties, 471, 138, 347 

solvent properties, 354t 

1,6-Hexanediamine, 1153 

in industrial synthesis of nylon, 1021 

Hexanedioic acid, see Adipic acid 

1-Hexanol, IR spectrum, 554f 

(E)-1,3,5-Hexatriene, UV absorption, 688f 

|-Hexene 

heat of combustion, 141 

physical properties, 138 

trans-3-Hexene, IR spectrum, 552f 

Hexenes, heats of formation, 143t 

Hexose, 1326 

1-Hexyne, boiling point and density, 649 

Hinsberg synthesis, of thiophenes, 1217p 

Histidine, structure and properties, 1266f 

Hoffmann, Roald, 1221 

Hofmann elimination, 1133-1137 

Hofmann hypobromite reaction, see Hof- 

mann rearrangement 

Hofmann rearrangement, of amides, 

1150-1153 

stereochemistry, 1152 

HOMO (Highest occupied molecular 

orbital), 1225 

Homogeneous catalyst, 161 

Homolysis, 196 

Homolytic cleavage, of bonds, 196 

Homoserine lactone, 1287 

Homotopic, 477 

Homotopic groups 

chemical equivalence, 479-480 

in NMR spectra, 585—586 

Hormone, 1155 

Host-guest chemistry, 360 

Hiickel, Erich, 720 

Hiickel rule, see 4n + 2 rule 

Hudson Gas; lsa2 

Hund’s rules, 29 

Hybrid, resonance, 20 

Hybridization, of orbitals; see also Car- 

bon, hybridization 

relation to molecular geometry, 37, 

123, 647-648 

Hybrid orbitals, 35; see also particular 

types, €.g., sp” 
Hydrates 

of aldehydes, intermediates in oxidation 

of aldehydes to carboxylic acids, 

468 

of aldehydes and ketones, 884—886 

Hydration 

of aldehydes and ketones, 884—886 

equilibrium constants, 887¢ 

of alkenes, 163-165 

solvent isotope effect, 407p 

of alkynes, 654-657 

of ethylene, commercial, 374—375 

of fumarate, see Fumarase 

of isocyanates, in Curtius 

rearrangement, 1149 

Hydrazine 

in synthesis of acyl azides, 1150 

in Wolff-Kishner reduction, 909 

reaction with aldehydes and ketones, 

906t 

Hydrazones, 906t¢ 

intermediates in Wolff-Kishner reduc- 

tion, 909-910 

Hydride ion 

basicity, 362 

source, 891 

Hydride reductions, 892 

Hydride shift, 153 

Hydrindane, 299 

Hydroboration, 183 

of alkenes, 183-185 

of alkynes, 657-659 

Hydrobromic acid, pK,, 99¢ 

Hydrocarbons, 45 

aliphatic, 46 

acidities, 663 

aromatic, 46 

saturated, 121 

source and industrial use, 

THAW 

unsaturated, 121 

Hydrochloric acid, pK,, 99t 

Hydrocyanic acid, pK,, 99t 

Hydrofluoric acid, pK,, 99t 

Hydrogen 

addition to a bonds, see Hydrogena- 

tion, catalytic 

atom 

electronic structure, 22—28 

exact isotopic masses and natural 

abundances, 559t 

molecular orbitals, 31—32 

molecule 

anion, molecular orbitals, 32 

cation, molecular orbitals, 34 

pK, 362 
Hydrogenation 

catalytic, 162 

of aldehydes and ketones, 894 

of aldoses, 1353 

of alkenes, 161-162 

stereochemistry, 319 

of alkynes, 659-660 

of benzene derivatives, 775-776 

of molecular nitrogen, 1154 

of nitriles, 1010-1011 

of nitro compounds, 1147-1148 

of a,B-unsaturated carbonyl com- 

pounds, 894, 1094 

heats 

of alkynes and benzyne, 859p 

of benzene and related alkenes, 776 

Hydrogen bonds, 348-351, 348 

acceptor, 348 

donor, 348 

effect 

on alcohol acidity, 365-366 

on amine basicity, 1123 

on boiling points of alcohols, 350 

on boiling points of amides, 981 

on nucleophilicity, 401, 402f 

on proton chemical shifts, 617 

on sodium borohydride reductions, 

890-894 

in carboxylic acids, 935 

in protein structures, 1304—1305 

in structure of DNA, 1372-1374 

intramolecular, role in enolization, 

1046 

role in solvating anions, 357 

Hydrogen bromide, see also Hydrogen 

halides 

addition to alkenes, 145—153 

addition to alkynes, 653 

free-radical addition to alkenes, 

194-207 

Hydrogen chloride, see also Hydrogen 

halides 

addition to alkenes, 145-153 

absence of peroxide effect, 200 

Hydrogen cyanide, see also Cyanide ion 

addition to aldehydes and ketones, 

884—886 
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Hydrogen fluoride, use in solid-phase pep- 

tide synthesis, 1296 

Hydrogen halides 

addition to alkenes, 145-153 

application of Hammond’s postulate, 

158-160 

rearrangements, 151—153 

addition to conjugated dienes, 

699-700, 703-706 

reactions with alcohols, 447—450 

Hydrogen iodide, see also Hydrogen 

halides 

addition to alkenes, 145-153 

absence of peroxide effect, 200 

Hydrogen peroxide 

conformation, 42p 

dipole moment, 42p 

oxidation of organoboranes, 185 

oxidation of pyridine, 1196 

oxidation of sulfides, 522 

oxidizing agent in ozonolysis, 190 

Ruff degradation of aldoses, 1360 

a-Hydrogens, in carbonyl compounds, 

868 

acid-catalyzed exchange, 1047 

acidity, 1039-1042 

base-catalyzed exchange, 1042-1043 

Hydrogen sulfide, structure, 14f 

Hydroiodic acid, pK,, 99t 

Hydrolysis, 989; see also specific reactions, 

e.g., Nitriles, hydrolysis 

Hydronium ion, pK,, 99t 

Hydroperoxides, in ether autoxidation, 

378 

Hydroperoxy group, 503 

Hydrophilic residues, in proteins, 1305 

Hydrophobic bonds, 1305 

Hydrophobic residues, in proteins, 1305 

Hydroquinone, 739 

free-radical inhibitor 843-844 

oxidation, 841 

photographic developer, 845 

Hydrosulfide, basicity, 99¢ 

Hydrosulfuric acid, pK,, 99t 

Hydroxamate test, 1005 

Hydroxamic acid, 1005 

Hydroxide, base strength, 99¢ 

Hydroxy 

electron affinity, 107 

group, 335 

activating and directing effects in, 

electrophilic aromatic substitution, 

762t 

Hydroxy acids, lactonization, 991—992 

a-Hydroxy carbocations, 881 

intermediates 

in acetal formation and hydrolysis, 

899—900 

in pinacol rearrangement, 882—883 

Hydroxylamine, reactions 

with aldehydes and ketones, 906t¢ 

with esters, 1005 

2-Hydroxypyridine, see 2-Pyridone 

Hyperconjugation, 149 

Hypochlorous acid, 177 

Hypohalous acid, and halohydrin forma- 

tion, 177 

Hypophosphorous acid, reaction with dia- 

zonium salts, 1142 

Hz, see Hertz 

I 
Ibuprofen, 266p 

p-(—)-Idose 

equilibrium composition, 1340t 

structure, 1329f 

Imidazole 

basicity and pK, of conjugate acid, 

1183 

structure, 1178f 

Imides 

acidity, 1042p 

nomenclature, 976 

synthesis, 1005 

Imidic acids, intermediates in nitrile 

hydrolysis, 994 

Imines, 904 

formation from aldehydes and ketones, 

904—907 

intermediates 

in hydrogenation of nitriles, 1011 

in reduction of amides by LiAlH4, 

1009 

in reductive amination, 1130-1132 

in Strecker synthesis, 1279 

Imminium ions, intermediates in reduc- 

tive amination, 1131 

Indole 

acidity, 1183 

reaction with organometallic reagents, 

1183 

structure, 1178f 

2-Indolecarboxylic acid, decarboxylation, 

L9s 

Indolenine, 1213p 

Indoles, Fischer indole synthesis, 

1190-1191 

Induced dipoles, 68 

Inductive cleavage, 564, 879 

Inductive effect, 100; see also Polar effect 

Infrared active, 548 

Infrared inactive, 548 

Infrared spectrophotometer, 540 

description, 555 

Infrared spectroscopy, 540-555; see also 

specific compounds or Classes, e.g., 

Alkenes, IR spectroscopy; see also 

Infrared spectrum 

Fourier-transform (FT), SGL 12.2 

physical principles, 541-543 

relation to chemical structure, 543-549 

summary of important absorptions, 

A-2—A-5 

Infrared spectrum 

absorption intensities, 547-549 

absorption positions, 544—547 

regions, 544 

Initiation, of free-radical reactions, 

197-199 

Initiators, free-radical, 197 

Insects, control with pheromones, 669 

Insulin, 1311 

Integral, in NMR spectroscopy, 591-593 

Integration, see Integral 

Intermediates, reactive, 147 

Intermolecular reaction, 520 

Internal mirror plane, 229 

Internal rotations, 50 

in butane, 53-54 

in ethane, 51 

Intramolecular reaction, 520 

Inversion 

of amines, 254-255, 255 

of configuration, in Sy2 reaction, 

396-397 

stereochemistry of substitution, 312 

Invertase, 1363 

Iodide, basicity, 99¢ 

Iodine 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t 

addition to alkenes, 176 

atom 

electron affinity , 107 

exact mass, 559t 

in oxidation of thiols to disulfides, 484 

lodoform 

product of base-catalyzed iodination of 

methyl ketones, 1051 

structure, 337 

lodoform test, 1051 

lodohydrin, 177 

Iodomethane (Methyl iodide) 

physical properties, 347 

reaction with carbohydrates, 1346-1347 

reaction with pyridine, 1202 

solvent effects on S,2 reactions, 400t 

structure, compared to other methyl 

derivatives, 345¢ 

Ion-dipole attraction, 358 



Ion-exchange chromatography, 

1275-1277, 1283f 

lon-exchange resin, 1275-1276 

Ionic bond, 4—5 

Ionic compound, 4 

solvents for, 358 

Ionization potential, 107 

Ionophore, 358 

Ion pair, 356 

lons 

aromaticity, 722 

dissociated, 356 

solvation, 357 

IPP, see Isopentenyl pyrophosphate 

Ipsdienol, structure, 814 

IR, see Infrared 

Iron, catalyst in bromination of benzene, 

748 

Isobutyl cation, 148 

heat of formation, 149¢ 

Isobutyl group 

abbreviation, 1064t 

structure, 58f 

Isobutyric acid, structure, 931t 

Isocyanates, 1148 

hydration to carbamic acids, 1149 

intermediates in Hofmann 

rearrangement, 1151 

synthesis by Curtius rearrangement, 

1148-1150 

Isoelectric pH, see Isoelectric point 

Isoelectric point, 1271 

as a function of pK,, 1272 

of amino acids, 1267—1268t 

Isoleucine 

p- and L-, absolute configuration, 

1269p 

physical properties, 244t 

structure and properties, 1266t 

Isomerism 

cis-trans, in alkenes, 126-129 

summary and analysis, 243-245, 245f 

Isomers, 55, 55-56, 243; see also 

Stereoisomers 

constitutional, 243, 55 

stereoisomers, 126, 255 

structural, 55 

Isopentane, see 2-Methylbutane 

Isopentenyl pyrophosphate, 809-811 

biosynthesis, 1084 

Isoprene, 131, 806 

UV spectrum, 685 

Isoprene rule, 806—808, 806 

Isoprenoids, see Terpenes 

Isopropenyl group, 131 

2-Isopropoxybutane, mass spectrum, 563f 

Isopropyl alcohol, see 2-Propanol 

Isopropylbenzene, see Cumene 

Isopropyl group 

abbreviation, 1064t 

structure, 58 

treatment in E,Z system, 135 

Isopropyl radical, heat of formation, 203 

Isoquinoline, structure, 1178f 

Isotope effect, on reaction rate, 405—406 

Isotopes; see also Isotope effect 

effect on infrared absorption positions, 

545, 547p, 575p 

exact masses, 559t 

in mass spectrometry, 558-561, 577p 

natural abundances, 559t 

Isovaleric acid, structure, 931t 

Isovanillin, 878p 

J 
Juglone, 843 

K 
May Oh! 

Katz, Thomas J., 716 

K,, 100-101 

Kekulé, August, 806 

benzene structure, 715 

structure theory, 46 

Kel-F, 209t 

a-Keratins, 1303 

B-Keto esters, see Esters, B-keto 

Ketones, see also a,8-Unsaturated car- 

bonyl compounds 

acidity, 1039-1042 

basicity, 881-884 

in gas phase, 883 

bonding, 866 

CMR spectroscopy, 875 

cyclic, carbonyl stretching frequencies, 

874 

formation in ozonolysis, 190-191 

formation in periodate cleavage of gly- 

cols, 470—472 

a-halo 

reactivity in nucleophilic substitu- 

tion, 1053-1054 

synthesis, 1048-1049 

intermediates in Grignard reactions of 

esters, 1015 

IR spectroscopy, 872-874 

mass spectrometry, 878-879 

NMR spectroscopy, 874 

nomenclature, 867—871 

physical properties, 872 

reactions 

acetal formation, 898-899 

aldol reactions, 1055—1063 

base-catalyzed halogenation, 

1050-1051 

Clemmensen reduction, 910 

enolization, 1044-1048 

exchange of a-hydrogens, acid- 

catalyzed, 1047 

exchange of a-hydrogens, base- 

catalyzed, 1042 

Grignard reactions, 895-897 

hydration, 884—886 

introduction, 880-881 

iodoform reaction, 1050-1051 

racemization, acid-catalyzed, 1047 

racemization, base-catalyzed, 1043 

reduction to alcohols, 890-894 

reductive amination, 1130-1132 

relative carbonyl reactivity, 1014 

with primary amines, 904—907 

with secondary amines, 907-909 

with sodium bisulfite, 919p 

Wittig reaction, 911-915 

synthesis 

acetoacetic ester synthesis, 

1080-1081 

aldol reactions, 1055—1063 

Claisen and Dieckmann condensa- 

tions, 1065-1073 

conjugate additions to a@,6-unsatu- 

rated ketones, 1085-1093 

Friedel-Crafts acylation, 754—757 

hydration of alkynes, 654—657 

manufacture and use, 851-852, 917 

oxidation of secondary alcohols, 

467-469 

oxidation of phenols to quinones, 

841-845 

reaction of lithium dialkylcuprates 

with acid halides, 1017-1018 

hydration of alkynes, 654—657 

summary, 880, A-8—A-9 

stability, 889 

structure, 865 

a,B-unsaturated, synthesis by aldol con- 

densation, 1057—1063 

UV spectroscopy, 876-877 

Wolff-Kishner reduction, 909-910 

Ketopentose, 1326 

Ketoses, 1326 

isomerization in base, 1341-1342 

Kiliani, Heinrich, 1354 

Kiliani-Fischer synthesis, 1353-1355 

Kinetic control, 703-707, 1089 

in naphthalene sulfonation, 1174-1175 

Kinetic isotope effect, see Isotope effect 

Kinetic order, 392 

Kolbe, Hermann, 263 
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Korner, Wilhelm, 785p 

Kroto, Harold W., 1169 

L 
/, quantum number, 23 

L, stereochemical configuration, 

1268-1269 

Labetalol, 1158p 

Lactams, nomenclature, 976 

Lactobionicacid, 1362 

Lactones 

equilibrium with carboxylic acid deriva- 

tives of monosaccharides, 

1350-1351 

formation and hydrolysis, 991 

nomenclature, 973 

Lactose, 1361-1363 

hydrolysis to glucose and galactose, 

1362 

oxidation with bromine water, 1362 

Ladenburg benzene, 716 

Lauric acid, structure, 931t 

Lavoisier, Antoine Laurent, 1 

LCHIA, see Lithium 

cyclohexylisopropylamide 

LDA, see Lithium diisopropylamide 

Leaning, in NMR spectroscopy, 596 

effect of chemical shift difference, 597 

Leaving groups, 385 

effect on reaction rate 

in E2 reactions, 404-405 

in nucleophilic acyl substitution, 949, 

998-999 

in nucleophilic aromatic substitution, 

830 

in Sy2 reactions, 403 

in nature, 810 

Lewis-acid assistance, 749, SGL 16.2 

LeBel, Achille, 263 

LeChatelier’s principle, 390 

in acetal formation, 899 

in alcohol dehydration, 444 

in Claisen condensation, 1066 

in esterification of carboxylic acids, 947 

in ester saponification, 990 

in nucleophilic substitution reactions, 

390 

in reactions of alcohols with hydrogen 

halides, 447 

in storage of acetylene, 671 

Lecithin, structure, 1025 

Ledderhose, Georg, 1367 

Lehn, Jean-Marie, 360 

Leucine, structure and properties, 1266t 

Levorotatory, 236 

Levulinic acid, 1098p 

Levulose, 1363 

Lewis acid, 88 

Lewis acid-base reactions 

associations, 88 

classification, 94 

dissociations 90 

in Sy1-E1 reactions, 417 

curved-arrow formalism, 89-94 

relation to Bronsted acid-base reac- 

tions, 97 

Lewis acids 

assistance for leaving groups, 749, 

SGL 16.2 

association reactions with Lewis bases, 

87-90, 88 

catalysis of reactions, SGL 19.5 

electron-deficient compounds, 87—90 

Lewis bases, 88 

association reactions with Lewis acids, 

87-90, 88 

Lewis structures, 6—7 

and molecular orbital theory, 34 

rules for writing, 8 

Light, velocity, 536 

Lignin, 1364 

Limonene, structure, 809f 

Lindlar catalyst, 659 

Lines, in NMR spectrum, 582 

Literature, chemical, 62 

Lithium, in synthesis of organolithium 

reagents, 369 

Lithium aluminum hydride 

in purification of ethers, 378 

in synthesis of lithium tri-tert-butoxy- 

aluminum hydride, 1013 

reaction with aromatic nitro com- 

pounds, 1147-1148 

reaction with water, 891 

reduction 

of aldehydes and ketones, 890-894 

of amides, 1008-1010 

of carboxylic acids, 956-957 

mechanism, SGL 20.9 

of esters, 1007-1008 

of nitriles, 1010 

of a,B-unsaturated carbonyl com- 

pounds, 1093-1094 

Lithium cyclohexylisopropylamide, 

1077 

Lithium dialkylcuprates 

reaction with acid chlorides, 1017 

synthesis, 1017 

Lithium diisopropylamide, 1077 

synthesis, 1127 

Lithium dimethylcuprate, 1017 

Lithium reagents, see Organolithium 

reagents 

Lithium tri-tert-butoxyaluminum hydride 

reduction of acid chlorides, 1012 

synthesis, 1013 

Lobry de Bruyn, Cornelius Adriaan van 

Troostenbery, 1341 

Lobry de Bruyn-Alberda van Ekenstein 

reaction, 1341 

Lucite, 209¢ 

Lumisterol, 1254p 

LUMO (Lowest unoccupied molecular 

orbital), 1225 

Lysine 

isoelectric point, 1273-1274 

structure and properties, 1267f 

Lysozyme 

primary structure, 1300f 

structure, 1304f 

p-(—)-Lyxose, structure, 1329f 

M 
m, quantum number, 23 

Magnesium, in synthesis of Grignard 

reagents, 368 

Magnesium monoperoxyphthalate, in con- 

version of alkenes into epoxides, 

504 

Magnetic field 

effect of increase on NMR spectra, 

609-610 

induced, see Induced field, 613 

role in NMR experiment, 579-581 

Magnetic quantum number, 23 

Magnetic resonance imaging, 633 

Malate, conjugate base of malic acid 

synthesis from fumarate, 165 

stereochemistry, 306-307, 328p 

Maleic acid, structure, 931t 

Maleic anhydride, dienophile in Diels- 

Alder reaction, 697, 1188 

Malonic acid 

and derivatives, decarboxylation, 

958-959, 1075 

pK, values, 939t 

structure, 931t 

Malonic ester synthesis, 1074-1076 

in synthesis of a-amino acids, 

1278-1279 

Malonyl CoA, 1082 

Maltose, structure, 1388p 

Manganese dioxide, in Baeyer test for 

unsaturation, 193 

p-Mannopyranose, 1332 

D-(+)-Mannose 

equilibrium composition, 1340t 

Fischer proof of stereochemistry, 

1356-1359 



Index I-23 

isomerization to p-glucose and 

p-fructose, 1341 

structure, 1329f 

Marker, Russell, 302 

Markownikoff, Vladimir, 146 

Markownikoffs rule, 146 

Mass 

exact, and elemental analysis, 568 

table, 559¢ 

nominal, 568 

Mass spectrometer, 556 

description, 567—569, SGL 12.3 

Mass spectrometry, 74, 556-569; see also 

Mass spectrum 

fragmentation mechanisms, 561—565 

isotopic peaks, 558-561 

McLafferty rearrangement, 879 

molecular ion, identifying, 566-567 

sensitivity, 567 

Mass spectrum, 557 

base peak, 558 

mass-to-charge ratio (m/z), 557 

molecular ion (M), 557 

McLafferty, Fred, 879 

McLafferty rearrangement, in mass spec- 

trometry, 879 

mCPBA, see m-Chloroperoxybenzoic acid 

Me, abbreviation for methyl group, 1064t 

Mechanism, of a reaction, 147 

evolution, 395 

how to write, SGL 4.7 

role of rate law, 395 

Mechloramine, 532p 

Megahertz, 581 

Meisenheimer complex, 830 

Melting points 

principles, 70-71 

trends with structure, 71 

Membranes, of cells, constitution, 1025 

2-Menthene, formation in E2 reaction, 

438-439p 
3-Menthene, formation in E2 reaction, 

438-439p 
Menthol, structure, 809f 

Menthyl chloride, E2 reaction, 438—439p 

Meperidine, 821 

Mephenesin, 862p 

Mercaptan, 336; see also Thiol 

Mercaptides, 361; see also Thiolates 

2-Mercaptoethanol, reduction of disulfide 

bonds, 1299 

Mercapto group, see Sulfhydryl group 

Mercuric acetate 

in alkoxymercuration of alkenes, 

499-500 

in oxymercuration of alkenes, 180 

Mercuric ion, catalyst for alkyne hydra- 

tion, 654—657 

Mercurinium ion, 180-181 

Merrifield, R. Bruce, 1292 

Merrifield resin, 1293 

Mescaline, 1154f 

Mesitoic acid, 1037p 

Mesitylene, UV absorption, 748p 

Mesityl oxide, synthesis, 1058 

Meso-compounds, 244-248, 247 

analysis of structures, 248 

in cyclic structures, 290-291 

Messenger RNA (mRNA), 1376 

Mesylate, 451 

Meta, position on substituted benzene 

ring, 738 

Meta-directing group, 761 

Methane 

bond dissociation energy, 106 

by-product of commercial ethylene pro- 

duction, 211 

chlorination, 371-372 

combustion, 72 

mass spectrum, 556-557, 557f 

models, 16f 

natural gas, 76 

physical properties, 47t 

production from petroleum, 213f 

structure, 14f, 14-15, 15f 

Methanesulfonate esters, see Mesylates 

Methanesulfonic acid, structure, 450 

Methanesulfonyl chloride, synthesis, 953 

Methanethiol, structure, 345f 

compared to other methyl derivatives, 

345t 

Methanol 

pK, 365¢ 
production and use, 376 

production from petroleum, 213f 

solvent properties, 355t 

structure, 345f 

compared to other methyl deriva- 

tives, 345¢ 

Methine group, 590 

diagnosing by DEPT technique, 

625027) 

Methionine 

residue, reaction with cyanogen bro- 

mide, 1286-1288 

structure and properties, 1267t 

4-Methoxybenzoic acid (Anisic acid), pK,, 

939¢ 

Methoxycarbonyl group, 977t 

2-Methoxyethanol, dielectric constant, 

353p 
Methoxyflurane, 373, 380p 

Methoxy group 

activating and directing effect in electro- 

philic aromatic substitution, 7621, 

_- 762-764 
resonance effect in Syl reactions, 792 

Methoxymethane, see Dimethyl ether 

Methoxymethyl cation, resonance struc- 

tures, 95 

2-Methoxy-2-methylpropane (tert-Butyl 

methyl ether) 

commercial synthesis, 173p 

production and use, 377 

synthesis by dehydration of alcohols, 

502 

Williamson ether synthesis, 498 

1-Methoxypentane, boiling point, 346 

Methyl! acrylate, conjugate-addition reac- 

tions, 1086—1087 

Methylamine 
pK, of conjugate acid, 1121¢ 

structure, compared to other methyl 

derivatives, 345t 

2-Methylaniline, (o-Toluidine), pK, of 

conjugate acid, 1121t 

3-Methylaniline, (m-Toluidine), pK, of 

conjugate acid, 1121t 

4-Methylaniline, (p-Toluidine), pK, of 

conjugate acid, 1121t 

N-Methylaniline, pK, of conjugate acid, 

1121t 

Methylation, exhaustive, 1130 

Methylation, with S-adenosylmethionine, 

S17—518 

4-Methylbenzoic acid, (p-Toluic acid), 

pK,, 939t 

2-Methyl-1,3-butadiene, see Isoprene 

2-Methylbutane (Isopentane) 

boiling point and dipole moment, 1117 

conformations, 55p 

2-Methyl-1-butene, heat of formation, 

142 

3-Methyl-1-butene 

heat of combustion, 171p 

heat of formation, 142 

Methyl carbamate, 977 

Methyl carbonate, decarboxylation, 959 

Methylcyclohexane, conformational analy- 

sis, 280-282 

Methylene chloride (Dichloromethane) 

solvent properties, 354t 

structure, 15, 336 

Methylenecyclohexane, synthesis 

by E2 reaction, 414-415 

by Hofmann elimination, 1133 

by Wittig reaction, 911-912 

Methylene group, 48 

diagnosing by DEPT technique, 

625-627 

Methylene iodide, in Simmons-Smith reac- 

tion, 430 

Methyl group 

abbreviation, 1064t 

activating and directing effects in elec- 

trophilic aromatic substitution, 

762t, 764—765 



Methyl group (continued) 

diagnosing by DEPT technique, 

625-627 

structure, 57 

5-Methyl-1-hexanone, mass spectrum, 

878f 
2-Methyl-1-hexene, IR spectrum, 553f 

Methyl iodide, see lodomethane 

Methyl orange, 1143-1144 

2-Methyl-1-pentene, heat of formation, 

141p 
4-Methyl-1-pentene, heat of formation, 

143t 

(E)-3-Methyl-2-pentene, heat of forma- 

tion, 143¢t 

2-Methyl-2-propanol (tert-Butyl alcohol) 

commercial synthesis, 165p 

pK,, 365t 
2-Methylpropene (Isobutylene), 

heat of formation, 141p 

mechanism of hydrogen bromide addi- 

tion, 148 

use in tert-butyl methyl ether produc- 

tion, 377 

2-Methylpyridine (2-Picoline), acidity, 

1202 

1-Methylpyridinium iodide, synthesis, 

1202 

1-Methyl-2-pyridone, synthesis, 1202 

Methyl radical 

electron affinity, 107 

heat of formation, 203t 

Methyl salicylate, structure, 715 

Micelle, 943 

Michael addition, 1090-1092 

Micrometer, 540 

Microscopic reversibility, 445 

Millimicron, 684 

Miscible, 353 

Mixed anhydride, 974 

MMPP, see Magnesium 

monoperoxyphthalate 

Models 

ball-and-stick, 15, 16f 

molecular, 15, 16f 

space-filling, 15, 16f 

Modhephene, structure, 814 

Molar absorptivity, see Extinction 

coefficient 

Molar extinction coefficient, see Extinc- 

tion coefficient 

Molecular ion, in mass spectrometry, 557 

identification, 566-567 

Molecular orbitals, 30 

and covalent bonds, 30-34 

antibonding, 32, 1222 

bonding, 32, 1222 

formation, 31-32 

frontier orbitals, 1225 

HOMO, 1225 

LUMO, 1225 

nodes, 1223-1224 

nonbonding, 1226 

of conjugated alkenes, 1222—1226 

of conjugated ions and radicals, 

1226-1227 

of hydrogen molecule, 31—32 

phase, 1224 

pi (a), 124-125 

pi-star (a*), 124-125 

role in UV absorption, 687 

symmetry 

classification, 1224 

role in pericyclic reactions, 

1229-1255 

Molecular recognition, 360 

Molozonide, 188-189 

Monochromator, 555f 

Monocyclic, 271 

Monomer, 207 

Monosaccharides, 1326 

cyclic structures, 1331-1337 

equilibrium compositions, 1340t 

stereochemistry and configuration, 

1327—= 1331 

Monoterpenes, 807 

Morphine, 1115, 1154f 

biological effect, 1313 

MPTP, 821p 

MRI, see Magnetic resonance imaging 

MTBE, see 2-Methoxy-2-methylpropane 

Muscalure, 675p 

Muscles, contraction and ATP hydrolysis, 

1370 

Mutarotation, of carbohydrates, 

1337-1340, 1338 

Mycomycin, structure, 730 

Myristic acid, structure, 931t 

m/z, mass-to-charge ratio, 557 

N 
n, quantum number, 23 

n > 7* absorption, 876 

n + 1 rule, and splitting in NMR spectra, 

595-598 

breakdown, 607-610 

4n + 2 rule, 719-726 

NAD*, coenzyme in biological oxidation 

reactions, 472—475 

structure, 473f 

NADH, coproduct of biological oxidation 

of ethanol, 474 

Nanometer, 684 

Naphthalene, 1169, 1171-1177 

and derivatives, electrophilic aromatic 

substitution reactions, 1173-1177 

aromaticity, 723 

derivatives, nomenclature, 1171-1172 

physical properties, 1171 

resonance energy, 1181t 

resonance structures, 1171 

structure, 1171 

1-Naphthol, 1172 

4-Naphthoquinone, 842 

Naphthyl group, 1172 

Natural gas, 76 

NBS, see N-bromosuccinimide 

Neighboring-group participation, 

518-521, 520 

Neomenthyl chloride, E2 reaction, 

438-439p 
Neopentyl bromide, see 1-Bromo-2,2- 

dimethylpropane 

Neopentyl group, structure, 58¢ 

Neoprene, 671 

Neurotransmitter, 1155 

Newman projection, 18, SGL 2.1 

of butane, 52f 

of ethane,4 9f 

Niacin, 473 

Nickel, hydrogenation catalyst, 162 

Nicol prism, 234 

Nicotine, 1154f 

oxidation, 1194 

Nicotine adenine dinucleotide, see NAD* 

Nicotinic acid, synthesis, 1194 

NIH shift, 864p 

Ninhydrin, 890p 

in amino acid analysis, 1282-1284 

Nitration 

of benzene, 752-753 

of naphthalene, 1173 

of pyridine-N-oxide, 1196 

of pyrrole, 1185 

of thiophene, 1185 

of toluene, 774 

Nitric acid 

in nitration of benzene, 752; see also 

Nitration 

in oxidation of aldehydes and primary 

alcohols, 1350-1351 

in oxidation of nicotine, 1194 

in oxidation of sulfides, 523 

in oxidation of thiols, 484 

Nitriles 

a-amino, synthesis, 1279-1280 

basicity, 987 

IR spectroscopy, 982-983 

NMR and CMR spectroscopy, 982-986 

nomenclature, 974-975, 976-977 

physical properties, 981 



reactions 

relative carbonyl reactivity, 1014 

relative reactivity in nucleophilic acyl 

substitution, 996—1000 

Diels-Alder reactions, 691 

hydrolysis, 994—995 

a-hydroxy, see Cyanohydrins 

reduction to primary amines, 

1010-1012 

synthesis 

conjugate addition of cyanide to car- 

bonyl compounds, 1085-1093 

conjugate addition to a,B-unsatu- 

rated nitriles, 1086—1087 

reaction of alkyl halides with cyanide 

ion, 1019 

summary, A-10 

3-Nitroaniline, pK, of conjugate acid, 

BPAns 

4-Nitroaniline, pK, of conjugate acid, 

1121t 

Nitrobenzene 

and derivatives, in Reissert indole syn- 

thesis, 1192-1193 

oxidizing agent in Skraup quinoline syn- 

thesis, 1205 

reaction with LiAIHy, 1148 

synthesis from benzene, 752 

4-Nitrobenzoicacid, pK, 939t 

Nitro compounds, reduction to amines, 

1147-1148 

Nitrogen, exact isotopic masses and natu- 

ral abundances, 559f 

Nitro group, activating and directing 

effects in electrophilic aromatic 

substitution, 762t, 765-766 

structure, 737 

Nitromethane 

resonance structures, 19-20, 95 

solvent properties, 355t 

Nitronium ion, intermediate in aromatic 

nitration, 752 

3-Nitrophenol, pK,, 838 

4-Nitrophenol 

acidity and pK,, 838-839 

UV spectrum, 857f 

2-Nitropropane, ionization and enoliza- 

tion, 1104p 
Nitrosamines, 1144 

and cancer, 1145 

Nitrosation, of amines, 1144—1145 

Nitrosyl cation, intermediate in nitrosa- 

tion reactions, 1145 

Nitrous acid, in amine diazotization, 

1139-1143 

Nodes, of orbitals, 25 

of molecular orbitals, 1223-1224 

relationship to quantum number, 26 

Nomenclature, see also specific compound 

classes, e.g., Alkenes, nomenclature 

and chemical indexing, 62 

common, 336 

“first point of difference” rule, 60 

of E and Z stereoisomers, 132—136 

of enantiomers, 231—233 

priority of principal groups, 1115 

radicofunctional, 336 

substitutive, 56 

general rules, 339-340 

summary of rules, A-1—A-2 

Nonactin, structure, 360, 361f 

Nonane 

IR spectrum, 539f 

physical properties, 47t 

Nonbonding molecular orbital, 1226 

Nondonor, solvent classification, 352 

Nonreducing sugar, 1363 

Norepinephrine, 1155 

Normal alkanes, see Alkanes, unbranched 

Normal vibrational modes, 546 

of a methylene group, 547f 

Nuclear magnetic resonance (NMR), 581 

Nuclear magnetic resonance spectrometer, 

581, 632-633 

Nuclear magnetic resonance spectroscopy, 

579-644, 581; see also specific com- 

pounds or classes 

carbon NMR (CMR) spectroscopy, 

622-628 

chemical shift, 582-590 

complex spectra, 603—610 

conformational equilibria, 619-621 

FT-NMR technique, 633, SGL 13.6 

integral, 591-593 

NMR tomography, 633 

oxygen ('70) NMR, 643p 

phosphorus (*'P) NMR, 633 
solid-state NMR, 633 

spectrometer description, 632—633 

splitting, 594-610 

summary of chemical shifts, A-4—A-5 

use of deuterium, 611 

Nuclear magnetic resonance spectrum, 

582-584 

Nucleic acids, 1326 

Nucleophile, 88 

in nucleophilic substitution reactions, 

385 

Nucleophilic acyl substitution, 991 

Nucleophilic addition, to carbonyl groups, 

885 

orbital diagram, 886f 

Nucleophilic aromatic substitution, see 

Aromatic substitution, nucleophilic 

Nucleophilic displacement, see Nucleo- 

philic substitution 

Nucleophilicity, 399 

solvent effects, 399-402 

Nucleophilic substitution, 385; see also 

Aromatic substitution, nucleo- 

philic; Nucleophilic acyl substitu- 

tion; and specific types, e.g., Sx2 

reaction 

competition with B-elimination reac- 

tions, 388—389 

predicting, 423-427 

equilibria, 389-390 

reactions, 385-387 

Nucleosides, 1367—1370 

Nucleotides, 1368, 1367—1370 

Nylon, 1020-1021 

O 
Octane 

isomers, 81—82p 

physical properties, 47t, 347 

Octane number, 78 

1-Octene, IR spectrum, 552f 

Octet rule 

in covalent compounds, 6 

in ionic compounds, 4 

in Lewis acid-base reactions, 88 

violation in oxidized sulfur com- 

pounds, 484 

1-Octyne, IR spectrum, 650f 

Odd-electron ions, 565, 879 

Olefins, 46, 121; see also Alkenes 

Oleum, 753 

Oligopeptide, 1267 

Oligosaccharides, 1327 

Operating frequency, in NMR spectros- 

copy, 582 

OPP, abbreviation for pyrophosphate 

group, 810 

Optical activity, 235, 234-240 

in nature, 309-310 

of enantiomers, 238 

Optical density, 684; see also Absorbance 

Optically pure, 238 

Optical rotation, 235-236, 235 

and absolute configuration, 238 

Orbitals, atomic, 22 

d, in oxidized sulfur compounds, 484 

directionality, 26 

energies in many-electron atom, 28, 

29f 
5f, 41p 

2p, 26, 26f 
3p, 27, 27f, 41p 

4p, 41p 
1s, 24, 24f 



1-26 Index 

Orbitals (continued ) 

2s, 25, 25f 
shape, 26 

spatial characteristics, 24—27 

hybrid, 34-37, 35 
sp, 648 
sp?, 123 
Gi, Vas, aay) 

molecular, see Molecular orbitals 

overlap 

and resonance structures, 712—713 

role in substituent effects in electro- 

philic aromatic substitution, 

769-770 

Orbital symmetry, role in pericyclic reac- 

tions, 1229-1255 

Organic chemistry, 1 

reasons for studying, 2 

Organic synthesis, 485, 523-525 

methods for carbon-carbon bond for- 

mation, A-11 

planning, 486-488 

with acetoacetic ester synthesis, 

1080-1081 

with aldol condensations, 1062-1063 

with alkynes, 666-668 

with Claisen and related condensa- 

tions, 1071-1073 

with conjugate-addition reactions, 

1097-1098 

with electrophilic aromatic substitu- 

tion, 771-775 

with malonic ester synthesis, 

1075-1076 

summary of preparative methods, 

A-5—-A-11 

three fundamental operations, 523-525 

Organoboranes 

oxidation, 185-186 

stereochemistry, 317-318 

synthesis from alkenes, 183-185 

Organolithium reagents, 368 

in synthesis of lithium dialkylcuprates, 

1017 

synthesis, 369 

reactions 

protonolysis, 371 

with aldehydes and ketones, 895-897 

with carboxylic acids, 969p 

with esters, 895-897 

with indole and pyrrole, 1183 

with pyridine, 1199 

with a,B-unsaturated carbonyl com- 

pounds, 1094-1095 

Organometallic compounds, 367; see also 

specific types, e.g., Grignard 

reagents 

aromaticity, 723-724 

Orlon, 209t 

Ortho, position on substituted benzene 

ring, 738 

Ortho esters, SGL 20.5 

Ortho,para-directing group, 760 

Ortho,para ratio, in electrophilic aromatic 

substitution, 766-767 

Osazones, 1385p, SGL 27.4 

Osmate ester, 193 

stereochemistry of formation, 320 

Osmium tetroxide, in conversion of 

alkenes into glycols, 193 

Osmium tetroxide, stereochemistry of 

reaction with alkenes, 320 

Osteomalacia, 1252 

Overtones, bands in IR spectra, 742 

Oxalic acid 

pK, values, 939t 

structure, 931f 

Oxaphosphetanes, 912-913 

Oxazole, structure, 1178f 

Oxepin, structure, 729p 

Oxidation, 459, see also specific com- 

g., Aldehydes, } pounds or classes, e. 

oxidation 

benzylic, 804-805 

Oxidation level, 459 

Oxidation number, 459-463, 459 

Oxidation states, of functional groups, 

466t 

Oxidizing agent, 463 

Oxime, 906t 

Oxirane, structure, 344; see also Ethylene 

oxide 

Oxonium salts, 516-517 

OxyCope rearrangement, 1247 

Oxygen 

atomic 

electronic configuration, 30 

exact isotopic masses and natural 

abundances, 559t 

molecular, reaction with ethers, 

377-378 

Oxymercuration, of alkenes, 180, 180-181 

stereochemistry, 319-320 

Ozone 

in alkene ozonolysis, 188 

stratospheric, destruction by chloro- 

fluorocarbons, 200, 373 

synthesis, 189 

Ozonides, 188-189 

reduction, 189-190 

Ozonolysis, of alkenes, 188-192 

P 
Palladium, hydrogenation catalyst, 162 

Palmitic acid, structure, 931f 

Paquette, Leo, 296 

Para, position on substituted benzene 

ring, 738 

Paracelsus, | 

Paraffins, 46 

Paraformaldehyde, 901 

Paraldehyde, 901 

Parent ion, see Molecular ion 

Parkinson’s disease, 821p 

Parts per million, chemical shift scale, 584 

Pasteur, Louis, 261—262 

Pauli exclusion principle, 28 

Pedersen, C. J., 360 

Pellagra, 473 

Penicillamine, use in treatment of 

Wilson’s disease, 363-364 

Penicillin G, 964p 

1,2-Pentadiene, heat of formation, 680t 

(E)-1,3-Pentadiene, heat of formation, 

171p, 680t 
1,4-Pentadiene, heat of formation, 171p, 

680t 

2,3-Pentadiene, heat of formation, 680t 

Pentane, physical properties, 47t 

Pentanedioic acid, see Glutaric acid 

2,3-Pentanediol, analysis of stereoisomers, 

242-243 

1,2-Pentanedione, 925p 

2,4-Pentanedione (Acetylacetone), enoliza- 

tion, 1045 

Pentose, 1326 

Pentothal, 1108p 

Pentulose, 1326 

1-Pentyne, heat of formation, 680t 

2-Pentyne, heat of formation, 680t 

Peptidases, see Proteases 

Peptide bond, 1263 

Peptides, 1263-1324, 1263 

acid-base properties, 1269-1278 

backbone, 1267 

hydrolysis, 1282-1284 

enzyme-catalyzed, 1289-1291 

isoelectric points, 1271-1275 

nomenclature, 1267-1268 

occurrence, 1311, 1313 

primary structure, 1299-1300 

reaction with cyanogen bromide, 1286-88 

separations using acid-base properties, 

1275-1277 

solid-phase synthesis, 1291-1298 

specific cleavage, 1286-1291 

structure determination, 1282-1291 

zwitterionic structures, 1271 

Peracid, 503 

Perchlorate, basicity, 99t 

Perchloric acid, pK,, 99t 

Pericyclic reactions 

Pericyclic reactions, 691, SGL 15.1, 

1219-1262; see also specific types, 

e.g., Electrocyclic reactions 



application of microscopic reversibility, 

1232-1233 

role in vitamin D biosynthesis, 

1252-1254 

selection rules, summary, 1250-1251 

Peri-interaction, 1175 

Periodate, see Periodic acid 

Periodate ester, intermediate in periodate 

cleavage of glycols, 471 

Periodic acid 

in oxidative cleavage of glycols, 

470—472 

properties, 470 

reaction with carbohydrates, 1352 

Periplanone B, structure, 814 

Permanganate, see Potassium 

permanganate 

Peroxide effect, in HBr addition to 

alkenes, 194-197 

explanation, 200-204 

Peroxides 

effect on HBr addition to alkenes, 195 

in ether autoxidation, 377-378 

in ethers, test, 378 

Peroxy acids, 503 

in epoxidation of alkenes, 503-505 

in oxidation of sulfides, 523 

Peroxycarboxylic acid, 503 

Petroleum, 75 

as foundation of chemical industry, 

213f 
components, 75t 

importance in polymer industry, 1022 

pH, 98 

Phase, of molecular orbitals, 1224 

a-Phellandrene, 735p, 1170f 

a-Phenethylamine, enantiomeric resolu- 

tion, 249—250 

a-Phenethyl chloride, 791t 

Phenol, 823 see also Phenols 

bromination, 773, 846-847 

Friedel-Crafts acylation, 848-849 

industrial synthesis and use, 851—852 

ionization and pK,, 837 

IR spectrum, 741 

ketone forms, 1045 

nitration, 846 

production from petroleum, 213f 

structure, 738 

Phenolate ion, see Phenoxide ion 

Phenol-formaldehyde resins, 917 

Phenols, see also Phenol 

acidity, 837-840 

chemical shift of OH protons, 745 

reactions 

electrophilic aromatic substitution, 

846-847 

ester formation with acid chlorides, 

1002-1003 

ester formation with anhydrides, 

1004—1005 

oxidation to quinones, 841—845 

with aluminum trichloride, 848 

synthesis 

hydrolysis of diazonium salts, 1141 

Claisen rearrangement, 1248 

from aryl halides, 848 

separation 

from carboxylic acids, 940-941 

from mixtures using acidity, 

840-841 

Phenoxide ion 

as nucleophiles in Sy2 reactions, 841 

formation and use, 837, 840-841 

Phenylacetic acid, pK,, 118p, 939t 

Phenylalanine, structure and properties, 

1266t 

Phenyl cation, 828 

Phenylcyclohexane, see Cyclohexylbenzene 

Phenyl group, 79, 337, 739 

conformational preference in cyclohexyl- 

benzene, 333p 

directing effect in electrophilic aromatic 

substitution, 766p 

polar effect, 799, SGL 17.2 

Phenylhydrazine 

in Fischer indole synthesis, 1190 

in osazone formation, 1385p 

reaction with aldehydes and ketones, 

906t 

Phenylhydrazones, 906t 

intermediates in Fischer indole synthe- 

sis, 1190 

Phenyl isothiocyanate (Edman reagent), 

in analysis of peptides, 1284-1285 

Phenyllithium, synthesis, 860p 

Phenylmagnesium bromide, synthesis, 836 

Phenylthiohydantoins, formation in 

Edman degradation, 1285 

Pheromones, 668-671 

Phosgene, 959, 977 

Phosphatidylcholine, structure, 1025 

Phosphatidylethanolamine, structure, 

1024f, 1025 
Phospholipids, 1024—1025 

Phosphoric acid, esters, 456p 

Phosphorus 

exact mass, 559¢ 

31 NMR, 633 

reagent in a-bromination of carboxylic 

acids, 1052 

Phosphorus pentachloride, in synthesis of 

acid chlorides, 952—953 

Phosphorus tribromide 

reaction with alcohols, 457p 

‘reagent in a-bromination of carboxylic 

acids, 1052 
Photochemical reactions, 1232 

Photography, role of phenol oxidation, 

845 

Photon, 536 

Phthalamic acid, hydrolysis, 1038p 

Phthalic acid, 805p 

pK, values, 939t 

structure, 930 

Phthalic anhydride, 955 

Phthalimide, 976 

in Gabriel amine synthesis, 

1146-1147 

Pi (a) bond, 124-125 

Picolines, 1194; see also 2-, 3-, or 

4-Methylpyridine 

Picric acid, acidity, 839 

Pimelic acid, structure, 931t 

Pi (7) molecular orbitals, 124—125 

Pinacol rearrangement, 882—883 

Pinacolone, 882 

a-Pinene, structure, 809f 

biosynthesis, 812p 

Piperidine, 1115 

removal of Fmoc group, 1297 

Pivalic acid 

pK, 939t 
structure, 931t 

pK,, 98 
of Bronsted acids, 99t 

pK 100-101 
Planck’s constant, 42p, 537 

Plane of symmetry, 229 

Plane-polarized light, see Polarized light 

Planteose, structure, 1388p 

Platinum, hydrogenation catalyst, 162 

Pleated sheet, in structure of peptides, 

1302-1303 

Plexiglas, 209¢ 

Plunkett, Roy J., 209-210 

Poisons, catalyst, 161, 659 

Polar 

double usage, 352 

solvent classification, 352 

Polar bond, 10-11, 10 

Polar effects, 110 

electron-donating, 110 

electron-withdrawing, 110 

of substituents in electrophilic aromatic 

substitution, 768 

on acidity of phenols, 837 

on amine basicity, 1124 

on alcohol acidity, 364 

on Bronsted acidity, 108-111 

Polarimeter, 235 

Polarity, see Dipole moment 

Polarization 

mechanism for alkoxide stabilization, 

365 

mechanism for ammonium ion stabiliza- 

tion, 1123 



Polarized light, 234—235 

Polar molecules, 11 

Polyacrylonitrile, 209t 

Polybutadiene, 707 

Polychlorotrifluoroethylene, 209¢ 

Polycyclic compounds, aromaticity, 723 

Polyesters, 1021-1022 

Polyethylene, 208 

production from petroleum, 213f 

synthesis from ethylene, 208 

Poly(ethylene terephthalate), 1021-1022 

Polyisoprene, see Rubber, natural 

Polymer, 207 

addition, 208 

condensation, 1021 

Polymerization, 207 

free-radical, 208 

of alkenes, 207-210 

of dienes, 707-708 

Poly(methyl methacrylate), 209t 

Polyphosphoric acid, 1190 

Polypropylene, production from petro- 

leum, 213f 

Polysaccharides, 1327, 1364-1367 

Polystyrene, 209t, 220p 

production from petroleum, 213f 

Polytetrafluoroethylene, 209¢ 

Poly(vinyl chloride), 209¢ 

Porphyrin, 1206 

Potassium amide, reaction with aryl 

halides, 832 

Potassium bromide, solubilization by 

crown ethers, 359 

Potassium tert-butoxide 

as base in elimination reactions, 387 

as base in generating dichloromethy- 

lene, 428 

Potassium chloride 

solubilization by crown ethers, 359 

structure, 4, 5f 

Potassium ferricyanide, in synthesis of 

1-methyl-2-pyridone, 1202 

Potassium iodide, reaction with diazo- 

nium salts, 1141 

Potassium permanganate 

in benzylic oxidations, 804 

in conversion of alkenes into glycols, 

193 

stereochemistry, 320 

in oxidation of primary alcohols, 469 

in oxidation of sulfides, 523 

in thiol oxidation, 484 

solubilization by crown ethers, 359 

Pott, Percivall, 777 

ppm, see Parts per million 

Pr, abbreviation for propyl group, 1064t 

i-Pr, abbreviation for isopropyl group, 

1064t 

Previtamin D3, 1252 

Primary, classification 

of alcohols, 335 

of alkyl halides, 335 

of amides, 975 

of amines, 1113 

of carbocations, 149 

of carbon, 64 

of free radicals, 201 
of hydrogens, 64 ' 

Primary deuterium isotope effect, see Iso- 

tope effect 

Primary structure, of peptides and pro- 

teins, 1299-1300 

Principal chain, 56, 339; see also Nomen- 

clature, substitutive 

in alkene nomenclature, 129 

Principal group, 339 

citation priority, 932 

Principal quantum number, 23 

Principle of microscopic reversibility, see 

Microscopic reversibility 

Prismane, 716 

and orbital symmetry 1233—1234 

Probability 

and electron position, 22 

of a reaction, 520 

and entropy, SGL 11.6 

Problems, 

involving reactions, solving, SGL 4.5 

involving unknown structures, solving, 

SGL 4.6 

mechanistic, solving, SGL 4.7 

Product-determining step, 419 

analogy, 419-420 

Progesterone, structure, 301 

Proline, structure and properties, 1267t 

Propadiene (Allene), 679; see also Allenes 

structure, 682f, 683f 

Propagation, in free-radical reactions, 

198-199 

Propane 

physical properties, 47t, 346, 350 

structure, 122f 

Propanedioic acid, see Malonic acid 

1,2-Propanediol, see Propylene glycol 

1,2,3-Propanetriol, see Glycerol 

Propanoic acid 

IR spectrum, 936f 

pK,, 939t 

NMR spectrum, 936f 

2-Propanol (Isopropyl alcohol) 

commercial synthesis, 165p 

pK, 365t 
Propargyl group, 645 

2-Propenal, see Acrolein 

Propene 

acidity of allylic hydrogens, 800 

in synthesis of cumene, 776-777 

production, 212, 213f 

structure, 122f, 866f 

Propionyl group, 868 

Propiophenone, CMR spectrum, 876 

Propylene, see Propene 

Propylene glycol, structure, 338 

Propyl group 

abbreviation, 1064t 

structure, 57 

Propyl radical, heat of formation, 203¢ 

Pro-R-hydrogen, 481 

Pro-S-hydrogen, 481 

Proteases, in peptide hydrolysis, 

1289-1291 

Protecting groups, 902 

for carbohydrates, 1348 

in electrophilic substitution of aniline 

derivatives, 1138 

Proteins, 1266; see also Peptides 

occurrence, 1311, 1313 

Proteolytic enzymes, see Proteases 

Protic, solvent classification, 352 

Protonated, 147 

Protonolysis, 371 

Protons, spin, 579-581 

PTH, see Phenylthiohydantoins 

Pulegone, 1108p 

Purine, structure, 1178f 

Purines, components of nucleic acids, 

1368 

Purple benzene, 359 

PVG, see Poly(vinyl chloride) 

Pyramidal geometry, 17 

of carbon (hypothetical), consequences, 

263-264, 270p 

Pyranose, 1332 

Pyranoses, conformations, 1334-1337 

Pyrene, 1170f 

Pyridine 

and derivatives, electrophilic aromatic 

substitution, 1194-1197 

aromaticity, 721 

as a base 

in amide synthesis, 1001-1002 

in reactions of alcohols with thionyl 

chloride, 456 

in sulfonate ester formation, 452 

basicity and pK, of conjugate acid, 

1182 

catalyst poison, 659 

electronic structure, 721f, 1179-1180, 

1180f 
NMR spectrum, 1181p 

reactions 

Chichibabin and related reactions, 

1197-1199 

oxidation to pyridine-N-oxides, 1196 



with methyl iodide, 1202 

resonance energy, 1181t 

structure, 1178f 

Pyridine-N-oxide 

and derivatives, deoxygenation, 1197 

Grignard reactions, 1202 

nitration, 1196-1197 

synthesis, 1196 

Pyridinium salts 

methyl derivatives, acidity, 1203 

reactions, 1201—1202, 1203 

2-Pyridone 

conversion into 2-chloropyridine, 1200 

equilibrium with 2-hydroxypyridine, 

1200 

hydrolysis, 1217p 

synthesis, 1200 

Pyridoxal, 1207f 

Pyridoxine, synthesis, 1218p 

Pyrimidine, structure, 1178f 

Pyrimidines, components of nucleic acids, 

1368 

y-Pyrone, 1103p 

Pyrophosphate group, 810 

Pyrophosphoric acid, 810 

Pyrrole 

acidity, 1183 
aromaticity, 72] 

basicity and pK, of conjugate acid, 

1182 

dipole moment, 1181p 

electronic structure, 721f, 1180f 

electrophilic aromatic substitution, 

1184-1185 

nitration, 1185 

NMR spectrum, 1161p 

reaction with organometallic reagents, 

1183 

resonance energy, 1181t 

structure, 1178f 

Pyrrolidine, 1115 

dipole moment, 1181p 

NMR spectrum, 1181p 

Q 
Quantum mechanics, 21—22 

Quantum numbers, 23, 23t, 23-28 

angular momentum (1), 23 

magnetic (m), 23 

principal (n), 23 

spin (s), 23 

Quartet, splitting pattern in NMR spectra, 

596 

Quartz, optical activity, 261 

Quaternary ammonium salts, see Ammo- 

nium salts, quaternary 

Quaternary carbon, 64 

diagnosing by DEPT technique, 

625-627 

Quaternary structure, of proteins, 1307 

Quaternization, of amines, 1129-1130 

Quinine, 1154f 

Quinoline, and derivatives 

aromaticity, 723 

basicity and pK, of conjugate acid, 

1182 

catalyst poison, 659 

nitration, 1197p 

structure, 1178f 

synthesis 

Combes synthesis, 1218p 

Friedlander synthesis, 1217p 

Skraup synthesis, 1204—1205 

Quinones, 842 

conjugate-addition reactions, 1087 

synthesis from phenols, 841-845 

Quintet, splitting pattern in NMR spectra, 

596 

R 
R, configuration of asymmetric atom, 231 

Racemates, 239 

formation in reactions of achiral sub- 

stances, 305 

Racemic mixture, 239 

Racemic modification, 239 

Racemization, 239, 254 

Radiation, electromagnetic, see Electromag- 

netic radiation 

Radical, see Free radical 

Radical anion, 660 

Radical cation, 556 

Radicofunctional nomenclature, 336 

Radiofrequency, in NMR experiment, 581 

Raffinose, 1384p 

Random coil, in peptides and proteins, 

1302 

Rate, of reaction, 154 

and equilibrium constant, 155-156 

effect of temperature, 155 

Rate constant, 392 

Rate-determining, see Rate-limiting 

Rate law, 391-392 

for acid-catalyzed halogenation of alde- 

hydes and ketones, 1049 

for Sy1-El reactions, 417-419 

for Sy2 reactions, 394-395 

relationship to mechanism, 395 

Rate-limiting step, 156-158, 157 

analogy, 158 

and principle of microscopic reversibil- 

ity, 445 
relationship to product-determining 

step, 419-421 

Rates, of reactions, see Reaction rates 

Reaction-free energy diagram, 154 

Reaction mechanism, see Mechanism, 

reaction 

Reaction rate, 154-160, 390-392, 391; see 

also Rate law 

and neighboring-group participation, 

519-520 

and rate law, 391-392 

and reaction conditions, 773-774; 

SGL 16.4 
and standard free energy of activation, 

392 

Reactions, conventions for writing, 

179-180 

Reactive intermediates, and Hammond’s 

postulate, 158—160 

Rearrangements 

allylic, 801 

of carbocations, 151-153 

in acid-catalyzed alkene hydration, 

164 

in acid-catalyzed alcohol dehydra- 

tion, 446 

in Friedel-Crafts alkylation, 758 

in pinacol rearrangement, 882-883 

in reaction of alcohols with hydrogen 

halides, 448 

in Sy1-El1 reactions, 422 

of cumene hydroperoxide, 851 

sigmatropic, 1239-1250 

Recombination, reactions of free radicals, 

199 

Reducing agent, 463 

Reducing sugar, 1363 

Reduction, 459; see also specific com- 

pound classes, e.g., Aldehydes, 

reduction 

Reductive amination, 1130-1132 

Reforming, of alkanes, 76 

Regioselective, 146 

Reissert indole synthesis, 1192-1194 

Relative abundance, of ions in mass spec- 

trometry, 557 

Repulsions, see van der Waals repulsions 

Residue, in peptides, 1267 

Resin, 917 

Resolution, see Enantiomeric resolution 

Resolving agent, 249 

Resonance, 19-21, 708-715 

and benzene structure, 717 

destabilization, 725 

stabilization, 702, 713 



I-30 Index 

Resonance effect, of substituents 

and dipole moments, 862p 

in electrophilic aromatic substitution, 

768 

on amine basicity, 1124 

on phenol acidity, 837-839, SGL 18.3 

Resonance energy, empirical, 719; see also 

specific compounds 

Resonance hybrid, 20 

Resonance structures, 

SGL 15.2 

derivation by curved-arrow formalism, 

95-96 

drawing, 709-712 

relative importance, 710—712 

USS, MAINS 

Resorcinol, 739 

Respiration, similarity to combustion, 1 

Retention, stereochemistry of substitution, 

aA) 

Rf, see Radiofrequency 

R groups, 79 

t-Rhamnose, 1387p 

Rhodopsin, 689 

B-p-Ribofuranose, 1336 

Ribonuclease 

denaturation, 1306 

solid-phase synthesis, 1292 

Ribonucleic acid 

role in protein synthesis, 

1375-1378 

structure, 1372 

Ribonucleoside, 1367 

Ribonucleotide, 1368 

p-(—)-Ribose 

component of ribonucleic acids, 

1368 

equilibrium composition, 1340t 

structure, 1329f 

Rickets, 1252 

Ring current, 742 

Ring strain, 293 

importance in epoxide ring opening, 

pile 

RNA, see Ribonucleic acid 

Robinson annulation, 1092 

Rocking vibration, 547f 

Rosanoff, M. A., 1327 

Rosenmund reduction, of acid chlorides, 

1012 

Rotation, internal, 50; see also Internal 

rotations 

Roth, Wolfgang, 1243-1244 

Rubber 

natural, 219p, 708, 809f 
styrene-butadiene (SBR), 707 

Ruff degradation, of aldoses, 1360 

Ruhemann’s purple, 1282 

» 
S, configuration of asymmetric atom, 231 

s, quantum number, 23 

s-cis conformation, of dienes, 681 

Saffrole, structure, 715, 814p 

Salicin, 1345f 

Salicylic acid, 930, 1004 

SAM, see S-adenosylmethionine 

Saponification, of esters, 989-990 

in malonic ester synthesis, 1075 

relationship to Claisen condensation, 

1067 

Saturated hydrocarbons, 121 

Saytzeff, Alexandr, 411 

Saytzeff’s rule, 411 

SBR, 707 

Schiff base, 904; see Imines 

Schotten-Baumann technique, for amide 

formation, 1002 

B-Scission, 211 

in mass spectrometry, 564 

Scissoring vibration, 547f 

Secondary, classification 

of alcohols, 335 

of alkyl halides, 335 

of amides, 975 

of amines, 1113 

of carbocations, 149 

of carbon, 64 

of free radicals, 201 

of hydrogens, 64 

Secondary structure, of peptides and pro- 

teins, 1301-1303, 1303 

Second-order 

reaction kinetics, 392 

Selection rules, 

for cycloaddition reactions, 1238t 

for electrocyclic reactions, 1232t 

for pericyclic reactions, summary, 

1250-1251 

for sigmatropic reactions, 1248-1249 

Semicarbazide, reaction with aldehydes 

and ketones, 906t 

Semicarbazone, 906t 

Semiquinone radical, 843-844 

Septet, splitting pattern in NMR spectra, 

596 

Sequence, amino acid, 1284 

Serine, structure and properties, 1267 

Sesquiterpenes, 807 

Sextet, splitting pattern in NMR spectra, 

596 

B-Sheet, see B-Structure 

Sigma (o) bonds, 33 

Sigmatropic reactions, 1219, 1239-1250 

classification, 1239 

selection rules, 1248-1249 

stereochemistry, 1240-1250 

Silicon, exact isotopic masses and natural 

abundances, 559¢ 

Silk, 1303 

Silver bromide, in photography, 845 

Silver(1) oxide 

catalyst for methylation of carbohy- 

drates, 1347 

in aldehyde oxidation, 916 

in synthesis of quaternary ammonium 

hydroxides, 1133-1134 

Simmons, Howard E., 430 

Simmons-Smith reaction, 430—433 

Singlet, in NMR spectroscopy, 596 

Skraup synthesis, of quinoline and deriva- 

tives, 1204 

Skunk, essence of, 380p 

Smalley, Richard E., 1169 

Smith, Ronald D., 430 

Snl reactions, 417—423, 418 

as alkylation reactions, 455 

contrast with S,y2 and E2 reactions, 421 

effect of leaving groups on reaction 

rate, 421 

inertness of aryl and vinylic halides, 

826-829 

inertness of a-halo carbonyl com- 

pounds, 1054 

prediction, 423-427 

rate law and mechanism, 417-419 

rearrangements, 422 

solvent effect on rate, 417, 421 

summary, 423 

Sn2 reactions, 394—404, 394 

allylic, 803-804 

orbital diagram of transition state, 

804f 
and epoxide ring opening, 509 

as alkylation reactions, 455 

benzylic, 803-804 

competition with E2 reaction, 411—415, 

803 

contrast with Sy1-E1 reaction, 420 

effect of alkyl halide structure on rate, 

397-399, 398t 

effect of leaving group on rate, 403 

inertness of vinylic and aryl halides, 

824—825 

of cyclopropyl halides, 436p 

prediction, 423—427 

rate law and mechanism, 394-395 

solvent effects, 399-402 

stereochemistry, 396-397 

steric effects, 398 

summary, 403—404 

Sy2'reaction, 821—822p 

Soaps, 942 



Sodamide, see Sodium amide 

Sodium, in liquid ammonia, 660-662 

Sodium acetylide, addition to ketones, 

896 

Sodium amide, 663, 1127 

base in carbohydrate alkylation, 1347 

in Chichibabin reaction, 1197-1198 

Sodium azide, in synthesis of acyl azides, 

1150 

Sodium bisulfite 

addition to aldehydes and ketones, 

919p 

reducing agent for osmium, 193 

Sodium borohydride 

discovery as reducing agent, 894 

inertness of nitro compounds, 

1147-1148 

reactions 

reduction of aldehydes and ketones, 

890-894 

reduction of aldoses, 1353 

reduction of alkoxymercuration 

adducts, 499-500 

reduction of oxymercuration 

adducts, 181 

reductive amination, 1130 

synthesis, 893 

with a,B-unsaturated carbonyl com- 

pounds, 1094 

Sodium cyanoborohydride, in reductive 

amination, 1131 

Sodium dichromate 

in benzylic oxidations, 804 

in synthesis of quinones, 841 

Sodium D-line, use in measurement of 

optical activity, 235 

Sodium dodecylsulfate, 965p 

Sodium ethoxide, base in elimination reac- 

tions, 387 

Sodium hydride 

base in Claisen and related condensa- 

tions, 1068 

product of Chichibabin reaction, 1198 

use in synthesis of alkoxides from alco- 

hols, 362 

Sodium nitrite 

as food preservative, 1145 

in amine diazotization, 1139 

Sodium pentothal, 1108p 

Solid-phase peptide synthesis, 1291-1298 

Solubility, 351, 353-358 

of covalent compounds, 353-356 

of ionic compounds, 356-358 

Solvate, 356 
Solvated electron, see Electron, solvated 

Solvation, 356 

of Grignard reagents, 369 

Solvation shell, 356 

mimicked by crown ethers, 359 

Solvent cage, 356 

Solvents, 351, 351-358; see also specific 

reactions, ¢.g., Sy2 reactions, sol- 

vent effects 

classification, 352-353 

dry-cleaning, 373 

properties, 354—355t 

Solvolysis, 417 

Specificity, in enzyme catalysis, 1308 

Specific rotation, 236, 236-237 

Spectrometer, see Spectrophotometer 

Spectrometer, mass, see Mass 

spectrometer 

Spectrophotometer, 538 

Spectroscopy, 535 

absorption, 538 

in solving structure problems, 628-632 

introduction, 535-540 

structural information available by spec- 

troscopy type, 539 

Spectroscopy, NMR, see Nuclear magnetic 

resonance spectroscopy 

Spectrum, 538; see also Electromagnetic 

spectrum 

ultraviolet-visible, 684—686 

Spin 

of electrons, 23 

of nuclei, 579-581, 622t 

Spin-spin splitting, see Splitting 

Spirocyclic, 294 

Spiropentadiene, 734p 

Splitting, in NMR spectroscopy, 594-610 

complex, 603-610 

diagram, 604-605, 605f 

effect of chemical exchange, 617-618, 

620-621 

multiplicative, 603—607 

n+ 1 rule, 595-598 

of alkene protons, 614f 

physical basis, 599-600 

theoretical line intensities, 596¢ 

use in determining unknown struc- 

tures, 600—603 

Squaric acid, 967p 

Squiggly bond, in denoting uncertain con- 

figuration, 1336 

Stability, kinetic vs. thermodynamic, SGL 

Dp 

Staggered conformation, 50 

Standard free energy, see Free energy 

Starch, 1365-1366 

Stearic acid, structure, 931t 

Stereocenters, 229, 128 

and reaction stereochemistry, 311-312 

Stereochemistry, 225, 225-269; see also 

specific reactions 

correlation, 240-241, 240 

D,L system, 1268-1269 

E,Z (Cahn-Ingold-Prelog) system, 132 

group equivalance, 475—480 

in organic synthesis, 523 

of reactions, 310-320 

R,S (Cahn-Ingold-Prelog) system, 

231-233 

Stereogenic, 128; see also Stereocenter 

Stereogenic atom, see Stereocenter 

Stereoisomers, 126, 225 

conformational, 253-255 

in cyclic compounds, 289-292 

nomenclature, 132-136 

in reactions, 302-310 

relationahip to other types of isomers, 

243 

Stereoselective reactions, 313 

Stereospecific reactions, SGL 7.6, 

SGL 11.4 

Steric effect, 202 

in free-radical additions to alkenes, 202 

in Sy2 reactions, 398, 399f 

Steroids, 300-302 

biosynthesis, 1084 

sources, 302 

Stilbene, 775 

Strain, ring and angle, 293 

s-trans conformation, of dienes, 681 

Strecker synthesis, 1279-1280 

Stretching vibration, 546 

B-Structure, in peptides and proteins, 

1302-1303 

Structures, 12 

drawing, 15, SGL 1.3, SGL 4.1, SGL 4.2 

highly condensed, 61 

Lewis, see Lewis structures 

methods for determining, 12—13 

of covalent compounds, predicting, 

13-19 

of ionic compounds, 4 

relationship to hybridization, 123 

skeletal, 64—67 

Study Guide Links, flagged (checked), 10 

Study Guide Links, unflagged, 11 

Styrene, 131 

bromine addition, 716 

catalytic hydrogenation, 162 

copolymerization with butadiene, 707 

hydration, solvent isotope effect, 407p 

production from petroleum, 213f 

source and industrial use, 777 

structure, 738 

Styrene-butadiene rubber, 707 

Styrene oxide, structure, 344 

Substituents, 57 

Substitution, by free-radical mechanism, 

a72 

Substitution, cine, 835 



I-32 Index 

Substitution, aromatic, see Aromatic 

substitution 

Substitution, nucleophilic, see Nucleo- 

philic substitution 

Substitution test, for stereochemical group 

relationships, 476-477 

Substitutive nomenclature, see Nomencla- 

ture, substitutive 

Substrate, 1308 

Subunits, in proteins, 1307 

Succinic acid 

pK, values, 939t # 

structure, 931t 

Succinimide, 797, 976 

acidity, 1042p 

Sucrose, 1363 

hydrolysis to glucose and fructose, 

1363 

Sugars, see Carbohydrates 

Sulfa drug, 1139p 

Sulfanilamide, 1139p 

Sulfathiazole, 1139p 

Sulfenic acid, 483f 

Sulfhydryl group, 336 

Sulfides 

nomenclature, 343—344 

oxidation, 522—523 

Williamson synthesis, 497-499 

Sulfinic acid, 483f 

Sulfolane, 

synthesis, 522 

solvent properties, 355t 

Sulfonate anions 

as leaving groups in reactions of sulfo- 

nate esters, 452 

resonance structures, 939 

Sulfonate esters, 450 

E2 reactions, 454 

mechanism of formation, SGL 10.3 

reactivity in substitution reactions, 

452-454 

structures, 450-451 

synthesis, 451-452, 1003 

Sulfonation 

of benzene, 753-754 

of naphthalene, 1174 

reversibility, 753, 1174 

Sulfones, synthesis, 522 

Sulfonic acid group, activating and direct- 

ing effects in electrophilic aromatic 

substitution, 762t 

Sulfonic acids, 450 

acidity, 939 

conversion into sulfonyl chlorides, 953 

structure, 929 

synthesis 

sulfonation of aromatic compounds, 

753-754, 1174 

thiol oxidation, 484 

Sulfonium salts, 516-518 

Sulfonyl chlorides 

in synthesis of sulfonate esters, 

451-452 

synthesis, 953 

reaction with alcohols, 1003 

Sulfoxides, synthesis, 522 

Sulfur, exact isotopic masses and natural 

abundances, 559t 

Sulfuric acid 

in sulfonation of benzene, 753 

pK, 99t 
Sulfur trioxide, in benzene sulfonation, 

753 

Supports, for hydrogenation catalysts, 162 

Suprafacial, 1235, 1240 

Surfactants, 942, SGL 20.4 

Sweeteners, peptide, 1313 

Symmetric molecular orbital, 1224 

Symmetry 

and chirality, 229-230 

cylindrical, 33 

elements, 229 

plane, 229 

Syn, addition stereochemistry, 311 

Syn addition, 696 

Syn elimination, 407, 407-409 

Synthesis, see Organic synthesis 

Synthetic equivalence, SGL 17.3 

Ti 
2,4,5-T, synthesis, 861p 

p-(+)-Talose 

equilibrium composition, 1340t 

structure, 1329f 

Target molecule, 486 

Tartaric acid, 

as a resolving agent for enantiomers, 

250 

p- and L-, stereochemical correlation 

with p-glucose, 1360-1361 

in history of stereochemistry, 261 

sodium ammonium salt, crystals, 

262f 
structure, 930 

Tautomer, 1045 

Teflon, 209t 

discovery, 209-210 

Temperature, effect on reaction rate, 155 

Terephthalic acid 

industrial synthesis and use, 777 

in polyester production, 1021-1022 

Termination, in free-radical reactions, 

199-200 

Terpenes, 806-812 

biosynthesis, 808-812 

Tertiary, classification 

of alcohols, 335 

of alkyl halides, 335 

of amides, 975 

of amines, 1113 

of carbocations, 149 

of carbon, 64 

of free radicals, 201 

of hydrogens, 64 

Tertiary structure, of proteins, 1303-1308 

Testosterone, structure, 301 

Tetrachloroethylene, industrial use, 373 

Tetracyanoethylene, 1257p 

dienophile in Diels-Alder reaction, 695 

Tetrafluoroborate ion, 7-8 

Tetrahedral addition intermediate, 948 

in Chichibabin reaction, 1198 

in ester hydrolysis, 991 

in ester saponification, 990 

in nucleophilic acyl substitution, 

996-1000 

in nucleophilic aromatic substitution 

(Meisenheimer complex), 830 

in trypsin-catalyzed peptide hydrolysis, 

1312 
Tetrahedral geometry, 15 

of carbon, postulation, 260-264 

Tetrahedrane, structure, 296 

Tetrahedron, 15, 15f 

Tetrahydrofuran 

as reaction cosolvent with water, 356 

boiling point and dipole moment, 346 

contamination with peroxides, 378 

dipole moment, 1179 

in nylon production, 1022p 

in synthesis of Grignard reagents, 368 

solvent in hydroboration, 184 

solvent in oxymercuration, 180 

solvent properties, 354t 

structure, 344 

a-Tetralone, synthesis by intramolecular 

Friedel-Crafts reaction, 755 

Tetramethylsilane, internal standard for 

NMR, 582 

Thermodynamic control, 704, 1089 

in naphthalene sulfonation, 1174-1175 

THF, see Tetrahydrofuran 

Thiamin, 1207f 

Thiazole, structure, 1178f 

Thiazolinones, intermediates in Edman 

degradation, 1285 

Thioether, 336; see also Sulfide 

Thiolates, 361; see also Mercaptides 

Thiolates 

basicity, 99t 

heavy-metal derivatives, 363 

and Wilson’s disease, 363-364 

in Williamson synthesis of sulfides, 

497-498 



nucleophiles in thiol oxidation, 485 

synthesis from thiols, 363 

Thiol esters, in fatty acid biosynthesis, 

1082—1083 

Thiol esters, reactivity, 1029p 

Thiols, 336 

acidity, 360—364 

amphoterism, 366 

conversion into disulfides, 484 

conversion into sulfonic acids, 484 

IR spectroscopy, 574p 

nomenclature, 338-342 

oxidation, 482—485 

DIO E 

Thionyl chloride 

in synthesis of acid chlorides, 952—953 

in synthesis of alkyl chlorides, 

456-457 

properties, 456 

Thiophene 

and derivatives, electrophilic aromatic 

substitution, 1186-1187 

Hinsberg synthesis, 1217p 

nitratrion, 1185 

resonance energy, 1181t 

structure, 344, 1178f 

Thioureas, intermediates in Edman degra- 

dation, 1284 

Threonine, structure and properties, 1267 

p- and t-, absolute configuration, 1269 

p-(—)-Threose, synthesis from 

p-glyceraldehyde, 1360 

structure, 1329f 

B-Thujone, structure, 814 

Thymidine, 1369¢ 

Thymidylic acid, 1369¢ 

Thymine, 1368 

Thymine dimer, in DNA, 1380 

TMP, 1369t 

TMS, see Tetramethylsilane 

a-Tocopherol, 844 

Tollens’ test, 916 

with monosaccharides, 1350 

Toluene 

acidity of benzylic hydrogens, 800 

IR spectrum, 741f 

nitration, 775 

physical properties, 740 

source and industrial use, 776 

structure, 738 

p-Toluenesulfonate anion, basicity, 99t 

leaving groups in reactions of tosylate 

esters, 452—453 

p-Toluenesulfonate esters, see Tosylates 

p-Toluenesulfonic acid 

acidity and pK,, 99t, 939 

structure, 450 

p-Toluenesulfonyl chloride 

in synthesis of tosylate esters, 451-452 

reaction with alcohols, 1003 

Toluidine, see Methylaniline 

Tosylate, 451; see also p-Toluenesulfonate 

anion 

Tosyl chloride, see p-Toluenesulfony] 

chloride 

Trans 

alkene stereochemistry, 129 

cycloalkane substitution, 283-287 

ring fusion in polycyclic compound, 

297-299 

Transcription, of DNA to RNA, 1376 

Transesterification, 1005 

of carbohydrate esters, 1347 

a7 > 7* Transition, 688 

Transition state, 154 

Translation, of messenger RNA, 1376 

Transmittance, 541 

Transoid conformation, of dienes, 681 

1,3,5-Tribromobenzene, synthesis, 1142 

2,4,6-Tribromophenol, synthesis from phe- 

nol, 846-847 

Tributyltin hydride, 439p 

Tricarballylic acid, 1092 

Trichloroethylene, industrial use, 373 

Trichlorofluoroethane, industrial use, 373 

Trichloromethyl anion, intermediate in 

dichloromethylene formation, 427 

Triethylamine, pK, of conjugate acid, 

1121t 

Triflate, 492p 

Trifluoroacetic acid, pK,, 108, 939 

4,4,4-Trifluoro-1-butanol, pK,, 364 

2,2,2-Trifluoroethanol 

dielectric constant, 353p 

pK, 364 
3,3,3-Trifluoro-1-propanol, pK,, 364 

Trifluralin, 1159p 

Trihalomethylanion, as leaving group, 

1051 

Trimethylamine, pK, of conjugate acid, 

Wats 

2,4,6-Trimethylbenzoic acid, see Mesitoic 

acid 

Trimethyloxonium fluoroborate, 516-517 

2,2,4-Trimethylpentane 

dielectric constant, 353p 

standard for octane number, 78 

2,4,6-Trinitrobenzoic acid, pK,, 939t 

2,4,6-Trinitrophenol, see Picric acid 

Tripeptide, 1267 

Triphenylmethane, acidity, 820p 

Triphenylmethyl, see Trityl 

Triphenylmethyl chloride, see Trityl 

chloride 

Triphenylphosphine, in Wittig alkene syn- 

thesis, 913 

Triphenylphosphine oxide, by-product of 

Wittig alkene synthesis, 911 

Triple bond, 7 

treatment in E,Z system, 135 

Triplet, splitting pattern in NMR spectra, 

596 

Triptycene, synthesis, 863p 

Trisaccharides, 1327 

Tritium, introduction by Grignard pro- 

tonolysis in HTO, 371 

Triton B, 1127 

Trityl chloride, 791t 

Trityl radical, 819—820p 

Tropone, 1103p 

Tropylium bromide, 732p 

Trypsin 

catalysis, 1308-1310, 1312 

enzyme catalyst for peptide hydrolysis, 

1289-1291 

structure of enzyme-substrate complex, 

1310 

Tryptophan, structure and properties, 

1266t 

Twist-boat, conformation of cyclohexane, 

277-279, 279 

Twisting vibration, 547f 

Tyrosine, structure and properties, 1266¢ 

U 
Ultraviolet spectrophotometer, 684 

Ultraviolet spectroscopy, 684-690 

and color, 688-689 

physical basis, 686—688 

forbidden absorptions, 877 

of benzene derivatives, 746—747 

UMP, 1369t 

Uncertainty principle, 22 

Undecane, physical properties, 47t 

a,B-Unsaturated carbonyl compounds, 

catalytic hydrogenation, 894 

conjugate addition reactions, 

1085-1093 

Diels-Alder reactions, 690-699 

equilibration with unconjugated iso- 

mers, 1102p 

in Skraup quinoline synthesis, 1204 

reactions with amines, 1128-1129 

reaction with lithium dialkylcuprates, 

1095-1096 

reaction with organolithium reagents, 

1094-1098 

reduction, 1093-1094 

synthesis by aldol condensation, 

1062—1063 

Unsaturated hydrocarbons, 121 

Unsaturation number, 137, 

136-137 

Unshared pairs, 6 



Upfield, 582 

Uracil, 1368 

Urea, 977 

as a protein denaturant, 1306 

derivatives, synthesis by aminolysis of 

isocyanates, 1149 

structure, 959 

synthesis from ammonium cyanate, 2 

use in agriculture, 1154 

Uridine, 1369t 

Uridylic acid, 1369t 

Uronic acids, structure, 1349¢ 

UV spectroscopy, see Ultraviolet 

spectroscopy 

V 
Valence electrons, 3 

Valence shell, 3 

Valeric acid, structure, 931t 

Valine, structure and properties, 1266¢ 

Valproic acid, 963p, 1078 

van der Waals force, 

attractive, 69 

effect on boiling point, 347 

in proteins, 1304-1305 

van der Waals radius, 53 

van der Waals repulsions, 54 

van Ekenstein, Willem Alberda, 1341 

Vanillin, 857, 878p 

as a glycoside, 1346 

structure, 715 

Van’t Hoff, Jacobus Hendricus, 263 

Vector, 11 

Veronal, 1108p 

Vibrations, molecular 

and IR spectroscopy, 541 

classification, 546 

Vicinal, 175 

Vicinal glycol, 192, 336 

Vinylacetylene, industrial synthesis and 

use, 671 

Vinyl alcohol, 1044 

Vinyl chloride 

industrial synthesis from acetylene, 670 

Vinyl! chloride, structure, 337 

Vinyl 2,2-dimethylpropanoate, NMR spec- 

trum and analysis of splitting, 

603-605 

Vinyl group, 131 

treatment in £,Z system, 135 

Vinylic anion, 663 

Vinylic cation, 827, 828f, SGL 18.1 

Vinylic ethers, hydrolysis, 1109p 

Vinylic halides, 823 

elimination reactions, 826 

inertness to Syl conditions, 826-829 

inertness to. Sy2 conditions, 824-825 

Vinylic protons, chemical shifts in NMR, 

612 ‘ 

Vinylic radical 

intermediate in alkyne reduction, 661 

inversion, 661 

Visible spectroscopy, see Ultraviolet 

spectroscopy 

Visual purple, 689 

Vital force, 1 

Vitamin A, structure, 809f 

Vitamin B,, 1207f 

Vitamin Bg, 1207f 

Vitamin C, see Ascorbic acid 

Vitamin D, 1253 

biosynthesis, 1252-1254 

Vitamin E, 844 

Vulcanization, 708 

W 
Wagging vibration, 547f 

Wallach, Otto, 806 

Water 

as solvent for covalent compounds, 

353-355 

as solvent for ionic compounds, 358 

basicity, 99¢ 

orbital hybridization, 37p 

Wg BEN 

solvent properties, 355¢ 

structure, 14f, 42p 

Water softeners, 1276 

Watson, James D., 1372 

Wave 

electrons, 21-22 

nodes, 25 

peaks, 25 

troughs, 25 

Wavelength, 536, 536f 

Wavenumber, 540 

as a frequency, 540 

Wave-particle duality, 22 

Wax, 1023 

Wedges, and dashed wedges, 15 

Weerman degradation, of aldoses, 1386p 

Whitmore, Frank C., 153 

Wilkins, Maurice, 1372 

Williamson, Alexander William, 498 

Williamson synthesis, 435p, 497-499 

intramolecular, 505 

of aryl ethers, 841 

of ethers and sulfides, 497-499 

Wilson’s disease, 363-364 

Winstein, Saul, 520 

Wittig, Georg, 915 

Wittig alkene synthesis, 911-915 

Wohl degradation, of aldoses, 1386p 

Wohler, Friedrich, 2, 1367 

Wolff-Kishner reduction, 909-911 

Woodward, Robert B., 1221 

Woodward-Hoffmann-Fukui theory, 1221 

xX 
Xeroderma pigmentosum, connection to 

DNA damage, 1380 

Xylenes, 738 

source and industrial use, 777 

p-(+)-Xylose 

equilibrium composition, 1340t 

structure, 1329f 

ye 
Yeast, role in fermentation, 474 

Ylids, 912 

Z 
Z, stereochemical nomenclature, 132 

Ziegler process, for ethylene polymeriza- 

tion, 208 

Zinc-copper couple, use in Simmons- 

Smith reaction, 430-431 

Zingiberene, biosynthesis, 817—818p 

Zoapatanol, structure, 815 

Zwitterions, 1263, 1269-1271 
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Organic Functional Groups 
R = alkyl or aryl unless indicated otherwise. 

k—————— Aliphatic Hydrocarbons ——————— 

Aromatic 
Alk Alk Alkyne 

oie cas Hydrocarbons 

General Qa) RAC =O R—C=C—R 

formula (R = alkyl) (R = alkyl, aryl, H) (R = alkyl, aryl, H) 

Functional ae ee La ee benzene or other 

group | aromatic ring 

example 

mmon 
eS ethane ethylene acetylene benzene 
hame 

Substitutive 
ethane ethene ethyne benzene 

name 

Alkyl 
Alcohol Phenol Ether 

Halide 

RO Rea) Fel 

(R = alkyl) (R = aryl) 

General R—X 
f , (R = alkyl 
ee X = halogen) 

Functional | 
== (C= 

group | 

Specific 
@i— cH — cl 

example 

Common 

name 

CH;— CH,— OH 
x 

ethyl chloride 

Substitutive 

name 
chloroethane 

ethyl alcohol phenol 

R—O—R 

| | 
—C—Oo—Cc— 

Gish —O— Clabes k 

> eee 

ethyl methyl ether 

ethanol phenol methoxyethane 



~TII 
a 

HM A 
225 0 

Nitrile 

R= a=) 

| 
iS 

Che C==N 

acetonitrile 

. Carboxylic 
Amine Aldehyde Ketone se 

Acid 

O 
General R—CH=0 | | 
formula (R = alkyl, aryl, H) Re Ok R—C—OH 

(R = alkyl, aryl, H) 

: O 
Functional i thet if 

group ocr —€—OH 

Specific O O O CH, — CH,— NUL | 
example CH;—C—H CH;— C— CH, CH;—C—OH 

Common 
ethylamine acetaldehyde acetone acetic acid 

name 

Substitutive ethanamine ethanal 2-propanone ethanoic acid 
hame 

er a Carboxylic Acid Derivatives 

Acid 
Ester Amide Anhydride i 

MM Chloride 

O O O O O 

General | | | 
formula R=C—O-—R RC NES R—C—O—C_-R Ro 

(R’ = alkyl, aryl, H) (R = alkyl, aryl, H) (R = alkyl, aryl, H) (R = alkyl, aryl, H) 

: O O 
Functional | | Tl y ] I ? 

group age ai oe Ce = eure! 

Specific | rf 1 ) 

example Ci, = C=Nie ICC 0—C CH= CH a a 

Common ’ ; 
methyl acetate acetamide acetic anhydride acetyl chloride 

name 

Substitutive methyl ethanoate ethanamide ethanoic anhydride ethanoyl chloride 
name 

ee 

ethanenitrile 
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is the first compound widely used as a prescription medication in the treatment 
of acquired immunodeficiency syndrome (AIDS). AZT, initially prepared 

to determine whether it would function as an anticancer agent, was 

subsequently shown to inhibit reverse transcriptase, an enzyme crucial 

to the reproductive cycle of HIV (human immunodeficiency virus), 
the causative agent of AIDS. ¢ 
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