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PREFACE 
Organic chemists have seen a dramatic growth of theoretical understanding in 

the past few decades, and there is little doubt that this understanding—while 

certainly still imperfect—has nonetheless greatly clarified and simplified our 
comprehension of the science. If this simplification in learning occurs with 

development of theory, surely it is the beginning student who needs it most! 

The first and second editions of this book were attempts to find a new text- 

book organization of organic chemistry in which theory could play its proper 

role of pulling together otherwise unrelated mountains of facts. Since these 

editions appeared, the advance of theory has made the organizational task 

much easier. The third edition of “Organic Chemistry” has now been thoroughly 

revised to take advantage of both the advances in theory and fact, and at the 

same time to use our own experience and that of others to simplify and refine 

the presentation initiated in the earlier editions. Our aim is to bring the concepts 

of organic chemistry directly to the level of the beginning student. 

We believe certain major advantages are associated with our organiza- 

tion of the text on lines of theory. Structure is discussed first, with all kinds 

of structural families introduced and organized at the beginning as natural 

consequences of the properties of atoms. Then chemical reactions follow, after 

the structures of both reactants and products are already familiar to the student. 

The early introduction of stereochemistry allows these concepts to be used 

throughout the discussions of reactions. The organization of reactions into 

broad classes not only simplifies their presentation but also makes it possible 

to consider the mechanism, scope, limitations, and side reactions of whole 

groups of transformations. Other organizations permit no such generalizations. 

Subjects such as physical properties, spectra, acid-base theory, orbital and 

resonance theory, structure elucidation, synthesis, nomenclature, and chemical 

literature, which are ordinarily scattered in traditional texts, receive integrated 

treatment here. 

The basic philosophy of this unified approach is thus one of gradual 

and logical development from the properties of single atoms. These properties 

are shown to lead to specific combinations, yielding the structures of organic 

molecules, their shapes and their electrical nature. We develop first the struc- 

tural possibilities for molecules that arise from the properties of the constituent 

atoms and then show that these properties in turn dictate how molecules 

behave in reactions with each other. 

Students are encouraged to see that they may thus “invent” or predict 

molecules from the properties and “rules” of atoms, and then in turn that 

they may predict the nature of chemical reactions from the properties of the 

molecules. Even though our theoretical knowledge is imperfect for predic- 

tion, it creates a unifying conceptual frame which makes learning easier, and 

more exciting, for the beginning student. Above all, theory invites tests of 

theory, and students can enjoy the exhilaration of both discovery and invention. 

The first section of this book is devoted to structure and its correlation 

with physical properties. Following an introductory and historical first chapter, 
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the second chapter delineates the properties of atoms and their development 

into molecules, with specific shapes and electrical natures. The next two 

chapters survey the classes of possible molecules, along traditional lines. The 

last three chapters on structure develop three major areas: resonance and 

related consequences of electronic interactions in structure (Chap. 5); molecular 

shape, conformation, and stereochemistry (Chap. 6); and the correlations of 

physical properties with molecular structure (Chap. 7). This last chapter is 

chiefly involved with methods of deducing molecular structure from spectro- 

scopic observations. 

Two transitional chapters lead to the second section on the dynamics of 

chemical reactions. These include an application of structural concepts to 

reactivity in the simplest reaction, the acid-base reaction (Chap. 8) followed 

by a general introduction to the overall nature of reaction dynamics (Chap. 9). 

The main section on chemical reactions, Chaps. 10 to 18, deals with 

ionic reactions, first with nucleophilic agents then with electrophilic ones. In 

order not to lose the value of the classical organization by functional classes, 

we have made a special effort in this section to show these reactions as they 

apply to each traditional class of molecules. Furthermore, each chapter on a 

major reaction type incorporates a specific section on the practical use of the 

reaction in synthesis. Beyond this, the chapter on organic synthesis (Chap. 23) 

has been expanded and reoriented towards the solving of problems in synthesis 

design. 

The third section of the book contains three chapters on nonionic 

reactions: radical reactions (Chap. 20); thermal pericyclic reactions (Chap. 21); 

and photolytic reactions (Chap. 22). Special topics include the chemistry of sul- 

fur and phosphorus (Chap. 19), heterocycles (Chap. 24), and polymers, both 

synthetic and natural (Chap. 25). The natural polymers provide a place to 

discuss amino acids and nucleotides and thus lead to a chapter (26) which 

provides an introduction to biochemistry. This chapter is intended primarily 

to show that the molecules and reactions of biochemistry may be readily 

understood as further examples of the theory presented in the previous 

chapters. It offers a capsule survey of the main lines of biochemical research 

into the operation of the living cell at the molecular level. The chapter provides 

suitable background for a discussion (Chap. 27) of natural products, since 

it is organized on biosynthetic lines. 

Much material in the present book is new. New compounds, reactions, 

and theories have been added to the central chapters. Whole new chapters 

have been added on photochemistry, sulfur and phosphorus chemistry, and 

the new concept of the pericyclic reaction. The chapter on the dynamics of 

biochemistry is new, as is most of the material on heterocycles and natural 
products. 

A special feature of this revision is its focus on the methods and protocols 
of problem solving in organic chemistry. The logic of structure determination 
by physical and chemical means and of synthesis design is specifically formu- 
lated in a stepwise fashion with examples for the student to follow. In a 
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number of other areas such as resonance, stereochemistry, and reaction 

mechanisms, detailed procedures are delineated for attacking the types of problems 

commonly encountered. Illustrative problems are sprinkled liberally through 

the text as well as at the ends of chapters; solutions to many of the problems 

are now incorporated at the end of the book. These problems have been 

designed for their value not only as exercises but also as pedagogical tools 

for introducing new concepts. Much of the concept of deducing multistep 

mechanistic pathways is introduced as problem material. 

This book provides more material than can be included in short courses. 

However, in every chapter except for the first seven, sections of material may 

be omitted without loss of continuity. We have found that this flexibility 

allows the teacher to stress whichever of the three general sections he chooses. 

A course designed for both chemistry and nonchemistry majors could emphasize 

the material in the first and third sections, whereas a course designed only 

for chemistry majors might stress the second group of chapters. 

In the use of a second color, we apply the simplest of rules—parts of 

formulas are colored to draw the attention of the reader to a particular feature 

of the formula in order to make the central features of the illustration or 

reaction more vivid. 

We are indebted to the many users of the previous editions who pro- 

vided us with many detailed and valuable comments, criticisms and sugges- 

tions. These communications were of very great value in preparing the present 

revision. We should like now to invite and urge users of the present text— 

teachers and students—to write us of their reactions to it and of their sugges- 

tions for later improvement. We are always grateful for this help. 

JAMES B. HENDRICKSON 

DONALD J. CRAM 

GEORGE S. HAMMOND 
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CHAPTER ONE 1 

INTRODUCTION 
1-1 THE NATURE OF ORGANIC CHEMISTRY 

Chemistry has been called the science of what things are. Its intent is the 
exploration of the nature of the materials that make up our physical environ- 
ment, why they possess the different properties that characterize them, how 
their intimate ultimate structure may be understood, and how they may be 

manipulated and changed. By far the greatest variety of materials that con- 

front us are organic. At the dawn of the nineteenth century, when chemistry 

was just beginning, organic materials were understood as substances created 

by living organisms: wood, bone, cloth, food, medicines, and the intricate 

materials that made up our own bodies. Inorganic materials from the mineral 

world—salt, metals, rocks, glass—turned out to have simpler compositions 

and fitted into the early development of chemical theory more easily. Because 

of this and of men’s natural awe of life, organic materials were believed to 

be possessed of a mysterious “vital force” and organic chemistry was thus 

separated in its path of evolution from inorganic chemistry. By the middle of 

the nineteenth century, however, the vital force theory was largely discredited 

by repeated preparations from mineral sources of “organic” compounds origi- 

nally obtained only from living organisms. 

The salient feature of organic compounds is that they contain carbon and 

the best present definition of organic chemistry is the chemistry of carbon- 

containing compounds. Compounds such as carbonates, carbon dioxide, and 

metal cyanides, however, are usually excluded as inorganic, and a refined 

definition, which we shall see more closely describes organic chemistry, would 

be the chemistry of compounds containing a carbon-carbon bond. 

A striking feature of organic chemistry is the vast number of organic 

compounds known and the fact that the potential number is virtually limitless. 

Over two million different organic compounds have now been characterized, 

and every year tens of thousands of new substances are added to the list, either 

by discovery in nature or by preparation in the laboratory. Commonly a re- 

search chemist prepares over a thousand new compounds during his lifetime. 

The rate of increase in the numbers of known compounds provides an inter- 

esting record of the explosive development of organic chemistry: in 1880, the 

number was approximately 12,000; in 1910, about 150,000; in 1940, about 

500,000; at present, several millions. These are pure compounds of known 

structure, synthesized by chemists in the laboratory. Millions of compounds 

are also synthesized by living organisms; a single-celled bacterium is itself a 

sophisticated and highly organized mixture of tens of thousands of organic 

compounds, and many of these compounds, the stuff of life itself, have also 

been isolated and scrutinized and their structures unraveled by chemists in 

this century. 

Most natural organic materials which we experience are mixtures, such 

as wood, rubber, paper, cloth, turpentine, olive oil, vitamins, perfumes, medi- 
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cines, but even these are often purified or modified by chemical techniques. 

Many more of the organic materials around us are created by modern chemical 

knowledge and are substances unknown in past centuries, e.g., polyethylene 

and other plastics and film, most dyes and pigments, medicinal drugs, gasoline, 

paints, and surface coatings. Among the pure organic compounds we commonly 

encounter are found sugar, DDT, lighter fluid, alcohol, penicillin. In general 

we may distinguish organic from inorganic materials by several common char- 

acteristics. Usually organic materials burn, often charring (to elemental carbon), 

as inorganic substances do not. Organic compounds are either liquids, or solids 

commonly melting below 300°, whereas mineral solids often sustain red heat; 

and organic materials are “‘soft,’”” rarely showing the structural strength of much 

of mineral matter. 

1-2 HISTORY AND PRESENT PRACTICE 

Although organic reactions have been deliberately carried out since the dis- 

covery of fire, the science of organic chemistry did not evolve until the begin- 

ning of the nineteenth century, mainly in France at first, then in Germany, 

later in England. In this early period many organic compounds were isolated 

and purified and their compositions accurately determined. Citric and malic 

acids were crystallized from lemons and apples before 1800, morphine purified 

from opium, and cholesterol from gallstones. 

Berzelius at this time was developing with much success the ideas of 

electrovalency that worked so well in explaining the composition of salts and 

inorganic substances, but these complex organic materials implied a bewilder- 

ing variety of combining modes, or valences, for carbon; the formula of mor- 

phine is C,,H,,NO, and cholesterol is C,,H,,O! Berzelius tried hard to fit these 

compounds into his theory but was ultimately obliged to set them aside and, 

in doing so, he coined the term “organic chemistry” and shared the general 

view that organic compounds, despite their removal from living organisms, 

still were invested with “vital force,” which presumably caused all the trouble. 

In 1828 Wohler recorded his famous conversion of ammonium cyanate 

into urea, a substance isolated from animal sources, and this observation has 

traditionally been taken as a clear demonstration that the vital force theory 

was incorrect. For Wohler, however, the importance of the experiment lay in 

showing that two substances with the same formula (CH,N,O) could be physi- 

cally different materials. A number of such cases came to light about that time 

and led slowly but inexorably to the idea that the central special feature of 

organic compounds was not their composition but instead the way in which the 

atoms were combined—in short, their structure. 
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The vital force conception did not die in 1828. Wéhler seems to have regarded 

it as unimportant and pointed out himself that the philosophically inclined 
could argue that ammonium cyanate, obtained by heating bones, might contain 

residual vital force. We can also object today that urea, despite its suggestively 

organic name, is only a simple derivative of carbon dioxide, contains no car- 

bon-carbon bond, and if named carbamide instead might always have been 

viewed as essentially inorganic. In 1845 Kolbe synthesized acetic acid, the 

principal component of vinegar, in a sequence of reactions starting with carbon 

itself; the demonstration is clearer since acetic acid (C,H,O,) possesses a car- 

bon-carbon bond. Probably the theory of vitalism, like many other scientific 

theories, disappeared slowly under the weight of accumulated evidence rather 

than as a consequence of any single brilliant and illuminating experiment. 

Similar slow change is characteristic of most chemical theories including, no 

doubt, many which are found most useful today by organic chemists. 

The development of the structural theory, about 1860, ushered in the 

second major period in the growth of organic chemistry. The development of 

a detailed picture, by purely inductive reasoning, of both the atomic organization 

and the shapes of molecules stands as a major accomplishment of the human 

intellect. One of the most fruitful concepts in the history of science was ad- 

vanced almost simultaneously by Kekulé in Germany and by Couper in Scot- 

land in 1859. They suggested that the atoms in molecules are bound together 

by bonds and that each kind of atom is characterized by having the same 

number of bonds in all of its compounds. The key feature of organic com- 

pounds, the existence of strong carbon-carbon bonds, was recognized, and used 

to understand the possibility of large molecules, containing many connected 

carbon atoms. Now that chemists have used, developed, and verified for a 

century the idea that organic molecules have definite structural features, with 

carbon atoms as the main building blocks and chemical bonds as the mortar, 

it seems so “right” that it is difficult to appreciate the genius of the original 

suggestion. 

It is also curious in retrospect to imagine a structural theory of molecules 

which did not immediately appreciate that molecules must be three- 

dimensional physical entities if they are to be understood as the ultimate 

particles of real matter in space. Nevertheless, it was not until 1875 that van’t 

Hoff and LeBel independently proposed the spatial nature of molecules with 

the reasonable hypothesis that the four bonds to carbon were located at equal 

angles to each other in space, thus being directed to the four corners of a regular 

tetrahedron with the carbon atom at its center. Ample proof of the correctness 

of this view has long since been supplied but in 1875 it was by no means 

universally accepted. In fact the chemical establishment of that day looked on 

the suggestions of van’t Hoff and LeBel as speculative nonsense. 
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The structural theory is not only a keystone of organic chemistry but 

a remarkably simple idea. In essence it states that by understanding each carbon 

atom to form four bonds, tetrahedrally arranged in space, we may describe 

the physical architecture of the most complex molecules. Hence, although 

molecules are too small to be seen even in the most powerful microscopes, 

chemists have a clear understanding of their appearance. The truth of their 

vision has been substantiated literally millions of times by the successful out- 

come of prediction. The power of the theory is demonstrated by the statement 

that there has been no chemical observation that cannot be satisfactorily 

understood in terms of the structural theory. Finally, although structural logic 

is completely rigorous, it involves no mathematics. Unlike most sciences of 

comparable sophistication, much of organic chemistry is conducted without 

the use of any formal mathematics beyond elementary arithmetic. 

The third and present period in the history of organic chemistry com- 

menced with the description of chemical bonds as electron pairs, by Lewis in 

1917. Although a host of chemical reactions were already known and in active 

use to transform organic compounds into other compounds, only with this 

understanding of the nature of the chemical bond did a clear rationale of the 

nature and mechanism of chemical reactions begin to appear. This will be 

apparent when one reflects that the transformation of one molecule into 

another—a chemical reaction—requires the breaking of some bonds and the 

making of others, and this process could not be understood until one knew 

what a bond is. Thus if the nineteenth century was devoted to unraveling the 

static structures of molecules, the twentieth has added the study of the dy- 

namics of their transformations. 

The kinds of activities which engage the organic chemist may be grouped 

in the following way, with the understanding that all three may be involved 

in a given project: 

Structure analysis 

Synthesis 

Reaction dynamics 

In general structure must be determined every time a chemical reaction 
is carried out and a reaction product isolated. If the product is suspected of 
being a compound already known, it is then physically compared with the 
known material to establish its identity. If the product is a new compound, 
the structure must be proved independently. In this sense structure analysis 
is common to most organic chemical research. Usually the problem is relatively 
simple since the molecules used in the reaction and the nature of the reaction 
itself are already known, and thus offer a strong presumption of the product 
identity, by analogy. On the other hand specific problems of great complexity 
usually arise with the isolation of new compounds from nature, the so-called 
“natural products.” The procedure used in structural analysis in either case is 
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broadly the same and is outlined in more detail later in the text. In general 
the unknown compound is submitted either to known chemical reactions in 
order to draw structural inferences or examined for certain physical properties 
which have been correlated with structural features. The latter, or physical, 
methods have had a phenomenal advance in the past three decades, notably 
in the development of optical and nuclear magnetic spectroscopy. These 
methods can yield in minutes extensive information about the structures of 

unknown compounds that previously could be obtained only by weeks or even 

years of chemical study. Total determination of structure is also possible by 

means of x-ray diffraction, so that the classical goal of structural studies— 

ascertaining the relative spatial positions of all the atoms in any molecule—can 

be readily and routinely attained. Beyond the gross location of the atoms, 

however, is the finer understanding of the electrical nature of a molecular 

structure—the interactions of bond electrons and atomic nuclei—and structural 

studies in this more modern sense are still under active pursuit. 

The synthesis of organic compounds involves conversion of available 

substances of known structure, through a sequence of particular, controlled 

chemical reactions, into other compounds bearing a desired molecular structure. 

By synthesis the chemist can create molecules specifically designed to test some 

theoretical hypothesis or to be tested for medicinal or other commercial value; 

such synthetic compounds are new substances, having never previously existed 

in the world. On the other hand it has long been the practice to attempt the 

synthesis of natural products in the laboratory once their structures had been 

determined, both as a proof of the deduced structure and as a challenge to 

the capabilities of chemical knowledge. In the early nineteenth century all 

organic compounds were natural products, but with the growth of knowledge 

about chemical reactions it became possible to synthesize many compounds 

not found in nature. In this way the development of chemical theory was not 

limited simply to observations made on naturally occurring substances, al- 

though these have always provided important instructive examples. 

A great many reactions were studied and catalogued in the nineteenth 

century and used to make many new compounds, but the lack of any under- 

standing then about the mechanisms of these reactions prevented the achieve- 

ment of real sophistication in the synthesis of complex molecules. The most 

brilliant exponent of synthetic sequences derived in theoretical terms has been 

R. B. Woodward, who in recent decades has synthesized such complex natural 

molecules as quinine, cholesterol, and chlorophyll. If the goal of structural 

studies is to be able to know the molecular architecture of any substance, 

then the goal of synthesis is to make it in the laboratory, ultimately by the 

detailed prediction of the best sequence of reactions and exactly how to carry 

out each one. 
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The third broad area of activity involves the study of the intimate details 

of the course of chemical transformations, the ultimate aim of such work being 

the ability to predict quantitatively the rate of any given reaction and the nature 

of its products. This study of reaction mechanisms began in earnest in the 

1920s, following Lewis’ electronic description of the chemical bond, and was 

actively pursued in England by Robinson and Ingold, in Germany by Arndt 

and Meerwein, and in the United States by Hammett, Conant, and Lucas. 

Extending the methods of physical chemistry these workers and their host of 

contemporary successors have determined quantitative rates of reaction and 

the effects on these of temperature, concentration, molecular variations, and 

other conditions, in an effort to discern the modes and pathways of organic 

reaction. The considerable success of these studies has not only increased our 

knowledge of the intimate details of chemical change and greatly expanded 

the possibilities of synthesis, but has also brought a theoretical unity to the 

whole field of organic chemistry which has the effect of making its principles 

easier to teach and to learn. 

In addition to these exciting developments, the past few decades have 

been characterized by a prodigious expansion of the organic-chemical industry. 

Before World War I a vigorous chemical industry existed, especially in Ger- 

many. However, its scope was limited to relatively few fields, notably dyestuffs 

and explosives and a few preliminary successes with medicines. Since the 1920s, 

the industry has thrust into many new fields on a massive scale. Plastics, 

elastomers, fibers, and films are now produced in enormous volumes for myriad 

purposes. The pharmaceutical industry introduces new drugs so rapidly that 

it is difficult for the practicing physician to distinguish the new from the obso- 

lete. These industries maintain large laboratories in which organic-chemical 

research is practiced at a very sophisticated level. A large and thriving industry 

in fact exists simply to supply research workers with organic compounds, over 

50,000 different organic chemicals being commercially available for research 

purposes. The major industrial sources for organic chemicals are coal, petro- 

leum, and some plant products. 

For 30 years we have been in an organic-chemical age. While we may 

now be thinking in terms of an atomic age, it is unlikely that the impact of 

organic chemistry on our daily lives will ever be rivaled by that of atomic 

physics. 

Organic chemistry in the future will certainly continue to blossom in the 

same exciting way that has characterized its recent active past, largely toward 

the goals suggested in the three areas above. Furthermore, there are areas still 

virtually undeveloped, such as the organic compounds involving elements in 

the periodic table other than the half-dozen or so of traditional organic chem- 
istry. The vigorous and fascinating advances in the chemistry of life can only 
accelerate as we probe more deeply into the organic reactions which are the 
dynamics of life. 
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The field of biochemistry, now fashionably labeled as molecular biology, 
is in fact the study of organic chemistry focused on those molecules—proteins, 
nucleic acids, polysaccharides—of which living organisms are constructed. In 
some ways organic chemists freed themselves from dependence on materials 
from the natural world during the adolescence of chemistry and are now in- 
creasingly returning to this chemistry of nature to apply their experience to 
the subtle and complex molecules of biochemistry. The interaction will work 

both ways, for as chemists discover the details of the enzyme-catalyzed reac- 

tions of life, they will discover ways to emulate these effective catalysts in 

laboratory reactions as well. 

In the foregoing we have sketched a sense of the growth and present 

activity of organic chemistry. Most of this book will be involved with our 

understanding of molecular structure and change as deduced over the years 

from laboratory observations. Before we begin, however, it will be of value 

to look at the nature of the actual materials which are the subject of organic 

chemistry and see how they may be purified, examined, and identified, and 

how we obtain their elemental compositions. 

1-3 IDENTITY AND PURITY OF SUBSTANCES 

Organic chemistry is conducted at two levels. While chemists do their experi- 

ments and observations on actual substances, liquids or solids which can be 

seen, manipulated, and put into bottles, nevertheless most of our discussion 

centers on the behavior of the molecules which are the unseen, submicroscopic 

particles of which every substance is ultimately constituted. Implicit in this 

molecular theory is the belief that the behavior of substances at the observed 

level directly reflects the behavior of their constituent molecules. It is important 

not to confuse these levels, that of physical observation and that of deduced 

molecular behavior. Discussion commonly passes back and forth between them, 

and our ideas of molecular properties all have consequences at the observational 

level with which we may test the truth of theory. 

The most general consequences which underlie organic-chemical work 

are the following: 

The characterization of organic compounds. When we wish a unique description for some 

object in order to identify it, we commonly specify the details of its shape or color, 

ie., its morphology. This is very highly developed in the descriptions of plant and 

animal species in biology, but it is a relatively undiscriminating approach for describing 

people, most of whom look approximately alike. To obtain more nearly unique de- 

scriptions of individuals we collect a variety of quantitative distinguishing properties 

such as height, weight, birth date, fingerprints, and residence address, and for con- 

venience summarize these in a name for the individual. The more properties we collect 

the greater the chance that they uniquely characterize one individual and not several 

similar ones. We do the same with organic compounds, which are mostly colorless 

liquids and solids and rarely distinguishable in physical appearance. Physical properties 
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such as melting and boiling temperatures, adsorption behavior, and several kinds of 

optical data (index of refraction, intensity of light absorption at different wavelengths, 

etc.) are commonly used since they offer a collection of discreet numerical data for 

the purpose of distinguishing one compound from all others. Any quantifiable physical 

property serves as well, however. The most useful physical properties for this purpose 

are those with the broadest range of data and hence the greatest capability for dis- 

crimination. 

These observed physical properties used to characterize a pure compound are 

a consequence of the properties of its individual characteristic molecules. Therefore, 

certain features of molecular architecture should be deducible from the variation in 

physical properties of different substances. In some cases, discussed in Chapter 7, this 

is certainly true and constitutes a potent approach to structure determination, often 

a completely definitive one. 

Extensive correlations of physical properties with molecular structure have in 

recent years revolutionized the art of elucidating the constitution of organic molecules. 

It is also apparent that the more similar the molecules of two compounds the more 

alike their physical properties will be. Very similar molecules can only be distinguished 

by very sensitive physical methods, capable of high discrimination. 

Criteria of purity. In molecular terms a pure compound is one in which all the molecules 

are alike. In order to study the behavior of those molecules we must devise ways of 

separating out all others first. Then our observations at the macroscopic level are certain 

to pertain only to a single molecular species, and our conclusions clearly are referent 

to it and not to some minor impurity. Impure substances are mixtures of the molecules 

of two or more compounds and mixtures of two compounds will show physical prop- 

erties different from and usually intermediate between those of the two pure com- 

pounds. Therefore, in devising ways of separating the compounds in a mixture we 

are also devising purification procedures. The criterion that will test the effectiveness 

of these procedures will be the change in a physical property as purification proceeds. 

The value of the selected property should pass from the value for the mixture to that 

of one pure, molecularly homogeneous compound. When the numerical value of a 

physical property remains constant on further purification this is a demonstration that 

the substance is a pure compound, molecularly homogeneous. 

Comparison of compounds. Since the argument above also implies that any two compounds 

with all physical properties identical have. identical molecules, we use the comparison 

of physical properties to compare substances and prove their identity (or lack of it). 

With many, perhaps most, of the organic compounds that have been described in the 

chemical literature, physical samples in bottles no longer exist. They may have been 

lost or discarded or they may have deteriorated with time, but this is no impediment 

to the advance of chemistry since the originally described experiment can be repeated 

in order to re-obtain the substance. Proof that the desired substance was obtained 

can be had by comparing its physical constants with those reported in the original 
literature. In the same way a new synthesis of a known compound is verified by a 

comparison of the physical properties of the known with those of the newly synthesized 

materials. 
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As a practical example the mixture obtained from a reaction or a plant 
extraction might be submitted to purification by chromatography (Sec. 1-4) 
and a partly purified fraction obtained as a solid, of which the melting point 
is then taken. This solid is purified further by crystallization, and the melting 
point is found to be higher. Several recrystallizations result in more, but dimin- 
ishing, increases in melting point until it no longer changes on further re- 

crystallization. The material is now judged to be pure; if its melting point is 

identical to that of a known compound (the history of the experiment will 

suggest some), then other physical properties of each substance, such as 

infrared or ultraviolet spectra, are also examined and compared. If these are 

completely identical the two substances are themselves judged to be identical 

also. 

Melting behavior has added value as a method of identity comparison 

since it is almost always true that the melting point of a compound is sub- 

stantially lowered by the addition of another substance, even a different sub- 

stance with the same melting point. The melting point (or range) of a mixture 

of two samples provides a sound basis for identity comparisons, since two 

different compounds with fortuitously identical melting points will ordinarily 

show a lower melting point when mixed, whereas with identical compounds, 

their mixed melting point will remain the same. Such mixed melting point 

depressions are frequently as large as 20 to 30° and are traditionally the most 

widely used and powerful test of the identity of two crystalline compounds. 

Most pure organic compounds are crystalline solids at room temperature. 

1-4 PURIFICATION AND SEPARATION METHODS 

Methods for separation or purification of compounds all depend on some 

mechanical procedure allowing a difference of physical properties to be trans- 

lated into actual movement of different molecules to different places so that 

they can be physically separated from each other. Many physical properties 

useful in characterization also constitute a basis for separation. The most im- 

portant separation methods are crystallization, distillation, extraction (or dis- 

tribution), and chromatography, and each of these is associated with a physical 

property which is also used for identity characterization. In no procedure is 

purification or separation absolutely complete, but the fractions separated from 

the mixture are enriched in one compound and so purification often involves 

several repetitions of the procedure. The basic features of these physical sepa- 

ration methods are described in what follows. 
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Crystallization 

If a mixture of (solid) compounds is dissolved in a solvent and the maxi- 

mum solubility of one compound is then exceeded either by lowering the 

temperature, adding a poorer solvent, or evaporating some solvent, then the 

excess of that compound over the maximum soluble amount will come out 

of solution, depositing as visible crystals. This physical separation of a crystal- 

line fraction much enriched in one component results from the physical prop- 

erty of solubility and is seen in molecular terms as a competition between the 

attraction of molecules of dissolved compound for each other versus their 

attraction to solvent molecules. Furthermore, the forces that attract and order 

molecules of the same kind into a crystal lattice tend to exclude dissimilar 

molecules, which do not fit, so that the value of crystallization for purification 

is thereby much enhanced. The related physical property for characterization 

purposes is the melting point. Crystallization is very widely used for purifying 

solid substances. 

Distillation 

For separating liquid compounds advantage is taken of their differences 

in boiling temperature, a property useful in itself for characterization. The 

mixture is placed in a vessel which is heated until the boiling point of the 

lowest-boiling component is reached, whereupon this substance vaporizes and 

the vapors are carried over into a condenser in which they are cooled and return 

to a liquid state, running into a different container for separation purposes. 

At increasing temperatures each component separately distills over in this way 

and the receiving containers are changed to collect each fraction separately. 

In practice closely boiling compounds distill together to a large extent and must 

be more finely separated by use of a fractionating column which in effect 

provides continuous condensation and revaporization before the final condenser 

is reached. Thus the lower boiling component is much enriched before entering 

the condenser and being collected in the receiver. Modern fractional distillation 

equipment allows the separation of liquid compounds different by as little as 

2° in boiling point. 

Extraction 

When a compound is shaken with two immiscible solvents together, 

some of it will be found dissolved in one solvent, the rest in the other. Thus 

the compound distributes itself between the solvents and exhibits a ratio of 

concentrations in the two (the distribution coefficient) which reflects its preferred 

solubility in one over the other, i.e., the competition of attraction by the two 
solvents for the molecules of the compound. The distribution coefficient be- 
tween any pair of immiscible solvents is another physical property useful for 
characterization of any particular compound and is applicable to separation 

since the immiscible solvents are physically separable. 
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Simple extractions are usually carried out after reactions in order to 

separate the inorganic salts, which are preferentially soluble in water, from 

the organic compounds, which will stay in an immiscible organic solvent such 

as ether or chloroform. Advantage is taken of this preferential water solubility 

of ionic salts for separating organic acids or bases from other organic com- 

pounds. This is done by shaking an organic solution of the mixture with 

aqueous alkali or mineral acid. These will react with organic acids or bases 

to form their salts and then cause them to distribute preferentially into the 

water layer. 

Many multiple extractions can even serve to separate very similar organic 

compounds when two immiscible solvents which are nearly alike in solubilizing 

power are utilized. This repeated distribution, called countercurrent distribution, 

may be done 100 to 1,000 times to achieve fine separations in a modern, 

automatic apparatus. The procedure is theoretically very similar to that of 

fractional distillation, for each involves equilibration or passage back and forth 

of the substances being separated between two separate physical phases, vapor 

and liquid in fractional distillation and the two immiscible solvent phases in 

countercurrent distribution. 

Chromatography (General) 

The ability of organic compounds to become adsorbed on a solid surface 

varies widely both with the structure of the compound and with the character 

of the surface. Advantage is taken of these differences in adsorption tend- 

encies both for separation and characterization of compounds. 

In general the compounds in a mixture are separated by allowing them 

to pass in a moving solvent phase through a stationary adsorbent phase so 

that each mixture component is retarded in its passage by its tendency to 

adsorb. Each component will move at a rate slower than the solvent, and each 

at a different rate depending on the tenacity of its adsorption to the stationary 

phase. 

The usual operating technique is known as chromatography. In liquid- 

phase chromatography, a solution of the compounds to be separated is poured 

through a column of finely divided solid adsorbent, such as alumina (AlI,O,), 

silica gel, carbon, or cellulose. As the solution passes down the adsorbent 

column, the dissolved molecules experience a competition of attraction between 

the moving solvent molecules and the stationary adsorbent solid such that their 

rate of progress down the column will be slower than the solvent itself and 

will differ for each component of the mixture according to its characteristic 

ratio of attraction for solvent and adsorbent phases. The more powerfully a 
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compound is adsorbed, the slower it travels. This ratio is another physical 

property useful for both identification and separation and is completely analo- 

gous to the distribution coefficient in its utility. All forms of chromatography 

are characterized by this competition between a moving and a stationary phase. 

Countercurrent distribution is in fact completely comparable, one of the im- 

miscible solvents remaining stationary in the apparatus and the other moving 

relatively to it. 

Chromatographic separations are carried out in two ways after the mixture 

is introduced at the head of the column. In one, the moving phase (solvent) 

is continuously added and passed through the column of stationary phase 

(adsorbent) so that the components of the mixture are sequentially removed 

(eluted) from the column. For separation, solvent fractions coming off from the 

bottom of the column are separately collected and evaporated to yield the 

mixture components. For characterization purposes the time required for elu- 

tion is a physical characteristic of every compound. 

In the other procedure the moving phase is stopped when the first com- 

ponent of the mixture nears the end of the stationary phase. The column is 

then dried and the positions of the several mixture components are observed. 

In this case it is the distance each substance has traveled through the stationary 

phase which is its identifiable physical constant; segments of the stationary 

phase containing the different components may also be removed for purposes 

of separating the components they contain. The components are then simply 

washed off the adsorbent surface. 

In order to achieve the optimum separation of any set of compounds it 

is possible to vary the nature of the moving and stationary phases and some- 

times the temperature. Chromatography is by far the most versatile and sensi- 

tive method of separation in use today. The various kinds of chromatography 

can be summarized as follows. 

Column Chromatography 

In this procedure for separations (Fig. 1-1) the mixture is first introduced 

at the head of the column and then sequentially eluted by passing a series 

of solvents through the column. Solvents are chosen in order of increasing 

affinity for the adsorbing surface, so that the tendency of the solvent to displace 

the adsorbed compounds continually increases. The more weakly adsorbed 

compounds are eluted first. Under ideal operating conditions, only a small 

fraction of the free surface area of the adsorbent is covered with molecules 

of the mixture, so that the latter are repeatedly adsorbed, desorbed, and re- 

adsorbed, as they pass down the column. The result is a multiple-fractionation 

process akin to that in distillation or countercurrent distribution. Such a pro- 
cedure can be adapted to quantities of material ranging from milligrams to 
kilograms. 
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FIGURE 1-1 Column chromatography 

It is common in organic chemistry to speak of compounds as being graded 

between polar and nonpolar. The distinction is electrical; charged--or ionic 

compounds such as salts and most inorganic substances are polar; and the 

nonpolar extreme consists of hydrocarbons such as gasoline and paraffins. This 

gradation is very inexact and is only very roughly correlated with molecular 

structure (Chap. 7) but is nonetheless useful in chromatography, for polar 

compounds are the most strongly adsorbed by most stationary phases and only 

eluted with polar solvents. The ‘graded series of solvents used for sequential 

elution ( (Fig. 1-1) is also. applied i in order of increasing polarity. However, when 

carbon is used as the stationary phase the situation is roughly reversed, non- 

polar compounds being most adsorbed. When the mixture components are 

colored they may be seen as bands moving slowly down the column, separating 

more as they proceed; the term chromatography is in fact derived from the 

Greek word chromos for color. With noncolored substances their positions as 

they move down the column can often be observed with ultraviolet light. 

The fractions eluted from the column are collected serially and their 

contents weighed and examined after solvent evaporation. A typical graph of 

these weights is shown in Fig. 1-1; the middle peak presumably represents 
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a mixture which will still need rechromatographing, perhaps with other sol- 

vents. Automatic fraction collectors are available which move a new collecting 

tube under the column as each one is filled to a preset volume. 

Thin-layer and Paper Chromatography 

In these variations the stationary phase is either one of the standard 

adsorbents, such as alumina or silica, mixed with some plaster and bound as 

a thin layer onto a glass or plastic sheet, or else simply a strip or sheet of 

filter paper. For analytical purposes a very small amount (< 1 mg) of the 

substance is spotted at the bottom of the strip of adsorbent (Fig. 1-2) and the 

solvent allowed to rise up by capillarity, moving and separating the com- 

ponents. When the solvent front has moved to the top of the strip, this distance 

from the origin spot is labeled as 1.0. The fractional distance each mixture 

component has traveled (labeled the R, value) are the identifying physical char- 

acteristics of those compounds. The two mixtures shown (rising parallel from 

two origin spots) have only one compound (KR, 0.21) common to both. The 

positions of the components can be observed after separation by spraying with 

a developer which turns color on encountering organic material and shows up 

each component as a spot partway up the strip. For actual separation of the 

resolved components the strip may be cut into segments containing the spots 

and the spots washed from the adsorbent. For purposes of obtaining pure 

components in usable quantities, preparative thin-layer chromatography allows 

separation of up to 200 mg of a mixture on an 8 X 8-in. plate in about half 

an hour. 

Paper chromatography can be viewed in another way which emphasizes its 

similarity to countercurrent distribution. Ordinary filter paper, which contains 

a layer of water adsorbed on its surface, is frequently employed. This water 

layer forms a stationary phase, and the solute is subjected to innumerable 

partitions between the water phase and the moving solvent phase as the latter 

advances. The components of the solute have different solubilities in the two 

phases and therefore spend different amounts of time in the stationary and 

moving liquid phases. As a result, each component moves at a different rate 

along the paper. Thus the process may be viewed as a continuous liquid-liquid 

extraction rather than a multiple adsorption. The actual physical situation is 

probably a combination of the two. 

Gas or Vapor-phase Chromatography 

In gas chromatography the moving phase is a gas; the mixture is vaporized 

into the column and fractionated by being swept over a solid adsorbent. The 

surface of the solid is usually coated with a nonvolatile liquid. When the 

stationary phase is a solid coated with a liquid, the fractionation process consists 
of multiple partition between liquid and gas phases. An inert gas, such as 
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FIGURE 1-2 Paper and thin-layer chromatography 

helium, nitrogen, or argon, is used as carrier and eluant. The retention time 

of a particular species depends upon both its vapor pressure and its solubility 

in the immobile liquid. By varying the nature of the liquid phase, adsorption 

columns having a wide variety of specialized selectivities can be prepared. For 

example, polar liquids are most successful in effecting the separation of closely 

related polar compounds; hydrocarbon greases are especially successful for the 

separation of hydrocarbons that have very similar boiling points. Use of heated 

columns and vaporization chambers allows separation by vapor chroma- 

tography of compounds that boil at temperatures as high as 400°. The method 

has most commonly been used for analysis of samples containing 10 mg or 

less of material. Recently preparative-scale vapor chromatography has been 

used with increasing frequency for the separation of samples of 1 to 100 g. 

A commonly used method for detecting products eluted in a vapor chro- 

matogram is to note the change in thermal conductivity of the eluted gas when 

a product appears. If helium is used as a carrier, the thermal conductivity falls 

when some foreign material appears in the gas stream. The output of the 

thermal conductivity cell is applied to the y axis of a recorder so that the 

appearance of a product is signified by the appearance of a positive peak on 

the recorder trace. The apparatus and output graph are shown in Fig. 1-3. 

1-5 QUANTITATIVE ELEMENTAL ANALYSIS AND 

MOLECULAR FORMULAS 

When a compound has been purified and its molecular homogeneity assured, 

the first operation necessary in determining its structure is to know how many 

atoms of each kind are present in its molecule. This is obtained from the 

percentage composition of the elements present and leads to an empirical 
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FIGURE 1-3 Gas- or vapor-phase chromatography 

formula. The elements commonly found in organic compounds, in order of 

decreasing frequency of occurrence, are carbon and hydrogen, oxygen, nitrogen, 

halogens, sulfur, and phosphorus. 

In quantitative combustion analysis, a weighed portion of a compound 

is burned in oxygen over hot copper oxide at about 700° (Fig. 1-4). Carbon 

dioxide and water are produced (in essentially 100 percent yield) and are 

individually captured and weighed in absorption tubes (A and B). This is 

accomplished by first passing the combustion gases through a tube containing 

a neutral desiccant (A), such as magnesium perchlorate (Anhydrone), which 

absorbs the water vapor and converts it to water of hydration; then by leading 

them through a tube (B) containing finely divided sodium hydroxide (Ascarite), 

which absorbs and converts the carbon dioxide to sodium carbonate. 

The weight percent of carbon and hydrogen in the unknown compound 

can be calculated by the stoichiometric principles of general chemistry. Should 
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the sum of these percentages equal approximately 100 percent, no other ele- 

ments are present in the molecule. If the sum is less than 100 percent and 

qualitative tests reveal the absence of elements such as nitrogen, sulfur, and 

halogens, then oxygen is probably present. Frequently the oxygen content is 

assumed to be the difference between the sum of the percentages of carbon 

and hydrogen and 100 percent. A better procedure involves the direct determi- 

nation of oxygen, which is done by a kind of reverse combustion. Since carbon 

in the sample is isolated by reaction with oxygen, then the oxygen in the sample 

may be removed by heating to about 1100° with carbon. This forms carbon 

monoxide, which is assayed by passing the gas into iodine pentoxide and titrat- 

ing the liberated iodine with thiosulfate. 

In order to convert these data into a molecular formula two steps are 

required: (1) the weight of each element in the sample, and its percentage 

composition, are calculated and (2) these relative weights in the sample are 

then converted to a ratio of numbers of atoms by dividing by the relative weight 

of each atom (atomic weight). The following example will illustrate the pro- 

cedure with a sample known to contain only carbon, hydrogen, and (perhaps) 

oxygen; other examples, however, are all done the same way. 

Sample wt. (+92) wt. of CO, wt. of H,O 
———— + 

4.337 mg 10.35 mg 3.42 mg 

12.01 (formula wt. of C) 

44.01 (formula wt. of CO.) 
Wt. of C in sample = x 10.35 (mg CO,) = 2.824 mg C 

2.018 (formula wt. of H,) 3.42 (mg H,O) = 0.383 mg H 
18.02 (formula wt. of H,O) * (mg H,0) mg Wt. of H in sample = 

eee OO 100% = 05, 11% € 
mg sample A337, 

0.383 
Farge e007 x 100% = 8.83% H 

mg sample 4.337 

Difference = 100.00% — 65.11% — 8.83% = 26.06% O 
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The ratio of numbers of atoms is now obtained by dividing by the atomic weights; 

the crude ratios (A) so obtained must be converted to whole number ratios first by 

dividing each crude ratio by the lowest of them so that one number goes to unity 

(B), then multiplying each by some integer so as to create integers of all the ratio 

numbers (C). 

A B G 

C Oo IEs ie ele a oo 8 10 
12.01 

H: SOOT Bee G 626 15 30 a 1G 
1.008 

On pee oS aos es = ee 
16.00 

The small deviations from whole numbers represent the experimental error, which 

is commonly acceptable as long as deviations in the percentage composition values 

are less than +0.3. 

The empirical formula is now written as follows: 

CoH, 603 

Larger multiples of these numbers of course also satisfy the ratios above so that 

C.,9H320 4, CaoHygOo, etc., are all equally correct formulas. The general formula deter- 

mined by combustion analysis is therefore (C,)H,,O3),, where n is an integer. To 

determine the value of n the approximate molecular weight of the compound must 

be separately determined. 

For the formula C,)H,,O, the molecular weight and true percentage composition are 

determined as follows, and compared with the experimental values; in each case the 

error is less than 0.3 and so deemed acceptable. 

CioH,¢O3: Mol. wt. = (10 x 12.01) + (16 x 1.008) + (3 x 16.00) = 184.2 

Experimental 

wt.of C (10 x 12.01) 
j mol. wt. (ea 8 6541 (—0.09) 

wt. of H 16 X 1.008 

% H = 2 100% = 8.7 
i mol. wt. 184.2 x : 6 8.83 (+0.07) 

wt. of O 3 x 16.00 
%O= ie es x 100% = 26.06 26306 ( 0.00) 

mol. wt. 184.2 

The molecular weight of the compound can be most accurately obtained 

from the mass spectrum of the sample; the method is discussed in Chap. 7. 

Other methods, in general use before the advent of mass spectra, include 

determination of freezing-point lowering (Rast cryoscopic method), vapor 
density for volatile substances, or variations on Raoult’s law such as the Signer 
isothermal distillation method. These methods will not be discussed. 
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If a compound contains nitrogen, a Dumas analysis is frequently used 
to determine the percentage of this element. The unknown substance is mixed 
with cupric oxide (CuO) and brought to a dull-red heat, which results in 
complete oxidation of the organic material. The resulting gases are passed over 
a surface of hot copper to reduce nitrogen oxides to nitrogen. The other, more 
reactive gases are chemically absorbed, and the residual volume of nitrogen 

is measured at carefully determined temperatures and pressures. The weight 

of nitrogen can be calculated (ideal-gas law) and is divided by the initial sample 

weight to give the fraction of nitrogen in the original compound. 

Sulfur and halogens are determined by complete destruction of the or- 

ganic compound with hot fuming nitric acid (Carius method) or sodium perox- 

ide (Parr method). The sulfate or halide ions in the residue are precipitated 

and weighed as barium sulfate or silver halide. 

A striking feature of these elemental analyses is that they can be carried 

out on a microscale. Not more than 3 to 4 mg of material is required for carbon 

and hydrogen microanalysis, and not more than 3 to 8 mg is needed for a 

micro Dumas determination of nitrogen. 

1-6 METHOD AND ORGANIZATION OF BOOK 

In the history of organic chemistry the first area which had to be mastered 

was that of molecular structure. The nineteenth century was involved with 

observing the behavior of the reactive groupings present in organic molecules. 

For this reason nineteenth-century textbooks were organized as catalogs of 

these reactive groups (functional groups), how they were formed, and how they 

reacted. In the twentieth century, the mechanisms of reactions began to be 

studied and chemists began to appreciate broad generalities of reaction class 

which could be catalogued similarly, but these generalizations make a much 

simpler catalog. The twentieth century has also witnessed the growth of struc- 

tural concepts, based on the electrical and spatial nature of molecules, which 

are far more general than simply their application to particular functional 

groups. 

Nevertheless, textbooks have largely continued to employ a nineteenth- 

century format, organizing the material in terms of functional groups. The 

broader structural concepts, such as resonance, tautomerism, stereochemistry, 

and the universality of reaction mechanisms must then be introduced piecemeal 

under special functional group headings, often before enough functional groups 

have been described to appreciate the generality of the concepts. 

But theory improves teaching, simplifies learning, and stimulates interest. 

The underlying general theories, even in their present imperfect state, create 

a powerful frame for understanding and ordering the vast array of facts in 

organic chemistry. Practicing research chemists implicitly think in terms of this 

theoretical frame; it is not only appropriate, but also easier, if students come 

to the field with the same theoretical guides. 
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This book does not simply incorporate theory, then; it is completely 

organized around it. Broad concepts are developed first to orient the student 

and then their consequences are explored. The book starts with a simple de- 

scription of atoms and develops logically, step by step, through the conse- 

quences of the nature of atoms into all the intricacies of organic chemistry. 

The student is encouraged to see that we can virtually “invent” most of organic 

chemistry by following this logical development. Furthermore, care has been 

exercised in this stepwise presentation not to use examples of ideas before 

their full discussion. Hence, for example, no names are applied before nomen- 

clature is introduced and virtually no reactions are written until they can be 

properly presented in context. 

The first seven chapters deal broadly with molecular structure. Chap. 2 

presents qualitatively the nature of atoms and how they bond together into 

molecules. In the succeeding chapters the consequences of this behavior are 

explored: what functional groups are possible (Chap. 3) and a survey of actual 

compounds (Chap. 4); the electrical (Chap. 5) and spatial (Chap. 6) features 

of molecules; and finally the physical properties through which we may deduce 

molecular structure in specific substances (Chap. 7). 

The next 15 chapters (8 to 22) deal with molecular dynamics—the reac- 

tions of organic molecules—a general discussion of reactions as a consequence 

of structure (Chaps. 8 and 9). Four chapters (10 to 13) are devoted to reactions 

of electron-donating molecules (nucleophiles) and the next three (14 to 16) to 

electron-acceptors (electrophiles). Following this are discussions of other, spe- 

cialized reaction areas. The remainder of the book deals with several major 

special topics, including a survey of biochemistry. 

Problem solving is an integral part of the presentation. Problems are 

placed throughout the chapters to help solidify concepts through application 

to particular cases. More than this, however, a specific attempt has been made 

to codify and present definite procedures for the solving of the main kinds 

of chemical problems which daily challenge the practicing chemist. These 

include protocols for unraveling structure in Chaps. 3 and 7 and for design 

of synthetic pathways in several chapters, culminating in the discussion in 

Chap 23. 

PROBLEMS 

1-1 A chemist repeated the experimental directions contained in a published account 

of work in the chemical literature. The final product was stated to be colorless 

and to melt at 169-170°. On repeating the published experiment, our chemist 

obtained a yellowish crystalline solid melting at 157-161°. He chromatographed 

this material and combined several fractions containing colorless solids melting 

at 165-167°. This substance he recrystallized once to a melting point of 168-169° 
and twice more without change in melting point. To convince himself that he 
had in fact prepared the same substance as that published, he took its infrared 
spectrum, which looked like Fig. 7-5. Account for his procedure and for the 



PROBLEMS 21 

1-5 

melting-point discrepancy. The chemist took the view that an exact identity of 

his infrared spectrum with that published for the substance is a much more 

convincing test of the identity of the substances than the melting points. Why? 

When different species of the sage (Salvia) family of plants are ground up and 

distilled, small amounts of odoriferous liquids are obtained. These samples are 

passed through a gas chromatograph and yield chromatograms such as those 

shown in Fig. P1-2. 

Species A 

Es 
) Species B 
& 
<x 

a eet Species C 

Time: ———> 

FIGURE P1-2 Gas chromatograms from Salvia species 

a Describe what is happening. 

What can be deduced about the chemical constituents of the species? 

When the three liquid samples are heated to a higher temperature and their 

chromatograms taken again, samples B and C are unchanged but the first 

(left-hand) peak in the species A trace disappears and the third becomes much 

bigger. What is happening? 

The identity of two substances is being compared. They both have the same 

melting point. Compared ona thin-layer chromatography plate using chloroform 

as a solvent they showed the same R, value. Using alcohol as a solvent, however, 

their R, values were different. Explain and consider what should be done next. 

In order to purify a certain compound the chemist recrystallized it until its 

melting point was constant. On a thin-layer chromatography plate, however, it 

showed a major and a minor spot. Explain and consider what he should do next. 

Thin-layer chromatography is relatively quick compared to column chroma- 

tography, although only the latter can handle large amounts of material. In 

separating the components of a mixture by column chromatography it is com- 

mon to monitor its progress with thin-layer chromatograms of each fraction 

(taking only a tiny sample of each fraction for this purpose). What is the 

rationale of this procedure? 
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1-6 

1-7 

1-8 

1-9 

1-10 

1-11 

PROBLEMS 

List the materials you can see from where you are sitting that you think might 

be made of organic compounds. 

a A compound was found to contain 87.8% carbon and 12.2% hydrogen. What 

is the molecular formula of this substance? 

b A second contained 88.8% carbon and 11.2% hydrogen. What is the formula 

in this case? 

c What extra factor is involved in the case of solving for 73.1% carbon and 

7.4% hydrogen? 

A compound was subjected to combustion analysis. A weight of 3.898 mg of 

the substance when burned gave 3.172 mg of water and 12.969 mg of carbon 

dioxide. What is the probable empirical formula of the compound? 

Qualitative analysis of a compound demonstrated the absence of halogens, 

nitrogen, sulfur, and phosphorus. Combustion analysis of 3.493 mg of the com- 

pound gave 2.316 mg of water and 9.394 mg of carbon dioxide. Determine the 

probable empirical formula of the substance. 

A molecule was known by its mode of synthesis to contain 10 atoms of carbon 

per molecule, along with unknown numbers of chlorines, hydrogens, and oxy- 

gens. Analysis indicated that the substance contained 60.5% carbon, 5.55% hydro- 

gen, 16.1% oxygen, and 17.9% chlorine. Calculate the molecular formula of the 

substance. 

Compounds were analyzed and their molecular weights determined in the mass 

spectrometer. The results are given below (* = not determined); solve for the 

molecular formula in each case. 

Compound Carbon, % Hydrogen, % Nitrogen, % Oxygen, % Others, % Mol. wt. 

a 

b 

i 

d 

@ 

1-12 

22.21 4.38 0.0 zr 0.0 184 

(oho) 7.30 : Zio) 4 138 

40.3 6.04 0.0 0.0 Br = 53.7 149. 

57.8 6.07 16.9 WS) 2 0.0 166 

ofall HANG) 16.6 19.0 0.0 ce 

The liquid fractions from the distillates of the sage species B or C (Prob. 1-2) 

were run directly into the mass spectrometer. The three peaks gave values of 

136, 138, and 150. Only the third substance contained oxygen and it contained 

only one oxygen atom per molecule. Other elements were not present (except 

C and H). What are the molecular formulas of the three substances in these 

distillates? 

Polyethylene analyzes roughly as 85.6% carbon and 14.4% hydrogen and has a 

very large molecular weight, variable but in the thousands. How might the 

formula be written? 
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1-14 Cholesterol is isolated from gallstones by chromatography and recrystallization 

to a constant melting point (148.5°). It is known to contain only one oxygen 

atom besides carbon (83.9%) and hydrogen (12.0%) and no other elements. What 

can you derive about the formula? Suppose the carbon and hydrogen analyses 

were each lower by 0.5% in one analysis, will this change the derived formula? 

READING REFERENCES 

Benfey, O. T., “From Vital Force to Structural Formulas,” Houghton Mifflin, Boston, 

1964. 

Partington, J. R., “A Short History of Chemistry,” Macmillan, 1957. 
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THE 
CHARACTERISTICS 
OF 
CHEMICAL 
BONDS 
2-1 INTRODUCTION 

In order to understand the nature and reactivity of organic molecules we shall 

start with the few pieces from which they are constructed: the atoms and the 

electron pairs which serve as bonds to hold the atoms together. The point of 

this chapter will be to focus on the properties of atoms in order to show how 

they lead naturally and logically to molecule formation and on to an under- 

standing of the nature and reactivity of molecules generally, no matter how 

complex. We shall see the atoms of our special interest, namely, C, H, O, N, 

and halogen (F, Cl, Br, I), as high-energy unstable particles with a strong urge 

to fill their outer shells with electrons. Thus they combine or bond together, 

sharing electrons in pairs between them and so becoming more stable by filling 

their outer shells while at the same time being attached or bonded to each other 

by the electron pairs. 

The nature of the bonds formed also derives from the atoms; there are 

only a few kinds of bonds and the simple rules governing their formation then 

lead us directly to the shapes of the resulting molecules. The atoms involved 

also determine the electrical nature of the bonds and hence of the molecule. 

Atomic nuclei are positively charged; electrons are negatively charged. When 

unlike atoms are bonded to each other, charge imbalances develop in the bonds, 

leading to positive and negative sites in molecules and hence to their reactivity, 

since chemical reactions are largely initiated by the attraction of positive for 

negative charges. In this chapter, therefore, we shall derive the nature of the 

chemical bond from the qualities of atoms and lay down in consequence several 

broad concepts about the shapes and the electrical nature of molecules. The 

exploration of these concepts will then form the rest of the book in which 

they direct the development of the details of organic chemistry. 

2-2 ATOMIC STRUCTURE 

Organic chemistry deals with millions of compounds, potentially an infinite 

number. The molecules of which these compounds are composed are generally 

constructed from only a few kinds of atoms, viz., hydrogen, carbon, oxygen, 
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FIGURE 2-1 Electronic structures of the atoms 

nitrogen, and halogens, so that we must look further for the source of this 

molecular variety. The first thing to explore is the nature of the atoms them- 

selves. 

Although the theory of atomic structure is usually presented in courses 

in general chemistry, a brief review is included here. All atoms contain posi- 

tively charged nuclei, which carry nearly all the atomic mass. The nuclei are 

composed of protons and neutrons, each with a mass of 1 on the atomic-weight 

scale. The sum of the mass (and also the number) of protons and neutrons 

is the atomic weight of the element, while the atomic number is simply the 

number of protons alone and hence is the total (positive) nuclear charge. The 

lighter and more elusive nuclear particles of atomic physics (mesons, neutrinos, 

etc.) do not concern us. Enough electrons (negative charge) are located around 

the nucleus to make the whole atom neutral. Since the atomic number gives 

the number of positive charges in the nucleus, it is also the number of electrons 

in the neutral atom. Hydrogen has one electron, helium two, lithium three, and 

so on with increasing atomic numbers of the elements. Differences in the 

behavior of the electron “atmospheres” are responsible for the variations in 

chemical properties of the elements. 
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Both theory and experiment indicate that the electronic structures of the 

rare gases (helium, neon, etc.) are especially stable; these atoms are said to 

contain “filled shells.” Much of the chemistry of the other elements is under- 

standable in terms of their tendencies to attain “filled-shell” conditions by 

gaining, losing, or sharing electrons. The first shell holds only 2 electrons; the 

second holds 8; the third can ultimately hold 18, but a very stable configuration 

is reached when a shell of 8 is filled (argon structure). Thus hydrogen requires 

only 2 electrons to fill its outer shell, while the other atoms of organic chemistry 

require 8. The electronic structures of the atoms of the first 10 elements are 

schematically represented in Fig. 2-1. 

2-3 IONIC AND COVALENT BONDS 

The common compounds of inorganic chemistry are generally characterized 

by ionic bonding. This comes about through the gain or loss of one or more 

electrons by an atom to gain a stable, full outer electron shell. The atom 

therefore becomes a positively or negatively charged particle called an ion, and 

two atoms must undergo complementary loss and gain of electrons so that 

the collection of ions remains electrically neutral overall. 

The chemistry of fluorine, which has seven electrons in the second shell, 

illustrates this. Addition of one more electron gives the very stable negative 

fluoride ion, which has the same electron configuration as neon. Therefore, 



28 IONIC AND COVALENT BONDS SEC. 2-3 

reaction of a fluorine atom with a lithium atom involves transfer of an electron 

from lithium to fluorine. The lithium becomes a positive ion (cation) with the 

helium configuration of electrons, while the fluorine becomes a negative ion 

(anion) with the neon configuration of electrons. 

©-©@-o©:©@ 
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Lithium ion Fluoride ion 
(helium (neon 

structure) structure) 

Crystals of lithium fluoride and other salts contain ions. Each anion has 

as nearest neighbors six or more cations and vice versa. No pairs of neighbors 

can be singled out and called molecules. If lithium fluoride is dissolved in water, 

free ions are formed. 

In this way many ionic species can be constructed with the aid of the 

periodic table to show how many electrons are lacking from or in excess of 

a full outer shell. Since sodium and chlorine are in the same columns of the 

table as lithium and fluorine, respectively, they exhibit identical outer shells 

and form the same kinds of ionic compounds, i.e., LiF, NaF, LiCl, NaCl. Simi- 

larly, we can form BeF., MgCl., AICI,, Na,O, etc., utilizing elements that gain 

or lose more than one electron. However, even with more than 100 elements 

in the periodic table, the number of such ionic compounds is severely limited 

and cannot account for millions of compounds. Furthermore, a second problem 

arises with elements in the middle of a row of the period table in that they 

must take on a sizable charge concentration to acquire a filled shell, and this 

is a destabilizing circumstance. In order to fill its outer shell in this ionic fashion 

the carbon atom must either gain or lose four electrons, becoming C*+ or C*, 

both very unstable ions. 

PROBLEM 2-1 

Diagram the involved ions in the compounds BeF,, MgCl,, AICI,, Na,O, Li,S. 

To counter this difficulty such atoms can form instead a covalent bond. 

The bond itself is composed of two electrons, each one contributed by one 

of the two bonding atoms. The atoms are then held closely together (bonded) 

by the electron pair which they share between them such that each atom 

experiences the full pair as a part of its own outer shell. The covalent bond 

may be characterized as a mutual deception in which each atom, though con- 

tributing only one electron to the bond, finds itself with two electrons con- 

tributed to its effort to fill its outer shell. Furthermore, since the electrons are not 
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removed from the atoms, no net charge is generated and no attendant destabi- 
lization occurs.This kind of bonding is very widespread throughout the periodic 
table, especially among the atoms of concern to organic chemistry. Even hy- 

drogen and the halogens, which can easily form ionic bonds by transfer of 

only one electron, also commonly form covalent bonds. For this reason organic 

chemistry has often been roughly distinguished as the chemistry of the covalent 

bond. 

The simplest molecule is that of hydrogen (H,) in which two hydrogen 

atoms lock together and share their two electrons in a covalent bond so that 

each atom in the molecule simulates a helium configuration, with a full outer 

shell (two electrons). Similarly, two fluorine atoms share a pair of electrons, 

giving each a filled shell, in the molecule of fluorine (F,). 

@+@ — 6® 
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The central element of organic chemistry is carbon; its atom has four 

electrons in its outer shell and requires eight to become stable. If it shares 

one of its electrons with another atom, it now has formed one bond and finds 

itself counting five electrons in its outer shell. If it engages a second of its 

original electrons in another such bond, the carbon atom will now have six 

electrons in its outer shell. If it forms four such bonds by sharing all four 

electrons, it reaches the stable, full outer shell of eight. In this way it may 

bond to other carbon atoms, or to hydrogen or fluorine as in the example below 

in which atoms are successively added to share electrons with the unfilled 

carbons until the outer shells of all the atoms are filled. 

This forms a stable covalent molecule in which each pair of constituent 

atoms is tightly held together by the electron pair between the atoms. Unlike 

ionic bonding the covalent bond occurs between two specific atoms, which are 

not free to separatet as ions are, so that the entire molecule is a rigorously 

connected unit. The bonding may be simply understood as the attraction of 

the two positive atomic nuclei for the negative electron pair between them. 

This simple physical law of the attraction of unlike charges and the repulsion of like 

charges is the most basic force in chemistry and is invoked often to explain 

chemical phenomena. 

+ Of course covalent bonds can be broken when submitted to the right conditions. This bond breaking 

is the essence of a chemical reaction, but when a bond is broken, the molecule is changed and the 

compound on which the reaction is carried out is transformed into another compound. 
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It should be clear from the operation in the example that the number 

of electrons needed to fill the outer shell of an atom is equal to the number 

of covalent bonds it will form. Thus carbon needs four electrons and forms 

four bonds, while hydrogen and fluorine each needs one electron and forms 

only one bond. Examination of the periodic table or Fig. 2-1 shows, therefore, 

that oxygen should similarly form two covalent bonds -and nitrogen three. 

Following the same procedure we may bond these atoms into molecules also, 

for example, adding them to the unfinished fragment (A) instead of fluorine. 

In each case we may then finish filling the outer shells of the oxygen or nitrogen 

atoms by creating more covalent bonds, most simply with hydrogen. 
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In these examples a carbon-carbon bond is depicted. Clearly, we could 

have used more carbon atoms instead of hydrogens or fluorine etc. to fill the 

existing carbon outer-shell vacancies, and the new carbons in their turn would 

have to be satisfied as well. It is possible to build up long chains of carbon 

atoms covalently linked in this way, and since carbon must form four covalent 

bonds, branching chains or even rings of carbon atoms may be constructed 

also. It is this unique ability of carbon atoms to bond to themselves in long 

chains which makes possible the essentially limitless number of compounds 

which contain carbon. 

The uniqueness of carbon in forming long chains may seem surprising at first 

sight, since silicon, which lies below carbon in the periodic table, has the same 

outer-shell configuration. It does not form stable chains, however. The C—C 

bond is over 50 percent stronger than the Si—Si bond (83 vs. 53 kcal/mole), 

and the latter is weak enough to be easily broken. This is in turn caused by 

the larger size of the silicon atom so that the Si—Si bond must be longer and 

the electrostatic force holding the atoms together correspondingly weaker. We 

might also construct a chain of atoms more nearly the same size as carbon 

by using nitrogen atoms but such a chain would have on each nitrogen one 

unshared electron pair and the electrostatic repulsion of these adjacent centers 

of like charge tends to destabilize that N—N bond (39 kcal/mole). Compounds 

with more than two or three linked nitrogen atoms like 

y=) <> (<> (=) 

are rare and unstable as are those with more than two linked oxygens, while 

there is no theoretical limit on the number of carbon atoms which may be 

linked into a chain; polyethylene contains chains of thousands of carbon atoms 

in length! 

It is also apparent that there is a major role in these compounds for hydrogen 

in filling up the extra or terminal bonding positions of each carbon; the carbon 

chains are thus sheathed in bonded hydrogen atoms. In recent years extensive 

study has been devoted to fluorine-sheathed carbon chains as well, long chains 

of this kind forming the molecules of teflon. 

PROBLEM 2-2 

Show the electronic structures of the neutral covalent molecules HCI, H,S, H,O, 

NH,, CH,O, CH;N, H,NO, HOCL. 
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2-4 STRUCTURAL FORMULAS AND ISOMERS 

The atomic representations used in the previous section to depict molecules 

are exceedingly cumbersome to construct for any but the simplest molecules, 

but fortunately they are unnecessary for our purpose and we can simplify them 

in the several steps of Fig. 2-2. It is only the outer-shell electrons which are 

involved in bonding and therefore in the nature and behavior of molecules. 

The nucleus and the electrons of the inner, filled shells may be grouped together 

and simply represented by the atomic symbol. This inner grouping is called 

the kernel and possesses a net positive charge equal to the number of outer-shell 

electrons in the neutral atom. For elements other than transition elements this 

number is also simply the column of the periodic table in which the element 

is to be found. As an example, the nitrogen kernel includes the nucleus with 

charge +7 and the inner filled shell of two electrons (charge —2); the kernel 

charge is +5. With hydrogen the kernel is simply a proton (+1); oxygen is 

+6; halogens are +7. 

With the kernels represented by the atomic symbol and the outer-shell 

electrons by dots, in pairs, we evolve the simpler structural formulas of line 

2 in Fig. 2-2. Since it is clearer to separate shared and unshared electron pairs, 

the former (the actual covalent bonds) are written as straight lines connecting 

the two atomic symbols, as physically the pair of electrons in the bond—which 

the line represents—connects the two atomic kernels. This is shown in line 

3. Finally, to simplify the drawing further, line 4 indicates the atoms (other 

than hydrogen) of the molecular skeleton bonded together, and each written 

with the number of its associated hydrogens to the right. Finally (line 5), for 

typographical convenience we may usually eliminate the bond lines in a linear 

arrangement without loss of clarity. Lines 4 and 5 represent the conventions 

most widely in use. 

In order to maintain these simple rules of covalent bonding, it is often 

necessary for one atom to form more than one bond to another. In nitrogen 

gas (N,), the two atoms are joined by a triple bond, ie., <N:::N: or :N=N: 

and the compound CH,O can only be O= CH.,, with a doune bond. Finally 

it is important to observe that the lines in a structural formula are only notations 

reporting which atoms are attached to which others. They convey nothing about 

the geometry of the physical molecule and, conversely, they may be written 

in any way which does not alter the sequence of bonding atoms: 

H 

oe H H H 

—=—C— 0: is the same as H—-C—C_-H 

H H H H 
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(4) CH,—CH,—F: CH,—CH,—OH CH,—CH,—NH, 

(5) CH,CH,F CH,CH,OH CH,CH,NH, 

FIGURE 2-2 Conventions for symbolizing molecular structure 

It should now be clear that we are free to use this simple electron-sharing 

procedure to create any number of covalent molecules of all sizes, using only 

the criterion that every atom shall fill its outer shell. If we try this, it soon 

becomes apparent that more than one structural formula may be written for 

a given molecular formula. Reexamination of the cases previously built up 

shows that although CH,—CH,—F: is the only structural formula for C,H.F, 

there are two structures possible for C,H,O, 

ia al 
H—C—C—O-H and H—-C—O —C-H 

H H H H 

The two structures represent two quite different molecules and hence two 

physically distinguishable substances at the level of actual observation, the one 

at the left being a liquid (ethyl alcohol), the other a gas (methyl ether) at 

ordinary temperatures. In general, compounds that possess the same molecular 

formula but different structures are referred to as isomers, particularly as struc- 

tural isomers, and the structures as being isomeric. The number of possible 

structural isomers increases very rapidly as the number of atoms increases, 

and may be calculated. You may check your comprehension by drawing out 

the structures in the left-hand column and confirming the stated number of 

isomers. 

Number of isomers: CH 1 C,H, 9 

C,H, i C,H; ¢ 18 

C,H, i CoH 49 35 

C446 2 Cy oH» 75 

CH. 3 CopHy, 366, 319 
C,H, 5 Ge 62, 491, 178, 805, 831 
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All 75 of the isomeric compounds from CH, through C,H.) have been 

individually characterized, and many of the larger molecules on the list are 

also known (up to C,.9H.4), while polyethylene consists of a mixture of far 

larger molecules with thousands of carbons in each molecule. 

One of the firm predictions of organic chemistry that has never failed 

to prove true is that the actual number of isomeric compounds observed is 

exactly the same as the predicted number of molecular isomers. This is part 

of the confirmation, at our macroscopic level of observation, that the structural 

theory of molecules is correct. 

Since even the last notation on Fig. 2-2 becomes burdensome when de- 

scribing molecules of over five to ten carbon atoms in size, a final, more 

streamlined notation (the bond-line convention) is one in which only the 

skeleton is shown and bonds to hydrogen are not drawn but are only assumed 

present as required to make up full bonding at each atom. Each line is then 

a skeletal bond and is assumed to have carbons at each end unless another 

element is written in (such as F, O, N; the hydrogens bonded to O and N are 

written). In order to distinguish one carbon-carbon bond from the next, bond 

lines are placed at about 120° (hexagon angle), roughly resembling the true 

physical bond angle.t+ 

CH, :OH OH 
eee | 

CH, —CH—CH;—CH—CH, ee PS 

CH, —-C—=C_CH, O=CH CH: ley 
| 

CH, :Br: Br 

CH. 
EG 2 a 

os OCHRE, NH, 

Crewe cH 
Se we 

i 
‘Cl: a 

CH,CH,—NH—CH—Q—CH, io On Al 
CH, :Cl: H 

I O 
a Ol 
7 j - Za OH 
CH = pe: SN 

{Placement of the unshared pairs (on O, N, halogen) is left to discretion, but it is understood that they 
are always there as required by the atom. 
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The end of a single line, otherwise unadorned, is therefore implicitly —CH, 

and the end of a double line —CH,, a triple line —CH. It is not regarded as 

an affront to consistency (since the meaning remains clear) if these are written 

in, 2eo5 

N~S\ 2CH2 
are | 

CH, 

PROBLEM 2-3 

Write structures for all the possible isomers of the following, using the conven- 

tion of line 4 in Fig. 2-2. 

al GS) dH. g C,H,Cl j C,H,O 

BUCH? let @H.O* -h CH-E k CjH,F, 

ce CZHON f C,H,O, i C3,H,NO I (Est {0) 

PROBLEM 2-4 

Rewrite the following structures in the “bond-line” convention. 

_CH,—CHCH, 
a CH,CHBrCH,CH,CH=O d CH, O 

CH=CH 

b CH, CH; O CH, 

cH-C—CH=CH, © CHs—C_CH=O=CH»—C OH : 2 
CH, OH 

vr : 
c CH,C=CCH—CH,—C(CH,),; f =CH,—CH—CH=N—CH,—C—CH,OH 

CH: 

PROBLEM 2-5 

Rewrite the following “bond-line” structures in the notation convention of Fig. 

2-2, line 4. 

1 

ae O 

OH 
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oO SS C Zz = 

OH 

ct : ne 

SN loans 

h sine ca I pe 

2-5 COVALENT IONS AND ISOELECTRONIC STRUCTURES 

a 

ga 

All the covalent molecules considered so far have been electrically neutral, but 

this need not be the case. Many simple inorganic ions contain covalent bonds 

and the entire covalent assemblage is then a charged species, or ion. An example 

is the carbonate ion, as in calcium carbonate; 

:O: 

Cat COF equivalent to Cat :60—C_6? 

in this as in all cases of ions which are large covalent bound units the ion 

must be associated with a counter ion (or ions) sufficient to balance the charge. 

The word molecule is usually reserved for neutral covalent species and ion for 

charged species, either monatomic (Ca**) or polyatomic with internal covalent 

bonding (CO,-~), positive ions being cations, negative ions being anions. 

We can account for the charge on the carbonate ion (—2) by adding the 

kernel charges of the involved atoms (6 + 6 + 6 + 4 = +22) and subtracting 

the total outer-shell electrons (8 unshared pairs + 4 bonds = 12 electron pairs 

= —24). In order to ascertain with which atoms the two charges are specifically 

associated, we subtract from the kernel charge of each atom the number of 

electrons associated with it: two for each of its unshared pairs and only one 

of each of its covalent bonds (shared pairs). For purposes of this accounting 

it is unimportant which atom originally contributed the electrons in any bond. 
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In the present instance we find the carbon with the oxygen doubly bonded to 
it to be neutral in this accounting and the two oxygens —O: to be —1 each 
[+6 —(3 x 2) —1 = —1]. It is no surprise that the oxygen with only one 
single bond should be associated with the charge since the normal, neutral 

oxygen has two single (or one double) bonds, —O— or =O, wherein the 

accounting is neutral [+6 —(2 x 2) -1—1= 0]. 

In a similar vein, the inorganic compound ammonia (:NH,) is neutral 

while the ammonium cation (: NH,+ +5 — 4 = +1) is a charged ion and must 

be associated with an anion (such as sl :-) in any compound. However, there 

is no line of theoretical distinction between inorganic and organic chemistry 

as the following neutral and ionic compounds show; they are formally derived 

merely by replacing hydrogens in the inorganic (covalent) compounds with 

carbons. The same accounting shows the positive charge always associated with 

nitrogen, as written below. 

H 
oe + ee 

Se ae ee aN ae Hoos 

H H 

i: ee + ee 

CH,—CH, y CH Ch CH,—CH, iY CH _ CH: :Bri— 

H H 

CH; 
At =i oe 

CH.—CHo CH NCH; CH.-—CH CH. yy CH, a i 

CH, CH, 

” | 
Thus it is clear that —O: will be — and —N— + in any molecular con- 

text in which they appear, and we can easily create and list all the common 

charged-atom situations of this kind. Furthermore, the singly bonded oxygen 

anion will be recognized as identical to a singly bonded fluorine (—F:) in every 

atomic respect except that the latter atom has one more proton (and some 

uninvolved neutrons) and hence one more kernel charge in its nucleus. Hence 

—F: is neutral while —O: is negative. Bonded atoms, like these, which differ 

only in nuclear charge, are labeled isoelectronic, since their outer-shell electron 

appearance is identical. (Contrast this with atoms differing only in number of 

neutrons, not charges, which are labeled isotopic.) Hence, charged eh is 

| 
isoelectronic with neutral —C—. 

| 
It is now a simple matter to construct a chart of the possible neutral and 

singly charged covalent bonding situations, and this is shown in Fig. 2-3 with 

the periodic table columns placed vertically and the isoelectronic situations 

of different atoms seen horizontally. Names are attached to some ions for 
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Leki B c N (or P) Ouors) X (= F,C1Br, 1) 

eS ae a. +45 +5 +6 +7 

+ 

| 
Normal Carbonium 

ion 

(= | Non 
— B— Oe —_Ni—— 

| | | 
Normal Ammonium ion 

(phosphonium ion) 

wees Pe on 

pe. ae oN = O= 

| | | 

Carbanion Normal Oxonium ion 
(sulfonium ion) 

Isoelectronic configurations 
oo eo ee + 

—N O Xx 

Amide ion Normal Halonium ion 

=O —X: 

Oxide ion Normal 

FIGURE 2-3 Isoelectronic bonding situations 

convenience; the positive ions are all labeled as -onium ions. All but the first 

row possess full outer shells of electrons, while the top have only six electrons 

in the outer shell and may be expected to be rather unstable and hence reactive 

(and reactive in the same way: to gain a fourth electron pair). These situations 

will be recognized as the parts from which all covalent molecules and ions 

are constructed. They are not altered in any way if the bonds are multiple 

instead of single bonds. 

PROBLEM 2-6 

Compose tables comparable to Fig. 2-3 for doubly bonded and triply bonded 

atoms. 
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PROBLEM 2-7 

Write out structures for the following covalent ions and molecules, showing the 

bonds and the nonbonded electrons as well as the atoms bearing charges. Write 

the structures so that all atoms have a full outer shell of electrons (ic., eight 

electrons, except two for hydrogen). No structure possesses an oxygen-oxygen 

bond. 

a NO, ee CIOW iS ie 

b  HCO,- ECO j BH, 

c NO, g (CH,),NO k BO,?- 

d) PO? h H,NBH, I AICL,~ 

PROBLEM 2-8 

Replace the colored atom in each of the following structures with another atom 

(from the same row of the periodic table) so as to form an isoelectronic structure. 

Write out the structure and show any charges and all unshared electron pairs. 

a (CH,),CH c BF,~ (two answers) e (C,H,),N (two answers) 

b C,H,O:- — d (CH,),0 f CH,=NCH, (two answers) 

2-6 ATOMIC ORBITALS 

Structural formulas such as those presented in the previous sections, with atomic 

symbols and bond lines, were in use in the nineteenth century, though without 

any sense of the electrical nature of the atoms and bonds. The constancy of four 

bonds to carbon was first predicated simultaneously by Couper in Scotland and 

Kekulé in Germany in 1859 and their first structural formulas are reproduced 

here. 

ayes ea an (H)(H)(H) 

H2 

: Kekulé 
C--:-H? CH, 

: t anon BE 
rave, ae HC Cl 
Coupert Modern equivalentt | 

H H 
Modern equivalent 

As remarked in the first chapter, it is surprising now that these chemists did 

not recognize that their structures must represent a physical, three-dimensional 

molecule, but 15 years elapsed before the first projection of structures in space 

was attempted (correctly) by van’t Hoff and, again simultaneously, LeBel. In 

+ Oxygen was always doubled in early formulas owing to an error in understanding atomic weights. 
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order for us to derive not only the spatial qualities of molecules but also their 

more detailed electrical nature we must first take a closer look at the atom and 

its modern physical description. 

The first modern theory of atomic structure was proposed by Bohr in 

1913: a positive nucleus with a limited number of orbits in which electrons 

could circulate around the nucleus like planets around the sun, held in place 

by coulombic attraction opposing centrifugal force. This planetary theory re- 

mains the common view of the atom as a simple sphere, but it is not the correct 

view. The shape of the atom is not spherical but somewhat more complex. 

The importance of the Bohr atom lay in its recognition that electron orbits 

were limited in number, or quantized, each one being characterized by a specific 

energy (and radius) and each given a quantum number, n = 1, 2, 3,..., 

increasing with the energy and distance from the nucleus. In the hydrogen 

atom the one electron occupied the lowest, n = 1, orbit and could be promoted 

to the next (n = 2) orbit only by absorption of a discrete package of energy 

AE, known as a quantum. Radiational energy could achieve this by possessing 

a frequency v, such that AE = hy, where h is Planck’s constant. 

Electrons as Waves 

Bohr’s atom explained many but not all of the features of the atomic 

spectrum of hydrogen despite his introduction of quantum theory. However, 

in 1924, de Broglie made the important suggestion that the motion of electrons 

might have the character of wave motion.t This hypothesis was verified 

experimentally by passing electron beams through thin films of crystals and 

observing that the beam underwent diffraction in the same way as a beam 

of light passed through a narrow slit. In other words, shadows cast by electron 

beams do not have sharp edges, and electrons could exhibit properties of waves 

as well as particles. 

Electron waves may be viewed as analogous to the standing waves in a string 

held in the hand at one end and tied to a tree at the other. The wave has motion 

such that it periodically reaches a maximum in one direction, a minimum in 

the other, with a node, of amplitude zero, halfway between. The sign of the 

wave is positive on the maximum side of the node and changes to negative 

on passing through the node. The standing wave in the string shown here 

moves only in one plane, however, while the electron wave must be in three 

dimensions. 

7 The suggestion was in part inspired by the discovery that light, which had long been described as 

waves, had some of the properties of particles in motion. For example, absorption of light by an electron 

appears to involve transfer of momentum to the electron; therefore, the photon, or particle of light, 

behaves as though it has mass. 
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——- Nodes —— 

wv Es 
Amplitude 

Min 

The amplitude of the electron wave is called the wave function (Vv) and is of 
course a function of three spatial coordinates (x,y,z). 

Almost immediately wave equations were formulated to describe the 

behavior of electrons in atoms and molecules. Today it is quite conventional 

to speak and think of electrons in atoms and molecules as though they were 

minute standing waves of electricity. The new mechanics became known as 

wave mechanics and is the basis of all modern structural theory. The first 

successes of the theory were exciting; virtually all the arbitrary postulates of 

the Bohr quantum theory became axiomatic as soon as the hypothesis of the 

wave character of the electron was introduced. However, it also soon became 

apparent that only the very simplest chemical systems could be calculated 

exactly by wave mechanics. Furthermore, a complete solution to a wave equa- 

tion for a moderately complex molecule, even if obtainable, would be too 

complicated to be either tabulated by available methods or comprehended by 

ordinary human minds. Consequently, myriad methods for finding approximate 

solutions to wave equations for complex molecules have been sought. The 

concepts and language usually used in qualitative discussions of molecular 

structure derive from these methods. 

The Hydrogen Atom 

In both classical and wave mechanics, the hydrogen atom is treated as 

a heavy nucleus that stands still and an electron that moves. Hence it is a 

relatively simple two-body problem. The electron has kinetic energy because 

it is in motion and potential energy because of the electrostatic interaction 

between the two particles. The motion of the electron is thought of as a standing 

wave. A differential equation formulating this concept can be written and 

solved. A series of solutions (roots), called wave functions, are obtained. These 

wave functions (VW) contain the coordinates (x,y,z) of the electron (with the 

nucleus taken as the origin of the coordinate system). The wave functions are 

called orbitals, by analogy to the orbits, which are solutions to the classical 

equations of planetary motion. Whereas an orbit is the equation of a line, an 

orbital is a function that has a finite value everywhere in space; however, the 

value of the function becomes very, very small at distances greater than a few 

angstroms (1 A = 10-* cm) from the nucleus. 
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The value of the square of the wave function at any point is assumed 

to be proportional to the probability that the electron will be there. For example, 

if we choose two small volume elements of the same size but at different 

distances from the nucleus and calculate the value of the square of the wave 

function in those volume elements, a result such as the following might be 

obtained. 

i 
Nucleus 

] II 

yw? = 10° NO 

W = the wave function (orbital) of the electron 

The results would show that the probability of finding the electron in volume 

element I is 10 times as great as the probability that the electron will be found 

in volume element II. Since the integral of V? over all space is unity, the 

probability that the electron will be found in II at any arbitrarily chosen time 

is 10~* to 1. If such calculations were carried out for a large number of volume 

elements, the results could be plotted by putting different numbers of dots 

in each element. The resulting figure would look like a cloud of varying density. 

Values of VW? become so small a few angstroms from the nucleus that the 

calculations would surely be terminated because of the trivial value of the 

results. The resulting figure might look something like the following: 

* 

Solutions of the wave equation for the hydrogen atom can be obtained 

only for certain values of the total energy. The characteristics of the various 

orbitals provide the basis for discussion of bonding in molecules. The lowest- 

lying wave function in energy is spherically symmetrical as shown above; the 

value of the function depends only on distance from the nucleus and not at 

all on direction. A sphere with a radius of 1.7 A represents a probability of 

0.95 (that is, 19 to 1) of finding the electron within that spherical volume around 

the nucleus. When we draw an orbital we imply a volume within which there 

is a high probability, ¥? = 0.90 to 0.95, of finding the electron within it. For 

this most stable (lowest-energy) hydrogen orbital we draw a circle to imply 

the cross section of a probability surface which is spherical. 

Shapes and Energies of Atomic Orbitals 

There are only a few characteristic atomic orbitals and only three of these 

concern us here: the s, p, and d orbitals. The s orbital is always a simple sphere 
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such as the one described above. The higher-energy p orbitals and d orbitals 

have the shapes shown, the former with two lobes symmetrically placed on 

an axis through the nucleus, the latter with four lobes on two perpendicular 

axes intersecting at the nucleus. The number of nodes in the wave functions 

are: s = no node, p = 1 node, d = 2 nodes. 

The amplitude signs of the wave functions (V) are shown on the lobes and, 

of course, the signs change as one passes through a node. The shapes are in 

reality not those of the wave function V, but really of ¥?, the probability of 

electron presence (0.90 to 0.95) within the indicated space. The signs of V’, then, 

have no meaning when discussing *, which must always be positive, but 

these signs will have value later in the formation of molecular orbitals from 

atomic orbitals. 

There are some more complex, higher atomic orbitals which we shall not 

use. In fact basic organic chemistry develops completely from just the s and 

p atomic orbitals, since these are the only ones utilized by first-row elements! 

The real shapes of atoms are now best pictured as the superposition of these 

several atomic orbitals at the nucleus, with electrons in rapid motion in each 

one. The number of orbitals occupied depends on the number of electrons 

in the atom as set down below. 

The atoms of the periodic table may be constructed in sequence by the 

successive addition of electrons, one at a time, to a table (Fig. 2-4) of the 

possible atomic orbitals arranged in increasing energy. The breakdown of 

atomic orbitals is very symmetrical: as one increases in energy each electron 

shell contains the same kind of orbitals as the last with a new set added and 

the number of orbitals in each set increases regularly. 

Shell number Number of orbitals 

s pd f 
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3 dE Sehr te) 

4 lige Omm OVmEy4 
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FIGURE 2-4 Energy levels of atomic orbitals 

The rules for building up the atoms by successive placement of electrons 

in these orbitals are simple: 

1 The next atom is created by addition of one electron in the lowest-energy available 

orbital. (It is implicit that another proton and some neutrons are also added to the 

nucleus.) 
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FIGURE 2-5 Electron configurations of common atoms 

We noted previously that all stable 

molecules and ions had all their electrons in pairs and it is the exclusion 

principle which gives this physical meaning and implies stability for such pairs. 

Hydrogen has one electron, in the 1s orbital (s orbital of shell number 

1), and helium has two (paired) electrons in that orbital, thus filling the first 

shell and achieving a specially stable configuration. Much higher in energy 

is the (otherwise similar) 2s orbital, in which the lithium atom will have one 

electron that it readily gives up, forming the lithium ion and so returning to 

the more stable helium configuration. To pass from lithium to beryllium we 

place two electrons in the 2s orbital and so on through the periodic table. The 

configurations of some common organic atoms are shown in Fig. 2-5. A simple 

shorthand notation of electron configuration is also shown in Fig. 2-5, a simple 

listing of the filled orbitals with the number of electrons in each written as 

superscripts. 

Wave equations for polyelectronic atoms can be formulated but cannot be 

solved in exact form, so the exact wave functions are inaccessible. Such an exact 

wave function would include coordinates of all the electrons with reference 

to each other as well as to the nucleus. Thus any calculation of the probability 

of finding an electron in some small volume element would have to take into 

account the distribution of all other electrons in the atom. Since electrons repel 

each other strongly,t the interaction effects are very large, and details of an 

exact wave equation for an atom containing a dozen or so electrons are terrify- 

ing to contemplate. Approximate methods must be used. It is usually assumed 

+ The electron, regarded as a charged particle, is spinning and like any rotating charge generates a magnetic 

field in a right-handed direction along the axis of spin. When electrons are paired, their fields point 

in opposite (antiparallel) directions, often symbolized |. 

tThis situation is quite different from the problem of calculating orbits of planets in the solar system 

since the gravitational attraction of planets for each other is always very small compared with the 

gravitational field of the sun. 
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FIGURE 2-6 The sets of p and d orbitals 



SEC. 2-7 MOLECULAR ORBITALS 47 

that each of the electrons in a polyelectronic atom can be described by a 
hydrogenlike orbital. Approximate corrections to the orbital, and the energy 
of the individual electron, are then made on the basis of some kind of an 
averaged distribution of all the other electrons. 

PROBLEM 2-9 

Write out the electron configurations of the following atoms with both the 

diagram and shorthand notation of Fig. 2-5; Be, B, F, Na, P, S, Si. 

There are three equivalent p orbitals, all with the same shape, but they 

may not occupy the same space. Hence they are placed mutually perpendicular 

so that they lie along the three coordinate axes (Fig. 2-6). With the shapes of 

d orbitals we might orient only three along the coordinate axes, and then place 

three at 45°, or between the three axes, for a total of six. However, the progres- 

sion of the table (page 43) requires only five d orbitals, so that two of these 

six possibilities are fused into one, as shown in the tabulation of the d orbitals 

in Fig. 2-6. It is fortunate that most of organic chemistry does not involve d 

orbitals since visualization of all five oriented about a single nucleus is quite 

difficult! 

2-7 MOLECULAR ORBITALS 

Having seen the appearance of atoms in isolation, we must examine their 

behavior as they come together, share their electrons in covalent bonds, and 

form molecules. In the simplest example, let two hydrogen atoms approach 

each other from infinity. Each nucleus will increasingly attract the other’s 

electron, lowering the energy of the whole system, but the repulsion of the 

two similarly charged nuclei for each other will predominate if they get too 

close and then the energy will increase again very rapidly. As a result an 

optimum or equilibrium internuclear distance, of lowest energy, results and 

this is the bonding distance. This behavior is general for any two objects 

possessing both attraction and repulsion and is summarized in a Morse curve, 

as in Fig. 2-7. It demonstrates the common experience that atoms are more 

stable in molecules than alone. Hydrogen atoms, produced by input of high 

energy, have only a transient existence before recombining to Hy). 

In the bonding process the two atomic orbitals (AO) overlap and are fused 

into a molecular orbital (MO) surrounding both nuclei and containing both 

electrons (paired). This is pictured in Fig. 2-7 as is the common energy-level 

diagram for the fusion of the two atomic orbitals of hydrogen atoms, A and 

B, into the molecular orbital AB of the H, molecule; the dots on the orbital energy 

levels represent electrons. 

Mathematically, molecular orbitals (MO) may be obtained by an approximation 

called the linear combination of atomic orbitals (LCAO). This combination must 
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FIGURE 2-7 Molecular orbital of the H, molecule 

produce as many molecular orbitals (©) as the number of atomic orbitals 

(¥) originally, in this case two: 

®, = Ni(¥, + Vp) 

®, = No(Va — Vp) 

The first is the lower-level orbital shown in Fig. 2-7 and is called the bonding 

orbital (®,); the second is the higher-energy molecular orbital on the diagram 

in Fig. 2-7 and is called the antibonding orbital (© ,). The formation of the two 

orbitals may be symbolized: 

Bonding: & Es 

Antibonding: 
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The antibonding molecular orbital has a node midway between the nuclei and 

is strongly repelling and of high energy. The electrons available are now added 

to the molecular orbitals, just as they were to make atoms with atomic orbitals, 

starting to fill the lowest-energy levels first and using two electrons per orbital 

as before. In the hydrogen molecule, with two electrons only, the high-energy 

antibonding orbital need not be used, but if two helium atoms came together 

similarly, both molecular orbitals would be required to accommodate the four 

electrons in a He, molecule. With both antibonding and bonding orbitals 

equally filled, the molecule is, in sum, slightly less stable than the atoms (cf. 

Fig. 2-2). Helium, of course, exists in nature as single atoms and He, has never 

been observed. 

Complete solution of wave equations for molecules is, in principle, even 

more difficult than obtaining exact wave functions for polyelectronic atoms. 

An exact molecular wave function would contain coordinates of all the electrons 

and of the nuclei and would include terms sensitive to the interactions of each 

particle with all others. Such a molecular wave function is unknown, and it 

is doubtful that anyone could read intelligently the solution for even a simple 

molecule if it were given to him. A number of methods have been developed 

for obtaining approximate molecular wave functions (or molecular orbitals). 

The name “molecular-orbital method” has been attached to a common proce- 

dure, which emphasizes the formulation of some molecular orbitals that cover 

many nuclei in a molecule. 

The method involves the following steps: 

Construct a series of molecular orbitals as linear combinations of atomic orbitals and 

producing the same number of MOs as there were original AOs. 

Arrange the orbitals in order of increasing energy. This procedure may involve some 

sort of calculation, or it may be entirely intuitive. 

Assign the electrons, in pairs with paired spins, to the molecular orbitals, beginning 

with the orbital of lowest energy and working upward. 

The principles of the method are illustrated by the treatment of the 

hydrogen molecule here and are quite analogous to the buildup of atoms with 

atomic orbitals as described previously. 

2-8 HYBRIDIZATION AND COVALENT BONDS 

In coming together to form a molecular orbital, two atomic orbitals (or orbital 

lobes) of the same sign must overlap and fuse. Maximum overlap affords the strongest 

bond. The two s orbitals of hydrogens do not overlap to a major extent (Fig. 

2-7) since more overlap would bring the nuclei too close. Because of their 

greater extension from the nucleus and strong directionality, p orbitals can 

overlap more effectively. 
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Two atomic p orbitals 

Molecular orbital 
(bonding) 

However, even here the uninvolved (—) lobes cannot overlap and they 

represent half of the original orbitals. Pauling originally showed that, if (as 

in carbon) all the s and p orbitals in a shell are required for bonding, they 

may first be combined into hybrid atomic orbitals better adapted for the maxi- 

mum overlap required by bonding. The new set of our atomic orbitals can 

be produced by taking appropriate combinations of the s and p orbitals. The 

new set of orbitals are designated as sp*, indicating that they are made by 

mixing one s and three p orbitals. 

An individual sp? orbital has the following shape: 

Orbital axis 

Nearly all of the orbital is concentrated on one side of the nucleus, 

although there is a small “tail” which extends in the opposite direction. This 

distribution of the orbital allows it to overlap more efficiently than either s 

or p orbitals with an orbital from another atom placed on or near the orbital 

axis on the “heavy” (+) side. Such overlap gives rise to chemical bonding. 

The following drawing illustrates bond formation by end-on overlap of two 

sp® orbitals centered at different atoms. 

sp? atomic orbitals merging 

Van’t Hoff postulated that the four single bonds to carbon had an ar- 

rangement in space such that the four were all at equal angles to each other. 

This creates a regular tetrahedron, shown in perspective at bottom right in 

Fig. 2-8. The bond angles can be derived from the geometry of the regular 

tetrahedron and are found to be (cos~ 4), or 109°28’(~109.5°). Since we regard 

these bonds as mutually repelling negative electron pairs, it is reasonable that 

each should be as far from the others as possible, and this leads to the same 

geometrical conclusion of tetrahedral angles. This sp? hybridization is there- 

fore called tetrahedral. In Fig. 2-8 the angle between any two bonds is 109.5°. Two 
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| 

2p orbital 2p orbital 2p orbital 2s orbital 

Collect y Hybridize 

109° 28 

Four sp? hybrid atomic Tetrahedral 
orbitals in one atom hybridization axes 

(only major lobes shown) of sp* hybrid orbitals 

FIGURE 2-8 MWybridization of atomic orbitals 

bonds are shown in the plane of the page; the other two lie in a plane perpen- 

dicular to it (shown in perspective), extending above and below the plane of 

the page. A single axis bisects both pairs of bonds and lies in both planes. 

The tetrahedral arrangement of four separate atoms bound to one carbon 

atom is universal.f The bonds in such compounds are described by saying 

that four bonding molecular orbitals are formed by combining each of the four 

carbon sp? orbitals with one orbital from the attached atom. The resulting bond 

(molecular) orbitals are rather like the bonding molecular orbital in the hydro- 

gen molecule. The bond orbitals will be symmetrical about the tetrahedral 

axes. Orbitals that have this axial symmetry are called sigma (c) orbitals. The 

bonds are called sigma bonds. 

Molecular o orbital formed 
by carbon sp3 and hydrogen s orbitals 

Note that the sigma bonds of CH, are formed by overlapping sp® orbitals 

of carbon with s orbitals of hydrogen. Consequently, the molecular orbital 

resembles an s orbital closely in the region behind the hydrogen nuclei. Figure 

+Bond lengths vary somewhat with the nature of the attached substituents, but the tetrahedral bond 

angle remains nearly constant. 
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a 

Four 1s orbitals of 
four hydrogen atoms 

/ Four o bonds in CH4 

Four sp? orbitals 
of carbon 

(major lobes only) 

FIGURE 2-9 Formation of molecular orbitals of CH, 

2-9 shows schematically the sigma bond orbitals. The eight bonding electrons 

are assigned in pairs to these orbitals to give four sigma bonds. 

Multiple Bonds 

The four sp? hybrid atomic orbitals are only useful for bonding to four sepa- 

rate atoms. If bonding is required to only three atoms then only three of the 

orbitals, one s and two p’s are hybridized to form three sp* hybrid orbitals. 

This leaves one p orbital remaining unhybridized. This state of hybridization 

is called trigonal. The simplest example is carbonium ion (Fig. 2-3), where the 

three bonds are formed from the sp” orbitals and the residual p orbital is empty. 

The sp? orbital is essentially the same in appearance as the sp? orbital but with 

not quite the disparity in lobe size and hence not quite the overlap efficiency. 

The axes of the three sp? orbitals are oriented, all in one plane, at mutual angles 

of 120° (the internal angle of a regular hexagon). The three sigma bonds formed 

by these three orbitals, therefore, also result in the three attached atoms on 

carbon being located in one plane with it and at 120° angles to each other. 

The remaining p orbital is thus perpendicular to this plane with its lobes equally 

above and below that plane; the plane of the atoms is also the node plane 

for the remaining p orbital. 

The last, or digonal, state of hybridization is developed for bonding to 

only two other atoms. The s and only one p orbital are hybridized to form 

two sp orbitals, leaving two p orbitals unhybridized. The angle between their 

axes is now 180°, which is to say that they lie in opposite directions ona straight 

line as shown in Fig. 2-10. The two remaining p orbitals remain mutually 

perpendicular and also perpendicular to the line of the hybrid axes so that 



SEGw2-3 HYBRIDIZATION AND COVALENT BONDS 53 

2p orbital 

120% 

Three sp? hybrid atomic Carbon bonded by o bonds from its 
orbitals with common origin sp2 orbitals to 3 atoms (a, b, c), showing 

(trigonal hybridization) residual p orbital perpendicular 

. 
2p orbital 2s orbital 

Two sp hybrid atomic 
orbitals with common origin 

(digonal hybridization) 

FIGURE 2-10 Hybridization of orbitals of carbon 

a carbon bonded to two atoms (a, b) by sigma bonds, formed from the sp 

orbitals, would show its residual p orbitals in this fashion: 
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Two overlapping A 7 orbital 
parallel p orbitals 

FIGURE 2-11 The carbon-carbon double bond (in C,H,) 

The most common fate of the residual p orbitals emerges when we exam- 

ine the bonding of two carbons, both with sp? hybridization, to form a carbon- 

carbon double bond. Let the two carbons form a sigma bond symmetrical about 

the axis linking their nuclei and the four remaining sp” orbitals of the two be 

bonded to anything else, e.g., four hydrogens, for convenience. All six atoms 

must now lie in the same plane. 

The four C—H bonds and one C—C bond account for ten of the bonding 

electrons necessary for C,H,. Two are left for completion of a carbon-carbon 

double bond. In addition to the three hybridized (sp?) orbitals, there is the 

unhybridized p orbital at each carbon atom. These p orbitals are symmetrical 

about axes perpendicular to the molecular plane. The two parallel p orbitals 

overlap extensively sideways. Therefore, if added together, the individual p 

orbitals form a new wave function, considerably different from the original 

functions. The molecular orbital represented by the new function is usually 

called a pi (7) orbital. The orbital does not have an axis of symmetry and changes 

sign on passing through the molecular plane. Figure 2-11 shows schematically 

the combination of two parallel p orbitals (atomic orbitals) to form az molecular 

orbital. 

The qualitative molecular-orbital procedure for building up the C,H, molecule 

would be phrased more in this way. We are given four hydrogen atoms with 

an s atomic orbital and one electron each, and two carbon atoms with an s 

and three p atomic orbitals hybridized first to three sp? atomic hybrids and a 

p orbital, each carbon having four electrons. Total electrons to place is then 

12. We cause an sp” atomic orbital on each carbon to overlap, forming a o 

molecular orbital, and the remaining four sp” atomic orbitals to form four 

o molecular orbitals with the hydrogen s orbitals. The two p orbitals (atomic) 

now overlap sideways to form a 7 molecular orbital. This generates six bonding 

molecular orbitals, five o, and one 7, and implicitly six more high-energy 

antibonding molecular orbitals (five o and one 7). Antibonding orbitals are 

signified with a superscript asterisk, cf. o* and z*. (Total original atomic orbitals 

= 12; total molecular orbitals must also be 12). The 12 electrons are now 

spin-paired and placed in the six lowest (bonding) molecular orbitals. No 

antibonding orbitals need be used and so the molecule is stable. 
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As the 2(sp? + p),9— (6 + 7)yo situation characterizes double bonds, 

then the 2(sp + 2p),9 = (6 + 27)yo similarly characterizes triple bonds. As the 

double bond creates a fully coplanar array of six atoms, the triple bond creates 

a linear orientation of four. The two 7 orbitals in a triple bond are mutually 

perpendicular and also perpendicular to the line of the four bonded atoms. 

In Fig. 2-12, hybridization of atomic orbitals and formation of molecular 

orbitals by combination of atomic orbitals centered at different nuclei are shown 

in color. The p orbitals are shown in grey and s orbitals in red. Since hybrid 

orbitals are made by mixing s and p orbitals, they are shown in duotone; that 

is, a combination of grey and red. Molecular orbitals follow the same scheme: 

those which are a linear combination of two sp” hybrids are shown in the same 

shade as the component atomic orbitals. Similarly, orbitals formed by com- 

bination of an s orbital (i.e., from hydrogen) with an sp? orbital (from carbon) 

are also shown in duotone. 

In atoms of the second full row of the periodic table (P, S, Cl) the 3d orbitals 

are near enough in energy to the 3p orbitals to become involved in some 

bonding capability, thus changing their chemistry somewhat with respect to 

their “normal” analogs in the row above (N, O, F). This is discussed in Chap. 

19 and referred to in several other chapters. The result is that outer-shell 

occupancy by more than eight electrons is possible, as implied in these tradi- 

tional formulas for inorganic ions: 

I cL I 
ROP P=) e: 0-S—0 = Oat1-0- 

ee ee oe se oe | ve 

oo) Sam 1@ 5 20: 

Phosphate ion Sulfate ion Perchlorate ion 

However, these may be accounted for in a manner consistent with our previous 

discussion for first-row elements by showing only four bonds (and eight outer- 

shell electrons) to the second-row atom, in the normal way, but understanding 

that the four attached oxide anions all (equivalently) donate some of their 

negative charge back into the positive central atom (into its d orbitals): 

Or fone one 
oe { oe oe veh _ + | 34 oe 

Ome ee 205-0" = cE 0: 
oe | fags ae | 2 oe ee | “a 

gOye :O: :O: 

All of these ions are isoelectronic, and tetrahedral in geometry. 



56 HYBRIDIZATION AND COVALENT BONDS SEGw2=3 

, p orbital 

p orbital p orbital 2s orbital 
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p orbital 
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FIGURE 2-12 

C.2H¢,7o bonds 

Hybridization of orbitals 

Three p’s + s orbitals 
with common origin | 
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2p orbitals 
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1s orbital 

C,H2, 30 bonds + 27 bonds 
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Rotation Around Bonds 

The symmetry of molecular orbitals will on several occasions be an im- 
portant concept, the first consequence of which shows up here. The o bond 
is formed by coaxial, end-on overlap of two orbitals and is symmetrical around 
its axis, i.e., the line linking the bonded nuclei. If we could grasp the three 
hydrogens at one end of the CH,—CH, molecule in one hand and the other 
three in the other hand, we would see that rotation of one CH,— with respect 

to the other cannot do any violence to the symmetrical C—C o bond. Hence 

we should expect free rotation to be possible around sigma bonds and indeed 

that is the common experience. 

The 7 bond, however, is formed by sideways overlap and is symmetrical 

by reflection in its molecular plane but certainly not symmetrical with respect 

to rotation around the internuclear axis like the o bond. Hence, a similar 

attempt to rotate one CH,— with respect to the other in CH,—CH, must break 

the z bond as one of its constituent p orbitals rotates away from the other. 

Their parallelism, needed for overlap, is destroyed by rotation. Since the bond 

formation is accompanied by loss of energy, energy must be put in to effect 

rotation of a 7 bond. Since overlap is completely destroyed by a 90° rotation, 

the full amount of the 7-bond energy (see below) must be input to accomplish 

this. Therefore the ordinary double bond is, in effect, rigid and cannot rotate. 

PROBLEM 2-10 

Make drawings of the following: 

a A p orbital. 

b An s orbital. 

c Orbitals resulting from hybridization of one p and one s, two p’s and one 

s, and three p’s and one s. 

d An orbital resulting from combination of sp? atomic orbitals centered at two 

adjacent atoms. 

e An orbital resulting from combination of two parallel and overlapping p 

orbitals (two adjacent atoms). 

f An orbital resulting from combination of one sp? and one s atomic orbital 

(two adjacent atoms). 

g The o orbitals for butadiene. 

h The o orbitals for benzene. 

2-9 BOND LENGTHS AND BOND ANGLES 

The bond lengths (internuclear distances) of representative bonds are tabulated 

in Table 2-1. The generalities about the lengths of bonds are few and simple. 
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The bond length of each kind of bond varies very little from one particular compound 

to another. 

Single bonds of first-row elements (C, N, O, F) to hydrogen are all about 1 A. 

Single bonds between first-row atoms are all about 1.5 A. 

Double and triple bonds are shorter: 1.2 to 1.3 A in first-row elements. 

Second-row, and higher, atoms (S, P, Cl, etc.) form correspondingly longer bonds. 

It is no surprise that bond lengths of first-row atoms are similar since 

these atoms are all very much alike and use the same orbitals in bonding, as 

we have seen. The lengths quoted in Table 2-1 for single bonds are for o bonds 

composed of sp* hybrid orbitals on each atom (except H); 6 bonds with sp or 

sp? orbitals are slightly shorter, rarely by more than 0.1 A. Larger atoms (second 

row and below) must have longer internuclear distances to accommodate their 

extra, filled inner electron shells. In general the stronger the bond the shorter 

it is (or vice versa), since greater bonding force (nucleus-electron attractions) 

presses the nuclei closer against their internuclear repulsion. This accounts for 

the shorter length of multiple bonds in general. 

Bond angles at carbon are predicted by hybridization and are generally 

found experimentally to be close to the predictions of 109.5° for four attached 

atoms (sp*), 120° for three (sp), and 180° for two (sp). When all attached atoms 

(and bond types) at carbon are identical as in CCl,, the bond angles are exactly 

as predicted, but when they differ there is minor variation, as the examples 

in Fig. 2-13 illustrate. In fact the several methods for determining these angles 

experimentally do not always exactly agree. Still, it is not unreasonable that 

this variation should exist in cases of unsymmetrical substitution if we realize 

that the hybridization at carbon is ultimately only a device for the molecule 

to attain an optimum configuration energetically. It is possible for the hybridi- 

zation, or orbital mixing, at carbon to occur in an asymmetric fashion (more 

s mixed with p in some orbitals than in others) in order best to accommodate 

different substituents. In the second example in Fig. 2-13 (CH;CH,CH,) the 

central carbon is hybridized so as to form orbitals with about 27 percent s 

character in the C—C bonds and 23 percent in the C—H bonds instead of 25 

TABLE 2-1 Normal Bond Lengths (in angstroms) 

1.09 A C=C 135A C=C 120A 

1.00 C=N 120 C=N 1.16 

0.96 C=O “i22 

1.54 

1.47 

1.43 

1.76 

r 1.94 

2.14 

ie 
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ee) 

L 



SEC. 2-9 BOND LENGTHS AND BOND ANGLES 59 
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FIGURE 2-13 Bond angles in selected molecules 

percent in all four as in normal sp? hybrids. The CCC angle in most compounds 

containing C—CH,—C is 1127, not 109.5°. 

Atoms with unshared pairs of electrons apparently follow the same 

hybridization pattern as asymmetrically substituted carbon, the angles at 

C= O— C and C— Nes C being close to tetrahedral. This implies that an unshared 

pair of electrons occupies a hybrid orbital, roughly sp® in these cases, and is 

like a bonded substituent. Thus the nitrogen atom is roughly tetrahedral 

like carbon with four substituents, not planar (3sp? + 1p) with its electron pair 

in a perpendicular p orbital. Where no angle is measurable, as in covalent 
iP - 

halogen ocaene or doubly bonded oxygen ({6=0), it is not possible to 

determine the hybridization experimentally. In the molecular-orbital treatment 

of SCO however, the oxygen is generally best handled as unhybridized (o 

bond and 7 bond from perpendicular p orbitals, leaving s and p orbitals 

for the remaining pairs—see Sec. 7-4). 



60 BOND LENGTHS AND BOND ANGLES 

Hybridization and Geometry 

The hybrid orbital used for forming a o bond or holding an unshared electron 

pair may be characterized as a hybrid of (s + \*p) where A = the mixing co- 

efficient. (A? is called the hybridization index.) 

% of s character in each orbital = __100 
ee Ne 

Since the total % s character must equal 100% (one original s orbital): 

SS ate = 100 where n = no. of orbitals 
WT It+ Anm formed (up to four) 

For equivalent substituents: 

n = 4 orbitals: sp°: A= 

f= 3 orbitals: sp2 N= 334% s character 

oes n = 2 orbitals: Sp: N= or 50% s character 

or 25% s character/orbital 

The angle between two hybrid orbitals, 1 and 2 (with \, and d,), is #45: 

1+ A, Ay cos 6,, =0 

For the angle (7) between two equivalent orbitals of coefficient A: 

1+)? cos?d=0 

sp: cos?=-i or @ = 109.5° 

sp”: cos 6 = —i or d= 1207 

Sp: cos 6 = —1 or @ = 180° 

With C—-CH,—C, the observed CCC angle is 112° (cos 112° = —0.375): 

Nec = ai eeay and % s character (C—C bond) = ISLS 
0.375 1 + 2.7 

This is not exactly an sp? (=sp*-°) orbital but rather an sp?’ hybrid for the C—C 

bond. The HCH angle can then be calculated: 

100 100 2 res 
1 + \ cH il + Zels 

= {00 and Nee tea GIG fo) 

This is then an sp*-° hybrid for the C—H bond. 

% s character/ C—H bond = _ 100 _ 23% 
1 + 3.35 

(Total % s character = 2 x 23 + 2 x 27 = 100%) 

HCH angle: cos OycH = — aaa = —0.298; OycqH = 107° 

(observed = 106°) 

SEC. 2-9 

= 27% 
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In cases exhibiting bond angles forced to be small, as in a three-membered 

ring with obligatory CCC angles of 60°, we must distinguish the internuclear 

| 
| 

Interorbital angle 
| 

Internuclear angle 

= "Ce 

Three-membered ring 

with bent bonds 

angle (60°) from the interorbital angle, for in such cases it is more stable for 

the orbitals to project outward from the internuclear axis rather than suffer such 

a small interorbital angle. This results in a bent bond, not as stable as a normal, 

coaxially overlapped o bond since the amount of overlap is less. In this case 

the HCH angle is measured as 114°, for which the above calculations yield 

a CCC interorbital angle of 105°. 

In summary it is convenient for qualitative purposes to consider sp? bonds 

as forming tetrahedral (109.5°) angles, sp? as planar trigonal (120°), and sp as 

linear, 180°, in accord with orbital theory, despite these observed second-order 

variations, and to regard N and O with single bonds as essentially tetrahedral 

also, with the unshared pairs occupying sp® orbitals. Furthermore, all the iso- 

electronic atom situations (Fig. 2-3) may be regarded as possessing nearly 

identical hybridizations and angles. 

PROBLEM 2-11 

Calculate the interatomic distances marked in color on these structures. 

d 

re H,C—CH,—CH, fu CHG eq 
CH. CH, Ga ach: 

2-10 BOND ENERGIES 

Before discussing the energies involved in holding two atoms together in a 

covalent bond, we need to establish briefly a general intuitive physical sense 
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of energy on which we may draw in later discussions of making and breaking 

bonds; i.e., chemical reactions. The various kinds of energy are all equivalent 

and interconvertible: 

Kinetic energy (motion) and heat (essentially molecular motion) 

Potential energy arising from 

a Gravitational forces 

b Electrical forces (attraction of unlike, repulsion of like charges) 

The latter kind of potential energy (2b) is that of chemical bonds. Interconver- 

sion of energy is seen when a ball rolls downhill, losing potential energy 

(gravitational) to pick up kinetic energy (motion). In a comparable example 

the chemical potential energy in gasoline is released on combustion and con- 

verted to heat which may be converted to kinetic energy of an engine piston 

and this in turn to kinetic energy of a moving automobile. 

It is convenient to regard chemical potential energy—which is “stored” 

as bond energies in molecules—as analogous to gravitational potential energy, 

cf., a ball “stored” on a hilltop. Both have a spontaneous tendency to proceed 

to lower potential energy, i.e., downhill, given the chance. Both spontaneously 

convert potential energy to heat and/or kinetic energy as they lower potential 

energy. The lower the potential energy, the more stable the molecule, or ball. 

An object or particle (e.g., an atom) in isolation has zero potential energy, 

but two brought close together interact (gravity, or electrical forces) and their 

potential energy becomes positive or negative. In the case of molecule formation 

from isolated atoms, the energy goes down and becomes negative, i.e., more 

stable. (See diagram in Fig. 2-7.) Bond energies are therefore generally used 

as negative energies; the strongest bonds are the lowest energies (greatest 

negative values). In the table, however, it is more convenient simply to list 

their magnitudes. 

In chemical reactions bonds are broken and new bonds are formed. 

Energy must be added, often in the form of heat, in order to break bonds and 

(heat) energy is liberated when a bond is formed. The amount of energy in 

each case is characteristic of the bond being broken or formed and is called 

the bond energy (Table 2-2). An overall reaction represents a change in (poten- 

tial) energy, AE: 

/ — =o 
AE = products om Ee eacants i DE ponds formed — DE ponds broken 

Reactions in which the energy goes down are proceeding—spontaneously—to 

lower energy, i.e., to more stable products than reactants. Such reactions usually 

yield the excess energy (AE) as heat and are called exothermic. In the opposite 
case, energy (usually heat) must be input to force the reaction to go (from lower 
to higher energy) and such reactions (nonspontaneous) are called endothermic. 
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Bond energies unfortunately cannot be measured directly. Those quoted 
in Table 2-2 are obtained indirectly through thermochemical studies of evolved 
heat in reactions such as combustion. These studies yield AE for overall re- 

actions. The energy per bond must then be extrapolated in various ways and 

the quoted values are average figures. Also they represent values for reactions 

in the vapor state at 25°. For ordinary organic reactions in solution bond 

energies must be corrected with heats of vaporization, solution, etc. Never- 

theless, within a few kilocalories per mole they often prove accurate in predic- 

tions of reaction energy, as further discussed in Chap. 9. 

In order to develop a useful scale of energy units for general use, we 

shall follow organic chemistry practice in expressing energies in kilocalories 

per mole (kcal/mole). We can develop a rough scale for the purpose of 

comparing energies when we appreciate that the energy of thermal molecular 

motion at room temperature is about 15 to 20 kcal/mole. As most bond energies 

are substantially more than this, covalent molecules are stable to thermal 

disruption at room temperature. At higher temperatures, the energy of random 

molecular motion increases and can often exceed certain bond energies and 

so cause covalent bond breaking (such thermally induced reactions are called 

pyrolyses). 

Single bonds are generally in the range 50 to 100 kcal/mole, with bonds 

between atoms bearing unshared pairs notably weaker owing to electrostatic 

repulsions between such pairs, as in O—O, N—O, N—X, O—xX bonds. Bonds 

TABLE 2-2 Average Bond Energies (kilocalories per mole at 25°) 

Diatomic molecules 

H—H 104 H—F UBS F—F BY 

O=O 119 H—Cl 103 CI—Cl 58 

N=N_ 226 H—Br_ 88 Br—Br 46 

H—I a I—I 36 

Covalent bonds in larger molecules 

H—C_ 99 C=€ 83 C=C 146 C=C 200 

H—N 93 C]Na 73 C=N 147 C=NFP 213 

H—O 111 C=ON 26 C=O; 179 
H—-S 83 C-S - 65 C=St 128 

N—N 39 C—F _ 116 N=N _ 100 

N—O 33 C—Cl 81 N=O 145 

O—O 35 C—Br 68 

SS os C= 51 

+ In C—CO—C compounds; C—CO—H is 176. 

tIn S=C=S, carbon disulfide. 
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are weaker as one proceeds down columns in the periodic table (e.g., C—F > 

C—Cl > C—Br > C—I). Double bonds are stronger, though not twice as strong, 

as single bonds. The difference represents roughly the strength of the 7-bond 

component. Thus, the 7 bond between carbons is roughly (C=C) — (C—C) = 

146 — 83 = 63 kcal/mole, and this is the energy which must be added to 

cause rotation to occur around a double bond, breaking the 7 bond. Triple 

bonds are correspondingly stronger. Bonds to second-row elements (P, S, Cl, 

etc.) are longer and hence weaker. The 7 bond, depending on sideways over- 

lap, is especially weakened. 

The s atomic orbital is more stable (lower energy; Fig. 2-4) than the p 

orbital, hence a hybrid orbital having more s character is more stable also. 

This manifests itself especially in the greater stability (lower energy) of un- 

shared electron pairs occupying hybrid orbitals: sp > sp? > sp. 

H H H 

eo > “C= Sev: CH 

H i 

ios | 
N=C—H > NEG > INES Et 

i 4 
Decreasing stability 

(Increasing energy) 

PROBLEM 2-12 

Calculate the energy released when these molecules are formed from their 

constituent free atoms. 

a CH, d CH,COCH, g H,C=CHOCH, 

b CO, e C.H.Br h CH,NHNHCH, 

I 
c CH,OH f HC=C—CN i CH=c=0Hn 

2-11 ELECTRONEGATIVITY AND DIPOLES 

Each atomic kernel has a certain affinity for electrons surrounding it; this affin- 

ity is called the electronegativity. Atoms with greater electronegativity attract 

electrons more strongly and hold them closer to the nucleus, or kernel; the 

orbitals bearing unshared electrons on such atoms are in fact smaller, more com- 

pressed about the nucleus. This affinity is directly related to the kernel charge 
as implied in Table 2-3 (a scale of electronegativity devised by Pauling). 
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Across any row of the periodic table, electronegativity increases with increasing 

kernel charge. As one proceeds down the table, from first- to second-row 

elements, etc., electronegativity falls off as the outer electrons are increasingly 

distant from the positive nucleus and shielded from it by shells of inner elec- 

trons. 

Covalent bonds between atoms of different electronegativity (A—B) show 

two effects: 

The bond energy is increased over the mean of bonds A—A and B—B by an amount 

roughly proportional to the square of the electronegativity difference. 

The electrons in the bond orbital are polarized so as to lie closer to the more electro- 

negative atom on the average. This results in partial ionic character in the covalent 

bond, i.e., to each atom bearing a local partial charge, cf.: 

5+ Ot é+ om 

CeO Sess y re y a 

This polarization, or electrical imbalance, in the bonds is important in 

directing the course of chemical reactions in which these bonds are broken, 

for they can be said to be already partially broken or ionized, in the molecule 

and can be induced by appropriate reagents to break, or ionize, completely: 

$+ Os 
SM ot SS e a Cice 

ee, Cl: ed y= + 7C 

Furthermore, this polarization in the bonds makes each bond between dissimi- 

lar atoms a dipole. Hence dipole moments can exist in the full molecule, and 

these can be measured. In general bond dipoles faithfully reflect electronega- 

tivity differences, except with C—H in which the dipole is reversed (though 

quite small), directing the bonding electrons toward hydrogen: —C+—H. 
| 

TABLE 2-3 Electronegativities of Atoms 

Kernel charge: Je i +4 105) +6 LEY 

Si aS onl 

1.9 7] 2 3.0 
yi 

‘ba 

i 2.8 
\ 

\ 

al 
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The orbitals in dipolar bonds are shaped just as previously described but the 

electrons in it are somewhat bunched up at one end. 

2-12 HYDROGEN BONDING 

Hydrogen occupies a unique place in our discussion of orbitals and bonding 

since it alone possesses no inner electron shell isolating its nucleus from the 

bonding electrons. The hydrogen kernel is a bare proton. Furthermore, when 

bonded to such electronegative atoms as N, O, and F, the bonding electrons 

are drawn strongly to the electronegative atom, leaving the proton as a rel- 

atively bare positive charge at the outer end of the covalent bond. As such it is 

peculiarly capable of attracting closely an external negatively charged center, 

either in the form of an anion or of an orbital on another molecule containing 

an unshared electron pair, i.e., a localized site of negative charge. 

This attraction between a hydrogen covalently bonded to a heteroatom 

and another molecule (with its unshared electrons) or anion is called a hydrogen 

bond. It is essentially electrostatic or ionic in character and relatively weak (3 

to 5 kcal/mole in common cases), but it is nevertheless of enormous importance 

in ordering the arrangements of molecules in both solution and crystal. In the 

hydrogen bond are two electronegative atoms with a proton between them. 

The hydrogen bond is stronger the more electronegative the two atoms and 

most stable when it is possible to be linear (hydrogen bond shown dotted); 

o= é+ o— 

S— $+ | 

—O—H- +++? F:7 or =O He eo: 

Ss eet | 

H bond H bond 

2-13 SUMMARY 

In this chapter we have utilized a simple picture of the structure and nature 

of atoms to derive the nature of their bonding into covalent molecules and 

so have developed a few simple rules which allow the construction of all kinds 

of molecules of any complexity, understanding their size and shape, their 

energies and electrical makeup. These features will allow us to understand, 

indeed, often to predict, their chemical and physical behavior in the laboratory. 

The rules of chemical bonding are simple. Most of chemistry is directed 

by two premises: 

1 Like charges repel; unlike charges attract. 

2 Atoms act so as to fill their outer shells with electrons. 
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These two dominant atomic “motivations” not only direct the details of 

molecular structure but also the dynamics of chemical reaction. 

Atoms of the first row (and often those of the second) all form bonds 

of the same kind and can all be handled with the same rules, which are sum- 

marized in Table 2-4; the hybrid orbitals all look alike and form o bonds by 

end-on overlap, while the other bond type (7 bond) is formed by sideways overlap 

of unhybridized p orbitals. 

The anatomy of molecular structure involves a skeleton made of atoms 

(skeletal atoms) forming two or more bonds, of which carbon is by far the 

predominant one and the only one capable of forming long chains. Oxygen 

and nitrogen are the next most abundant and sulfur and phosphorus a poor 

third. Hydrogen atoms serve to fill up the vacant bond positions on the skele- 

ton, forming an external skin, and halogens, which occur relatively rarely, can 

serve the same function. Hydrogen is thus clearly the most numerous atom 

in most molecules. 

In the next two chapters we shall see how the rules of chemical bonding 

allow the definition of all the possible ways of linking atoms other than carbon 

and hydrogen into organic molecules. These in turn allow organic compounds 

to be classified into broad structural families. 

Following this we shall explore the consequences of more extended orbital 

overlap in molecules (Chap. 5) and then, in Chap. 6, the results of bonding 

and orbital geometry in the three-dimensional shapes of organic molecules and 

the extent of their freedom to change these shapes. Chapter 7 then develops 

the effects which various atoms and bonds in molecules have on certain physical 

properties useful for elucidating features of molecular structure in particular 

substances. 

Having in this way determined the structural nature of organic molecules, 

we may turn, in Chaps. 8 to 22, to their behavior when allowed to interact with 

each other: the nature of chemical reactions. As we shall see, their behavior 

in reactions is also largely prefigured by the concepts presented in this chapter. 

TABLE 2-4 Summary of Bonding Characteristics 

Bonds to single atoms Bonding of two atoms 

Hybrid Remaining 

No. of bonded | orbitals unhybrid- 

atoms or (% s ized Interorbital No. of | Bond Free 

unshared pairs | character) orbitals angle Geometry | Bond electrons | types rotation 

EEE a EE 

4 Asp? (25%) | 0 109,5° Tetra- Single | 2 oO Yes 

hedral 

3 3sp? (334%) | Ip 120° Planar Double | 4 o+a | No 

2 2sp (50%) | 2p 180° Linear Triple | 6 Caan | — 
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PROBLEMS 

2-13 What is wrong with the following molecular formulas? 

aeG@eHis c CH,O e C,H,Cl 

be @HyN aeGHes f C,H,NCI 

2-14 Write one structure which fits each of the following descriptions: 

a G70; d C,N, (no rings) g C,H,Nt 

b C,.H,,.N,O e C,N, (no rings) h C,H,0- 

cm@.be f C.H;N (no multiple bonds) 

2-15 Write all the structures (ions or molecules) which are isoelectronic with CO,, 

showing which atoms bear charges. Utilize only first-row atoms. 

2-16 Assign charges and add all the unshared electron pairs to the correct atoms in 

the following structures. (Fill all outer shells of electrons.) 

am GH. GHON(GHE)s e O—N=N=O 

ba Che — €—@ f CH,=N=N 

mer @—_N © = (GH);5—© 

Br 
ZX 

d CH,—CH=N—O he CH. CH 

2-17 Point out which atoms do not possess full outer shells of electrons in these 

structures: 
ach 

a (CH,),C+ d “CH,—C—N 

b (CH,).B Coy. BEG 

c (CH,),N: f AICI, 

2-18 Decide whether each reaction shown is exothermic or endothermic. How much 

energy is released (or must be added) in each reaction? 

a CH,C_OH pee CH CO, 

b (CH,);C—N=N—C(CH,), —> (CH,);C—C(CH,), + N, 

c (CH,),COH —-> (CH,),C=CH, + H,O 

d CH,—N=O — > CH,=N—OH 

e (CH,),C=CH, + HBr —> (CH,),CBr 

O 
I 

f 'CH,CN 4+ H,O —3) CHG NH 
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2-19 

2-22 

2-24 

Assess the relative stabilities (i.e., resistance to chemical change) of the following 

molecules. (Note that cleavage of any one bond in a molecule destroys the 

substance, i.e., converts it to other compounds.) 

a CH>—CH—CH,—_O—OH d N, 

b (CH,),CO e CO, 

l 
c CH,C—NHOH 

For each molecular formula below show two different covalent structures: one 

with and one without charged atoms, all atoms to have filled outer shells. 

a CH.N, c HNO, @ (O}, 

b CHON d CHN f C,H,SO 

Draw each structure below to show its internal hydrogen bond. 

a CHO c CF,CH,CH—OH 

CH, 
OH 

+ 

b CH,OCH,CH,CH,NH, d 
ie 

OH 

The following notations are common for certain widespread groupings of atoms. 

Show each one in full structure, complete with unshared electron pairs, charges, 

and full outer shells of electrons. (Note: there are no O—O bonds), 

a —COOH ec —COCI eo NG g —SO,H 

b —CHO d —CONH, iN; h. —00.H 

Label the hybrid atomic orbitals used to form each colored bond in these 

molecules. Write in the expected bond angles as well. 

a HEC _H c CH,C=CH e (CH,).B—CH, 

ate ee 

b H,C—CH,CH, d (CH;),N— CH, f (CH,),C=NCH, 

Examine the orbitals involved in forming CH,—C—CH,,; label them and deter- 

mine the orbital geometry required. The three carbons are known to lie in a 

straight line. Is this reasonable? 
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2-25 In the following pairs of isomers one is more stable than the other. Explain why 

for each case. 

Unstable Stable 

CH, GH 
Me ae 

a) HG —CH— CH-CH. Lie iba 

HG GH 

b H A(CHs)s (CH,)3C_ JA 

T T 
eX UN 

H C(CH3); H C(CH3); 
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THE 
CONSEQUENCES 
OF CHEMICAL 
BONDING: CLASSES 
OF MOLECULES 
THE preceding chapter developed from the separate atoms rules for the con- 

struction of organic molecules from atoms of C, H, O,N, S, P, and halogens. 

Here our purpose is to use these rules to construct the various classes of 

molecules common in organic chemistry. We are in effect now ready to invent 

all the possible molecules, and then to explore their chemical and physical 

behavior. 

In general organic molecules are composed of a skeleton of carbon atoms, 

sheathed in hydrogens, with groupings composed of other atoms attached to 

that skeleton. These attached groups are called functional groups, since they 

are always the sites of chemical reactivity or function. A molecule composed 

only of carbon and hydrogen is called a hydrocarbon. Its functional groups 

are only its double and triple (7) bonds, the o bonds being essentially unreac- 

tive. A molecule or group without 7 bonds is labeled as saturated while multiple 

bonds constitute unsaturation. Atoms other than C and H are usefully separated 

generically as heteroatoms (O, N, S, P, halogens), and these are the substance 

of most functional groups. 

In this chapter we shall construct the possible functional groups and then 

see how the great variety of organic molecules which we can now generate 

may be logically named to facilitate communication about them. Furthermore, 

the logical procedures invoked to deduce the molecular structures of unknown 

compounds will also be examined. 

3-1 HYDROCARBONS 

As we saw in examining the possibilities of structural isomerism, the potential 

number of hydrocarbons is limitless. It is therefore necessary to find some 

kind of order in these possible structures, many thousands of which are known 

compounds. Hydrocarbons and derived compounds fall into three large classes, 

which are defined in terms of structural concepts. Aliphatic hydrocarbons are 

composed of chains of carbon atoms not arranged in rings. Substances belong- 

ing to this group are sometimes referred to as open-chain compounds, In alicyclic 

hydrocarbons, the carbon chains form rings. Aside from a few exceptional ring 
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Aliphatic Alicyclic Aromatic 

H 
| H 

H—C—H HH | 
HH Hal oH ny Hoe oe 2H 
cela | H—C—C—H C C 

Pa aO ec acen eee 
H HH HH ih H~ ~c* ~H 

H H l 
H 

or or or 

FIGURE 3-1 Examples of classes of hydrocarbons 

compounds, aliphatic and alicyclic hydrocarbons of like molecular weight are 

similar in both physical and chemical properties. The third group consists of 

the aromatic hydrocarbons, which contain six-membered rings into which are 

fitted three carbon-carbon double bonds. Special physical and chemical prop- 

erties are associated with this arrangement of double bonds in aromatic systems 

(Chap. 5). Figure 3.1 shows examples of the three classes of hydrocarbons. 

The alkanes (paraffins) are aliphatic hydrocarbons that contain the maxi- 

mum number of hydrogen atoms compatible with the requirement that carbon 

always possesses four bonds and hydrogen one. Thus alkanes are said to be 

saturated, and they are all represented by the general formula C,H,,,,., where 

n is an integer. All compounds corresponding to the structural formulas that 

can be written for alkanes with one to nine carbon atoms are known. Some 

substances with n higher than 50 have been prepared in a pure state. This 

general formula describes what is known as a homologous series, members of 

which are referred to as homologs of one another. Each member of a homolo- 

gous series differs from its immediate neighbors by a methylene group (CH.), 

Le, CH7) Con CG Hoe Heo ete: 

Index of Hydrogen Deficiency 

The molecular formula of a compound gives important information con- 

cerning its structural possibilities. Comparison of the hydrogen content of a 

compound with that of the alkanes containing the same number of carbon 

atoms shows the index of hydrogen deficiency of the substance of unknown 
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structure. The number of hydrogen atoms in a molecule is decreased by two 

for each new ring or double bond introduced into the structure. The index of 

hydrogen deficiency is the number of pairs of hydrogen atoms that must be 

removed from the saturated alkane formula (C,H,,,,») to give the molecular 

formula of the compound at hand. Table 3-1 contains a number of examples. 

The indext is, therefore, a number equal to the sum of the rings and 

multiple bonds (triple bonds require 2 index units) in the molecule. Thus, the 

compound C,H,, in the table (index =2) has one of the following four combina- 

tions: 

Examples 

Compound = C,H,, 2 double bonds CH,=—CH—CH=—CH—CH,CH, 

Satd. alkane = C,H,, CH, 

Nel == Iv — TO) ss a 1 ring and Cee 
| Cacre 

; 1 double bond CH 
Indexi= 3/2 Sy 4 

CH 

CH, 
2 saturated rings GH? cre. 

Pearce 
CH;—CH 

1 triple bond CH C_=C__ CH. CH, CH. 

In general the possible hydrocarbon formulas require the following structural 

features: 

(OA 5 beets Saturated alkane 

CH. One ring or double bond 

C,,Hp,,-2 Two rings and/or double bonds (as C,H;, above) 

CHa 4 Three rings and/or multiple bonds etc. 

No hydrocarbon can have an odd number of hydrogens. 

+The index of hydrogen deficiency is sometimes referred to as the “number of sites of unsaturation,” 

which is a clear description but unsatisfactory in that it implies that the hydrogen deficiency is caused 

only by multiple bonds (unsaturation), not rings as well. Carbon skeletons with rings show hydrogen 

deficiency but may often be saturated. 

TABLE 3-1 Index of Hydrogen Deficiency 

Corresponding 

Molecular formula alkane Index 

(C,H, 49) 

CoH, CeHy4 0 

CoA io CoHi4 - 

C Ho C5Hy» 1 

CH, CoA, 4 
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PROBLEM 3-1 

Derive the index of hydrogen deficiency for each formula and write both a cyclic 

and an acyclic structure to fit each formula. 

a CH d C,H, 

b €,H.o e C,H, 

c C,Hy f CiopHio 

3-2 THE FUNCTIONAL GROUPS 

The few functional groups which may be generated from the heteroatoms are 

the same and behave similarly no matter to what hydrocarbon skeleton they 

may be attached. For this reason it is often convenient to generalize a hydro- 

carbon group with one free bond for attachment as R—. Thus R— can mean 

CH,—, CH,—CH,—, CH,—CH,—CH,—, (CH,;),CH—CH,—, or any other hy- 

drocarbon group with one available bonding site. In the sections that follow 

we Shall bond heteroatoms to hydrocarbons in all the possible ways allowed 

by Chap. 2, writing their structures out once in enough detail to allow de- 

scription of all bonding and orbital detail, and then in most cases writing a 

shorthand form as well. These are all summarized in Table 3-2. 

In order to invent the functional groups we need simply select one carbon 

atom of a skeleton and bond various heteroatoms to it.} It will be convenient 

to group the functional groups formed by the number of bonds from the carbon 

of the skeleton to heteroatom(s), group I having a single bond from the carbon 

of the skeleton to a heteroatom, group II having two such bonds to carbon, 

and group III having three. 

Group I 

This group incorporates functional groups with only one bond from the 

skeletal carbon to a heteroatom. The simplest example is the attachment of 

Wie fe 
a halogen to give abe or R—X, the X being used throughout this book 

specifically to denote the chemically very similar halogen atoms: F, Cl, Br, I. 

This class of compounds is called halides (fluorides, chlorides, bromides, iodides) 

and includes compounds such as CH,—Cl, CH,—CH,—Br, (CH;),CH—I, 

CH,—_CH,. CHF .ete 

+ We shall limit ourselves at first to allowing no bonds between two heteroatoms, for simplicity. We 

shall also limit ourselves to the major elements of organic chemistry: C, H, O, N, S, P, halogen. 



SEC. 3-2 THE FUNCTIONAL GROUPS 75 

If we attach oxygen instead we must then select something else for the 
second oxygen bond. With no bonds between heteroatoms, this will be either 

| 
H or C. In the first instance we generate —C—O—H or R—OH, a class of 

compounds called alcohols, of which common beverage alcohol, CH, —CH,—OH, 

| | 
is an example. The other oxygen compounds are —C O C— or R—O-—-R’, 

| 
which are called ethers, CH;—O—CH, being an ether isomer of the alcohol 
shown (both are C,H,O), and CH,—CH,—O—CH,—CH, the ether of anesthesia. 
These classes may also be regarded as deriving from successive replacement 

of the hydrogens of water by hydrocarbon groups: H—O—H; R—O—H; 

R—O—R’. The analogous sulfur compounds, R—SH, are called mercaptans, thio- 

alcohols, or more commonly thiols, while the R—S—R’ class are sulfides (thio- 

ethers). 

Finally, attachment of nitrogen leads to a class of compounds known as 

amines. These represent substitutions of ammonia (replacement of H by R), 

similar tc those of water above and clearly will be of three kinds: 

H-N—H R-N-H R-N-R’ R-N-R’ 

H H H R” 

Ammonia Primary amines Secondary amines Tertiary amines 
(R—NH,) (R—NH—R’) 

The phosphines (R—PH, etc.) are analogously obtained from use of phosphorus 

in place of nitrogen. 

These are all the Group I functional groups, or classes of compounds 

we can obtain in this way. By allowing bonds between heteroatoms, many more 

are possible, but with two exceptions they are not of common occurrence and 

are often unstable. Thus R—O—OH (hydroperoxides) and R—O—O—R’ (per- 

oxides) are known, but R—O—O—O—H(R’) are too unstable to exist (viz., 

chains of heteroatoms, page 31). Similarly, hydroxylamines are formed by re- 

placing one or more of the hydrogens of NH,—OH with R groups, as hydrazines 

are obtained from NH,—NH,, but R—-NH—NH—NH, and like compounds are 

exceedingly rare and very unstable.t The two exceptions mentioned are two 

functional groups with only one bond to carbon but rather complex bonding 

among the heteroatoms, which stabilizes these groups. The nitro and, to a lesser 

extent, the azide group are not only common enough to warrant their inclusion 

as important functional groups but also serve to show the variety possible on 

utilizing more involved bonding among the heteroatoms in a functional group. 

| DB: lo gg PO & 
—C—N (R—NO,) —C—N=N=N (R—Ns) 

] He Nes | o 

70: 

Nitro group Azide group 

+ The hypohalides, R—O—X, and haloamines, R—NH—X, are also very unstable. 
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It is certainly possible to put together more functional groups in this way, using 

the rules of the preceding chapter, and most of these are known, but the 

important ones are here. 

Group II 
This group is most obviously exemplified by placing any two of the group 

I functionalities (functional groups) singly bonded to a single carbon (e.g., 

—CX,—), but the behavior of such groups is easily encompassed in any de- 

scription of the single groups. The only compounds of this kind to be singled 

out will be the acetals and ketals: 

a. or wae 

sie va oe ye 

H ) O=K7 oR | O-R” O—R’ 
Acetal Ketal (General) 

Their chemistry is virtually identical but no generic term for the group is in 

common use. (Stable compounds with two —OH groups on a single carbon 

are very rare.) 

There are two functional groups in group II which are important and 

unique, both having very similar behavior and deserving of an inclusive generic 

term. These are the aldehyde group and the ketone group. The particular as- 

semblage of the carbon-oxygen double bond, of which they are composed, is 

called a carbonyl group,t which also shows up in the group III functions. 

A third group, the imine, can be analogously constructed with nitrogen, 

WS ee oe R R- oe 

po 0 Ree =O NH (R’) 

H R’ R’ 

Carbonyl Aldehyde Ketone Imine 
group (R—CHO) 

but is of minor importance, while thioketones and thioaldehydes (thials) are rare 

and unstable, the phosphorus analogs more so (cf. page 64). All of these lesser 

groups, including several shown in Table 3-2, are regarded as a family, being 

derivatives of the corresponding aldehydes and ketones, to which they may 

usually be transformed chemically by hydrolysis (reaction with water). 

Group III 

Leaving aside triplications of group I such as —CX, and —C(O—R), there 

is really only one unique group III functionality, the nitrile or cyanide (cyano 

group), R—C=N: or R—CN, with three bonds to the only heteroatom (nitrogen) 

that accepts three. The phosphorus analogs are virtually unknown and certainly 

unstable (cf. page 64). 

The major functional groups with three bonds to heteroatoms are con- 

{The term “double bond,” as usually employed by organic chemists, is taken to mean a carbon-carbon 

double bond, as distinguished from a “carbonyl,” or carbon-oxygen double bond. 



SEC. 3-2 THE FUNCTIONAL GROUPS 79 

structed by allowing two of the bonds to carbon to be a carbonyl group and 
then reserving the third bond for any of the functionalities listed as group 
I. (Let these be designated for the moment as —Z, cf., —Z=—Cl, —Br, 

—OH, —NH,, etc.) Thus, in group I these are attached to a saturated hydro- 

2, 
carbon group, R—Z, but in group III they are attached to a carbonyl, Roo om 

Z 

These important carbonyl] derivatives are all listed with their names and short- 

hand designations in Table 3-2. 

All of the group III functional groups are considered to be derivatives 

of the parent, carboxylic acid, R—COOH, since they are all chemically converti- 

ble to it by hydrolysis. Not shown in the table are the logically comparable 

series constructed from imino groups Co) in place of carbonyl groups 

or from thiocarbonyl groups a) Such group III functionalities are mostly 

known but are excluded here because of their minor importance. They are, 

however, part of the carboxylic acid family because of their chemical hydrolysis 

to R—COOH. Imino compounds are usually labeled as imino-halides, imino- 

ethers, etc. 

There are a number of functional groups, somewhat out of the main stream, 

which involve higher oxidation states of second-row atoms, especially sulfur 

and phosphorus, and these are mentioned in Chap. 4 and 5 and developed 

in Chap. 19. The most important is a family of sulfur derivatives of sulfonic 

acids, analogous to carboxylic acids, in which the group —SO,— replaces the 

carbonyl (—CO—) of the carboxylic acid derivatives. 

ee 
R—S—Z Sulfonic acid derivatives 

ee 
: O : 

R—SO,—OH Sulfonic acids 

K—90,—Cl Sulfonyl chlorides 

R—SO,—OR’ Sulfonate esters 

R—SO,—NR3 Sulfonamides 

Group IV 

These compounds, with four heteroatom bonds to carbon, are of less 

interest since they leave no bonds for attachment of that carbon to the other 

carbons of a carbon skeleton. They may be regarded as derivatives of carbon 

dioxide (CO,) or its inorganic hydrate, carbonic acid (HO—CO—OH, or 

H,CO,), from which the carbonate salts of Sec. 2-5 are derived by 
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removal of the hydrogens as protons. Table 3-3 lists a number of the common 

compounds and functional groups which make up group IV. More can easily 

be derived as an inventive exercise, following the patterns of previous groups. 

It is important to appreciate that the bonding rules allow only a specific 

and limited number of functional groups and completely define the orbitals 

and shape in each. We shall later see that their reactivity is also predetermined 

by the nature of bonding. It is also important to see that the functional groups 

are just logical variations on a few themes, and may be examined in different 

ways to facilitate comprehension and familiarity. For example, there is a formal 

analogy between the relation of R—OH and R—O—R’ and that among car- 

boxylic acid, ester, and anhydride; it comes about by replacing H— in water 

TABLE 3-3 Group IV Compounds and Functional Groups 

H—O—C—O—H O=C=0 

Carbonic acid Carbon dioxide 

Ld: 
Phosgene 

; ° : 

R-O-c_Cl 
Chloroformates 

: " = 

R—O—C—O—R’ 
Carbonates 

: 4 : R—N=C=O 

REN==C=0-4R! Isocyanates 
5 

We R-N=¢=5 
Urethans : 

( carbamates) | Isothiocyanates al 

$ 0 

R-N—C-N—R’ R—N=C=N—R’ 
H H Carbodiimides 

Ureas 

§ eee 

R—N—C—N—R’” 

H H 

Guanidines 
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(H—O—H) by either R— or R—CO—. A similar analogously related group may 

be seen in the replacement of H— in either H—X or NH, by either R— or 

R—CO—. 

PROBLEM 3-2 

Draw up a table of the possible compounds derived by replacing H in NH, 

H,O, and HX with both R— and RCO—, separately and in combination. Label 

the functional groups so obtained wherever possible. 

PROBLEM 3-3 

Invent some more group IV compounds and functional groups not shown in 

Table 3-3. 

The point of all this is that the classes of organic compounds are logical 

and simple. A last way of looking at organic molecules is that they contain 

a carbon skeleton with the following functionalities hooked on (here only the 

major ones are noted): 

=X =COX 
—OH —COOH 
—OR —COOR 
—NH, —CONH, 
=NR«) —CONR, 
= GHO. 7 GN 
—O —NO, 

It is often convenient to define the skeleton as including not just carbon-carbon 

links (single or multiple) but also intimately involved ether (—O—) or amine 

(—NH— or N ) linkages, as the following randomly generated structures 

imply (respectively, a carboxylic acid, an ester, a cyanoalcohol). 

COOCH, 

Cl 
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PROBLEM 3-4 

Draw structures of particular examples of the following: 

a An unsaturated alcohol i An aromatic amine 

b A cyclic anhydride j A tertiary amine-ether (no N—O bond) 

c A cyclic ester k An alicyclic nitrile 

d A cyclic paraffin 1 An acyclic dialdehyde 

e An amino acid m A cyclic N-bromoimide 

f A saturated trichloride n A homolog of CH,;0H 

g A cyclic thioether o A secondary phosphine 

h A thioamide p An unsaturated nitroalcohol 

The index of hydrogen deficiency may now be expanded to compounds 

other than hydrocarbons, by making use of the following rules: 

The presence of oxygen (or sulfur) makes no change in the index of hydrogen defi- 

ciency. 

Each halogen is regarded as the equivalent of one hydrogen. 

Each nitrogen in the molecule raises the number of hydrogens in the corresponding 

saturated parent compound by one. 

As an example, C;H,NO,Br, can be first written as C;HyNO,, replacing its 

halogens (bromines) by hydrogens, and the parent compound (saturated and 

noncyclic) must be C,,H,,,,5,,NO, = C;H,,NO,, the single nitrogen adding one 

H to C,H. 2n+ , and the oxygens being uninvolved. Formulas for the parent satu- 

rated, acyclic compounds can alternatively be written formally: 

GiHanO 2n+2—m 

C,H x 2n+2—m’*m 

C,H N 2n+2+m “m 

The relationships are illustrated by the examples found in Table 3-4. 

3-3 THE RATIONALE OF STRUCTURE DETERMINATION 

As noted earlier, a major task of many organic chemists is the determination 

of the structure of an unknown compound. The task arises most often simply 

because he has prepared a new, previously undescribed compound in his 

laboratory and must confirm what it is. Much more complex problems of 

structure determination, undertaken for their own sake, arise with the isolation 

from natural sources (plants, fungi, insects, animals, etc.) of new, pure com- 

pounds of unknown structure (Chap. 27). The history of molecular structure 

assignments in organic chemistry is one of the most impressive feats of deduc- 

tive logic in the history of mankind. 
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TABLE 3-4 Indices of Hydrogen Deficiency of Representative Compounds 

Formula Index of Identification of 

Structure Formula of parent hydrogen hydrogen-deficient 

compound deficiency structures 

( \ Guar Ger 4 eS CG 
1 ring 

Cl,CHCH,C=CH C,H,Cl, €,H,Cl, a 2 from C=C 

NH, 

aes CAHN C,H,;N Zz 1 C=C 

1 ring 

>No, C;H;NO, —C;H,NO, 2 N= O. 
1 ring 

CH.C=N C,H,N C,H,N 2 2 from C=N 

SS 
| C,H,N C,H,,N 7 4 C=C 
N~ 1 C=N 

2 rings 

[ \ CHO GjH0 3 GG 

O 1 ring 

€ Sn, GHG C,H,,O 5 3 C= 
a ie =@ 

1 ring 

OH 

OH 1 ring 

CH,—CHCH.SH CEs C3H,S 1 1C=C 

O- 

( xt \ Othe “Each <8 CG 
a 2 rings 

oO 

Capes! C,H,SO; C,H,SO; 0 
O- 

(CH,),N—O C;HNO —- C;H.NO : 
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The first step in any such problem, once the unknown compound has 

been purified (Sec. 1-4), is the determination of its molecular formula. This 

in effect defines the problem by 

Establishing the size of the molecule 

Implying the extent of functionality by the number of heteroatoms 

Indicating the number of rings and/or multiple bonds from the index of hydrogen 

deficiency 

After establishment of the molecular formula, two general avenues of 

approach may be used (usually profitably combined) to define the structural 

detail: chemical reactions and physical methods. 

Chemical methods were historically the first and until very recently the 

major avenue of structural investigation. In principle they always involve sub- 

mitting the unknown compound to chemical reactions and deducing structural 

features from its responses. Since the functional groups are the reactive sites 

of organic molecules, the compound is first submitted to chemical reactions 

which are particular for certain functional groups. In the process the funda- 

mental logic lies in the expectation of molecular change. In a certain reaction known 

to effect a conversion of one functional group to another, a specific change 

is expected in the molecular formula between the unknown compound and 

its reaction product. Should this occur in the case under investigation, one could 

conclude that the presence of a particular functional group had been revealed 

by the reaction. 

As an example, the chemical conversion of an aldehyde or ketone to an 

oxime (Table 3-2) requires a change in molecular formula which amounts to an 
~ AS 

overall addition of NH Uc=0 or =N— OR). An unknown compound 

C.H,,0,, which yielded C,H,,NO, in this reaction would be suspected of con- 

taining one ketone or aldehyde function. If it yielded C,H,,N,O,, it would 

instead be believed to contain two. The continued monitoring of molecular 

formula after each reaction is the key to chemical procedure in structure 

determination. In the case in hand, for example, it is clear that—with either 

result noted—there is no need to test the unknown compound for the presence 

of a carboxylic acid or ester since the molecular formulas make clear that those 

groups are not possible. (There are two oxygens in C,H,,O,, but if one is 

a ketone there are not two oxygens remaining to make up —COOH or —COOR 

also.) 

PROBLEM 3-5 

A compound, C,H,O,, is submitted to chemical conditions which convert ke- 

tones (but not esters or carboxylic acids) to oximes. The product is C;H;NO,. 

What are the structures of the two compounds? 
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PROBLEM 3-6 

There are only two possible kinds of functional groups in C,H,,O,. What are 

they? Write three possible isomeric structures incorporating these groups. 

PROBLEM 3-7 

It is known that boiling in aqueous acids uae an amide to a carboxylic acid 

and an amine (R—CO—NH—lW’ + H,O a R—COOH + R’—NH.). 

a What can we deduce from the fact that Banat A (C,H,3;NO,) gives a 

carboxylic acid, CjH,O.,, and a primary amine, C,H,N, under these condi- 

tions? 

b What structural deductions arise from the observation that compound B 

(C,H,,NO,) similarly yields a carboxylic acid, C;H,O,, and a primary amine, 

C,H,NO? 

c Under the same conditions, compound C (C,H,,NO,) does not react. Write 

a possible structure for compound C. 

d Under the same conditions, compound D (C,H,,NO,) reacts to give only one 

compound, C,H,,NO,, which has chemical characteristics of both a carboxylic 

acid and an amine. Write a possible structure for compound D. 

When all the functional groups allowed by the molecular formula are 

established, then chemical reactions are utilized to break down the skeleton 

into smaller molecules and, ultimately, usually after a sequence of transforma- 

tions, into known compounds. The identity of these is established by the 

identity comparisons with physical properties discussed in Sec. 1-3. When 

enough of such reactions have been examined, it is possible to deduce an 

unambiguous molecular structure for the original unknown compound by 

working back through this history of sequential degradative reactions. The 

deductive process here derives from the expectation of molecular change in 

each reaction. 

The elaborate but rigorous structural logic to be found in the histories 

of many of these structural studies presents some fascinating intellectual chal- 

lenges. Some of the great classical structure problems are natural products 

(Chap. 27) first isolated in the early nineteenth century. Some of these structure 

elucidations spanned almost the entire history of organic chemistry, involving 

many chemists and the publication of long series of papers. The structures 

of quinine, morphine, cholesterol, and strychnine are major examples of this 

kind and their structures are shown here partly for an appreciation of their 

complexity and partly for an appreciation that our command of structure, after 

Chap. 2, allows the details of these structures to be understood; many of the 

functional groups of the preceding section will be found in them. 
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HO 

isa HO N—CH, 
N O fea ee 

ZA 

N HO 
Quinine Morphine 

HO 
Cholesterol Strychnine 

Physical methods of structure determination only became possible after 

the 1940s. In the last decade, however, they have virtually supplanted the 

chemical approach. Physical methods have several advantages. Observations 

can be carried out on very small samples (~1 mg) of material and these are 

not affected by the observation, as they are in chemical reactions, and hence may 

be used over. Furthermore, the observations and their interpretation take far less 

time. 

In the nineteenth century, of course, considerable effort was expended 

in tabulating physical constants of known compounds in the hope that such 

lists might be rewarded by some insight into correlations with structural fea- 

tures. Such attempts were made with all physical measurements available, such 

as melting point, density, index of refraction, etc., and perhaps most extensively 

with tabulation of crystal facet angles (goniometry). However, these searches 

all failed to yield significant structural correlations since the physical datum 

in each case was a single number, which encompassed a complex mixture of 

responses to many structural features at once and these could not be unraveled. 

Structure correlation became possible only with methods that produced a rich 

spectrum of separate responses from a single compound such that each partic- 

ular response might be caused by a single structural feature. The contemporary 

physical methods of value are all of this kind: 

Ultraviolet and visible light spectroscopy (UV and VIS) 

Infrared spectroscopy (IR) 

Nuclear magnetic resonance spectroscopy (NMR) 

Mass spectra (MS) 
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These methods, as well as the more traditional physical properties, are 

discussed in Chap. 7 along with protocols for their use in solving structural 
problems. These physical methods are so powerful for elucidating molecular 
structure that not only have they largely supplanted chemical procedures but 
they also now allow the solution to structural problems to be accomplished 
in a far briefer time. Finally, we may note here that X-ray diffraction is an 
independent and potent method for complete structure solutions. Although 

the technique evolved in the last several decades entirely in the hands of 

crystallographic specialists, it is coming increasingly to be applied by organic 

chemists to their own problems and with compelling success. 

Although physical methods are described in Chap. 7, it is useful here 

to examine some chemical examples of structure proof, and more will be found 

in subsequent chapters dealing with various chemical reactions. We shall need 

to introduce two simple chemical reactions here for use in our examples. These 

are reactions widely used for structural studies and both are reactions of car- 

bon-carbon multiple (7) bonds. 

In hydrogenation, the compound is allowed to react with hydrogen (H,) 

in the presence of a finely divided metal catalyst (usually Pt, Pd, Ni). The 

hydrogen attacks the z bonds and forms new C—H o bonds in their place. 

The reaction is said to saturate (with hydrogen) the unsaturated groups. As 

usually practiced, hydrogenation saturates C=C and C=N (also C=C and C=N) 

groups but generally leaves C=O groups unaffected. Hydrogenation for struc- 

tural purposes is carried out quantitatively, weighing the compound first and 

measuring the uptake volume of absorbed hydrogen gas during the reaction. 

This makes it possible to ascertain the number of moles of hydrogen reacting 

with one mole of unsaturated compound and thus the number of sites of 

unsaturation in its molecule. 

CH,(CH,);—CH=CH, + H, a CH;(CH,);— CH,— CH; 

(CH,),C=CH—CH=CH, + 2H, PE#lst, (CH,),CH—CH,—CH,— CH, 

In the equations above the functional part of the starting molecule is the 

carbon-carbon double bond. This bond, along with the atoms attached to it, 

is shown in color; the same carbon atoms are shown in color in the formulas 

of the products. The value of hydrogenation in structure proof is that it allows 

a distinction to be made between multiple bonds (which react) and rings (which 

do not reactt), the sum of which is already known from the index of hydrogen 

deficiency. 

The second reaction of unsaturated compounds, with ozone (Os), is se- 

lective in the sense that saturated centers are almost never attacked. It is useful 

in cleaving a molecule specifically at its double bonds. Ozonolysis (cleavage 

by ozone) is actually a two-stage process. First, ozone is added and carbon- 

carbon double bonds are split, forming unstable products known as ozonides. 

+Some three-membered rings can be opened by hydrogenation so that the distinction is not always 

rigorous. 
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Ozonides are often explosive and hence are not usually isolated. They are 

cleaved by hydrolysis in the presence of a reducing agent. The overall procedure 

produces two new molecules having carbonyl groups in place of the carbon- 

carbon double bond of the original molecule; the products are aldehydes or 

ketones. 

CH. O CH. 
ea DN a ae lg 1) 

CH,CH=CCH, ae O; = es CH,CH Cc a ee 

Bia cet 
An ozonide 

| 
CH,C—O + CH;CCH, 

Assume that a new hydrocarbon, C,H,, has just been discovered. The 

molecular formula shows that the molecule must contain either one ring or 

a double bond. Only five isomeric structures, I to V, can be written to accom- 

modate the formula. 

CH, 
CH,CH,CH=CH, CH,C=CH, CH,CH=CHCH, 

I I ll 

GH. GH, _CH, 
ea Ole ec CH CH | 
CH,—CH, CH, 

IV V 

If the compound reacts rapidly with hydrogen in the presence of a pal- 

ladium catalyst, structures IV and V are eliminated. The three remaining 

unsaturated hydrocarbons can be distinguished by ozonolysis. If the compound 

is III, the identification is especially easy. Since the compound is symmetrical, 

only a single product will be obtained. Note that the two steps in ozonolysis 

are indicated in a condensed equation by numbers placed over and under the 

reaction arrow. 

H 
Ws 10 

If two compounds are obtained on ozonolysis, it will be necessary to 

isolate the C,;H,O compound and study its structure, particularly as to whether 

it is an aldehyde or a ketone. 

| 1) O, F107” CHsCH.C—O + CH,=0 CH,CH,CH=CH, 

CH, CH, 
| Oo. 

CH,C=CH, 2) H, ‘0, Zn > CH= O + CH,—O 
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Consider another molecule of unknown structure having the formula 
C,H,,. Examination of the formulas for all the possible isomeric compounds 
of the stated composition is too tedious a job to be practical. Likewise, consid- 
eration of all possible results of chemical experiments would require too much 

time and space. Therefore, experimental results that lead directly to the correct 

structure will be considered. The original molecule has an index of hydrogen 

deficiency of 3. Exhaustive hydrogenation gives C,H,,, but careful hydrogena- 

tion over a palladium catalyst of low activity gives another compound, C,H,, 

The results indicate that the original compound contains one ring and that 

the other hydrogen deficiencies must be due either to a triple bond} or to two 

double bonds that differ widely in their reactivity to hydrogenation. 

CH, + 2H, — C.H,, 

C,H, + H. ald C,H,, 

Ozonolysis of C,H,, gives a single compound, C,H,,O0,. This result shows 

that the eight carbon atoms must be attached in a ring which contains the 

double bond, since otherwise the product could not include all eight original 

carbons. The following is one possible solution: 

A(Galyys H,, Pd (CH), (CH.), | eee , i Soe i | 
_C=C CH =CH . =O ad 

H H 

A number of other structures are still possible, and a further reaction 

which determines the number of terminal CH,— groups would be useful. 

Should it show none in the C,H,,O, the above structure for C,H,, is uniquely 

determined. 

Using no three-membered ring structures, deduce structures from the following evi- 

dence. Examine whether a unique solution is possible in each case. 

PROBLEM 3-8 

The compound C,H, gives only C,H,O, on ozonolysis. 

PROBLEM 3-9 

The compound C,,H,, absorbs two moles of H, (with catalysis) and gives on 

ozonolysis two diketones, C,H,,O, and C,H,O,. 

PROBLEM 3-10 

The compound C,H,, reacts with one mole of H, catalytically and gives a single 

ketoaldehyde C,H,)O, on ozonolysis. 

+ Triple bonds usually react faster than double bonds and the resulting double bond product can often 

be isolated before it reacts further. 
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PROBLEM 3-11 

Catalytic hydrogenation of C,,H.) requires only one mole of H, and ozonolysis 

yields only a single ketone, C;H,,O. 

PROBLEM 3-12 

A ketone CyH,,O absorbed one H, on catalytic hydrogenation to give a new 

ketone C,H,,O and on reaction with ozone yielded a ketone C,H,O and a 

diketone C,H,O, which was found to have one —CH, group. 

3-4 NOMENCLATURE 

Even though the rules for generating molecular structures are few and simple, 

there results a fabulous wealth of molecular variety from the process, and with 

it arises a formidable problem of nomenclature for these structures. Yet no- 

menclature is vitally important since, for reasons of linear communications 

either auditory or printed, chemists commonly require verbal descriptions of 

compounds and their molecules. On the other side it must also be observed 

that organic chemists rarely talk for long without paper or blackboard available 

for writing molecular structures, even in the most informal discussion! 

The nomenclature problem is in many ways the hardest part of learning 

organic chemistry and is the major contributor to its deplorable reputation of 

being only a massive burden of memorization. Various textbooks cope with 

it in various ways, usually trying to minimize the learning chore by introducing 

it piecemeal throughout the book. However, the founding fathers of organic 

nomenclature did devise a system} as neat and logical as structural groups 

themselves and it seems a pity not to present this in one place, at least in 

grand outline, for in that way it is more quickly and integrally comprehended. 

Therefore, the main points of nomenclature are laid down in this section, 

followed by a survey of the main classes of compounds (Chap. 4), with many 

named as examples, and finally, for fine points of detail, the entire system is 

presented in the Appendix. However, the language of organic chemistry, like 

every other language, grew up first in response to need and so grew up with 

rather little logic. Therefore, although the system indicated here forms the main 

core of current practice, there remains in use today a number of “trivial’’ names, 

retained from the days before systemization because of their convenience. 

The first and last criterion for the name of a structure is that it must be 

uniquely definitive. A name must clearly direct the writing of one molecular 

structure and one only. The nomenclature system arises parallel to our de- 

scription of structure: it names a basic skeleton chain of carbons and then 

designates the names and positions of attached groups on that chain. The basic 

rules are listed first, with examples following the list. 

} The systematic nomenclature is called IUPAC nomenclature since its tenets were set by, and are 

continuously reexamined by, a committee of the International Union of Pure and Applied Chemistry. 
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The basic unit in the system is a series of word roots which designate linear chains 

of carbon atoms of any desired length (Table 3-5). From C; upward the roots are the 

familiar Greek number roots. The generic root for any carbon chain is alk-. 

A primary suffix is added to the root to designate unsaturation in the carbon chain: 

General 

-ane Saturated hydrocarbon chain Alkane 

-ene C=C double bond Alkene 

-yne C=C triple bond Alkyne 

-yl Designates a group (R—) Alkyl 

The first three are used to designate whole molecules. If followed by a second suffix 

they drop the final -e. The designation -yl is used to indicate a group with a free 

single bond, named as a unit for attachment to the molecule name (see prefixes 

below). The generic term alkyl is then the term for any saturated hydrocarbon group 

R—, while alkenyl indicates a group R— containing a double bond and alkynyl a 

group with a triple bond. 

A secondary suffix, following the primary suffix, is added to indicate certain functional 

groups: 

-ol Alcohol (—OH) 

-one Ketone (—CO—) 

-al Aldehyde (—CHO) 

-Oic acid Carboxylic acid (—COOH) 

-oic amide Amide (—CONH.,) 

-oate Salt (—COO) or ester (—COOR) of carboxylic acid 

-onitrile Nitrile (—CN) 

-oyl Acyl group = generic term for R-—CO— 

A primary prefix, used immediately before the root, is cyclo- to indicate a ring compound. { 

Without this prefix compounds are assumed to be acyclic. 

+In which all members of the ring are carbon (carbocyclic ring). 

TABLE 3-5 Systematic Nomenclature: Word Roots for Carbon Chain Lengtht 

C, meth- C, but(a)- C, hept(a)- (Cag dec(a)- 

C, eth- C; pent(a)- C,  oct(a)- Generic: alk(a)- 

C, prop- C, hex(a)- C, non(a)- Higher numbers: see Appendix 

+The extra (a) is used before suffixes beginning with a consonant. 
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A secondary prefix is added before the root to designate attached functional groups: 

hydroxy- Alcohol (—OH) 

alkoxy- Ether (—OR) with simple attached R— (alkyl) group 

halo- Halide (—X) (fluoro-, chloro-, bromo-, iodo-) 

keto- or oxo- Ketone (=O) 

amino- Primary amine (—NH.,) 

N-alkylamino- 

or alkylamino- Secondary amine (—NHR) with simple attached R— (alkyl) group 

nitro- Nitro group (—NO,) 

cyano- Cyano group (—CN) 

Hydrocarbon branches off the main chain implied by the root are also designated by 

prefixes alkyl-. 

Multiple functionality or branched alkyl groups are labeled with the Greek numerical 

prefixes: 

di- Two 

tri- Three 

tetra- Four 

penta- Five 

Position of attachment on the carbon chain (designated by the word root) is indicated 

by numbering the carbons of the chain for identification and placing before each prefix 

or suffix in the name the number corresponding to its place of attachment on the chain. 

Multiple bonds are numbered simply by the lower number of the two carbons involved 

in the bond. In a complex molecule the longest chain bearing the unsaturation and 

functional groups is chosen as the basic chain and its word root used as a foundation 

for building the name. The chain is then numbered from the end which gives the 

lowest numbers to the attached functional groups or multiple bonds. All groups in 

paragraph 3 which must terminate a chain (i.e., all but -ol and -one) are invariably 

numbered as 1, the beginning of the chain themselves. If branching alkyl groups must 

contain multiple bonds or functional groups, separate numbering of the alkyl branch 

is chosen such that the carbon in the alkyl group which is itself bonded to the main 

chain is designated as 1. Wherever possible this is avoided by choosing the main chain 

so as to include all functionality. Groups attached to nitrogen are designated by the 

letter N- instead of a chain number; it is implied that such groups replace hydrogen 

on the nitrogen of the corresponding primary amine (or amide) for naming purposes. 

Finally, it is clear that in numbering several groups on one molecule there 

will be priorities for naming the groups in order, but it is unnecessary to learn 

these now when beginning nomenclature study. Such priorities are all included 

in the more detailed account of nomenclature in the Appendix. For the present, 

the single criterion will be that the name unambiguously describes a single 

molecular structure. 



SEC. 3-4 © NOMENCLATURE 93 

The rules may now be illustrated with examples. Unbranched hydro- 

carbons need only suffixes and numbers to achieve unique definition of struc- 

ture in the name. In order to clarify the parts of each name, the roots are printed 

in boldface in each instance. 

1 7A OS} 4 1 2 3 4 

CH,CH,CH,CH, CH,—CHCH,CH, CH,—CH=CH—CH, CH,—C=C—CH, 
Butane 1-Butene 2-Butene 2-Butyne 

i Z 3 4 bs) 

CH,=CH—CH+=CH—CH, CH,—CHCH,CH—CH—CH, 

1,3-Pentadiene 1,4-Hexadiene 

(not 2,4-pentadiene) (not 2,5-hexadiene) 

CH,—CH=CHCH,—_C=C—CH, 

2-Hepten-5-yne 

Branching in the hydrocarbon may now be illustrated, taking for the base name 

(root), the longest linear carbon sequence (chain) containing all the multiple 

bonds. Names for the appended alkyl groups are also generated from Table 

3-5 with added -yl: CH,— (methyl); CH,CH,— (ethyl); CH,CH,CH,— (propyl); 

the alkyl roots are also printed in boldface. 

CH, ie meee 

CH,C—CHCH, CH,CH,C=CH, CH,,CH,CH,CHC=CH 

2-Methyl|-2-butene 2-Methyl-1-butene 3-Propyl-1-hexyne 

CH, CH,—CH, 

CH,—CH,—C—CH,—CH—CH,—CH, 
7. SEC Pee S| 4 3 2 il 

CH, 

3-Ethy|-5,5-dimethyl-heptane 

3-Propy|-4-ethy|-1-heptene 
(not 3-ethenyl-4-ethyl-octane) 

7 ey aS zs ; 

4-(1,2-Dimethylbuty])- 
1,3,5-heptatriene 

Examples of the incorporation of functional groups can now be added 

to the list. The variations shown should be studied with care in order to con- 

solidate a useful understanding of the system. 
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CH, 

2-Methylcyclohexanone 
(2-methyl-1-cyclohexanone 
or 2-methyl-cyclohexan-1- 
one are redundant) 

CH, 
CH,CH,NHCH,CHOH 

N-Ethyl-1-amino-2-propanol 
(or 1-ethylamino-2-propanol) 

CN 
| 
CH,CHCH,COOCH,CH; 

OCH, 
Ethyl-3-methoxy- 
4-cyano-butanoate 

PROBLEM 3-13 

Write systematic names for the following structures. 

CH, 
| 

a CH,CH,CHCH,OH 

a 
b CH,CH,CHCHO 

CH, rie 
¢ CH,CH=C—COOH 

CH, 

NOMENCLATURE SEC. 3-4 

CH,CH, 
6 5). «4 Billez 1 

CH,CHCH=CCH,CHO 

Cl 

2-Methyl-4-chloro- 
2-cyclohexenone 

2-(1-Propenyl)-3-bromo- 
2,4-hexadienoic acid 

CHs 

CH,CCH 

F 

OH 

O 
| 
C 

3-Ethyl-5-hydroxy-3-hexenal 
(not 3-ethyl-3-hexen-5-ol-al) 

O 
I 

CH,—NH—CCH=CH,, 

N-Propenoyl-1-amino-3-fluoro- 
4-methy|-2-pentanone 

Cl SS 

CONHCH, 
N-Methyl-3-keto- 

2-(2-chloroethyl)-4- 
pentenoic acid amide 

CH,CH,O—C=CCCH,CCH=CHCH, 
I I 
Oo oO 

1-Ethoxy-oct-6-en-1-yn-3,5-dione 

ia 
d CH,CH,—C—COOH 

e CH,CH=CHC=CCH, 

f (CH,),C=CHCH=CHCH(CH.), 
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CH, Br 
| CH, 

g Se NTC k O 

OH 

O 

Toe CH, cl 
h CH,C=CCH,Cl l 

NHC,H,; 

CN 

eek ee ec 
i Pe EN aCe este beats m Cj 

CH. 

es P 
j ee ca naeh ht aay is cate n 

Br OH OH 

PROBLEM 3-14 

Write the structures of the following compounds. 

a 4-Hydroxy-3-pentenoic acid e 4-Cyano-4-ethyl-3-heptanone 

b N,3,3-Trimethyl-butanoamide f 3,4-Dibromo-4-ethyl-cychlohexanone 

c 6-Methyl-1,3,5-heptatriene g 4,4-Dimethyl-2,5-cyclohexadienone 

d Octa-2,4-dien-6-yn-al h 4-Cyclopropyl-3-chloro-1,2-cyclo- 

butanediol 

The IUPAC system was of course grafted onto nineteenth century no- 

menclature practices and it has fortunately now taken a prime place in practical 

usage. Nonetheless, certain names were so thoroughly familiar that chemists 

continue to use them. First among these is the list of names for the common 

carboxylic acids and their derivatives listed in Table 3-6; aldehydes are here 

also named as acid derivatives. Greek-letter symbolism for indicating chain 

position is used with these acid names as well as in many other compounds; 

the carbons next to a carbonyl group (acid, ketone, etc.) are labeled in order: 

a, B, y, 6, etc. as in y-hydroxybutyric acid (HOCH,CH,CH,COOH) or 

O 
epallieet | 

B-bromoketones (Br ny, GC . a 
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TABLE 3-6 Naming of Common Carboxylic Acids and Their Derivatives 

Acid (RCOOH) Formula Derivatives 
Dee ————————————e 

Formic acid HCOOH Salts or esters: root + -ate 

Acetic acid CH,COOH Amides: root + -amide 

Propionic acid CH,CH,COOH Nitriles: root + -onitrile 

Butyric acid CH,CH,CH,COOH Aldehydes: root + -aldehyde 

Isobutyric acid (CH,),CHCOOH Acyl group: root + -yl 

Valeric acid CH,CH,CH,CH,COOH 

Acrylic acid CH,=CH—COOH 

Benzoic acid . SCOOH 

Finally, a group of widely used common names is collected in Table 3-7 

and is presented without apology. The benzene ring (Table 3-7) is responsible 

for a great variety of chemistry and the three possible isomeric disubstituted 

derivatives (two groups attached to the ring) are commonly labeled ortho- (0-), 

meta- (m-), and para- (p-), referring to 1,2-, 1,3-, and 1,4-orientations of two 

substituents, respectively: 

Ortho position 

Meta position 
ec 

‘“\Para position 

Cl CH, CH, Br 

Cl eee 

Br 

OCH, 
o-Dichlorobenzene m-Bromotoluene p-Methoxybenzyl m-Nitrophenyl- 

(1,2-dichlorobenzene) (1-bromo-3-methyl- bromide acetic acid 
benzene) (4-methoxyphenyl (3-nitrophenyl-acetic acid) 

bromomethane) 
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Examples 

Methyl formate (HCOOCH,) 

Ethyl valerate (CH,;CH,CH,CH,COOCH,CH,) 

Sodium isobutyrate ((CH,),;CHCOO-Nat*) 

Acetyl chloride (CH,;,COCI) 

Dimethylformamide (HCON(CH;),) 

N-Benzoyl-dipropylamine ((CH,;CH,CH,),.N—CO) 

Propionaldehyde (CH,CH,CHO) 

Butyronitrile (CH,CH,CH.CN) 

N-Ethyl-acrylamide CS er ea eye 

CH, 

TABLE 3-7 Common Trivial Names 

Hydrocarbons Groups 

Olefin Alkene Methylene (Cle 

Ethylene CH,—CH, Methine oe 

Acetylene HC=CH Alkylidene RCH= 

Allene CH,=—C=CH, (Ethylidene CH,CH=) 

Isopropyl (CH,),CH— 

B eee ( Isobutyl (Gn) Chicn = 

CH, sec-Butyl ee Oa 

Toluene tert-Butyl (CH3),C— 

Vinyl CH,—CH— 

Allyl CH,—CH—CH,— 

Others 
a 

Acetone CH,COCH, Phenyl ( )- 

yo 
Epoxide C=C 

| Benzyl CH,— 

(added to alkene name) 
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In Table 3-8 are presented a number of common abbreviations used in this 

book and elsewhere for various molecular groupings. 

The procedure to follow in naming a structure is the following: 

Identify the longest chain (or ring) to contain—if possible—all the functional groups. 

Select the corresponding word root (Table 3-5), prefixing cyclo- for rings. 

Number the chain from one end, choosing the end 

a so that —CHO, —COOH, —COOR, —COCL etc., bear number 1, or 

b so that the numbers given to functionalities are as small as possible. 

Add to the name root a suffix expressing the number and kind of carbon-carbon 

multiple bond (-ane, -ene, -yne, -diene, -triene, etc.) and number the positions of these 

in the name. 

Add either prefixes or suffixes, with appended numbers, to express the number and 

position of each attached functionality or branched alkyl group. 

TABLE 3-8 Abbreviations for Groups in Common Use 

Abbreviation Group Examples 

R= Alkyl R—Cl (CH,—Cl, CH,CH,Cl, 

CH.,CH,CH,Cl, (CH,),CHCL, etc.) 

Ar— Aryl ArNO, (p-CH,C,H,NO.,) 

x— Halide (F, Cl, Br, I) R—X (R—F, R—CI, R—Br, or R—I) 

O 

Me— Methyl (CH,—) CH,COOMe; NO OMe 

Et— Ethyl (C,H;—) HCONEt,; Et,NH+CI- 

Pr— Propyl (C,H,—) PrCl; ClICOOPr 

i-Pr— Isopropyl i-PrOH ((CH,),CH—OH) 

i-Bu— Isobutyl i-BuNHCOPr 

((CH,).CHCH,-NH—CO—CH,CH,CH,) 

s-Bu— sec-Butyl s-Bu,O CH ol eer ee 

CH: CH, 

t-Bu— tert-Butyl t-BuO-Kt ((CH,),C—O-K*) 

o— 

(or Ph—) Phenyl (C,H;—) pOMe ( )-ocn, 

Ac— Acety| (CH;CO—) ( NAc | ¢ N—CO— CH. 
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The procedure to follow in reading a name is the following: 

Locate the word root (cf. Table 3-5), write down a linked straight chain of that many 

carbons, and number it. 

Locate the suffix(es) following the root which indicates the number, kind, and position 

of multiple bonds in the chain, and fill these in on the structure at the numbered carbon 

atoms. 

Append the functional groups and branched alkyl groups indicated by prefixes and 

suffixes at the carbon atoms correspondingly numbered. 

The problems at the end of the chapter offer some practice in nomen- 

clature. A much more intimate grasp of the nomenclature procedure is probably 

obtained by writing down structures at random and then attempting to put 

proper names to them. In many cases this will not be possible without con- 

sulting the Appendix, but the practice is useful and will serve to define the 

problems of nomenclature more sharply. 

PROBLEMS 

3-15 Write common and/or systematic names for the following compounds. 

I 
a CH,—CH,—CH—C=C—CH, e 

GH = cH = cH: Br 

CH, C,H, 
b CH,—CH—CH,—C—OH f iol 

NO, CH, CH(CH,), 

CH,—CH=CH—CH—CH—OH 
¢ CI—CH,—CH,—O CH CH—CH, g CI (tan 

CH, CH, 
CH, Br Br CHB: 

OH OH Soles 
| | CH—CH,— CH, 

d OEE AS EAS see Oem mete h 

CH: CH, NH, 

3-16 Write structures for the following compounds: 

a_ Triisopropylamine e 2-N-Methylamino-3,4-pentadiene 

b Methyl! benzyl sulfide f p-Aminophenol 

c Vinyl allyl ether g o-Phenylnitrobenzene 

d 1,3,5-Trimethyl-1,4-cyclo- h 1-Hydroxymethyl-3-ethyl-4- 

octadiene iodobenzene 
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3-17 

3-18 

3-19 

3-20 

3-21 

3-22 

PROBLEMS 

In each case below show: (1) the index of hydrogen deficiency; (2) a structure 

that fits the given molecular formula; (3) an unambiguous name for the structure. 

a. C.H-,0, d C,.H,,NO 

b C,H,3;N,0, e C,.H,,O,Br 

c C,H ,NOCI, f C,H,,NOCIBr 

What is wrong with the following structure names? 

a 3-Methyl-3-pentanone f 1-Cyclohexenone 

b Propenone g para-Tribromobenzene 

c Pentanone h 2,2,2-Tribromobutanal 

d Cyclopentanoic acid i Tribromobutanol 

2-Butynoic acid ester j Hexenedioic acid 

What should be the principal product of the ozonolysis of natural rubber? 

CH, 
(—CH,C=CHCH,_), 

Natural rubber 

A substance with a molecular formula C;H,, absorbed 1 mole of hydrogen on 

hydrogenation over platinum. Ozonolysis of the substance yielded one com- 

pound only, and this showed no aldehyde groups by chemical test. Trace these 

reactions with structural formulas. 

A substance C,H, absorbs two moles of hydrogen on hydrogenation over 

platinum. Ozonolysis yielded 1.8 moles of a single compound. Trace these 

reactions with structural formulas. 

Compound A (C,H,O,) absorbed two moles of hydrogen over an inactive pal- 

ladium catalyst to yield compound B. Hydrogenation of compound B with active 

platinum resulted in two more moles of hydrogen uptake to yield compound 

C, which is also formed from A with platinum-catalyzed hydrogenation. All three 

compounds react under conditions for converting ketones to oximes, compound 

C yielding an oxime, C,H,,N,O,. Compound B on ozonolysis yields 2 moles 

of one substance and 1 mole of another. Trace these reactions with structural 

formulas. 
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A SURVEY 
OF THE 
CLASSES 
OF COMPOUNDS 
UP to this point our involvement has been with the theory of covalent mole- 

cules, how they are constructed, how they may be classified, and how they 

may be named. In order to consolidate this information and particularly now 

to see this structural theory in the light of some real organic compounds in 

common use, this chapter undertakes a modest excursion among the major 

classes of organic compounds. Some of the common nomenclature of simple, 

widely used compounds is incorporated as well since these trivial names are 

still in general use. 

This chapter must be regarded as different from most of the others in 

that it does not add to the development of the central theory of organic 

chemistry. The survey of common organic substances conducted in this chapter 

serves as a pause, primarily for acquaintance with the actual stuff from which 

the theory has grown. Since the presentation in this book is intended chiefly 

to develop a theoretical framework from which most facts can be deduced, 

or at least understood in a context, the student should not look upon the many 

facts presented in this chapter as candidates for rote memorization. With this 

view the chapter need not be as formidable as it might first appear; it is simply 

a tour through the laboratory. 

PROBLEM 4-1 

Write systematic IUPAC names for every underlined example in this chapter, 

which is given another (trivial) name. 

4-1 HYDROCARBONS 

Alkanes 

Hydrocarbons in which all the carbon atoms occur in a continuous se- 

quence are known as normal hydrocarbons. They are sometimes called linear 

or straight-chain hydrocarbons, but these names are misleading because the 

carbon chains are actually kinked and twisted and are linear only in our sym- 

bolic representations. The names and some of the physical properties of a group 

of normal saturated hydrocarbons are listed in Table 4-1. Much of organic 

nomenclature is based upon the names in this table (cf. Table 3-5). The common 
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H H H Hy bie 

HCH or "GH7 HCC or CH,;CH, Hoc or CH,CH,CH, 

H H H H H H 

Methane Ethane Propane 

H 

HoH So HH—¢_-HH CH, 

H c rf C C H or CH,CH,CH,CH, H fs ¢ ¢ H or cH,CHCH, 

HHH A HOW OH 
Normal or n-butane Isobutane 

CH, CH, 

CH.CH,CH.CH,CH, CH,CHCH,CH, cu,ccH, 

cH, 
n-Pentane Isopentane Neopentane 

FIGURE 4-1 Formulas of the eight simplest alkanes 

names of the branched hydrocarbons containing four or five carbon atomst 

are found in Fig. 4-1. These names illustrate some of the early problems of 

organic chemical nomenclature. For example, only two butanes exist, one in 

7 Note the absence of branches in a three-carbon chain. The two formulas 

H H H HH 
feu e nee c= cn 
HHH pee 

i 
cannot represent different molecules since they indicate the same sequence of atoms. This kind of formula 

never attempts to show the real geometry of molecules. 

TABLE 4-1 Normal Saturated Hydrocarbons 

State under 
Sp. gr. 

Name Formula Mp Bp = atmospheric 
(liguid ) 

conditions 

Methane CH, — 183 — 162 0.4240 Gas 

Ethane C,H, — 183 — 89 0.5462 Gas 

Propane C,H, — 187 — 42 0.5824 Gas 

n-Butane C,H, — 138 O 0.5788 Gas 

n-Pentane CAH — 130 36 0.6264 Liquid 

n-Hexane Caliy —95 69 0.6594 Liquid 

n-Octane C,H — 57 126 0.7028 Liquid 

n-Decane Cr alos — 30 174 0.7298 Liquid 

n-Eicosane CoH 42 36 343 O77 Solid 

n-Pentacontane (Creed ol rays 92 0.7940 Solid 
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which the four carbon atoms occur in a single, continuous sequence and the 
other which contains a branch. The first is called n-butane, and since the second 
is an isomeric butane, it is called isobutane. On the same basis the first two 
pentanes to be characterized were called n-pentane and isopentane. Many years 
later the third isomer was prepared. The new pentane was named neopentane. 

The prefix iso- is still occasionally used in nomenclature to indicate the presence 

of the isopropyl group, (CH,);CH— (Table 3-7) in a structure. 

Consideration of the common names of the five possible isomeric hexanes 

shows that while the above principles are repeated, new problems are also 

encountered. Obviously, the nomenclature devices established with the pen- 

tanes are consumed in naming only three of the five hexanes. Furthermore, 

as the number of carbon atoms in the molecule increases, the number of 

isomers corresponding to any one composition will multiply rapidly (remember 

the 62,491,178,805,831 structural formulas for C,,Hg,, page 33). Clearly, a 

systematic procedure for assigning names was needed. The answer of course 

lies in the systematic nomenclature system developed in Sec. 3-4. 

of 
CH,CH,CH,CH,CH,CH, |= CH,CHCH,CH,CH, 

n-Hexane Isohexane 
or 

2-methylpentane 

CH, CH; 
CH,CCH,CH, — CH,CH,CHCH,CH, 

CH; 

Neohexane 3-Methylpentane 

CH, CH, 
| 

CH,CH—CHCH, 
2,3-Dimethylbutane 

Alkenes 

The alkenes are aliphatic (open-chain) hydrocarbons containing one or 

more carbon-carbon double bonds as functional groups. These compounds are 

said to be unsaturated since they do not have the maximum numbers of hydro- 

gen atoms. They are also referred to as olefins, an old term that derives from 

the fact that the simplest member of the series, ethylene (C,H,), was called 

olefiant gas (Latin: olewm, oil + facio, make) because the gaseous hydrocarbon 

reacts with chlorine to form an oil (C,H,Cl,). Since addition of chlorine to 

carbon-carbon double bonds is a general reaction of that functional group, the 

term “olefin” provides both structural description and chemical characterization 

of the group of compounds containing carbon-carbon double bonds. 
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CH,=CH, CH,CH=CH, CH,CH,CH=CH, CH,CH=CHCH, 
Ethylene Propylene or unsym-Butene or sym-Butene or 

ee methylethylene ethylethylene sym-dimethylethylene 

CH, 
(CH.),C—CH, (CH.),C—C(CHs). CH,—=CCH=CH, 

Isobutene Tetramethylethylene Isoprene 

FIGURE 4-2 Common and partially systematic names of the simple alkenes 

The simpler alkenes are often referred to by common names, as shown 

in Fig. 4-2. These include both names of entirely trivial origin, such as propylene 

and isobutene,{ and partially systematic derived names. In the latter group 

of names ethylene is often chosen as the parent structure and compounds are 

named by substitution of alkyl groups for hydrogens in ethylene. Figure 4-2 

also illustrates another common nomenclature device, the use of symmetry 

properties in assigning names. Two compounds can be called dimethylethylenes 

(sym-butene and isobutene). In one compound both methyl groups are attached 

to the same carbon atom, but in the other they are symmetrically distributed 

at each end of the parent structure, ethylene. 

The following are examples of IUPAC nomenclature of simple alkenes: 

GE lieu 

CH.CH,CH,CH=CH,, CH.,CH,CH=CHCH, CH,C=CHCH, 

1-Pentene 2-Pentene 2-Methyl-2-butene 

CH, CH, CH,CH,CH, 
CH,CH,C=CH, CH,CHCH=CH,  CH,CH,CH,CHCH=CH, 
2-Methyl-1-butene 3-Methyl-1-butene 3-Propyl-1-hexene 

Alkenes that contain two or more double bonds are well known, and 

some are among the most important organic chemicals. Doubly unsaturated 

hydrocarbons are known as dienes, those containing three double bonds are 

called trienes, and so on. As a group the multiply unsaturated hydrocarbons 

are called polyenes. 

Compounds in which a single carbon atom is doubly bonded to two other 

carbon atoms (C=C=C) are called allenes, since allene is the name of the simplest 

member of the series (CH, —C—CH.,). Because allenes are both difficult to prepare 

and very reactive, they are not commonly encountered and only a few members 

{ Note, however, the similarity between the pairs of names propylene and propane and isobutene and 

isobutane. 
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of the series are known. Both IUPAC and common nomenclature are illustrated 

by the following examples. 

CH,=C=CH, CH,CH=C=CH, 
Allene Methylallene 

or or 

propadiene 1,2-butadiene 

In contrast to allenes, dienes in which two double bonds are separated 

by one single bond (C=C—C=C) are a very important group of chemicals. The 

best-known example is 1,3-butadiene. The compound is a principal building 

block for certain kinds of synthetic rubber and is commonly called simply 

butadiene. Interaction between the two double bonds in 1,3-dienes influences 

both their chemical and their physical properties. For this reason such dienes 

are set apart as a subclass, called conjugated dienes. Higher polyenes in which 

the alternate arrangement of double and single bonds are found are called 

conjugated polyenes. Dienes and polyenes in which the double bonds are sepa- 

rated by one or more saturated carbon atoms are said to be unconjugated. The 

special features of conjugated double bonds are explored in Chap. 5. 

CH; CH; 

CH,=CH—CH=CH, CH,C=CHCH=CHCH=CCH, 
1,3-Butadiene 2,7-Dimethyl-2,4,6-octatriene 

(a conjugated diene) (a conjugated triene) 

CH,=CHCH,CH=CH, CH,=CHCH,CH,CH=CH, 

1,4-Pentadiene 1,5-Hexadiene 
(an unconjugated diene) (an unconjugated diene) 

The two most common alkenyl groups are vinyl (CH,—CH—) and allyl 

(CH,—CH—CH,—), listed in Table 3-7. 

Alkynes 

The alkynes contain one or more carbon-carbon triple bonds. The sim- 

plest member of the class is acetylene (HC=CH), and the class as a whole is 

frequently referred to as the acetylenes. Acetylene itself is very easily prepared 

and has long been one of the most important raw materials of industrial organic 

chemistry. 

The simple alkynes are often named as derivatives of acetylene. Numbers 

need not be used in such names to locate substituents on an acetylenic linkage 

since the maximum possible number of substituents on a triple bond is two. 

A disubstituted acetylene must have one substituent at each end of the acety- 

lenic linkage, replacing the hydrogens of the parent compound, acetylene. The 

following examples illustrate the use of both the IUPAC system and the derived 

names based on acetylene. 
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HC=C— HC=CCH,— 

Ethynyl Propargyl 

FIGURE 4-3 Common alkynyl groups 

CH-CH-C=CH) (CH.C—CGH: 
Ethylacetylene Dimethylacetylene 

or or 
1-butyne 2-butyne 

CH, CH, 
CH,CHC=CCH, CH,CHCH,CH,C=CH 

Isopropylmethylacetylene Isopentylacetylene 
or or 

4-methyl-2-pentyne 5-methyl-1-hexyne 

GHG=CC=CG=cCiE 
2,4,6-Octatriyne 

(a conjugated triyne) 

The only two alkynyl groups (hydrocarbon groups containing triple bonds) 

encountered frequently enough to be given common names are shown in Fig. 

4-3. 

Aromatic Hydrocarbons 

Benzene (C,H,), the simplest aromatic hydrocarbon, illustrates the char- 

acteristic structural features of aromatic compounds. The compound was first 

discovered by Faraday in 1825, and the controversy over its structure, which 

has existed since that year, has provided one of the most interesting and 

important stories of organic chemistry. 

CH 

‘Nc 

hee cae Eee, 
CH 

Benzene 

The special nature of benzene and other aromatic compounds—molecules 

containing benzene rings—is discussed in Chap. 5. These compounds are 

characterized by a special stability and resistance to chemical reaction which 

is not shown by other unsaturated molecules. For this reason aromatic com- 

pounds have always been regarded separately from olefins, despite the fact 

that it is most convenient to write benzene as if it contained three double bonds. 

Since we shall see that all six bonds in benzene are equivalent, it is unimportant 

which positions are written as double bonds. The two possible structures are 

called Kekulé forms. 
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5 7 
8 1 8 9 it 4 

8 
7 2 V7, 2 3 SS 

6 3 6 3 2 ZO 

5 4 5 10 4 1 10 

Benzene Naphthalene Anthracene Phenanthrene 

9 

8 10 

es af 

if 1 

6 2 
6 2 

3 
2 4 

5 3 

4 

Pyrene Coronene Azulene 

FIGURE 4-4 The simple aromatic ring systems 

eth ct 
ee ee CHs Cf a ee CH, a 

! | re | ; 
aes aa LZ ee SAU 

i i 
Kekulé forms of 1,2-dimethylbenzene 

An important extension of the benzene structure is found in fused-ring 

systems. These are found in compounds containing two or more rings that have 

two carbon atoms in common. Comparison of the structures of benzene and 

naphthalene illustrates the principle. 

i 
ik lena E HO ee Co eH New Sc7 Cm nce Se 

eal oe pies Yo WN ZA HO” Roe SH Wo —- neg SH 

H H H 

Benzene Naphthalene 

The first six formulas in Fig. 4-4 illustrate the common types of aromatic 

structure. The last example, azulene, shows that the six-membered ring is not 

a unique characteristic of aromatic compounds. 

wo or more Kekulé formulas can always be written for an 
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aromatic hydrocarbon. For example, four Kekulé formulas can be written for 

anthracene. t 

Kekulé formulas for anthracene 

Many hydrocarbons contain both aromatic and aliphatic parts and aro- 

matic groups are distinguished from aliphatic by use of the word aryl in place 

of alkyl. Particularly important are the alkyl derivatives of naphthalene and 

benzene. Some of these compounds have been known for a long time and are 

usually referred to by their common names. They can also be named as deriva- 

tives of benzene. In IUPAC nomenclature numbers are assigned to positions 

on the benzene nucleus and used to locate substituents. Alternatively, the older 

ortho, meta, para designations are widely used (page 97). 

CH, CH, CH, CH, 

CH, 
CH, 

Toluene or o-Xylene or m-Xylene or p-Xylene or 
methylbenzene 1,2-dimethylbenzene 1,3-dimethylbenzene 1,4-dimethylbenzene 

The following are other important alkylbenzenes. 

CH, CH, 

CH, gee CH; CH, CH, 

SS 
CH, CH, CH, CH, CH, CH, 

CH, 
Mesitylene or Durene or 

1,3,5-trimethylbenzene 1,2,4,5-tetramethylbenzene Hexamethylbenzene 

An especially important benzene derivative is styrene (vinylbenzene), 

which can be converted to polystyrene, a familiar plastic. 

Styrene Polystyrene 
or 

vinylbenzene 

} The significance of the double-headed arrow that connects the various Kekulé formulas will be explained 

in Chap. 5. Briefly, the symbol indicates that more than one formula can be written equally well for 

a single compound. 
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Three different kinds of positions are found in the naphthalene nucleus. 
Those at the junction of the two rings cannot bear substituents if the aromatic 
structure is maintained. Substituents can, however, be attached to the other 

two positions. 

Ring junction 
| a-Position CH, 

Sau B-Position ial 

a-Methylnaphthalene B-Methylnaphthalene 

Sources and Uses of Hydrocarbons 

Natural gas and petroleum are chief sources of aliphatic hydrocarbons 

at the present time, and coal is one of the major sources of aromatic hydro- 

carbons. Coke and carbon monoxide, which are also obtained from coal, can 

be converted to either aliphatic or aromatic hydrocarbons, and the direct 

chemical reaction of hydrogen with coal has been used to prepare aliphatic 

and alicyclic compounds. Most of the volume of hydrocarbons produced com- 

mercially is used for fuel, but large amounts are also diverted to the chemical 

industry for conversion to other useful chemicals. 

Natural gas and petroleum are found near the surface of the earth trapped 

by rock structures. When a well is drilled through the protective cap, the gas 

is released and gushes forth, carrying with it some of the more volatile liquids 

(low-boiling petroleum). After the flow of gas ceases, residual petroleum is 

removed by a variety of pumping procedures. The gaseous fraction is 

“scrubbed” by passing it through an oil that absorbs the less volatile com- 

ponents. The scrubbed product is called natural gas and contains methane, 

the principal component, plus ethane, propane, butane, carbon dioxide, nitro- 

gen, and hydrogen sulfide. Vast networks of pipelines then carry the natural 

gas throughout the continent. 

Liquid petroleum is a complex mixture of hydrocarbons in which alkanes 

predominate. It is separated into fractions by distillation or extraction. Gasoline 

is the petroleum fraction that boils between 40 and 200°. (See Table 4-1.) The 

other principal fractions of petroleum are kerosine (bp 175-325°, C, to C,4), 

gas oil (bp above 275°, C,, to C,,), lubricating oils and greases (above C,,), 

and asphalt or petroleum coke, depending on the source of the petroleum. 

The yield and quality of natural gasoline are improved by processes 

known as isomerization, cracking, and alkylation. Isomerization changes 

straight-chain hydrocarbons into isomeric branched compounds, which are 
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better fuels. Cracking splits alkanes into smaller fragments, lower alkanes and 

alkenes. In the alkylation reaction, selected cracking products are put back 

together to form premium-grade motor fuels. Such processes more than double 

the yield of gasoline from petroleum. Valuable by-products, such as ethylene, 

propene, and the butenes, are also produced by the cracking process and used 

in the chemical industry to make other chemicals, plastics, etc. 

If coal is heated to 1000 to 1300° in the absence of air, a liquid distillate, 

coal tar, and a solid residue, coke, are obtained. Coal tar is an exceedingly 

complex mixture, which can be separated to yield, among other things, large 

numbers of hydrocarbons. Benzene is a principal constituent, and alkylben- 

zenes, naphthalene, anthracene, phenanthrene, and many other aromatic com- 

pounds are also produced. 

Coke, which is mostly carbon, may also be converted to hydrocarbons 

by indirect routes. Calcium carbide is formed by heating a mixture of coke 

and calcium oxide to 2000°. Calcium carbide reacts with water to form acety- 

lene, a very cheap material. 

5GeGaOe Cae €O 

Coke Calcium 
carbide 

CaC, + 2H,O —> HC=CH + Ca(OH), 

If coke is treated with steam at a high temperature, a mixture of carbon 

monoxide and hydrogen, known as water gas, is produced. 

Cer Ons CO He 

Largely through the efforts of German chemists, a process has been de- 

veloped for hydrogenation of carbon monoxide to produce mixtures of hydro- 

carbons. In the Fischer-Tropsch process, more hydrogen is added to water gas 

and the mixture is passed over a solid catalyst at an elevated temperature. 

Carefully controlled operations lead to the production of alkanes and alkenes 

boiling in the gasoline range. 

Co cat., 200° 
CO 2, hs . n + (2n + 1)H, eee C,H.,42 + nH,O 

Alkanes 

In the above equation the space above and below the reaction arrow has 
been used to indicate important reaction conditions. Such information should 
be carefully noted. Control of conditions is often very critical to the success 
of organic reactions. For example, the reaction of hydrogen with carbon mon- 
oxide can be guided, by varying the reaction conditions, to produce mostly 
methane or to form oxygen-containing compounds. 
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The major part of the enormous volume of hydrocarbons produced in the 

world is used directly as fuel. Petroleum is now the cheapest source of motor 

fuels, and every shift in the production and distribution of petroleum products 

involves a potential international crisis. In addition to their use as fuels, hydro- 

carbons are the principal raw materials for the synthesis of all organic chemicals. Virtually 

all large-scale industrial organic chemical processes are based, at least indi- 

rectly, on hydrocarbons (including acetylene from calcium carbide) and carbon 

monoxide. 

Although ages of geological action have been required to convert plant 

tissue to coal, petroleum, and natural gas, many plants produce hydrocarbons 

directly as metabolic products. The amounts of such products are usually small. 

A number of high-molecular-weight alkanes have been isolated from the leaves 

of waxy plants. Alkenes and cycloalkenes are produced in great abundance 

in nature. Included are natural rubber, turpentine, essential oils, and some 

beautifully colored plant pigments. Rubber consists of large molecules com- 

posed of long sequences of isoprene units linked together through the 1- and 

4-positions (Chap. 25). 

ea SCs): 

CH, CH; 

Isoprene Rubber 

Hydrocarbons are not common products of animal metabolism, but a few 

examples are known. For example, beeswax contains about 10% hydrocarbons, 

including n-C,,H., (heptacosane). A few polyacetylenic compounds have been 

isolated from plants and fungi. 

PROBLEM 4-2 

Write all reasonable names for the following compounds: 

CH; CH,CH; 

a CH;CHCH,CHCH,CHCH;CH; — f CH;CH,CCH,C=CH 

CH, CHCH, CH, 

CH; g CH,CH=CHCH=CHCH, 

b CH,CH,CHCH=CHCH, CH=CH, 

CoH; 

¢ (CH,);CC=CC(CH;); h 

CH. 
CH, 

d 

oO 

i CH, CH, : Si 
(CH;);CC,H; CH, CH, 
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PROBLEM 4-3 

Write structural formulas for the following compounds: 

sec-Butylbenzene 

1,2-Dimethyl]-1-cyclopentene 

Vinylacetylene 

sym-Dimethylethylene 

Isobutylmethylacetylene 

a 

b 

c 

d 

e p-Methylstyrene 

f 

g Allylbenzene 

h o-Diethylbenzene 

PROBLEM 4-4 

Write out all possible structures that fit the following molecular formulas. Include 

cyclic structures only if they are aromatic. Name all compounds. 

a CH. Gl d C,H,Br g C,H, (ten structures are sufficient) 

pee He e GH h C, Hg (ten structures are sufficient) 

c CH, f C;Hs 

4-2 COMPOUNDS CONTAINING SIMPLE 

FUNCTIONAL GROUPS 

The compounds to be discussed in this section are all of those containing group 

I functional groups, i.e., with only one single bond linking carbon to the het- 

eroatom of the functional group. 

Organic Halides 

Almost any hydrogen in any hydrocarbon can be replaced with a halogen 

atom to give a stable compound. Since a carbon atom may be bonded to from 

one to four halogen atoms, an enormous number of organic halides can exist. 

Completely fluorinated compounds are known as fluorocarbons. The stability 

of fluorocarbons is even greater than that of hydrocarbons. Completely chlo- 

rinated compounds are rather unstable if they contain more than three carbon 

atoms. The following examples represent interesting and important structural 

types: 
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CGE: 
Dichlorodifluoromethane, 

a stable, noncorrosive 
refrigerant 

H Cl 
H 

Gl isl 

Benzene hexachloride, 
important insecticide 

CFCIBrI 

Bromochlorofluoroiodo- 
methane, a chemical 

curiosity 

H(CH,CH=CCH,), H 

Cl 

Chloroprene polymer, 
a synthetic rubber 

COMPOUNDS CONTAINING SIMPLE FUNCTIONAL GROUPS 

F(CF,), F 
Teflon, a useful 

polymer of extreme 
chemical stability 

CHCI=CCl, 

Trichloroethylene, a solvent 
for fats, oils, and resins 

113 

Simple alkyl chlorides are named as alkyl derivatives of the hydrogen 

halides. 

Inf=le 

Hydrogen fluoride 

(CH,),CBr 

tert-Butyl bromide 

Hydrogen chloride 

H—Cl H—Br 

(CH,,).CHF 

Isopropyl fluoride 

CH. Br, 

Methylene bromide 

i 

ee ehpare CH,CHBr, 

Cl 

Isopropylidene Ethylidene 
chloride bromide 

Hydrogen bromide 

CH,=CHCH,Cl 
Allyl chloride 

Ip l—Il 

Hydrogen iodide 

C,H,CH,Br 
Benzyl bromide 

ICH,CH,CH,CH,1 

Tetramethylene 
iodide 

CH,CH,Cl 

Ethyl chloride 

The IUPAC system is used for more complex halides and always names 

halides as halo-derivatives of hydrocarbons (page 92). 

Br Cl 

Br 

CH,CIBr 

Bromobenzene 1-Bromo-2-chlorobenzene Bromochloro- 
or o-bromochlorobenzene methane 

ia rH 
SE Oa aes eet pO Rees ee mana 

Cl (Cl Br I 

2,4-Dichloro-5- 4-Bromo-2- 5-Ilodo-5-methyl- 

methylhexane pentene 1-hexyne 

CH, Br 
1 

on Ss 1 

1 Cl Cl 2 

Cl 

3-Fluoro- 1,3-Dichloro-5- 1-Bromo-5-chloro- 

cyclopentene methylbenzene naphthalene 
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the terms. 

CH.CHBr, BrCH,CH.Br 

1,1-Dibromoethane 1,2-Dibromoethane 
or gem-dibromoethane or vic-dibromoethane 

Most of the common organic halides are liquids with specific gravities 

(densities) higher than those of most other organic compounds. They are mis- 

cible in all proportions with liquid hydrocarbons and are, in general, good 

solvents for many organic substances. Consequently, many of the stable and 

cheap chlorides enjoy extensive use as solvents for purposes such as extraction 

of fatty materials from animal tissue, for separation of substances by liquid- 

liquid extraction (Sec. 1-4, e.g., water-carbon tetrachloride), and as media for 

organic reactions. Increase in the halogen content of organic compounds de- 

creases their flammability. Carbon tetrachloride is used in certain simple fire 

extinguishers. The physical properties of a number of typical organic halides 

are recorded in Table 4-2. 

TABLE 4-2 Physical Properties of Organic Halides 

Name Formula Mp Bp = ay 
(liquid ) 

Methyl chloride CH.Cl —97 =24 0.920 

Methyl bromide CH..Br —93 4 1.419 

Methyl iodide CH.I — 66 A2 2.279 

Methylene chloride CHCl. — 96 40 1.326 

Chloroform CHCl, — 64 62 1.489 

Carbon tetrachloride CCl, — 23 WY 1.594 

Ethyl chloride @Hre — 139 12, 0.898 

Ethyl bromide C,H-Br —119 38 1.461 

Ethyl iodide C,H.I =i 72 1.936 
n-Propyl chloride CH,CH.CH,Cl —123 47 0.890 

Isopropyl chloride (CH,),CHCI —117 36 0.860 

n-Butyl chloride CH,(CH,),Cl —123 78 0.884 

tert-Butyl chloride (CH,),CCl —25 51 0.842 

Vinyl chloride CH>—CHC) —154 —14 0.911 

Allyl chloride CH,=CHCH,Cl — 136 45 0.938 

Chlorobenzene (Castell —AS5 132 1.107 

lodobenzene C,H.I — 29 189 1.824 

o-Dichlorobenzene o-C,H,Cl, = 180 1305 

p-Dichlorobenzene p-C, HCl, 53 174 1.247 
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Alcohols and Phenols 

These compounds may be considered as derivatives of water in which 

one hydrogen atom is replaced by a hydrocarbon group. Substitution of an 

alkyl group for one hydrogen atom of water gives an alcohol. Aryl substitution 

for one hydrogen gives a phenol. Both hydrogens of the water structure are 

replaced by aryl or alkyl groups in ethers. Note that the unshared electrons 

(Chap. 2) in the oxygen outer shells, a chemically important feature of the 

structures, are often included in the formulas. 

The older names of the simpler alcohols include the name of the alkyl 

group followed by the word “alcohol.” 

reas 

CH,OH CH,CH,CHCH, CH,—CHCH,OH 

Methyl alcohol sec-Butyl alcohol Allyl alcohol 

CH, 
INS 

C,H;CH,OH (CH.),COH CH,—CHOH 

Benzyl alcohol t-Butyl alcohol Cyclopropy! alcohol 

Alcohols are sometimes named as derivatives of methyl alcohol, the 

simplest member of the series, by substitution of alkyl groups for the methyl 

hydrogens. However, the word carbinol is usually used in place of the words 

methyl alcohol in such names. Logically, the system implies that methyl alcohol 

should be called carbinol, but the name is rarely used. The system is often 

useful because it leads to easy visualization of the formulas. 

The scheme also emphasizes the subclassification of alcohols as primary, 

secondary, and tertiary. Primary alcohols have only one alkyl group attached 

to the hydroxyl-bearing carbon atom (i.e., they always contain the —CH,OH 

group). Secondary alcohols have two alkyl groups attached to the functional 

center, and in tertiary alcohols all the C—H bonds of methanol are replaced 

by alkyl or aryl groups. The following examples illustrate both this classification 

and the carbinol nomenclature system. 

Primary alcohols (R—CH,OR): 

CH,CH,OH C,H;CH,OH Daas 

Methylearbinol Phenylcarbinol Cyclobutyl- 
(ethanol) (benzyl alcohol) carbinol 

ie 

Secondary alcohols (R—CHOH): 

ee Sek a 

(CH.,),CHOH CH,CH,CHCH, C,H,CHCH, (CH,),CHCHCH=CH, 

Dimethyl- Ethylmethyl- Methylphenyl- Isopropylvinyl- 

carbinol carbinol carbinol carbinol 

(1-phenylethanol) 
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i 

Tertiary alcohols egy: 

(CH.),COH (CH.).COn (CH,),CC,H; [(CH,),C],COH 

Trimethyl- Triphenyl- Dimethylphenyl- Tri-fert-butyl- 

carbinol carbinol carbinol carbinol 

(tert-butyl alcohol) 

Compounds containing several hydroxy! groups are known as polyhydric 

alcohols. Those which contain only two hydroxyl units are called glycols or 

diols. Trihydric alcohols are also known as triols. The class includes some 

important members, such as glycerol (or glycerine), ethylene glycol, and the 

carbohydrates (Chap. 27). 

HOCH,CH,OH HOCH,CH(OH)CH,OH HO(CH,),OH 
Ethylene glycol or Glycerol or Trimethylene glycol 

1,2-ethanediol 1,2,3-propanetriol or 1,3-propanediol 

1,1-Glycols, with two —OH groups on one carbon, can almost never be 

isolated. An alcohol group attached to an unconjugated double bond is also 

virtually unknown in stable compounds. These vinyl alcohols or enols 

(= ene + ol), HO—C=C, are important reaction intermediates, however. 

R \ vo RL pon 

Unstable: A ao 

R’ OH R’ R” 

1,1-Glycol Enol 

Table 4-3 summarizes the properties of some common alcohols. The 

compounds are much higher-boiling than hydrocarbons containing the same 

numbers of carbon atoms. The lower alcohols are miscible with water. Alcohols 

become more waterlike in their physical properties as the ratio of hydroxyl 

groups to C—H bonds is increased. Note, for example, the high boiling points 

of ethylene glycol and glycerol, both of which are hygroscopic (water- 

absorbing) liquids. The high boiling points and miscibility with water arise 

from considerable intermolecular association of molecules in the liquid state 

by hydrogen bonding. 

Most of the compounds listed in Table 4-3 have considerable commercial 

importance. Methanol, which was once produced by destructive distillation of 

wood (wood alcohol), is now manufactured in large quantities by catalyzed 

reaction of hydrogen with carbon monoxide. The compound is much used as 

a solvent and chemical intermediate. Ethanol (ethyl alcohol) is “alcohol” in 

nonscientific language, the intoxicating constituent of alcoholic beverages. 
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Ethanol is produced both by fermentation of grains such as corn (which con- 

tain carbohydrates) and by catalyzed addition of water to ethylene. At the 

present time industrial alcohol (nonbeverage use) is produced almost ex- 

clusively from ethylene. However, increased demands on the petroleum in- 

dustry for fuels (as occurred during World War II) can cause diversion of 
large amounts of fermentation alcohol to industrial use. 

Ethanol is widely used as a solvent and is one of the principal raw ma- 

terials of chemical industry. n-Butyl alcohol (butanol) is also produced by fer- 

mentation and is widely used as a solvent. Isopropyl alcohol (2-propanol) can 

be prepared from propene and can in turn be oxidized to acetone (CH,COCH,). 

This combination of cheap synthesis and cheap conversion to a compound 

having varied and useful chemical properties makes isopropyl alcohol a key 

industrial compound. 

Ethylene glycol and glycerol can be prepared from ethylene and propene, 

respectively. Glycerol (or glycerine) is also obtained by hydrolysis (cleavage 

with water) of fats. Both are used in the manufacture of synthetic resins (Chap. 

25). Ethylene glycol is familiar to most of us as the principal ingredient in 

permanent antifreeze, a use made possible by its high boiling point, low melting 

point, and miscibility with water. 

Phenols are sometimes placed in a different class from alcohols because 

the two groups of compounds have rather different chemical properties. The 

simplest member of the class, hydroxybenzene, is known as phenol. The most 

important phenols are hydroxybenzene derivatives and the naphthols (hy- 

droxynaphthalenes). Most of the compounds have been known for a very long 

time and are, therefore, usually referred to by common names. 

TABLE 4-3 Physical Properties of Alcohols 

Name Formula Mp Bp Sp. gr. 

Methyl alcohol CH,OH —98 65 0.792 

Ethyl alcohol C,H;OH = 14 78 0.789 

n-Propyl alcohol CH,CH,CH,OH = 26 97 0.804 

Isopropyl alcohol (CH;),CHOH — 89 82 0.781 

n-Butyl alcohol CH,(CH,),0H —90 118 0.810 

Isobutyl alcohol (CH;),CHCH,OH — 108 108 0.798 

sec-Butyl alcohol CH,CHOHCH,.CH; —115 100 0.808 

tert-Butyl alcohol (CH.,),COH 26 83 0.789 

Cyclohexyl alcohol C,H,,OH 25 161 0.962 

n-Octyl alcohol CH,(CH,),0OH = ily 195 0.827 

Allyl alcohol CH,—CHCH,OH —129 97 0.855 

Benzyl alcohol C,H;CH,OH == lS 205 1.046 

Ethylene glycol HOCH,CH,OH = 126 198 11, e 

Glycerol HOCH,CHOHCH,OH 18 291 1.260 
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OH 

oo Sens ate 
Phenol or a-Naphthol or Se or 

hydroxybenzene 1-hydroxynaphthalene 2-hydroxynaphthalene 

CH, OH OH 

OH 

p-Cresol or Catechol or Resorcinol or 
4-hydroxytoluene 1,2-dihydroxybenzene 1,3-dihydroxybenzene 

OH OH 

s HO OH 

OH OH Br 

Hydroquinone or Phloroglucinol or 1,3,5- p-Bromophenol or 1-bromo- 
1,4-dihydroxybenzene trihydroxybenzene 4-hydroxybenzene 

Compared with alcohols, phenols are high-melting, high-boiling com- 

pounds. Phenol and the cresols are obtained from coal tar (page 110), but 

demands of industry for the compounds are so large that they are now manu- 

factured by indirect means from aromatic hydrocarbons. Phenol and its deriv- 

atives are consumed in many processes such as synthesis of dyes and plastics 

(Chap. 25). Phenols and their derivatives are widely distributed in nature. 

Included are several naturally occurring amino acids (Chap. 25), tanning agents, 

the component of wood known as lignin (Chap. 25), and a large group of 

beautiful flower pigments (Chap. 27). 

Ethers 

Aryl and alkyl ethers are usually grouped together as one class of com- 

pounds. Chemically, ethers are far less important than either alcohols or 

phenols, although some ethers are widely used as solvents. The ether structure 

is common in natural products. Simple ethers are ordinarily named by first 

naming the two hydrocarbon groups attached to oxygen and then the word 

ether, as in the examples given. If the two hydrocarbon groups are identical, 

the group need be named only once. The prefix di- is often used to emphasize 

the identity of the two groups. 

CH,OCH, CH.CH OCH CH. CH.OCH,CH,CH, 

Methyl ether Diethyl ether Methyl n-propyl ether 
or dimethyl ether or “ether” 

C,H-OCH, (CH;),CHO C(CH,), 

Methyl phenyl ether tert-Butyl isopropyl ether 
or anisole 
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Ethers containing one small and one large group are often named as alkoxy 

(RO—) derivatives of the more complicated of the two hydrocarbon groups. 

OCH; 
CH,CHCHCH, 

C,H; 
2-Methoxy-3-phenylbutane 

CH,OCH,CH,OCH, 

1,2-Dimethoxyethane or 
ethylene glycol dimethyl ether 

Since the oxygen is divalent, it can be incorporated into rings. Cyclic 

systems containing heteroatoms are called heterocycles (Chap. 24), as opposed 

to carbocycles. Some oxygen heterocycles are named as oxides and others have 

common names; epoxides are three-membered cyclic ethers. 

CH: CH: CH,CH—CH CH.,— CH. 
Ne ae ee ey Pee uliats 
O oO CH,—O 

Ethylene oxidet Propylene oxidet Trimethylene oxide 

CH—CH ‘Oslh—Oal, ee. 
ie \ HG CH, 
ce as CH, CH, | | 

HC. _CH, 

O Dea O 
Furan Tetrahydrofuran 1,4-Dioxan 

or “‘dioxan” 

Table 4-4 records physical properties of the most important ethers. Note 

that the boiling and melting points of ethers, in contrast to those of alcohols 

and phenols, are very similar to those of hydrocarbons of comparable molecular 

weight since they exhibit no intermolecular hydrogen bonding. 

+So named because the compound can be prepared by oxidation of the corresponding alkene. 

TABLE 4-4 Physical Properties of Ethers 

Name Formula Mp Bp Sp. gr. 

Methyl ether CH,OCH, — 142 —25 0.661 

Ethyl ether C,H,OC,H, S16 35 0.714 

n-Butyl ether (CH,CH,CH,CH,),O —98 141 0.769 

Phenyl! ether C,H,OC,H, 27 259 1.072 

Anisole C,H,OCH, 37, 154 0.994 

Ethylene oxide Sy ane =i 14 0.887 

O 

Tetrahydrofuran [ » — 108 65 0.888 

Dioxan O(CH,CH,).O 12, 101 1.033 
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Ethyl ether, which can be made from ethylene, is a valuable solvent that 

dissolves both hydrocarbons and organic compounds containing polar func- 

tional groups. The compound is commonly called “ether’’ and was well known 

as a general anesthetic. Ethylene oxide has also been used as an anesthetic. 

Tetrahydrofuran, which can be manufactured in two steps from agricultural 

waste products, has become an important solvent for organic reactions. 

Sulfur Compounds 

The sulfur analogs of alcohols and phenols are known as mercaptans, or 

thiols. Nomenclature usually parallels that of alcohols; in fact, some mercaptans 

are simply named as thioalcohols. 

CH.SH Compare with CH,OH 

Methyl mercaptan Methyl alcohol 

C,H;SH Compare with C,H,OH 

Phenyl mercaptan Phenol 
or thiophenol 

Sulfur analogs of ethers are called sulfides, or thioethers. Analogs of per- 

oxides have the structure RSSR and are simply called disulfides. Nomenclature 

of these compounds follows the same rules as that of ethers. 

CH.CH,SCH.CH, CH.CH,.SSCH,CH, 

Ethyl sulfide Ethyl disulfide 
or diethyl sulfide ; 

CH.SC,H, C,H;SSC,H, 

Methyl phenyl sulfide Pheny! disulfide 

Classes of sulfur compounds that have no oxygen analogs are those in 

which other atoms are formally bound to the unshared pairs of sulfur electrons 

in mercaptans and sulfides. In most of such compounds the “extra’”’ atoms are 

oxygen, and a number of classes more or less analogous to sulfurous and 

sulfuric acid are known (Chap. 19). The following examples illustrate the 

relationships. The compounds may be formulated as having sulfur-oxygen 

double bonds. Such electronic configurations put 10 or 12 electrons in the outer 

electron shell of sulfur. The elements in the second row of the periodic table 

are capable of expanding their outer electron shells in this way and the bonding 

in these compounds is discussed in Chap. 5. The compounds may also be 

formulated with normal eight-electron outer shells as shown. 

T i T ig 
ES els! or HO—S*t*OH HO—S—OH or HO—S*-OH 

O- 

Sulfuric acid Sulfurous acid 
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e i epee Aoi aals or Ses Rs OH “or R59 On 

O O- 

Alkanesulfonic acid Alkanesulfinic acid 

O O- O O- 

R—$—R or R—S#R’ R—5—R’ or R—SER’ 

ee 
Alkyl sulfone Alkyl sulfoxide 

Sulfones and sulfoxides are named by a system analogous to that used 

for ethers. The prefix di- is usually included in the names of symmetrical 

sulfones and sulfoxides, although the device is not approved by nomenclature 

experts. 

| : 
CoH $—C;H, CH, SOCH,CH,CH, 

O 

Diphenyl sulfone Phenyl n-propyl sulfoxide 

Sulfonic and sulfinic acids are always named as derivatives of hydro- 

carbons. However, since acidic functional groups are always considered to be 

the principal functional groups in molecules, the names -sulfonic acid and 

-sulfinic acid appear as suffixes rather than prefixes. They are formally analogous 

to carboxylic acids in replacement of CO by SO, and exhibit analogous deriva- 

tives: 

RCOOH Carboxylic acid RSO,OH Sulfonic acid 

RCOCI Acid chloride RSO.Cl Sulfonyl chloride 

RCOOR’ Ester RSO,OR’ Sulfonate ester 

RCONH, Amide RSO,NH, Sulfonamide 

if 
ae ee 

O $O.H 

Benzenesulfonic acid Butane-2-sulfonic acid 

C,H,;SO,H CH.,CH,CHCH, 

SO,H 

Benzenesulfinic acid Butane-2-sulfinic acid 

Sulfonium salts (Fig. 2-3) are compounds containing cations in which three 

carbon groups are bound to one sulfur atom. No well known analogies to the 

structures are found in the inorganic chemistry of sulfur, but a close analogy 

to the structure of ammonium ions exists. 

H 
| + 

H R H—N—H 
le | Be | 

R—5—K HN R=5-—K H 

Sulfide Ammonia Sulfonium ion Ammonium ion 
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In sulfonium salts some anion is always present to maintain electrical neutrality. 

However, the anions are not bound to the cations by covalent bonds, and the 

physical properties of sulfonium salts are like those of inorganic salts, such 

as sodium chloride. The following are typical sulfonium salts. 

(n-C,Hy),5* I (CH;).StC,H, Clo 
Tri-n-butylsulfonium iodide Ethyldimethylsulfonium chloride 

Mercaptans, sulfides, and disulfides are moderately important chemicals. 

Mercaptans boil at lower temperatures than the corresponding alcohols. The 

compounds have very objectionable odors; the well-known scent of the skunk 

is due mainly to n-butyl mercaptan. Some mercaptans are used to regulate 

industrial polymerization of unsaturated compounds (Chap. 25). Certain pro- 

teins contain sulfhydryl (mercaptan) (—SH) groups and disulfide linkages, and 

penicillin contains a sulfide group. The pungent flavors and odors of onion 

and garlic are due to organic sulfides. 

Sulfonic acids, on the other hand, are very important industrial chemicals. 

They are very strong acids, comparable to sulfuric acid. This property, along 

with high solubility in many organic solvents, makes the compounds useful 

as acidic catalysts in many organic reactions. Sulfonic acid groups are also often 

used to increase the water solubility of large organic molecules. Many dyes 

and detergents are sulfonic acids or their salts. 

Amines and Related Compounds 

Simple amines are often named by specifying the groups attached to 

nitrogen and adding the word amine as a suffix. Note that the name is written 

as one word, in contrast to the nomenclature of alcohols. Also in contrast to 

alcohols, the structure of attached alkyl groups has no bearing on the classifi- 

cation of amines, which are classified with respect to the number of alkyl groups 

attached to nitrogen. Thus, tert-butylamine is a primary amine even though 

it contains a tert-butyl group. 

Primary amines: 

CH,NH, — (CH,),CNH, 
Methylamine tert-Butylamine 

Secondary amines: 

(CH,),NH  (CH,),CHNHCH, 
Dimethylamine Isopropylmethylamine 

Tertiary amines: C,H; 

(CH3),N CH,NCH,CH.CH, 

Trimethylamine Ethylmethyl-n-propylamine 
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4 3 fi See er 

Nope sl \ 2 sf S2 él | o 

: ee Oo iwee a! 

H H H 

Ethyleneimine Pyrrole Pyrrolidine Pyridine 

ke 3 
BS) 

z 6 N~ Ni 

Hl pe 
H 

Piperidine Eich Quinoline Indole 

4 4 3 6 7 
S N 5_N 5 N3 4,—N 3 5 INZ 

Aaa ee ee a 6 waa : 2 

N1 i t ‘ > ; t NaS i: 
3 

H H H 

Pyrimidine Imidazole Benzimidazole Purine 

FIGURE 4-5 Nitrogen heterocycles 

The most important aromatic amine is aniline (C,H;NH,), and many 

compounds are named as derivatives of aniline. 

CH, CH; 
NHCH,, N(CH,), 

foteeeewee 
Aniline N-Methylaniline N,N-Dimethylaniline N,N,3,5- eigenen ie 

Heterocyclic amines are of great importance. Nitrogen-containing ring 

systems are found in hundreds of natural products. The parent ring systems 

are known by common names, which are widely used as generic structures 

in the nomenclature of the more complex compounds. Names of the ring 

systems shown in Fig. 4-5 are all fundamental to a knowledge of organic 

chemistry. The ring systems are assigned rigidly defined numbering schemes 

in which nitrogen is usually given the number 1. Further discussion of these 

heterocyclic compounds is available in Chap. 24. 

Amines resemble ammonia in their basic character and ability to form 

salts by reactions with acids. The salts contain substituted ammonium ions. 

Salts can also be prepared in which ammonium ions are completely substituted 

by carbon groups. The latter class are called quaternary ammonium compounds. 

(See Fig. 2-3.) The cations are all usually named as derivatives of ammonium 

ions. Cations derived from amines with common names are named by adding 
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the ending -ium to the name of the amine (i.e., pyridine ——> pyridinium). 

Typical ammonium salts are formulated below. 

f i 
Pet cl- Cys ed Giz 

H H 

Ammonium Methylammonium 
chloride chloride 

Ze 

CH, | HSO,” 
(‘- St 

CH,—N* C,H Bro N 
CH; CH, 

Ethyldimethylphenylammonium N-Methylpyridinium 
bromide (a quaternary hydrogen sulfate 

ammonium salt) 

At one time the nature of the interaction between acids and amines was 

not clearly understood, and the formulas of ammonium salts were written in 

a noncommital way as RNH,-HCIl. A vague nomenclature accompanied this 

formulation. Ammonium chlorides were called amine hydrochlorides, bromides 

were known as amine hydrobromides, etc. Both the names and formulas are 

widespread in the older chemical literature, and the names still appear fre- 

quently, although the “dot” formulas have almost disappeared. 

Amines are among the two or three most important classes of organic 

compounds. They undergo many and varied organic reactions, thereby giving 

them a prominent role both in organic synthesis and in the metabolism of living 

things. In nature amines are widely distributed in the form of amino acids, 

proteins, and alkaloids. Some of these substances are principal building blocks 

of animal tissue, and minute amounts of others have spectacular physiological 

effects, both harmful and beneficial. Many vitamins, antibiotics, drugs, and 

poisons contain amino groups. Discussion of these natural compounds is found 

in Chaps. 25 to 27. 

The boiling points of primary and secondary amines are intermediate 

between those of alcohols and hydrocarbons containing the same number of 

carbon atoms. Tertiary amines have boiling points very close to those of the 

corresponding hydrocarbons.t Low-molecular-weight amines are water-soluble, 

and nearly all amines dissolve in aqueous acid (by salt formation). 

Compounds Containing Oxidized Nitrogen 

Four classes of compounds can be considered as derived from nitric and 

nitrous acids. Nitrites and nitrates are regarded as esters of these acids. Note 

| The properties are to be expected from the weaker hydrogen bonding of nitrogen, 
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that nitrites, which contain C—O bonds, are isomers of nitro compounds, which 
contain C—N bonds. 

-—O 
are ee 

HO—N HO—N=O 
\ 
O 

Nitric acid Nitrous acid 

aye 
R—O—N R—O—N=O 

S 
O 

Alkyl nitrate Alkyl nitrite 

+ S 
R—N R—N=O 

NS 
O 

Nitroalkane Nitrosoalkane 

Nomenclature of the individual compounds follows the class names. 

Nitrates and nitrites are named by combining the name of the alkyl group 

and the word nitrate or nitrite. Nitro and nitroso compounds are always named 

as derivatives of some parent structure with nitro- and nitroso- used as prefixes. 

The following examples illustrate the rules: 

CH,ONO, CH,CH,ONO 

Methy! nitrate Ethyl nitrite 

NO, 

CH.NO, 
Nitromethane Nitrobenzene 

NO 

(CH,),CNO CH, 
2-Methyl-2-nitrosopropane p-Nitrosotoluene 

Nitro compounds are the most important of these groups. Nitrobenzene 

is manufactured in large amounts from benzene and nitric acid. Most of the 

product is converted to aniline, but some is diverted to other chemical uses. 

The compound 2,4,6-trinitrotoluene (TNT) is a well-known high explosive. 

Amine oxides are an interesting class of compounds formed by oxidation 

of tertiary amines with suitable reagents (Chap. 18). Electronic theory demands 

that these compounds be formulated with separated positive and negative charges. 
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Nitrogen in amine oxides is in the same condition electronically as the nitrogen 

in ammonium ions. 

we 

CH, | 
= SS CH,—N=O Ny 

CH; O- 

Trimethylamine oxide Pyridine oxide 

Organometallic Compounds 

An important group of organic reagents contain carbon-metal bonds. The 

compounds are alkyl and ary! derivatives of metals. Compounds containing the 

alkali metals and magnesium are seldom isolated. Lithium and magnesium 

compounds are prepared and used in ether solutions (usually ethyl ether or 

tetrahydrofuran). Sodium and potassium compounds react with ethers and are, 

therefore, prepared as suspensions in hydrocarbon solvents. The compounds 

are named as alkyl and aryl derivatives of metals. 

CH.Li C;H;Na (C,H;).Mg 
Methyllithium Phenylsodium Diethylmagnesium 

Mixed organomagnesium halides are known as Grignard reagents. They 

are prepared in ether solution and the real structures of the materials in solution 

have never been determined, although the overall composition corresponds to 

RMgx. 

CH.MgCl CH,CH,CH,MgBr 
Methylmagnesium chloride n-Propylmagnesium bromide 

The above types of organometallic compounds must be protected from 

the atmosphere since they all react readily with both water and carbon dioxide. 

The high reactivity of organometailic compounds is due to the partially ionic 

character of carbon-metal bonds. Even though lithium and magnesium com- 

pounds are only slightly ionized in ether solutions, the compounds have many 

of the properties expected of ionic substances, R~:M*, containing a carbanion. 

Such properties include low solubility in hydrocarbons and high boiling and 

melting points. 

PROBLEM 4-5 

Write systematic, and where possible, common names for the following com- 

pounds: 

a C.n_-CHCL b peer a he tetera c (CH,),CCH,OH 

Br 
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ee GHmtGHe 
d CH,=CHCH,OCH,  h | CH,CHNHCCH, 

CH, 

SH 
NH, NO, 

e er C Heh man 

~ OH 

e | y; i n C,H.CH,SCH, 
‘ CH, OH 

NO, 

CH, Be 

8 CH,CHCHCH,C=CH — k o CH,CHCHCH, 
OH OH 

CH, 

PROBLEM 4-6 

COMPOUNDS CONTAINING SIMPLE FUNCTIONAL GROUPS 

Write structural formulas for the following compounds: 

a 

b 

c 

d 

Isopropyldimethylamine 

3-Methoxycyclopentanol 

3,5-Dinitrophenol 

6-Bromo-1-naphthol 

PROBLEM 4-7 

e 3-Methylpyridine 

f Tetramethylene fluoride 

g 3-Phenylquinoline 

127 

Write structural formulas for and give names to compounds that illustrate each 

of the following: 

a 

b 

c 

d 

A tertiary alcohol 

An alkyl nitrite 

A nitroalkane 

A secondary amine containing a 

tertiary alkyl group 

A sulfoxide 

A hydroperoxide 

An alkyl| nitrate 

h An unstable enol 

i A stable polyhydric alcohol 

j An amino alcohol 

k A heterocyclic amine 

I A heterocyclic ether 

m A cyclic sulfide 

n A cyclic amine oxide 
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4-3 COMPOUNDS CONTAINING UNSATURATED 

FUNCTIONAL GROUPS 

The compounds in this section all contain functional groups from groups II 

and III, having multiple bonds from the skeletal carbon to heteroatom(s). In 

most instances these functional groups incorporate the important and 

ubiquitous carbonyl group (C=O), but in a few the analogous C=N and C=N 

functions are involved instead. 

Aldehydes 

Two systems are used for the nomenclature of aldehydes. Common names 

are derived from the names of the corresponding carboxylic acids (Table 4-8). 

The ending -ic (or -oic) in the name of the acid is replaced by the word aldehyde. 

HCOOH H,CO CH,COOH CH,CHO 

Formic acid Formaldehyde Acetic acid Acetaldehyde 

The following examples illustrate the systematic IUPAC nomenclature. 

ie 
CH,CH,CHO CH,CH,CH,CHO CH,CHCHO 

Propanal or Butanal or 2-Methylpropanal 
propionaldehyde n-butyraldehyde or isobutyraldehyde 

ot 
CH,CH=CCHO CH,C=CCHO 

2-Methyl-2-butenal 2-Butynal 

When the name of an aldehyde is used to designate a parent structure, 

substituents are often located by means of Greek letters. The system has one 

confusing feature. The lettering is started at the carbon atom adjacent to the 

carbonyl group; no letter is assigned to the carbonyl carbon atom, since attach- 

ment of a substituent at that position would produce a compound of some 

other class. 

fa 

ge CH,CHCH,CHO 
=(C=(C = (C 19k [-Chloro-n-butyraldehyde 

| 
O 

Table 4-5 lists the names of the most important aldehydes and sum- 

marizes their physical properties. Aldehydes of low molecular weight have 

unpleasant pungent odors. Formaldehyde is familiar as a 40% aqueous solution, 

called formalin, used for preservation of biological specimens. Acetaldehyde is 

an important industrial chemical since it can be made by hydration of acetylene. 

Furfural is produced by the decomposition of agricultural wastes (oat hulls) 

in the presence of acids, and so finds use as an inexpensive starting material 

for the synthetic chemist. 
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Ketones 

In the common names of simple ketones, the names of the alkyl and/or 

aryl groups attached to the carbonyl group are coupled with the word “ketone.” 

A few ketones also have trivial names, which are related to names of acids 

used in preparation of the ketone. 

CH,COCH, CH,COC,H, 
Dimethyl ketone Ethyl methyl ketone 

or acetone 

CH,COCH(CH:;), C,H,COCH, 

Isopropyl methyl ketone Methyl phenyl ketone 

or acetophenone 

Greek letters are frequently used to locate substituents in ketones; the 

lettering begins with positions adjacent to the carbonyl group as described 

above for aldehydes. If both R— groups bear substituents, the chains are both 

lettered away from the carbonyl group using prime signs to distinguish one 

chain from the other. However, ketones are most easily named in the systematic 

(IUPAC) way. 

a an 8 Cl Br yi ¥ ] | 
C—C_—C i CE CH,CHCOCH.CH, CH,CHCOCH,CH,Cl 

O a-Chlorodiethyl ketone a-Bromo-f’-chloro- 
diethyl ketone 

CH;CH,COCH,CH, — CH,CH,COCHCH, 
CH, 

3-Pentanone 2-Methyl-3-pentanone 

CH; CH, 
CH,C=CHCOCHCH, Cee Seteae ae 

| C,H; 
2,5-Dimethylhex-4- 3-Phenyl-2-butanone 

ene-3-one 

TABLE 4-5 Physical Properties of Aldehydes 

Name Formula Mp Bp Sp. gr. 

Formaldehyde CH,O =, —19 0.815 

Acetaldehyde CH,CHO = 1128 21 0.778 

n-Butyraldehyde CH.(CH.).CHO = OY 75 0.801 

Glyoxal OHCCHO 15 il 1.26 

Acrolein CH,=CHCHO — 87 De 0.841 

Benzaldehyde C,H,;CHO — 56 179 1.046 

Furfural (S aen =37 162 1.156 
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Table 4-6 lists the names and physical properties of anumber of important 

ketones. As a class, ketones rank among the most important organic com- 

pounds. The reactivity of carbonyl groups (Chaps. 12 and 13) is such as to 

make ketones almost uniquely useful in building branched-carbon skeletons. 

Special electronic properties of the carbonyl group also render the a-positions 

unusually reactive. In fact, given a reasonable assortment of ketones as starting 

materials, a good organic chemist can design syntheses of most carbon skele- 

tons that can be written on paper. In addition low-molecular-weight ketones, 

such as acetone and ethyl methyl! ketone, are used in large volume as solvents. 

Acetone is a common solvent for coatings ranging from nail polish to outdoor 

enamel paints. 

Many natural products are ketones (Chap. 27), including many perfumes 

and flavoring materials. Such compounds often have both exotic properties and 

chemical structures. 

O 

= 
CH,CH—CH,—C=O 

(CH,),» 

Muscone, a perfume f-lonone, 

extracted from the fragrant 
scent glands of male scent of 

musk deer the violet 

Nitrogen Analogs 

Imines are analogs of aldehydes and ketones which have nitrogen in place 

of oxygen. Few are stable; they readily yield the parent carbonyl on reaction 

with water. Much more stable are the family of N-substituted imines, regarded 

as derivatives of aldehydes and ketones because of their easy preparation from 

TABLE 4-6 Physical Properties of Ketones 

Name Formula Mp Bp Sp. gr. 

Acetone CH,COCH, —95 56 0.792 

Ethyl methyl ketone CH,COCH,CH, — 86 80 0.805 

Diethyl ketone C,H-COC,H,; —39 102 0.814 

2-Hexanone CH,CO(CH.,),CH,, — Sy 127 0.830 

tert-Butyl methyl ketone CH,COC(CH:). =156 106 0.807 

Cyclohexanone (mo =i 156 0.942 

Biacetyl CH,COCOCH, —2.4 88 0.980 

Acetylacetone CH,COCH.,COCH,, =e 138 0.972 

Acetophenone CH,COC,H-; 20 202 1.024 

Benzophenone C,H;COC,H; 48 306 1.145 
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them with inorganic substituted amines. They are named as derivatives of the 
parent carbonyl compounds, as shown in italic type below. 

CH,CHO + NH,OH —— > CH,CH=NOH 
Acetaldehyde Hydroxyl- Acetaldehyde 

amine oxime 

oes ae cis 

CH,COCH, + NH,NH, ——> CH,C=NNH, “@2£°, cH,c=_N—-N=C—CH, 
Acetone Hydrazine Acetone Acetone azine 

hydrazone 

(cro 4+ NH,NHCONH, —> (_\-cu=wnacona, 

Benzaldehyde Semicarbazide Benzaldehyde 
semicarbazone 

= + NH,NHC,H, —> (_)eNNHG.H, 

Cyclo- Phenyl- Cyclohexanone 
hexanone hydrazine phenylhydrazone 

NO, 

CH,CH,CH,COCH, + NH,NH NO} 

2-Pentanone 2,4-Dinitrophenyl- 
hydrazine 

NO, 
cH: 

CH,CH,CH,C=NNH NO, 

2-Pentanone- 

2,4-dinitrophenyl- 
hydrazone 

Carboxylic Acids 

The carboxyl group, _t_on, is formally made by combining carbonyl 

and hydroxyl groups. However, interaction between these two parts so modifies 

their chemical properties that the entire group is considered as a new function 

with its own characteristic properties. 

The chemical importance of carboxylic acids is illustrated by the fact that 

their names provide roots for many other compounds. Names and physical 

properties of many important carboxylic acids are listed in Table 4-7. Although 

the list is formidable, a serious student should learn the names of all the acids 

listed in the table. (Division lines are included for convenience.) 

Positions of substituents on aliphatic acid structures are frequently desig- 

nated by the use of Greek letters, as was done with aldehydes and ketones. 
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CH,CHCOOH CH,CCH,COOH 

Cl 

a-Chloropropionic acid B-Ketobutyric acid 

The simple aromatic acids have common names, which are used to desig- 

nate parent structures in naming complex aromatic acids. 

COOH COOH COOH 

COOH 5 A arg NO, COOH NO, 

Benzoic acid m-Nitrobenzoic acid Phthalic acid 3-Nitrophthalic 
or 3-nitrobenzoic acid acid 

TABLE 4-7. Physical Properties of Carboxylic Acids (R—COOH) 

Name Formula Mp Bp SP, Bir, TIN, 

Formic HCOOH 8.4 LOT E220) Oeie 

Acetic CH,COOH 17 118 1.049 4.76 

Propionic CH.,CH,COOH = 141 0.992 4.88 

n-Butyric CH.,(CH,),COOH —5 6S OL95 Oe oe 

Isobutyric (CH;),CHCOOH —A7 154 0.949 4.85 

n-Valeric CH,(CH,),COOH —35 187 0.939 4.86 
Caproic CH,(CH,),COOH —2 205 0.929 4.85 

Glycolic HOCH.,COOH 79 3.90 

Lactic CH,CHOHCOOH 17 1.249 3.87 

Acrylic CH,=CHCOOH 1 141 4.26 

Oxalic HOOCCOOH 180 1.90 NPV) 

Malonic HOOCCH,COOH 135 2.85F 

Succinic HOOCCH,CH,COOH 183 4.21} 

Glutaric HOOC(CH,),COOH 98 303 4.33 

Adipic HOOC(CH,),COOH 153 338 4.43 

Tartaric HOOCCHOHCHOHCOOH 174 3.02} 

Maleic HOOCCH=CHCOOH (cis) 133 EON 

Fumaric HOOCCH=CHCOOH (trans) 276 3.104 

Benzoic C;,H;COOH 122 240 Iso 4.20 

Phthalic o-C,H,(COOH), 206-208 1.593 2.95+ 
Salicylic o-HOC,H,COOH 158 256 2.94 

Anthranilic _0-H,NC,H,COOH 147 4.80 
Cinnamic C,H,CH=CHCOOH (trans) 1133 300 4.43 

| Based on the dissociation of the first carboxyl group. (See Chap. 8.) 
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In IUPAC nomenclature monocarboxylic acids are named as alkanoic acids, 
with the carboxylic group itself numbered 1 on the chain. 

CH, lea 

CH,CH,CH,COOH CH,CH,CHCHCOOH 

C,H; 
Butanoic acid 2-Methyl-3-phenylpentanoic 
(n-butyric acid) acid 

NH, cl 
CH,CH=CHCH,CHCOOH =HOOCCH,CHCOOH 

2-Amino-4-hexenoic acid 2-Chlorobutanedioic 
acid 

When the carboxyl group is considered as a substituent on some parent 

structure, it may be located either by naming the substituent carboxy or by 

naming the parent hydrocarbon structure and following the name with the 

words carboxylic acid. 

id ‘Cacw 

COOH 

pee boryeTloneranone Cyclopentane- 
carboxylic acid 

Examination of the melting- and boiling-point data in Table 4.7 shows 

that, compared with the other classes of compounds studied thus far, carboxylic 

acids tend to be high-melting and high-boiling. This shows that the molecules 

of acids tend to cling together by hydrogen-bonding. 

Many of the acids listed in Table 4-7 are found in nature either free, as 

esters, or as amides. Many acids play important roles in the metabolism of 

plants and animals. Acetic acid, for example, is the fundamental unit used by 

living organisms in the biosynthesis of such widely diversified classes of natural 

products as long-chain fatty acids, natural rubber, and steroid hormones (Chap. 

27). Acetic acid (vinegar) is the end product of fermentation of most agricultural 

products. 

Most of the simpler carboxylic acids are also readily available commercial 

chemicals. The acids and their derivatives (see following sections) are valuable 

synthetic intermediates. Acetic acid is a powerful solvent and is used in both 

laboratory and industrial chemical procedures. Since pure acetic acid, known 

as glacial acetic acid, is somewhat corrosive, it is not ordinarily used as a solvent 

in chemical preparations intended for public distribution. 

Dibasic acids (acids containing two carboxyl groups) are widely used in 

synthesis and are fundamental units in the construction of a number of syn- 

thetic high polymers (Chap. 25). The latter include such well-known products 

as the synthetic fibers Dacron and Nylon. 
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Acid Halides and Anhydrides 

Replacement of the —OH group of a carboxylic acid by a chlorine atom 

produces an acid chloride.| This is both a formal structural procedure and a 

chemical reaction. 

1 1 
R—C—OH R—C—Cl 

Carboxylic Acid chloride 
acid 

Acid anhydrides contain two acyl groups bound to an oxygen atom. Both 

structurally and chemically anhydrides are produced from carboxylic acids by 

removal of one molecule of water from two molecules of acid. Both symmetrical 

and mixed anhydrides are known. 

O O ? ° 
(eee I 
RC+O—H + H--O—CR > RC—O—CR 

SRS TEREST 
An anhydride 

ere i 
CHAe—O]— CEH? C.H-C—O—CG iH. 

Acetic anhydride, Benzoic propionic 
a symmetrical anhydride, a mixed 
anhydride anhydride 

Acid halides (or acyl halides) are named by combining the names of the 

acyl group (RCO—) and the particular halide. Names of the acyl groups are 

made from the stems of the names of carboxylic acids by replacing the ending 

-ic with -yl. 

+ Carboxylic acid chloride is sometimes used as a name, but the shorter form is commoner. 

TABLE 4-8 Physical Properties of Esters 

Name Formula Bp Mp Op gr 

Methyl formate HCOOCH, 32. —99 0.974 

Methyl acetate CH,COOCH, 57 0.959 

Ethyl acetate CH,COOCH.,CH, 77 — 84 0.925 

n-Butyl acetate CH,COO(CH.,),CH, 126 —74 0.902 

Methyl propionate CH,CH,COOCH, 80 — 88 0.939 

Methyl n-butyrate CH.,(CH.),COOCH,, 103 35 0.920 

Ethyl benzoate C,H;COOCH.CH, PD — 38 1.065 

OH 
Methyl salicylate 

; ; 228 — 8.6 1.199 
(oil of wintergreen) 

COOCH, 

COOH 
Acetylsalicylic acid Cr 

so 143 
(aspirin) OCOCH, 
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O 
| I 

CH,C— CH,C—F C,H;COCI CICOCH.CH,COCI 

Acetyl Acetyl Benzoyl Succinyl 
group fluoride chloride chloride 

Symmetrical anhydrides are named with the name of the parent acid and 
the word anhydride replacing the word acid. Both parent acids are mentioned 
in naming mixed anhydrides. 

1m i im 
CH,C—O—CCH, (CH,CH,CH,CO),O C,H-COCCH, 

Acetic anhydride n-Butyric anhydride Acetic benzoic 
anhydride 

Cyclic anhydrides are very easily formed from those dibasic acids which 

can cyclize with formation of five- or six-membered rings. 

| O 
x yo | 

H.C Ee aan Cc 

| H,C O 0 2 

Cc Pee | 

| O 
O 

Succinic Glutaric Phthalic 
anhydride anhydride anhydride 

Acid chlorides and anhydrides are generally reactive liquids, used princi- 

pally as sources of acyl groups in chemical syntheses. 

Esters and Lactones 

Both in a formal sense and in actual chemical practice an ester is derived 

from an alcohol and an acid with elimination of water. Esters of carboxylic 

acids are named as alkyl or aryl carboxylates. Carboxylate groups are named by 

substituting the ending -ate for the ending -ic in the name of the acid. 

O 
if eae : I 
RC-—-OH + H-=-OR’ —-> RCOR’ 

An ester 

t z | 
CH.C-OH CH,C—O— CH,C—O—CH, 
Acetic acid Acetate (or Methyl 

acetoxy group) acetate 

CH,COOC,H, CsH,COOCH,C,H, | CH,CH,COOC(CH,), 
Phenyl acetate Benzyl benzoate tert-Butyl propionate 

+The names of carboxylate groups really originate from the names of salts of carboxylic acids, For 

example, CH,CO,~ Nat is sodium acetate. At one time the reaction of an alcohol with an acid was 

considered to be analogous to the reaction of a metallic hydroxide (MOH) with an acid. Despite the 

dissimilarity in the structures of salts (ionic compounds) and esters (covalent compounds), the similarity 

in nomenclature of the two classes has been maintained. 
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Sometimes as a convenience esters are given names in which the entire 

ester group is considered as a substituent. This procedure is rarely used unless 

the ester group is either carbomethoxy (—COOCH,) or carboethoxy (—COOC,H;). 

O 

< »>—COOCH, false H 

ot*5 

Carbomethoxycyclobutane 2-Carboethoxycyclohexanone 
or methyl cyclobutanecarboxylate 

The IUPAC names of esters are compounded from the IUPAC names 

of the alkyl (or aryl) groups attached to oxygen and the IUPAC names of the 

acids, with the -ic ending changed to -ate, and the alkyl name placed first. 

= 
CH,COOCH, CH,CH=CHCH,COOCHCH,CH, 
Methyl ethanoate sec-Butyl 3-pentenoate 

Cyclic esters are known as lactones. They are designated a-, 6-, y-, or 

6-lactones depending on the ring size, the a-lactones being exceedingly unstable 

and never isolated. 

oes Tee Letter Ring size 

OH OH O—C=O a 3 

{-Hydroxypropionic [-Propiolactone fb 4 
acid 

Y 5 

Guia 5 Z 
ri Chi, Cr e— 
ea ie CH? | -C—O. = 7 
OH OH x 

O 

y-Hydroxybutyric y-Butyrolactone 
acid 

Vor 
De oie Sie ve 

OH OH ce fe =6) 
O 

6-Hydroxyvaleric acid 5-Valerolactone 

Esters usually have lower boiling and melting points than either acids or 

alcohols of comparable molecular weight (see Table 4-8), again as a conse- 

quence of their lack of hydrogen bonding. They are usually noncorrosive, 

nontoxic liquids with pleasant fruity odors. As solvents, esters are somewhat 

like the lower ketones and are extensively used in lacquers and other commer- 

cial preparations. In one class of high polymers, the polyesters, the funda- 

mental units are held together by ester linkages. The most familiar example 

is polyethylene terephthalate, the polyester from terephthalic acid and ethylene 
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glycol. The polymer can by spun into fibers (Dacron) or made into beautifully 
clear films (Mylar). 

HOOC -_\-coon HOCH,CH,OH 

Terephthalic Ethylene glycol 
acid 
a= 

-OOC -(_-coocn,cu, 

r 

Polyethylene terephthalate 

Esters are widely distributed in nature. Perhaps the most important are 

fats and vegetable oils, which are esters of long-chain fatty acids and glycerol 

(page 116). 

| 
CH,—O—C(CH.),,CH, 

I 
CH—O—C(CH.,),,CH; 

rf 
GH On-C(CH)):, CH: 

Tristearin, a fat 

Amides, Lactams, and Nitriles 

Replacement of the OH group of an acid by a nitrogen atom, which may 

in turn bear substituents, produces amides. The class can also be described 

as acyl derivatives of ammonia and amines. 

I if i rf 
R—C—OH Ko GN R—C—NHR’ R>=G-NKE 

Carboxylic Amides 
acid 

Names of amides are based upon the names of the related acids. The 

word “amide” is attached to the root of the name as an ending. If the nitrogen 

atom bears substituents, they are located by placing a capital N before the 

name of the substituent. 

? O 

CH,—C—NH, C,H;—C—NHCH, CH,CHCH,—C—NHC,H, 

Acetamide N-methyl- 3-Chloro-N-ethyl- 
benzamide butyramide 

A few amides, especially N-acyl derivatives of aniline, are known by 

special names. 

CH,CONHC,H,  CH,CH,CONHC,H, 
Acetanilide Propionanilide 

(N-phenylacetamide) (N-phenylpropionamide) 
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Lactams are cyclic amides. Greek letters are used to show the ring size 

in the same way as in lactone nomenclature. 

eye CH,-CH, pee 

Ce N= Onn Cn 6) aie ee 

Lr CH, NH 
H CH: 

N-Phenyl-f- y-Butyrolactam e-Caprolactam 
propiolactam 

Imides contain two acyl groups attached to the same nitrogen. The struc- 

ture corresponds to that of the anhydrides with an —NH— rather than an —-O— 

bridge. Only a few cyclic imides have attained much chemical significance. 

i 
{ ae 

Oo O \ ch 
lee NH | NH 

CH3CNHCCH,, VE CH, // 

C xe 

O 

Acetylimide Phthalimide Succinimide 
(acetimide) 

With the exception of formamide, a high-boiling liquid, the unsubstituted 

amides are all crystalline solids at room temperature. Apparently, amides are 

strongly hydrogen-bonded in both liquid and solid states. Dimethylformamide 

is a very powerful solvent for both polar and nonpolar compounds and is often 

used as a reaction medium both in the research laboratory and in industrial 

processes. 

Nitriles, which contain the cyano group, —C=N, are alkyl and aryl deriva- 

tives of hydrogen cyanide. 

H—CN R—CN Ar—CN 

Hydrogen cyanide Nitriles 

Although nitriles are quite stable, the —C=N group can usually be con- 

verted to —COOH by appropriate hydrolysis. This structural relationship be- 

tween nitriles and acids is the basis for the nomenclature of nitriles. The ending 

-onitrile is attached to the root of the name of the corresponding carboxylic 

acid. Sometimes polyfunctional compounds are named by considering the 

cyano group as a substituent. 
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l 

CH.C=N C,H-.C=N CH.,CH,CHC=N 

Acetonitrile Benzonitrile a-Chlorobutyronitrile 

C,H; 

CH..CH,CHCH,CN N=CCH.,COOH Stas 

C=N Cl 

3-Phenylpentano- Cyanoacetic 2-Cyano-4-chloro-pentane 
nitrile acid 

(3-pheny! valeronitrile) 

Most of the common nitriles are liquids with boiling points slightly higher 

than those of alcohols of comparable molecular weight. Despite their structural 
relationship to hydrogen cyanide, nitriles are only moderately toxic. Acetonitrile 

is a common solvent. Like acetone and dimethylformamide, acetonitrile dis- 

solves surprisingly large amounts of inorganic salts as well as most organic 

compounds. 

PROBLEMS 

4-8 Write all possible structural formulas for each of the following: 

a Amines having the formula C,H,,N 

b Alcohols having the formula C,H,O 

c Compounds containing no carbon-oxygen double bonds and having the for- 

mula C,H,O, 

d All the derivatives of hydroxylamine having the formula C,H,,NO 

e All tertiary amines containing four or fewer carbon atoms 

4-9 Two compounds have the formula C,H,O. What are their structural formulas? 

Make the following predictions. Give your reasons. 

a Which is higher boiling? 

b Which is more soluble in water? 

c Which can be made from ethylene? 

d Which will react with elemental sodium with the evolution of hydrogen? 

(Reason by analogy to the chemistry of water.) 

4-10 If water is added to a solution of methyllithium in ether, a gas is produced and 

the water solution contains a strong base. What reaction do you think has 

occurred? 

4-11 Calculate the indices of hydrogen deficiency in the following compounds: 

a C,H,N d C,H,,90; 

b C.ENs e C.H,NCI 

c C,H,N.O, f C,,H,SCl, 
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4-12 Identify the hydrogen-deficient parts of the following structures. Indicate the 

4-14 

index of hydrogen deficiency for each structure. 

¢ CH,=CHC=CH 

nee 
O 

h CH,— 

Oe ) 

g CH,CH=CHC—NH, 

e CH,=CH—CH=CHNO, i CH,;CH,CH,ONO 

C=N 

? 
—. l 

oS 

Name the following compounds in as many ways as you can. 

p CH,CH,CHCOOH 
NH, 

<>-cH,coon 

COOCH, 

(CH,),C=CHCHCH,COOH 
Cl 

Cl 
| 

CH,CHCH,COOCH, 

oH 
f CH,C=CHCH,COOH 

HOOC(CH.),COOH 

CH, 
| 

h C,H,CH,CH,COOCHCH,CH, 

Write structures for the following compounds: 

a_ p-Chlorobenzoic acid 

b_ tert-Butyl cyclohexyl ketone 

c Dibenzoylmethane 

d Hexamethylacetone 

e 2-Butyl-4-methylpentanoate 

f 3-Carbethoxycyclobutene 

g a-Methyl-B-aminobutyric acid 

4-Methoxy-2-butenoic acid 

i N-Methyl-N-phenylacetamide 

j 2,4,6-Trichlorononanonitrile 
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4-15 Write structures for compounds that belong in the following classes: 

a A f-y-unsaturated §-lactone g The oxime of an aromatic ketone 

b A cyclic unsaturated anhydride h y-Diketone 

d An acyl fluoride j An imide 

e An N-substituted y-lactam k An N-substituted urea 

f An a-ketoacid 1 A semicarbazone 

4-16 Write structural formulas for at least half a dozen compounds having each of 

the following empirical formulas. Give each compound a name and indicate the 

index of hydrogen deficiency for each group of structures. 

a ©CoH.O) cc CHCl 

b C.H.N d C.,H,NO, 

4-17 Write the formulas indicated by these names. 

2-Methyl-3-propyl-2-pentene 

3-Methyl-3-ethyl-1-pentyne 

2,4-Hexadiene 

Hexa-1-ene-4-yne 

1-Chloro-1-cyclohexene 

3-Amino-1-cyclopentene 

2-Methyl-1-cyclobutanone (= 2-methylcyclobutanone) 

op fej) Ina ey fol fol het) 2-Hydroxy-3-pentanone 

Hex-1-en-3-on-4-ol hte 

2-Bromo-3-pentenoic acid 

~~ 1-Bromo-2-hydroxy-5-methyl-benzene 

1 2-Iodo-3-amino-pentanal 

m 4-(1-propeny]l)-3,4-dimethyl-2-hexanone (write a better name.) 

4-18 Write names for each of these structures. 

a CH,—CH—CH—C—CH—CH, d in 

CH; Cl, “O) CH>—CH, OH 

OH 

O 
b e 

CH,CH, NH, By 

NH, 
COOH 

c (CH;);C—CH,—CH f 

NH, we 
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4-19 

4-20 

PROBLEMS 

cH 
g CH,CH,NH—CH,CH,—C—CH,CH, cas hes Cooemern 

CHO Cl 

CHO 
COCI \ 

h Z ] 

OH OH 

OH 

CONH, mn ee ee 

OH 

Write all the isomers fitting each of the following names and give more definitive 

names to each; if some names are impossible molecules, indicate this. 

a Butanone g Cyclodecanoic acid 

b Propenal h Cyclopropyl-butanone 

c Ethyl butanol i Propanetriol 

d 3-Methyl-3-heptanone j N-Ethyl-amino-pentane 

e Pentenone k 4-Hydroxy-heptadiyne 

f §-Bromopropionic acid 

Write the structure for an example of each of the following and name your choice. 

a A cyclic diketone e An unsaturated amino acid 

b A saturated secondary amine f An amino amide 

c An aromatic acid chloride g An N-acyl aromatic compound 

d A bicyclic ether h A tricyclic hydroxy nitrile 
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CONJUGATED 
BONDS: 
RESONANCE, 
TAUTOMERISM, 
AND | 
AROMATICITY 
WITH respect to covalent bonds we have seen the two major bond types, o 
and 7, formed between two atoms by overlap of their atomic orbitals: s +p 

hybrid atomic orbitals for o bonds; p atomic orbitals for 7 bonds. In both cases 

the electron pair of the bond is specifically associated only with the two bonded 

atoms; such a pair is said to be localized. With two orbitals (sp, sp, sp) over- 

lapping end-to-end to form a o bond lying directly between the nuclei, there 

is little chance for the bonding electrons to be anything but localized. 

With two p orbitals standing perpendicular to the o-bonded skeleton and 

overlapping sideways, however, they may easily encounter more adjacent p 

orbitals on their opposite sides and overlap further with these. Such a situation 

could create a more extended 7z orbital in which the electrons in the orbital 

are no longer confined between two atoms but rather are delocalized, over a 

greater number of nuclei. For this to occur each successive atom bearing a p 

orbital for overlap must be adjacent to the last.t+ 

This delocalization of z electrons is of central importance to the chemical 

and physical properties of unsaturated molecules and is the subject of the 

present chapter. The particular unsaturated molecules involved are those which 

have formal structures exhibiting 

The special properties of conjugated molecules were only understood and 

unified with the advent of quantum mechanics in the 1920’s and 1930's. Al- 

though in principle a complete solution of the wave equation for any molecule 

would predict all of its properties, in practice these solutions are of such hor- 

rendous complexity that nothing more complex than the H, molecule has 

yielded to complete solution. Nevertheless, a judicious (and extensive) use of 

+ Sideways overlap of p orbitals is not significant for atoms more than a bond length apart, that is, 

PALIN, 
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simplifying assumptions does afford approximate solutions in the more com- 

plex molecules which interest us here. These solutions provide a bridge be- 

tween theoretical physics and organic chemistry, offering focal points for cor- 

relating data and theory and providing a basis for prediction and test. In the 

solutions for conjugated molecules the main assumption is that the o-bonded 

skeleton, or o frame, of the molecule is fixed and electrically uninvolved with 

the conjugated z-electron system. An orbital description of the independent 

a-electron system may then be calculated as a separate and simpler entity. 

There are two traditional approaches to solving the wave equation for z-elec- 

tron systems: the valence-bond (VB) or resonance method and the molecular- 

orbital (MO) method, and they differ essentially in the simplifying assumptions 

which they utilize. Each will have value for us in particular contexts, but it 

is important to be able to think of any conjugated molecule in terms of both 

descriptions. 

5-1 THE MOLECULAR-ORBITAL METHOD 

Because it develops as a natural extension of our previous discussion of com- 

bining atomic orbitals to form molecular orbitals, this approach is offered first. 

We treat the o frame as already bonded and bearing, on a series of adjacent 

atoms, p atomic orbitals, suitably placed for overlap sideways into extended 

molecular orbitals. The o frame must be coplanar so that the p orbitals are 

all parallel for sideways overlap. We must now create as many molecular 

orbitals as we have p atomic orbitals to combine (LCAO method, Sec. 2-7). 

Hence the number of molecular orbitals equals the number of atoms with p 

orbitals to overlap. 

The simplest example is 1,3-butadiene, with four parallel p orbitals in 

a row (Fig. 5-1). Linear combination of all four atomic p orbitals gives a molec- 

ular orbital that covers the entire molecule. In the first approximation, the 

energy of electrons in this 7 orbital has a value considerably lower than that 

of any of the other 7 electrons. Therefore, two of the four 7 electrons are 

described by this orbital. The other two must go into one of the higher molec- 

ular orbitals. Three more z orbitals are formed by addition and subtraction 

of the four atomic orbitals. The next lowest in energy is also shown in Fig. 

5-1. The second pair of 7 electrons in butadiene must be assigned to this orbital. 

The lowest orbital is the combination of the four atomic orbitals (/) into 

a molecular orbital or wave function (¢). The mixing coefficients C are like 

those used previously in Sec. 2-7. The first (lowest-energy) molecular orbital 

adds all four atomic orbitals (all positive): 

O1 = Ch + Coby + Cog + Cah, 

The second has one sign change: 

G2 = Cyt + Coe — Cag — Cay 
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At he 4 

p41 
First benzene z orbital 

2 ‘ $3 

Second and third benzene 7z orbitals 

+ + + I 

+ 
1 i | + ] ] 

es e e e e e 

r $1 $2 “ai 
Four overlapping First a orbital Second z orbital 

parallel p orbitals, » of butadiene of butadiene 

FIGURE 5-1 The orbitals of benzene and butadiene on their carbon o frames (showing the 

signs of their lobes) 

The higher-energy orbitals are these: 

$3 = Cy — Cobo — Cag + Cay 

b4 = Cwy — Cao + Coby — Cag 

The four orbitals are shown schematically and arranged in a typical 

energy-level diagram below. The signs of the coefficients in the LCAO equation 

dictate the positive and negative amplitudes (+ and —) of the wavefunctions 

shown in the drawings and Fig. 5-1. These + and — signs are not electrical 

charges but only mathematical signs of wave function amplitude. 
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Hi i = = + = 

ps ° e or 

» @ + 
Antibonding 4 

+ ; 
+- -— + 

ps3 ° o & or 

i” 

wy 
+ 

ys : : Popoet teases 
+ 

Bonding 
(occupied) 

+ 

i + + + + 
1 ly ¢- oe 

dannii) 

Note that in Fig. 5-1 the positive and negative lobes, shown 

by dark and light shading, are inverted at carbon atoms 2 and 3 in the second 

a orbital (5). The orbital $ is said to be bonding between atoms 1 and 2 and 

between atoms 3 and 4 but antibonding between 2 and 3. There is a node between 

the various antibonding orbital lobes; there can be no electrons at the node. 

Hence there is antibonding since the electrons are “squeezed out” of the volume 

between two nuclei and this condition allows unshielded nuclear repulsion. 

The whole molecule of butadiene is the sum of its two occupied orbitals, 

described as having much double-bond character between atoms 1 and 2 and atoms 

3 and 4, as in the classical formula, and a little double-bond character at the 

central bond between atoms 2 and 3. The molecular-orbital method allows 

quantitative assessment of double-bond character at each bond. 

The lowest-energy (most stable) molecular orbital in a conjugated system 

is the fully extended one. Molecules in which this orbital is linear are said 

to have linear conjugation. When the extended orbital is branched, cross- 

conjugation is the description. 

CH,=CH 
yc=CHy 

CH,=CH—CH=CH—CH=CH, CH,=CH 
1,3,5-Hexatriene = linear conjugation 2-Vinyl-1,3-butadiene = cross-conjugation 

The molecular-orbital treatment of butadiene has several attractive fea- 

tures. It leads to the expectation that the conjugated 7 bonds will behave as 

a unit chemically and provides a ready explanation of the fact that the ultra- 

violet absorption spectra of dienes are quite different from those of simple 

alkenes (Chap. 7). However, the method overemphasizes the delocalization 

concept, and the stability of conjugated dienes relative to their unconjugated 
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isomers is overestimated. The difficulty arises because 

. The 
best picture of 1,3-butadiene is intermediate between the freely delocalized 
molecular-orbital picture and the traditional model of a molecule containing 

two localized double bonds. 

The 7-molecular-orbital method is perhaps at its best when applied to 

benzene. Since the molecule is completely symmetrical, the six 7 electrons must 

be distributed symmetrically with respect to the six carbon nuclei. Each of the 

six carbon atoms is prepared in the sp? state of hybridization in the o frame 

and contributes a p orbital to the 7 system. Linear combination of the six p 

orbitals generates six 7 molecular orbitals. The six 7 orbitals are arranged in 

order of increasing energy, and the three lowest are filled with two electrons 

each. The lowest filled orbital, (¢,) is completely symmetrical, as shown at the 

top of Fig. 5-1. The next two (, and #3) are a degenerate pair, i.e., they have 

the same energy. One representation of this pair is found in Fig. 5-1. Initially, 

it appears that the orbitals do not reproduce the symmetry of benzene. However, 

if the two orbitals are taken together, as would be the case if the total electron 

density were calculated after two electrons had been assigned to each of the 

orbitals, they give sixfold symmetry. One of the degenerate orbitals has two 

nodes at opposite bond midpoints (¢$,), the other (¢,) at opposite atoms. 

One of the important properties of a molecule is its energy. The wave 

function allows a calculation of the energy by a procedure in which a mathe- 

matical derivative of the wave function @ is integrated over all of space. The 

energy is then minimized with respect to the coefficients (C,, C,, etc.). The mini- 

mum energy of the system is then obtained by solving the complex determi- 

nant (the secular determinant) resulting from this minimization process. The 

proper coefficients for the wave function @ with this minimum energy may 

then be obtained as well. The mathematical procedures involved will not con- 

cern us here, however. They are too complex for solution at all unless various 

simplifying assumptions are made, but with suitable choices for these as- 

sumptions which have been developed in practice, rough solutions to these 

equations can be obtained without either a computer or special mathematical 

background. 

One important result of such calculations is that 

Therefore, butadiene is more stable than it 

would be if it were simply regarded as the sum of two independent ethylenes, 

and benzene is more stable than a theoretical unconjugated “cyclohexatriene.” 
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PROBLEM 5-1 

Draw the lowest-energy molecular orbital for each of the following (cf. Fig. 5-1): 

a 2-Butenal c 2-Methyl-1,3,5-hexatriene 

b Cyclobutadiene d Vinylbenzene 

5-2 THE RESONANCE METHOD 

In the last section a particular approach to finding a molecular wave function 

was described. The two steps were (1) to form molecular orbitals and (2) to 

assign electrons, in pairs, to the molecular orbitals. The approach is by no 

means unique. Another scheme begins at the outset with the notion of localized 

bonds and then feeds in delocalization at the end. This procedure, the resonance 

method, has inspired a very useful approach to qualitative representation of 

systems in which electrons are extensively delocalized. 

In the molecular-orbital method the molecular wave function was 

created by a linear combination of atomic orbitals (J) of the involved atoms. 

In the valence-bond (resonance) approach another linear combination of the 

same form is used to approximate ¢, but in this case the individual additive 

functions # are not atomic orbitals but represent various possible structures 

of the whole molecule with localized bonds only. 

& = Kid) + Kob’y + Kg$’3 + 0 + 

In this linear combination we approximate the authentic structure by a 

mixing of the properties of two or more full structures which contain the same 

a electrons localized in various ways. The true molecule is then regarded as 

a hybrid, or resonance hybrid, of the several localized z-bond molecular struc- 

tures. The coefficients (K,, K,, etc.) in the equation represent the weight, or 

relative importance, of each contributing structure (@’) in the resonance hybrid, 

the actual form of the molecule. 

The resonance approach is more difficult mathematically than the LCAO 

but is usually easier and clearer for qualitative discussion of delocalization, 

or resonance. The whole problem of conjugated systems is simply that no single 

classical structure (localized bonds) adequately describes the molecule and 

several structures must sometimes be written. None of these is a unique or 

completely “true” description of the molecule but each contributes to the total 

behavior of the molecule. Using the resonance method, then, we find we can 

express the actual molecule as a combination or hybrid of written structures 

and thereby qualitatively parallel the mathematical expression. The classic case 

is seen in the two localized-bond, or Kekulé, structures for benzene. Any 

particular bond (note color) is single in one structure, double in the other. 

(gee or 
ea SS 
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Neither structure alone fully or correctly expresses benzene, and neither struc- 
ture alone represents a real molecule; but a resonance hybrid’ of the two (ex- 
pressed by the double-headed arrow) properly represents benzene. Hence the 
actual bond between every pair of nuclei is intermediate between double and 
single. Since each of the two Kekulé structures is identical, each contributes 
equally to the hybrid. (K, = K, in the equation for ¢.) 

There is a close analogy in a description of a certain person as being a cross 

between Don Quixote and Sherlock Holmes with a touch of Sir Galahad. This 

analogy points up the fictional character of the contributors to the real hybrid 

as well as the possibility of more than two contributors and these in different 

relative importance (“but he is really mostly like Don Quixote”). 

Many molecules and ions are poorly described by any single electronic 

formula of the conventional type. The carbonate ion (CO,—~) is a good example. 

Each structure follows the rules of valence, since each of the oxygen atoms 

and the carbon atom have octets of valence electrons. 

eOmsoe OFLAO 
ciate C Sate Re ee 

46), O 

However, physical evidence shows that the carbonate ion is symmetrical, 

i.e., all C—O bonds are the same length. In the z-molecular-orbital method 

six electrons would be put into three 7 orbitals that spread over the entire 

ion. The resonance method describes delocalization of the 7 electrons and 

accounts for the fact that some electrons can be bonding between all pairs of 

adjacent atoms with a set of three equivalent classical formulas connected with 

a double-headed arrow. 

% Yor Nea ma ee ys 

O BO} Oks 

Resonance Energy 

One of the “peculiarities” of benzene, compared with alkenes, is the 

stability of the former. A quantitative measure of the stabilization may be 

obtained by measuring the heat evolved when hydrogen is added to benzene 

and to cyclohexene. The same product, cyclohexane, is formed in both cases. 

+The symbol <> must be carefully distinguished from symbols such as =, which indicates a chemical 

reaction which is reversible. The double-headed arrow does not have any dynamic significance; it only im- 

plies that a molecule or ion is better represented by several classic formulas than by one alone. The 

use of the word resonance to refer to the mixing of formal structures is unfortunate since it implies 

a rapid physical interconversion between them. This is not the case and 7-electron delocalization is a 

less confusing description of the same phenomenon. 
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If benzene contained three —CH=CH— groups identical to the one in cyclo- 

hexene, the heat evolved during hydrogenation of benzene should be about 

three times the heat of hydrogenation of cyclohexene. Actually, there is a large 

discrepancy between the predicted and measured heats of hydrogenation. 

CH CH. 

ch Nou fe CH 
| | + 3H, —> | z | 24 49.8 kcal/mole 
CH CH H. CH, 
Sn fe bale 
CH CH, 

CH). Fain 

H : 
abe ie + 3H, —=> 3 t ; ie + 86.4 kcal/3 moles 
CH, CH GH GH 

Nome g Sacee  t 
CH CH 

86.4 — 49.8 = 36.6 kcal/mole, resonance energy for benzene 

Ithough other factors may contribute 

The term should 

i.e., the molecule has be used carefully, since 

a lower energy content than might have been expected by comparison with 

simple alkenes. 

Resonance energies of many conjugated systems have been estimated by 

comparison with model compounds. Semiempirical methods of calculating 

resonance energies have also been developed (page 147). Table 5-1 shows a 

few selected values. Those listed as calculated can be no more accurate than 

the measured values, since the calculations make use of parameters obtained 

by comparing measured values with each other. The choice of model compounds 

is somewhat arbitrary, and factors other than electron delocalization contribute 

somewhat to the unusual stability of conjugated, unsaturated compounds. 

TABLE 5-1 Representative Resonance Energies 

Resonance 

Name Formula energy, Source 

kcal/mole 

37 Heats of hydrogenation 
Benzene ‘ 

42, Heat of combustion 

Naphthalene 75 Heat of combustion 

Acetic acid CH,COOH 15 Heat of combustion 

Allyl cation CH,=CH—CH, 25 Calculated 
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A substance that has a considerable resonance energy is said to be reso- 
nance-stabilized. The concept is particularly important to the understanding of 
many complex reaction mechanisms. Many reactions involve formation of 
reactive intermediates, such as cations or anions, and variation in the resonance 

stabilization of such intermediates is frequently responsible for large variations 

in reaction rates. The values given in Table 5-1 must be accepted with some 

reservation as to quantitative significance, however. 

PROBLEM 5-2 

Write the principal resonance forms of the following ions and molecules. 

“NH, he 
a NO,- © R-C_NH, e cut 

b CH,NO, d NO,- f (CH,CO),C:- 

5-3 QUALITATIVE USE OF RESONANCE 

As mentioned previously, the resonance method of describing z-electron de- 

localization by a resonance hybrid of localized-bond structures is usually easier 

and more satisfactory for qualitative discussion of the sort most commonly 

in use in organic chemistry. Nevertheless, the detailed orbital picture generated 

by the molecular-orbital method should always be in mind when discussing 

any resonance hybrid. The orbital picture serves to emphasize that a resonance 

hybrid is only a single molecule with delocalized electrons, not an interconvert- 

ing or “resonating” mixture of separate structures. Furthermore, it serves to 

point up the important geometrical facts, of the 7-orbital lobes above and below 

a planar o skeleton, which will be of signal importance in discussions of the 

spatial nature and requirements of reactions in 7-electron systems. 

Isovalent Resonance Structures 

The examples discussed in the last section involved symmetrical reso- 

nance hybrids. Electron delocalization, however, is not restricted to symmetrical 

systems, and good evidence is available for delocalization of electrons in many 

unsymmetrical molecules and ions. For example, in o-xylene the position of 

two methyl groups on a benzene ring destroys the benzenelike symmetry. 

CH; Nees 

A cae ae 
| | ora | l 

paneer Ny H~ eg NT 

H H 

o-Xylene 
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One of the resonance structures contains a double bond between the two 

carbon atoms that hold the two methyl groups; the other does not. Since the 

two structures are not equivalent, they probably do not contribute the same 

amount to the actual structure of the resonance hybrid. The hybrid will re- 

semble one structure slightly more than the other, although in this case the 

difference is so slight that it is difficult to decide which structure should be 

given the greater weight in describing the molecule. 

The case of the carboxylic acid presents a more interesting example of 

delocalization of electrons in an unsymmetrical system. The character of the 

interaction is suggested by comparing the acid with the carboxylate ion, a 

closely related symmetrical system, similar to the carbonate ion. The acid is 

O pe) 

R—C —> R—C 
\ 

O O 

made from the ion by attaching a proton to the charged oxygen atom. Structure 

A below is an obvious first approximation to the structure of the acid. However, 

the oxygen of the —OH group still has four unshared electrons. These electrons 

are involved with the adjacent carbon atom and contribute something to bond- 

ing in the molecule, just as they do in carboxylate ion. The interaction is shown 

by adding a second resonance structure, B, which may be obtained by attaching 

a proton to the other oxygen of the ion. 

‘O [Or 

U fe? 
RC. — R—C. 

O—H O—H 
+ 

A B 

Electron delocalization in carbonate ion, benzene, carboxylate ion, and 

the carboxylic acid can be described by sets of resonance structures, each of 

which contain 

structure such as B, in which separation of positive and negative 

charges occurs, is called a dipolar structure. Charge separation will give the 

molecule an electrical dipole, which can be determined experimentally (Sec. 

2-11). Involvement of the nonbonding electrons of nitrogen, oxygen, sulfur, 

and halogen atoms in isovalent resonance with adjacent unsaturated systems 

always gives rise to dipolar structures. Several examples are shown in Fig. 5-2. 

When isolated, the unshared electron pairs on these heteroatoms normally 

occupy sp? hybrid orbitals (Sec. 2-8), but conjugation to a double bond offers 

greater stability if the electrons are delocalized. Therefore, the heteroatom 

becomes hybridized sp? with the conjugating electron pair in the remaining 

p orbital suitable for overlap and delocalization. This of course changes the 

geometry of attachment at the heteroatom from tetrahedral to trigonal and 

planar. 
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oe _— + 

CH,=CH—N(CH,), <—> :CH,—CH=N(CH.), 
Dimethylvinylamine 

oe = te 

CH,—CH—OCH, <— ‘CH,—CH—OCH, 

Methyl vinyl ether 

ee —_ + 

CHj—CHF: > *CH,—CH=F: 

Vinyl fluoride 

es a se 
( \-kcu, eS (pseu: ——s ( )-5cx, —> 

+ bu 
SCH, ——— ae SCH, 

Methyl phenyl sulfide 

FIGURE 5-2  Isovalent resonance involving nonbonding electrons 

Heterovalent Resonance Structures 

Bonds between unlike atoms are usually polarized because the nuclei 

involved have different electronegativities. Such polarization may be described 

by the resonance method. For example, the following is a resonance description 

of hydrogen fluoride: 

Hb > Hi Es 

Figure 5-3 describes a number of polar molecules by heterovalent reso- 

nance structures, of which the carbonyl resonance (cf. CH,O) is of primary 

importance. 

Bonds between unlike atoms are of course electrically imbalanced and 

exhibit dipoles (Sec. 2-11), and heterovalent resonance is simply an application 

of the resonance method as an alternative description of this partial shift of 

the bonding electrons towards the more electronegative atom. 

Evidence for delocalization of electrons in unsaturated systems containing 

heteroatoms is good. In a molecule such as acrolein the difference between 

the electronegativities of carbon and oxygen develops a considerable negative 

charge at oxygen. In the language of the resonance method, structures A, B, 

and C for acrolein are given considerable weight in the description of the 

molecule since they shift negative charge toward electronegative oxygen. 
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tie tee 

HCl: es 6 Cl: 

es ay a 
CH,—Cl: <— CH, :Cl: 

fi ae 
CH,=—O <> CH,—O: 

+ — 

CH;C=N: <_> CH,C=N: 

+ = + - 
CH,=CH—C=N: <—> CH,=—CH—C=N: <_> CH,—CH—C=N: 

Acrylonitrile resonance Agus 

( \-c- B—( )-cH= Cee - ae G1 

Cat Ont etc, 

Benzaldehyde resonance hybrid 

O: 
+ fo 

ap “Ox etc. 

O: 

Nitrobenzene resonance hybrid = 

+ 

€ \-can: ——> C ren — Ceca 

Benzonitrile resonance hybrid 

FIGURE 5-3 Resonance involving heterovalent, ionic structures 

Structures D and E are entirely negligible since they involve resonance polari- 

zation of negative charge away from the more electronegative atom. 

we at = i 

CH,—CH—CH=0 <> CH,=CH—CH—O: <> CH,—CH=CH—O: <> 
A B GE 

ate Ts a oc 

CH,=CH—CH—O: > CH,—CH=CH—O: 
D E 

Acrolein resonance hybrid 
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Similar interaction occurs between double and triple bonds and between 
double or triple bonds and aromatic nuclei, as in the examples of Fig. 5-3. 
The effects of polar unsaturated substituents are strongest at ortho and para 
positions in a benzene nucleus. 

Understanding the difference between isovalent and heterovalent con- 
jugation is critical to understanding the two different roles played by atoms 
such as nitrogen, oxygen, and sulfur in unsaturated systems. In isovalent reso- 
nance it is the unshared pairs on these heteroatoms (hybridized into p orbitals) 
which are delocalized; in heterovalent resonance the unshared pairs are per- 
pendicular to the z orbitals and uninvolved in the resonance. 

ifferent ways of incorporating oxygen in 

an unsaturated system of methyl vinyl ether and acrolein. 

The oxygen atom in methyl vinyl ether is relatively positive, since it 

contributes nonbonded electrons to the adjacent vinyl group in isovalent con- 

jugation.7t 
36 = + 

CH, =CHOCH, <> :CH,—-CH=OCH, 
Methyl vinyl ether 

No analogous contributing structure (using unshared electrons from oxy- 

gen) can be written for acrolein. The only way in which oxygen can assume 

a formal positive charge is by way of an improbable heterovalent interaction, 

structure A, in which bonding electrons are given to carbon. By way of contrast, 

heterovalent structure B is very important because of the high affinity of the 

electronegative oxygen atoms for electrons. 

7 oe os slew 

CH,=CH—CH—O: —> CH, =CH—CH=O: —> CH,—CH=CH-—O: 
A Acrolein B 

Atoms of the second row in the periodic table,t especially sulfur and 

phosphorus, exhibit a particular form of heterovalent resonance in many com- 

pounds. The two structures involved always include: one with four bonds (or 

unshared pairs) to the second-row atom bearing positive formal charge; and 

one with unshared pairs on an adjacent atom donated back into d orbitals of 

the second-row atom, which then shows more than four bonds. The double 

bonds shown in these resonance forms are not typical 7 bonds since they are 

formed using d orbitals which have a different and more complex shape (Sec. 

2-6). This involvement of d orbitals and consequent expansion of the outer 

shell to more than eight electrons does not occur with first-row elements and 

is largely responsible for the special chemical properties of sulfur and phos- 

+The oxygen atom in methyl vinyl ether is not actually positive, since donation of nonbonding electrons 

is compensated by the inherent polarity of C—O single (0) bonds towards oxygen. However, oxygen 

in methyl vinyl ether is more positive than oxygen in a saturated ether. 

{Since H and He properly constitute the first “row” of the periodic table, S and P should be described 

as third-row elements, but it is common to ignore the H/He row and regard C, N, O, F as first-row 

elements and S, P, Cl as second-row elements. 
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Sulfoxides: R - [RK ames JR 
i 
S 

Sulfones: R—S**R <> R—5S;R <— R—S—R 

O 

O 
Phosphine : | : 
oxides: R—P?-R <> Rola 

FIGURE 5-4 Heterovalent resonance of second-row atoms 

porus discussed in Chap. 19. Examples are shown in Fig. 5-4. Note that amine 

oxides, R,N+—O-, have no pentacovalent resonance form like that of phosphine 

oxides. 

Some of he rules for writing meaningful resonance structures are based 

upon wave mechanics; others depend upon evaluating the relative energy levels 

of the various members of a set of structures. The following rules are presented 

without theoretical justification and serve as an empirical guide. 

All resonance structures in a set must indicate the same number of paired electrons. 

CH,=CH, © 7. CH,—CH, .} 
Paired (7) electrons Unpaired electrons 

A series of resonance structures must never imply movement of nuclei (Sec. 5-4). 

If other factors are equal, isovalent resonance is more important than heterovalent resonance. 

Heterovalent: CH,=—CH—CH=CH, <—> 

Major contribution 

CH CH= GH= CH a= CH = CH= Gi Cn 
2 

Minor contributions 

oe _- + 

Isovalent: CH,=CH—O—CH, <—> :CH,—CH=O—CH, 

Significant contribution 

The more isolated charges there are in a structure, the less important a contributor it is. Rarely 

are more than two isolated charges significant (cf. item 3 above). 

Heterovalent resonance increases the electron density (negative charge) at atoms with higher 

electronegativity. 
ny 

+ 

Heterovalent: R,C=O « > RC O: = R,C—O 

Negligible contribution 
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Structures that crowd like charges close together are usually of minor significance. 

ie o a0: ee 

R—C—C—R’ <> ern ae 

Minor contribution 

Structures that require the expansion of the outer electron shells of first-row elements are negligible 

(page 155). 

Delocalization of electrons in an unsaturated system is at a maximum when the o skeleton is 

completely planar. 

The resonance energy is greater: 

a When the contributing structures are all equivalent, as in benzene or RCOO-. 

b The more contributing structures there are, of roughly comparable energy. 

Most of the rules are self-explanatory or are examined in more detail 

in other sections, as indicated. The necessity for planarity of the molecule (item 

7) obviously arises from the need for the atomic p orbitals to stand parallel 

for maximum overlap sideways. In a molecule which is constrained by other 

factors to have adjacent p orbitals skewed to each other the resonance energy 

is diminished. No interaction occurs between perpendicular unsaturated units. 

For example, in allene the terminal methylene groups are perpendicular to each 

other, so the molecule contains two localized double bonds. Similarly, no 

interaction occurs between the two perpendicular 7 orbitals of a triple bond. 

Generation of Resonance Forms 

In the usual case a single obvious structure can be written for any con- 

jugated molecule, and it is then useful to apply some operation which will 

generate the other important resonance forms from it so as to picture more 

clearly the nature of the hybrid. The operation used introduces a notation 

convention for indicating the movement of electron pairs by the use of curved 

arrows. This notation will be very useful later as a shorthand for the movements 

of electron pairs in the bond breaking and bond making of chemical reactions. 

It is useful here in descriptions of resonance to indicate the formal shift of 

electron pairs in structure A which serves to generate structure B of an 

A <-> B resonance hybrid. This formal shift of electron pairs in resonance 

descriptions has, again, no physical reality, any more than the separate con- 

tributing structures A and B do, but it serves to illustrate the overall delocaliza- 

tion of the z electrons. 
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The notation is illustrated in these examples: 

2 
A B 

Cal aT or + a 

Isovalent: R,NXCHLCHY-CH+6 <=  R,N=CH—CH=CH—O: 

va re 
Heterovalent’ CH -“CHY-CHLCH, —> CH,-CH=CH—CH, 

The arrow convention must follow these rules: 

The curved arrow indicates movement of one electron pair at the foot of the arrow 

(either a double-bond 7 pair or an unshared pair) to an adjacent position indicated 

by the head of the arrow (either between two atoms, becoming a new double bond, 

or onto one atom, becoming an unshared pair). 

The atom at the foot of the arrow, or series of arrows, becomes more positive by 

one charge and that at the head more negative by one. 

If an electron pair moves in on a new atom, another pair must leave that atom so 

that the atom does not exceed a full outer shell of eight electrons. There are two obvious 

exceptions when an atom can accommodate added electrons without one of its present 

bonds having to leave. 

a When the atom already has an incomplete shell (cf. RB, R3C*); 

R,NBR, <> R,N=BR, 

b With second-row atoms expanding their valence shells, accepting a new pair into 

d orbitals. (In this case, of course, the double bond so generated is not a true 7 

bond, as noted on page 155.) 

+ “ 

R,P~O: <> R,P=O 

The arrows completely dictate the product structure, and arrows may be written on 

the product structure which cause it to revert to the original. If two resonance structures 

cannot be interconverted by use of this notation, one of them is incorrect. 

The natural polarization of a double bond between unlike atoms is in the direction 

of the more electronegative atom, and this will be the more important direction of 

electron movement in generating resonance structures. Similarly, important electron 

movements will proceed toward positive sites and away from negative ones. 

= A i fi 0 b rae 

RC Ones RC Og een Gan: 
Negligible Important 
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+AE, AE. 

A B G 

Localized bonds Localized bonds Resonance 
of normal length of equal length hybrid 

(all bonds equal) 

FIGURE 5-5 Comparison of benzene with “cyclohexatriene” 

PROBLEM 5-3 

With the use of curved arrows on the given structure, show the generation of 

the principal resonance form with the furthest charge separation, in each case. 

a 3-Hydroxy-2-butenal 

b 4-Dimethylamino-vinylbenzene 

c 4-Aminobenzonitrile (p-H,NC,H,CN) 

d_ p-Hydroxy-nitrobenzene (p-nitrophenol) 

e 4-Methylamino-3-penten-2-one 

5-4 RESONANCE VS. TAUTOMERISM 

The delocalization of 7 electrons, or resonance, is described with reference 

to a fixed o-bonded skeleton bearing the conjugated a electrons. The fixed o 

frame must therefore not be violated when writing resonance structures to 

express this delocalization. In other words, atomic nuclei must be in identical 

relative positions in all resonance structures written (rule 2, page 156). The 

case of benzene itself can serve to elaborate this idea, for if a Kekulé structure 

of benzene is accepted as written, as a localized “cyclohexatriene,” the double 

bonds would be shorter than the single bonds (Sec. 2-9), and an exaggerated 

view of its geometry would show the less symmetrical form (A) in Fig. 5-5. 

We may formally pass to benzene itself in two stages: first, deform all bonds 

to an equal, intermediate length; and second, allow delocalization to occur. 

The first requires that energy be put in (AE,) to change the bonds from their 

normal, most stable lengths; the second releases energy by delocalizing the 

a electrons. Since the energy release, AE,, is greater than that required to 

deform bond lengths (AE,), there is a net resonance energy overall (RE ~40 

kcal/mole). Resonance stability, or resonance energy (RE), is therefore observed 

only when the true delocalization energy (AE,; not directly measurable) is 

enough to compensate for the energy cost (AE,) of deforming the o skeleton 

+ Ordinary double bond length, 1.34 A; single bond between sp” carbon atoms, ~1.48 A; observed bonds 

in benzene, 1.40 A. That this is closer to double-bond than single-bond length reflects the resonance 

energy: the stronger a bond the shorter it is. The 1.48-A length is that between sp?-hybridized carbons 

with negligible resonance energy. 
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to the optimum geometry for resonance. When we write resonance structures, 

we imply this optimum geometry, the two Kekulé forms of benzene being B, 

not A, so that both have identical geometry and there is no relative movement 

of nuclei between them. 

Benzene resonance has been described as including minor contributions from 

three ‘Dewar forms” each containing a central bond spanning the 2.8-A dis- 

tance across the ring, which is too long for significant bonding. If this bond 

is contracted to normal length (1.5 A), the isomeric bicyclohexadiene results. 

The necessary movement of nuclei is too great to be compensated by any 

delocalization energy; therefore, benzene and bicyclohexadiene are two separate 

isomeric compounds. The latter is much higher in energy and is easily converted 

into benzene. Bicyclohexadiene may be described in turn with a very minor 

resonance contribution of a very deformed Kekulé structure. This illustrates 

that involvement of o bonds in resonance hybrids is rarely significant. 

J-O mo 
Very minor Very minor 

\eereerenmnnncteneannatntsrntmennestttnteanstten. paamnaermncnrneeemennt nc pnemetaunsnnnppnnmencaaaanarrmenee 

Benzene Bicyclohexadiene 

Other high-energy isomers of benzene have recently been observed, cf. 

re 
As these three-dimensional views imply, these isomers and bicyclohexadiene 

all differ from benzene in being nonplanar. 

Two isomeric structures which differ significantly in the relative positions 

of their atoms are not resonance forms but are in fact separate isomeric com- 

pounds, called tautomers. In most cases tautomers are of similar energy and 

are interconvertible by the appropriate movement of atoms; this is a chemical 

reaction (tautomeric change or tautomerism), not a description of resonance, and 

is distinguished symbolically by the familiar equilibrium double arrow —= 

Tautomerism always involves the making and breaking of single (0) bonds in the course 

of this change in geometry. We may for convenience distinguish two kinds 

of tautomerism: 

Valence tautomerism 

Proton tautomerism 

Valence Tautomerism 

This is generally understood as a shift in interatomic distances within 

a molecule without the separation of any atom from the rest as an intermediate 
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E)=cu 
Cyclooctatetraene 

[ a ‘ je 
cH7O é—6 

(Part of CH ae \ 
larger NS ea ——— 4 N— CHs 

molecule) 

& L 

Ts ie, aa 

= i, SS 7 SS ele 

Bullvalene 

FIGURE 5-6 Examples of valence tautomerism 

stage. The valence tautomers of benzene, discussed previously, are an example; 

others are shown in Fig. 5-6. Physical evidence (Chap. 7) makes it clear that 

cyclooctatetraene exists normally as the monocyclic tautomer. However, the 

valence tautomerism of cyclooctatetraene is postulated to account for reactions 

of that molecule which give products bearing the bicyclic skeleton of its tauto- 

mer. Similarly the second compound in Fig. 5-6 is a colorless solid which goes 

red on warming, as its tautomer is formed; the red compound reverts to the 

colorless one on cooling again. The arrow convention signifies movements 

of electrons although it is also convenient, as described previously, for the 

formal generation of one resonance form from another. It is equally convenient, 

and describes real electron shifts, when applied to describe chemical reactions. 

In the latter cases—which include tautomerism—atomic nuclei also move rela- 

tive to each other; in resonance they do not. It is appropriate to use the con- 

vention here to describe the conversion of one tautomer to another, as illus- 

trated in Fig. 5-6. The bond-making processes are easily pictorialized by this 

convention, which shows graphically where each pair of electrons goes in a 

reaction. 

If the movement of electrons on one side of a symmetrical molecule is 

balanced by a comparable reverse movement on the other, the two tautomers 

can even be physically identical molecules. This can easily be seen if we 

consider the following two trapezoid shapes for analogy. They are identical in 
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shape (as shown by turning one over from left to right so that it becomes 

superimposable on the other) but the left one may be converted to the right 

one by shifting its corner positions (cf., nuclei) as marked by colored arrows, 

i.e., changing the relative positions of the nuclei. 

oe a ae \ 7 

The last example in Fig. 5-6 is one of a group of recently discovered 

compounds with fluxional structures, undergoing rapid tautomeric intercon- 

versions among identical molecules. The number of possible tautomeric shifts 

in bullvalene, discernible by distinguishing all the carbons from each other 

in some way, is very large, only three being shown in Fig. 5-6. All the carbons 

become equivalent in this complex tautomeric equilibrium. Before quantum 

mechanics benzene was looked upon as two Kekulé structures in rapid tauto- 

meric equilibrium between identical molecules. We now know that resonance 

intervenes and that the separate Kekulé structures are not true descriptions 

of benzene. However, there is no a priori reason why such an equilibrium 

should not be possible if it does not describe the particular case of benzene. 

Fluxional molecules now represent the phenomenon of rapid tautomeric inter- 

conversion between identical molecules. To identify it more clearly, put two 

adjacent substituents on the Kekulé benzene structures: if they were tautomers, 

the substituents would be closer together in one form than the other and would 

therefore oscillate during tautomeric interconversion. Two adjacent substitu- 

ents on benzene do not oscillate, but on bullvalene they do. 

Proton Tautomerism 

Unlike valence tautomerism proton tautomerism is distinguished by re- 

moval of a proton from a molecule and then replacement of it (or another) 

onto a different atom in the molecule. Such a reaction is generally deemed 

a tautomerism only if the proton is readily and rapidly shifted as in tautomers 

with the proton bound to oxygen or nitrogen. In the carboxylate anion (page 
152) the two resonance forms exhibit the negative charge on each oxygen atom 

(the actual hybrid being an anion with half a charge on each oxygen). In the 
carboxylic acid we may consider two tautomers with the hydrogen on either 
oxygen, as shown in Fig. 5-7; again in this case the two acid tautomers are 

physically identical molecules (they would not be if the two oxygens were 
different isotopes). This tautomerism is very facile and rapid as is the closely 

analogous keto-enol tautomerism compared with it in Fig. 5-7. 
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Vices R—C ; 
Ze Sat pet 

RC —— | +Ht+t —R-C 
we O =. \ . 

O- yi, .O ; RCO : 

Carboxylic acid Carboxylate anion Carboxylic acid 

‘O 
fi = 

R—Co “O) ; : 

Ze ox pene: R—C =— | Son 2 ie 
~ a (a\ \ 
CH Dads (C= 
Vy R=C ee 

Ye 
HS. 

Ketone Enolate anion Enol 

FIGURE 5-7 Carboxylic acid and keto-enol tautomerism compared 

In the latter case either the ketone or its tautomeric enol (hydroxyl group 

attached to a double bond = —ene + —ol) may losea proton and forma single 

intermediate enolate anion (with its two resonance forms reflecting both of the 

initiating tautomers) which may then re-bond the proton to yield the other 

tautomer. Keto-enol tautomerism is of enormous importance in organic reac- 

tions and will be referred to often in that connection. Other forms of proton 

tautomerism which are all very similar to keto-enol tautomerism are shown 

in Table 5-2. Much of their chemistry is related to that of ketones for this 

reason, and all have a delocalized intermediate anion comparable to the enolate 

anion. 

The relative stabilities, or energies, of two tautomers may be roughly 

calculated from the bond energies of the bonds which change in the tautomer- 

ism (Table 2-2). In this way we find that the simple ketone is substantially 

more stable than its corresponding enol, and in fact simple (unconjugated) enols 

have never been isolated and are known only as reaction intermediates. When 

the enol double bond is conjugated, however, and enjoys resonance stabiliza- 

tion, it can be more stable than its corresponding ketone: hydroxy-benzenes 

(phenols) are the most dramatic examples. Here the possible ketone tautomers 

are unknown. 
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Nae 

Ce 

Enol 

COR ass 

C=C --146 

O-H -111 

—361 kcal/mole = more stable than —343 kcal/mole 

by AE = —18 kcal/mole 

jeg 
Soe 

Bond Keto 

energies: C=O -179 

C—C — 83 

C—-H —- 99 

O 
H 
H 

— 361 

RES 29 

OH 

— 343 

— 36 

—366 kcal/mole = less stable than —379 kcal/mole 

by AE = +13 kcal/mole 

TABLE 5-2 Major Examples of Proton Tautomerism 

(* = most stable tautomer) 

mc piece 

Nitrile * 

>OH Keto-eno] tautomerism: 

2 C=C accu with all carbonyl- 

| containing functional 

groups (esters, amides, etc.) 

—NH 
aie 

Enamine 

aci-Nitro 

HN=C=C— 

SEC. 5-4 
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These energy calculations are crude, as the known preferred stabilities of Table 

5-2 will show on comparison with Table 2-2. Since the bond energies are only 

for simple average cases and these in the gas phase, there is little surprise if 

they are off by +5 kcal/mole for comparisons in solution. The minor resonance 

of the enol should improve its standing by a few kcal/mole relative to simple 

bond energies. If more enols are incorporated in one benzene ring the benzene 

resonance is less able to overcome the energy difference, so that resorcinol, while 

enolic, shows more ketonic activity than phenol, and phloroglucinol is just 

at the borderline and behaves chemically like a triketone in a number of 

reactions. 

OH O OH O 

Cl Cl ie. = io 
OH O HO OH oO O 

Resorcinol Phloroglucinol 

Another kind of tautomerism, usually combining proton and valence 

types, is called ring-chain tautomerism. This kind can occur when one functional 

group of a bifunctional molecule (e.g., an acyclic, or chain molecule) attacks 

the other with its pair of electrons, and thus forms a ring. The simplest example 

is the third case in Fig. 5-6. These are not resonance structures (though nearly 

so) since nuclei move. The nitrogen moves into bonding distance of the car- 

bonyl carbon and that shifts from sp? to sp? hybridization, moving its attached 

groups (CH,, H, O) from ~120° to ~109° angles. The two tautomers can be 

separately isolated by crystallization from different solvents. In more common 

examples there is also a proton shift as in the cases below, and ring tautomers 

of five and six members are usually favored over the corresponding open-chain 

tautomers. Tautomerism is discussed as an acid-base reaction in Sec. 8-9. 

Oe peek 

R Aas | ee 5: (Usual only with five- 
al alee H R pate O: and six-membered rings) 

Ketoalcohol or Hemiketal or 
hydroxy-aldehyde hemiacetal 

O >O—H 

Ketoacid or Lactol 
aldehyde-acid 
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Hyperconjugation 

Before leaving the subject of resonance vs. tautomerism, it is appropriate 

to point out that a number of effects observed in the last three decades have 

been explained by involvement of resonance stabilization due to delocalization 

of ao bond with the z electrons of an adjacent double bond. This is heterovalent 

resonance, requiring breaking a o bond in one structure, and called hyper- 

conjugation. The effect, also called ‘“‘no-bond resonance,” is commonly invoked 

only for protons. It is understood that the proton does not move from bonding 

distance to carbon in such resonance: hyperconjugation is not proton tautomerism. 

H Ht 
| + 

Bie ce 
(C+ = p orbital) Hyperconjugation 

Certain phenomena involving extra stabilization of carbonium ions are fre- 

quently ascribed to hyperconjugation, but the whole concept has been sur- 

rounded by controversy for years. Authentic hyperconjugation in stable neutral 

molecules is hard to demonstrate, and the effect must be a minor one in such 

cases. The stability of the tert-butyl cation, (CH,),C*, is very great, however, 

with respect to other saturated carbonium ions. This stability is probably 

reasonably attributed to hyperconjugation (with 10 resonance forms), but other 

factors are also certainly involved, and defining relative contributions is very 

difficult. 

PROBLEM 5-4 

Are the following pairs tautomers or resonance forms? 

OCH, *OCH, 
a CH,—C=N(CH;), | CH;—C—N(CH)), 

a ? 
b CH,—C=NCH, CH,—C—N(CH,), 

O O HO O 

OH 
d @,CHNO, @,C=NY 

Oa 

O OH 
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O 
‘e 2 ~Ot+ O 

| 
SQ 

PROBLEM 5-5 

a Write curved arrows to show the electron movement which converts the 

several benzene tautomers to benzene, and the right-hand tautomers to the 

left-hand ones in Fig. 5-6. 

b Write several major resonance forms of each tautomer in the second example 

of Fig. 5-6. 

c Write a second resonance form of the enol; why is this resonance less impor- 

tant than that in the enolate anion? 

d Write two tautomers of the amide group (R—CONH,) and two resonance 

forms of each tautomer. Assess the importance of resonance in each tautomer. 

Compare bond energies of the two tautomers and comment on the predom- 

inance of the normal amide tautomer. 

e Two interconvertible forms are tautomers, not resonance forms, if nuclei must 

move in the interconversion. How far must the acid proton move in passing 

from one oxygen to the other in the carboxylic acid (see Table 2-1, Fig. 2-14). 

f Calculate the relative bond energies of each pair of tautomers in Fig. 5-6 and 

Table 5-2 using values from Table 2-2. 

5-5 AROMATICITY 

The most significant quality about structures containing the benzene ring 

is that they are unusually unreactive compared to acyclic polyenes. Recognition 

of this special stability is almost as old as organic chemistry itself and, indeed 

because of it, much nineteenth-century chemistry was performed on benzene 

derivatives. These compounds were said to be aromatic or to have aromatic 

character. The quality which renders aromatic rings especially stable is con- 

veniently referred to as aromaticity. Of course, aromaticity is only resonance 

stabilization, or delocalization, but it particularly refers to the situation in which 

the delocalized z electrons are contained in an orbital ring (doughnut-shape 

as in benzene, ¢,, Fig. 5-1). The resonance energy in these rings can be espe- 

cially large, as benzene demonstrates. 

The amount of aromaticity in unsaturated rings is assessed in various 

ways: 

Chemical stability in excess of acyclic unsaturated analogs 

Thermochemical measurement of RE by heats of formation or hydrogenation 

Physical measurement, e.g., diamagnetic susceptibility or, more commonly, nuclear 

magnetic resonance (Sec. 7-6) 

The third criterion, currently the most actively employed, derives from the 

physical expectation of a magnetic field generated by any ring of electrons, 
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circulating as an electric current. This ring current in a z-electron circle is 

therefore a special feature of aromaticity (Sec. 7-6). 

In 1931 Hiickel presented molecular-orbital calculations which predicted 

that a monocyclic ring of (4n + 2) 7 electrons, where n is any integer, would 

have special stability and that one of (4n) 7 electrons would not. Recent more 

refined calculations predict that those with (4n) z electrons should be less stable 

than their acyclic analogs and the (4n) rings have been called antiaromatic. This 

special effect (+ or —) in energy falls off with increasing values of n. 

Aromatic: 4n + 2 = 2, 6, 10, 14, 18,...7 electrons 

Antiaromatic: 4n = 4, 8, 12, 16, 20,...7 electrons 

Hiickel’s prediction has stimulated considerable research into the syn- 

thesis of various fully unsaturated rings to test their aromaticity and in general 

the prediction has been substantiated. As with benzene (six 7 electrons), all 

aromatic molecules must have enough delocalization energy to force them into 

essentially planar geometry for full 7 overlap. The major examples are shown 

in Fig. 5-8. In the first row the carbonium ions are the most stable known, 

existing as stable salts in water solution.{ In cyclopropenyl ion the resonance 

energy overcomes the considerable instability associated with squeezing three 

sp” carbon angles from their normal 120° bond angles to 60° (Sec. 6-4). The 

six-membered heterocyclic rings in the first two rows are isoelectronic, with 

six 7 electrons. A perpendicular sp” orbital on the heteroatom bears an unshared 

pair, in the same orientation as the C—H bonds in benzene, coplanar with the 

ring. The five-membered heterocycles are also planar and isoelectronic (except 

for the N—H proton) and make up their six 7 electrons by involving one pair 

on the heteroatom (in a p atomic orbital). These heterocycles are discussed 

in Chap. 24. 

The 10-electron anions are both planar and relatively stable despite the 

instability associated with widening their normal 120° angles to 135° and 140°, 

respectively. There is also strain on the normal bonding angles (Sec. 6-4) in 

the 10-electron bicyclo-undecapentaene, but the delocalization energy is ade- 

quate to overcome it and leave the molecule still observably aromatic. This 

is also true with the tetracyclic 14-electron hydrocarbon. (The methyl groups 

are located one above and one below the ring.) The [14]-annulene is plagued 

with destabilization caused by pressing the inner hydrogens (colored) against 

each other but still shows aromatic stability. Both the [14]-annulene and the 

[18]-annulene (4n + 2) are more stable than the [16]- and [20]-annulenes (4n), 

but it is clear that the stabilization (and destabilization) is diminished in these 

larger rings, which are all increasingly more similar to acyclic polyenes as their 

ring size increases. 

{Cycloheptatrienyl cation—known as “tropylium ion” —was actually first made in 1893 but never recog- 

nized since it was thrown out, as a salt, with the water extract of the reaction! Only in 1954, seeking 

to test Hickel’s prediction, did Doering repeat the experiment and isolate the tropylium salt. 
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Aromatic 

AO00O 0 S | Z 

“ N 
(2) (6) (6) (6) (6) 

2EOL Sco 
N O S O77 
H oe oe oo + 

(6) (6) (6) (6) 

(10) (10) (10) 

]-Annulene [18] ete 
(14) 

Nonaromatic 

ie (Wht 
(4) (4) (4) 

(8) (8) 

FIGURE 5-8 Aromaticity in unsaturated monocyclic ring systems (number of 7 electrons in 

parentheses) 

Only fleeting glimpses of the first row of nonaromatics can usually be 

obtained owing to their unusual instability; they appear to be truly anti- 

aromatic. Cyclooctatetraene is not planar and behaves like an acyclic polyene 

with neither resonance stabilization or destabilization. 
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PROBLEM 5-6 

Comment on the aromaticity or antiaromaticity of the following structures. 

(Some may have aromatic character owing to another resonance form.) 

C. 
——— 

b f N—CH, 
2s 

H 

N 
~ 

HB BH 
c g k | | 

HN. phi 

B 

H 

oR. 
5-6 SUMMARY 

The z and p orbitals above a planar o skeleton in a conjugated unsaturated 

molecule can overlap into more extensive molecular 7 orbitals. The resultant 

electron delocalization is a stabilizing influence, lowering the energy of the 

molecule by an amount called the delocalization or resonance energy. This 

is about 40 kcal/mole in a strongly stabilized case like benzene but only a 

few kilocalories per mole in conjugated polyenes, other common examples 

being intermediate. The concept of stabilization by resonance will be very 

important later in assessing acidity and basicity, the stability of charged reaction 

intermediates, and the spectral behavior of 7 electron systems. 

The molecular-orbital approach affords an important qualitative picture 

of this delocalization in clearly showing the extended z orbital system per- 

pendicular to the coplanar o frame. The resonance approach complements 

this in affording a set of contributing localized-bond structures which are more 

useful in qualitatively determining charge distribution. These contributing 

structures are selected and weighted according to the rules in Sec. 5-3. The 

arrow convention for electron movement allows resonance structures to be 

generated from each other with confidence by following simple rules (see page 

158). 
Both visualizations are employed together, but the latter is usually em- 

ployed for the actual writing of structures. It will be much more convenient 
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(and safer) to write benzene in one of its Kekulé forms when discussing reac- 

tions; either Kekulé form written at random will serve for reaction mechanism 

depictions, it being remembered always that the true picture of the molecule 

is the symmetrical one with delocalized orbitals as a ring or doughnut above 

and below the planar skeleton (Fig. 5-1). 

When only z electrons are involved, with no movement of atomic nuclei, 

the various possible structures that can be written for a conjugated molecule 

are indeed resonance forms collectively describing a single resonance hybrid 

molecule. When major movement of nuclei and the making and breaking of 

o bonds are involved, the several possible structures virtually always represent 

different molecules (tautomers) rather than a single hybrid. Valence tau- 

tomerism describes the shift in geometry in a molecule going to an isomer 

(tautomer) by breaking and making internal o bonds (and also shifting 7 bonds 

usually) without loss of any atoms. Proton tautomerism arises by breaking, 

and reforming at another site, a bond to hydrogen; one of the tautomers gen- 

erally has a heteroatom bonded to the hydrogen. 

An aromatic system is a fully conjugated ring. It enjoys special stability 

(aromatic stabilization is resonance energy) as long as the cycle contains 

(4n + 2) 7 electrons. The cycle of 7 electrons generates a ring current discerned 

by its effects in the NMR spectrum (Sec. 7-6). 

PROBLEMS 

5-7 Write sets of resonance structures for the following compounds and indicate 

only the more important contributors to each of the hybrids. 

a CH,CONH, i CH,—CHBr q Naphthalene 

b CH,;COOCH, j CH,=—CHN(CH;), r Phenanthrene 

c CH,CN k CH,=CHNO, s a-Naphthol 

d (CH,CO),O GHC! t C,H,CH=CH, 

e CH,COCI m C,H,OCH, u C,H.CN 

f CH,COOH n C,H;NO, v C,H;CH=CHC,H, 

g CH,NO, o C,H;NH, w p-CH,OC,H,COCH, 

h CH,=CHCHO p C,H,COCH, x Furan 

5-8 The following is a formula for a well-known stable free radical (a species con- 

taining an odd number of electrons), which is also a cation. By writing resonance 

structures, investigate the true location of the odd electron. 

+.O-H 
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5-9 

5-10 

PROBLEMS 

Write the principal resonance forms stabilizing the following structures: 

a 4-Amino-nitrobenzene 

b The aromatic C,H;N 

c cuo-{ 

d The violet dye, pinacyanol: 

ive wee S N SF SX N 

C,H; 

e The natural dye, indigo: 

H O 

N 

O 

f C y8 
a 

O- 

N 
H 

Criticize the following representations of resonance. 

2 HovGRLcHLoR cH a OY cH La CH, 
b CH,N~CH—CH=CH; e ae 

Ce (CH=CH, 

c 0<c~ con f R-NEcH“C=O 
CH CH CH: CH; 

Write the structure of a proton tautomer of each of the following. Show resonance 

forms (if any) for the intermediate anion in the tautomerism. 

a HOCH,CH,CC1,COC,H, f CH,NH—CH=CH—CH, 

b C,H;COCOCH, g CH,NO, 

c CH,=CH—CH=N—OH h_ p-Nitrotoluene 

d HO )-N=0 i Cyclopentyl cyanide 

e 2-Cyclohexenone (two ways) j C,H,;CH,CONHCH, (two ways) 
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5-12 

5-13 

5-14 

Use curved arrows to generate uncharged resonance forms of the following: 

Criticize certain of the following structures as significant contributors to the 

resonance hybrid of the molecule. Classify each of the indicated sets as isovalent 

or heterovalent interactions. 

Zl SIGH C=N 4 == CHNG=N <= CH.C— 

hs (CP GSS eee 

¢ CH,=CH—CH=0 <> CH,—CH=CH—O 

d CH,=CH—C—CH, —> |CH,—CH=C—CH, 

2) Ol 
e CH,—C—CH=C—CH, <> CH,—C=CH—C—CH, 

Os HO Ona 0 

WY 
PCH Nee tC NG 

\ 
D O 

H H 4H H 
S 

a i = H HaH “Hy 

Pret C—O) ==" cr c=o 

A QSOS 0 aC0) ss OC Se 0 28) 

j H—-N=N=N —> H-N=N=N 

2,3-Dimethyl-2-cyclohexenone and 2,3-dimethyl-3-cyclohexenone are much 

more readily interconvertible than 1,2-dimethylcyclohexene and 2,3-dimethyl- 

cyclohexene. Explain. 

A ketone may be converted to its enol under acidic as well as basic conditions. 

The first step involves forming an O—H bond by attaching a proton (H*) to 

an unshared electron pair of oxygen. Show the steps in converting ketone to 

enol this way and the parallel with base-catalyzed enol formation. 
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5-16 Compare the stability of each of the following pairs of organic ions. 

a C,H.CH=CH—CH,+ CH,CH=CH—CH,* 

ING NZ 

Cis, Os eed 
o 3 CH, 

€nChe ei Os CH,=CH—O- 

d Le at [ \ 
2 as 

H 

oe oe + 

e (CH,),N—-CH=CH—CH=N(CH,), CH,O—CH=CH—CH=N(CH,), 

1 ie 
f R—C—NH R—C—O: 

8 (CH,),C—CH=O (CH,),C -CH=CH, 
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THE SHAPES 
OF MOLECULES— 
CONFORMATION 
AND 
STEREOCHEMISTRY 
IN previous chapters most formulas were written in ways not intended to show 
the detailed shapes of molecules. This chapter is devoted to examining the 
architectural features of three-dimensional organic molecules. Knowing the 

bond angles at each atom in an organic molecule allows us to construct the 

molecular shape in space. Usually, however, such a construction will not result 

in a single rigid shape since the coaxial symmetry of single bonds allows them 

to rotate easily. Consideration of even a simple lower alkane shows that it can 

have many shapes as the several carbon-carbon bonds are allowed to rotate. 

The conformations of a molecule are these various shapes it can take up by 

rotations about its single bonds, without breaking any bonds. Rotations around 

double bonds, however, are severely restricted since such rotation must break 

the z bond and must therefore require substantial energy input. (See page 57). 

Although most molecules can assume many conformations by single-bond 

rotation, there are restrictions on the process. As we shall see, rotation about 

single bonds is not quite free but exhibits favored orientations. Furthermore, 

rotations that force one atom too close to a neighboring but nonbonded atom 

are restricted. Finally, changes in shape or conformation arising from deforming 

bond angles and lengths from their natural values are also restricted. Each of 

these four kinds of molecular deformation—bond stretching, bond-angle bending, 

bond rotation, and compression of nonbonded atoms—is subject to restrictions 

which may be assessed in terms of their energies, called deformation or strain 

energies. Thus, it costs energy (makes the molecule higher in energy, or less 

stable) to deform a molecule, in each of these four ways, from its natural or 

optimum geometry. The total strain energy of any conformation is the sum 

of these separate strains at each of its bonds, and the molecule tends to take 

up the conformation(s) which minimize this strain energy. Most molecules 

have only a single important conformation, fortunately. 

We can often apply certain rules (conformational analysis) to see in a 

qualitative way how a particular molecule will minimize strain, and thus deter- 

mine its preferred shape(s) or conformation(s). This is particularly true of cyclic 

saturated molecules since rings tend to limit the conformational possibilities. 

It will be of importance to determine preferred conformations, not just for a 
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clearer view of the spatial appearance of molecules, but also because their 

shapes are of salient importance in their chemical reactivity. 

Stereochemistry (“spatial chemistry”) is a second area of importance, be- 

ginning with Sec. 6-8, which is concerned not with the optimum shape of a 

single molecule but with the fact that a two-dimensional representation of a 

molecular structure, such as we have previously written, can actually represent 

two or more different three-dimensional molecules, with different shapes no 

matter what rotational conformations they assume. This is possible because, 

with four groups bonded to any carbon, it is important how they are placed in 

space on the four tetrahedral bonds of that carbon. This placement can lead to 

more than one molecule. 

The idea is easily seen in 1,3-dimethylcyclobutane. In two dimensions, 

on paper, a single structure (A) defines it, but in three dimensions there are 

two possible real molecules corresponding to structure A and these are shown 

as B and C in the perspective drawings. Thus structure A is not enough to 

define a real molecule of 1,3-dimethylcyclobutane. We also need to specify 

whether the two methyls stand on the same (B) or opposite (C) sides of the 

ring. 

CH,—CH—CH, on <—S 
CH,—CH—CH, 

A B E 

There is no doubt that the two 1,3-dimethylcyclobutanes are different 

molecules—and so represent physically different chemical substances—since 

they have different shapes and could only be interconverted by breaking the 

bonds to methyl and hydrogen on one carbon and remaking them in a reverse 

sense. This is a chemical reaction, changing one substance into another. The 

two molecules, B and C, therefore are two separate isomeric compounds. They 

are called stereoisomers (“spatial isomers”) to distinguish them from the struc- 

tural isomers we have defined previously. There are two stereoisomers of 1,3- 

dimethylcyclobutane but these are in turn structural isomers of the (two) 

1,2-dimethylcyclobutanes. Structural isomers are distinguishable by two- 

dimensional structures such as A, while stereoisomers are not. Any stereoiso- 
mer can of course have a number of conformations. 

In dealing with stereoisomerism we shall also be involved with the concept 

of symmetry in molecular shape, and considerations of symmetry simplify the 

understanding of, and greatly diminish the number of, stereoisomers for most 

molecules. The importance of stereoisomerism can be appreciated in consider- 

ing reactions forming a structure capable of existing as more than one stereo- 

isomer: we need to define and control which stereoisomer is produced in the 

reaction and be able to separate the product stereoisomers from each other. 

jThere are possible conformations of B and C with rings which are not square, or are bent. Rotation 

around the ring bonds is virtually impossible, but the methyl groups can take up a full circle of possible 

conformations by rotating. 
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FIGURE 6-1 Space-filling model of 2-hexenoic acid 

6-1 MODELS AND PICTURES OF MOLECULES 

Since it is important to represent molecules for visual inspection, organic 

chemists have devised various mechanical models as well as conventions for 

perspective pictorialization on paper. The models are of two kinds, those which 

show only the framework (bonds + nuclei) and those which show the full bulk 

of each atom, so-called space-filling or scale models. The latter have some value 

for determining the strain associated with compression of nonbonded atoms, 

but do not show the skeleton at all clearly. Inexpensive framework models 

are available for students and are of enormous assistance in visualizing the 

spatial relations of molecular groups. Examples of these models are shown in 

Figs. 6-1 through 6-4. 

FIGURE 6-2 Framework model of 2-hexenoic acid 



178 MODELS AND PICTURES OF MOLECULES SEC. 6-1 

FRO as PORES 

FIGURE 6-3 “Ball-and-stick” model of 4-methylcyclohexanone 

Despite (or because of?) their great value for visualizing molecules, models 

can be deceptive. As we learn more about the responses of real molecules to 

deformation forces, we will recognize that models do not respond in parallel 

ways and thus can lead users into false attitudes about molecular strains. In 

general models are too stiff in resisting angle bending, too loose in rotation 

about single bonds, and the space-filling variety are pessimistic about the 

tolerance of nonbonded atom compressions. Rarely will any model fall into 

the correct conformation by itself, as the molecule it represents does. The first 

two figures show 2-hexenoic acid in two kinds of models, the first (Fig. 6-1) 

showing the space occupied by the atoms but a poor sense of the skeletal 

connections and angles. The second shows the skeleton only and more clearly. 

In both the coplanarity of the groups attached to the conjugated double bonds 

should be apparent. The second two figures illustrate cyclohexane derivatives 

in models which show the skeleton clearly. The cyclohexane ring is not planar, 

but the benzene ring in Fig. 6-4 is quite flat. 

In writing perspective formulas it is common to approximate the tetra- 

hedral angle with the simpler 120° or hexagon angle, and to show two groups 

in the plane of the paper and the other two above and below as wedges and 

dashed lines, respectively, as in the structure of hexanol shown here. Heavy 

and dashed bonds are also used as a convention for showing a ring substituent 

as above (heavy) or below (dashed) the plane of the ring, as in the two cyclo- 

hexanols shown. Conventions for drawing ring compounds in perspective are 

outlined in Sec. 6-6. 
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iG CH, 
On, sO it, _OH 

~OH | OH °CH, 

Figure 6-5 illustrates another convenient device for showing the three- 

dimensional arrangement of atoms about any single bond. The “end-on” or 

projection formulas show the molecule as it would appear to a viewer looking 

down the carbon-carbon bond. Consequently, one sees only the front carbon 

atom and the groups attached to both of the carbon atoms. In the projection 

formulas the six bonds are arranged like spokes of a wheel. The three bonds 

that intersect in the center of the circle show which groups are attached to 

the near carbon atom. Bonds to the more distant carbon atom are drawn only 

to the edge of the circle, since their intersection at the remote carbon atom 

is hidden. Rotation around the central bond may be shown by keeping the 

three bonds at one carbon atom fixed and rotating the group of three bonds 

at the other carbon atom, as in the two ethane conformations in Fig. 6-5. 

6-2. RESTRICTED ROTATION: DOUBLE BONDS 

The geometry of ethylene is much simpler than that of ethane, since all six 

atoms of ethylene must lie in one plane (page 54). The energy barrier to 

rotation about any carbon-carbon double bond is high enough to hold the four 

attached substituents in a rigid planar conformation except at high tempera- 

tures. 
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Projection formulas 

H 

H HUH 

H a HN 
60° 

H H 120 

H 
Staggered H 

Eclipsed 

Ball-and-stick models 

Scale models 

FIGURE 6-5 Arrangement of atoms in ethane (end-on view) 

Examination of the 7 orbitals of ethylene explains the rigidity associated 

with the carbon-carbon double bond. (See Fig. 6-6.) If the plane occupied by 

one CH, group is rotated 90° about the axis for the carbon-carbon o bond, 

the 7 molecular orbital is destroyed. The two atomic p orbitals are now at right 

angles to each other, and no orbital overlap can occur. Twisting the molecule 
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Ethylene 

a orbital destroyed by 90° 
rotation about double bond 

Molecular orbitals of ethylene 

FIGURE 6-6 Rotation about double bonds 

to the perpendicular configuration requires energy input sufficient to break the 

a bond, i.e., on the order of 60 kcal/mole for the carbon-carbon double bond. 

(Compare double and single bond energies in Table 2-2.) 

A consequence of restricted rotation about double bonds is geometric 

isomerism. For example, two different compounds contain the atomic sequence 

HOOCCH=CHCOOKH,; one is maleic acid and the other is fumaric acid. These 

substances have widely different physical properties. The former melts at 130°, 

the latter at 270°. When heated to 140° in an open flask, maleic acid gives 

maleic anhydride and water. In contrast, fumaric acid remains unchanged 

when subjected to the same treatment. However, at 275°, fumaric acid loses 

water to form maleic anhydride. Reversing the reaction by opening the anhy- 

dride ring with water gives only maleic acid. 

UA HOOC H HT OOH ER ye EG; 

140 Gls 275° 1 140 : 
Nl 2 I yo + H,O <— no reaction 

VZENe Ss EN 
H ‘COOH H  & H COOH 

O 

Maleic acid Maleic Fumaric acid 
mp 130° anhydride mp 270° 

The existence of these two compounds and the difference in their behavior 

are consequences of restricted rotation about double bonds. In maleic acid, 

the two carboxyl groups are attached on the same side of the double bond; 

in fumaric acid, the functional groups are on opposite sides. Maleic acid loses 

water to form a cyclic anhydride because its two carboxyl groups are close 

together and can interact with each other. In fumaric acid, the carboxyl groups 

are too far apart to interact directly. If the compound is heated strongly, it 

slowly isomerizes (by rotation around the double bond) to maleic acid; the latter 
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is converted to the anhydride very rapidly at the temperature required for 

isomerization. 

Pairs of geometric isomers are normally referred to as cis and trans 

isomers. If the two carbon atoms of a carbon-carbon double bond possess a 

pair of like substituents, the cis isomer is the compound in which the like 

substituents are on the same side of the molecule. Thus, maleic acid is cis- 

butenedioic acid and fumaric acid is trans-butenedioic acid. If four different 

groups are attached to a carbon-carbon double bond, the cis isomer is the one 

in which the groups containing the longest carbon chains are on the same side 

of the double bond, as illustrated by the nomenclature of the 3-methyl- 

3-heptenes. 

.CH. H ae C ae 

arON Te ES 
CH,CH, CH,CH,CH, CH, CH,CH,CH, 

cis-3-Methyl-3-heptene trans-3-Methyl-3-heptene 

The words cis and trans are used to describe the disposition of pairs of 

groups with respect to each other. For example, in cis-3-methyl-3-heptene the 

hydrogen atom and the methyl groups are cis to each other, and the hydrogen 

atom is trans to the ethyl group. The distinction between words used in naming 

a molecule as a whole and in identifying geometric relationships between parts 

must be clearly recognized. 

Conventions for representation of unsaturated molecules are illustrated 

by the formulas for cis- and trans-2-butene, which are shown in Fig. 6-7, and 

in the photograph of the models of trans-2-hexenoic acid in Figs. 6-1 and 6-2. 

In order to be capable of geometrical isomerism a double bond must have 

two substituents different from each other at either end, as in the cases below: 

AL YO AL Ve AL as 

C_eé (C==(C E—G@ 

A Y B B B 

A B A xX 

Jee ae 
B A B Y 

One isomer Two isomers Two isomers 

The number of geometrical isomers that have the same basic structure increases 
with the number of double bonds that fulfill the above condition, and is given 
by the relation: 

Number of geometrical isomers = 2” 

(n = no. of double bonds with different substituents at each end) 

In a diene example, the four (2 = 4) isomers of 1-phenyl-1,3-pentadiene are 
shown in the following formulas. 
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Formulas 

cis-2-Butene trans-2-Butene 

= Vi es CH, 

CH, CH, CH, 

1S [eee eH HES _---CH 
GE 5 GQ Cae ° 

CH, “SCH, CH, “3H 

Scale models 

HL A HL CH, 

G_—G CH, H G—E 
vA S Ye SS Va S 

C,H, G—E G—@ H 
Va N je Xs 

H H C,H; H 

cis, cis-1-Phenyl- trans, trans-1-Phenyl- 
1,3-pentadiene 1,3-pentadiene 

H H H H 
SS fo X 
GG H H C=C 

WA SS Va S va 
C,H, eR Je CH, 

H CH, C,H; H 

cis, trans-1-Pheny]- 
1,3-pentadiene 

trans, cis-1-Phenyl- 
1,3-pentadiene 
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Geometric isomerism can also arise in the chemistry of compounds con- 

taining carbon-nitrogen and nitrogen-nitrogen double bonds. Although inter- 

conversion of stereoisomers by rotation about C=N and N=N bonds is easier 

than isomerization about C=C bonds, many examples are known in which 

both members of isomeric pairs have been isolated and characterized. A special 

nomenclature has developed for the description of isomeric oximes. The terms 

syn and anti replace cis and trans, respectively. For example, the syn isomer 

of an oxime derived from an aldehyde (RCHO) is the compound in which the 

hydrogen atom and the hydroxyl group are adjacent to each other. In the anti 

isomer the hydroxyl group is cis to the other group. 

A jou He 

CEN. DC=ND 
R R OH 

syn-Oxime anti-Oxime 
(H and OH cis) (H and OH trans) 

As indicated by the above formulas, unshared pairs of electrons at nitro- 

gen occupy fixed positions, corresponding to the positions of one of the groups 

attached to carbon in unsymmetrical compounds containing carbon-carbon 

double bonds. 

Steric Hindrance 

The relative stability of two geometric isomers is usually determined 

simply by considerations of steric hindrance. The term refers to the compression 

which a group suffers by being forced too close to its (nonbonded) neighbors. 

The cis positions on a double bond are close enough in space (and cannot 

rotate away) so that if the groups attached cis are of moderate size they will 

suffer strain due to crowding each other; this strain is not experienced in the 

trans isomer. 

In general the isomer with the two larger groups at each end of the double 

bond cis is the less stable of the two. Thus cis-2-butene is slightly less stable 

than trans-2-butene, while with the bulkier phenyl groups the difference in 

energy between cis- and trans-stilbene (1,2-diphenylethylene) is so great that 

an equilibrium mixture contains 10+ times as much trans as cis isomer at room 

temperature. When the groups in question are not hydrocarbon, however, the 

relation is less clear, for all the 1,2-dihaloethylenes except diiodo are more 

stable in the cis form, apparently owing to a counterbalancing electrical attrac- 

tion between two halogen atoms. This attractive effect is not at present well 

understood. 

6-3 RESTRICTED ROTATION: SINGLE BONDS 

Since the single bond, unlike the double bond, consists of an axially sym- 

metrical o orbital, it should in principle be capable of completely free rotation 
which would carry the attached atoms through successive staggered and eclipsed 
conformations, as shown in Fig. 6-5 for the simplest case, ethane. However, 
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even though the substituents on the single bond of ethane are only hydrogens 
and very small, the eclipsed conformation is less stable than the staggered by 
3 kcal/mole. 

This constitutes an energy barrier to free rotation around the single bond. 
It implies that most molecules at any moment are in the most stable staggered 
orientation but that any one which receives 3 kcal/mole from its environment 
may rotate to the eclipsed conformer (conformational isomer) and then give 

up the 3 kcal/mole again by rotating on to the next stable staggered conformer. 

It receives this energy by collision. 

All molecules have thermal or kinetic energy owing to their being in 

constant motion, and this energy is a function of temperature, rising as tem- 

perature rises and the molecules travel faster. At room temperature this repre- 

sents sufficient energy to allow processes requiring 15 to 20 kcal/mole to 

proceed, activated by molecular collision. This is not enough energy to break 

bonds (50 to 150 kcal/mole, see Table 2-2) or cause double bonds to rotate 

(~ 60 kcal/mole), but it is enough to allow rotation around single bonds to 

occur with ease (only 3-kcal/mole barrier). As we saw with fumaric acid, 

sufficient heat provides enough energy to overcome even the 60-kcal/mole bar- 

rier of double bonds. 

The basic energy barrier to rotation around single bondsj is not yet fully 

accounted for but is generally understandable in a useful qualitative way as 

the mutual repulsion of the negative electrons in the six bonds attached to 

the central bond when they rotate closest to each other, i.e., in the eclipsed 

conformation. When the substituents on the single bond become larger than 

hydrogen their steric hindrance in the eclipsed conformation will increase the 

value of the barrier of rotation above the basic 3 kcal/mole. 

Es Ta a ; ae = = 
Me ae ; 
Je 

Rotation Two eclipsed orbitals 
around on adjacent atoms repel 
central each other electrostatically 
bond 

An important consequence of the rotation barrier arises in ring com- 

pounds in which certain bonds are forced by the restrictions of ring making 

to have conformations other than the staggered one. In such cases the nearer 

each bond is to being eclipsed the more strain energy of this kind it contributes 

to the overall strain energy of the molecule. Preferred conformations of ring 

molecules are usually characterized by their relative freedom from this torsional 

or eclipsing strain (Sec. 6-6). 

As shown in Fig. 6-8, the question of free rotation about single bonds 

assumes major importance when the structure of a compound such as n-butane 

+ This barrier is 3 kcal/mole for bonds between sp? carbons and somewhat less for other single bonds. 
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a6 Speen else CH, 
H GH; GH: H : 

180 

H H H 

H H CH; 

GHEGHe 
eclipsed 

GH or 
eclipsed 

Energy ——> B 

— 60 ) +60° +120° +180" 

Dihedral angle at central bond 

FIGURE 6-8 Three staggered conformers of n-butane 

is considered. Of the three staggered arrangements, A and B resemble each 

other but are different from C. If the molecule could not pass easily from C 

to A and B, it would be possible to isolate two isomeric modifications of 

n-butane. Isomeric modifications of any saturated compound in which the 

isomerism is due solely to restriction of rotation about single bonds have never 

been isolated, however, owing to the low barrier to free rotation. 

Although rotamers (rotational isomers) cannot be isolated, rotational ar- 

rangement of groups about single bonds sometimes has a profound influence 

on chemical reactivity. Conformations in which large groups are as far apart 

as possible are ordinarily most stable. For example, C should be the most stable 

of the n-butane rotamers since it has no steric hindrance between the methyl 

groups, and in a macroscopic sample more molecules have arrangement C than 

have the isomeric conformation A or B. Straight-chain hydrocarbons tend to 

take up the conformation with all single bonds in conformation C, the bonds 

to carbon from each single bond being oriented at 180° to each other as in 

the hexanol conformation shown on page 179. A curve of the changing strain 

energy with rotation is included in Fig. 6-8. 

In saturated compounds generally, then, staggered conformations are 

preferred and the one with the groups at 180°—farthest from each other—is 

the best staggered conformation. When a single bond is connected to a double 

bond, however, the double bond at one end of the single bond eclipses a 

hydrogen at the other end in the preferred conformation. With respect to rotation 

around the single bond this conformational preference is around 2 kcal/mole, 

compared to 3 kcal/mole for the saturated compound. 

H R H 
S 
Smee . = i, 

x Eclipsed ms 

am H 
H 
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PROBLEM 6-1 

In each of the following pairs of compounds, which one will be the more stable 

and why? 

a cis- or trans-2-pentene d Isomers of 1-phenyl-2,3,3-trimethyl- 

b cis- or trans-2-phenyl-2-butene 1-butene 

c cis- or trans-1,2-dimethyl- e cis- or trans-cyclooctene 

cyclopentane 

PROBLEM 6-2 

In planar cyclopentane the carbon bond angles are all 108°, very nearly tetra- 

hedral. However, the preferred conformation is nonplanar. Explain by utilizing 

a projection diagram of one bond. 

6-4 ANGLE-BENDING STRAIN 

The great reactivity of cyclopropane compared with other cycloalkanes was 

explained in terms of steric strain by Baeyer as early as 1885. He reasoned 

that cyclopropane rings could be formed only by compressing the C—C—C 

bond far below the “natural” tetrahedral angle of 109°28’. The notion that strain 

makes unstable the small-ring compounds, such as cyclopropane and cyclo- 

butane, remains essentially unmodified today. Extension of the theory predicts 

greater strain and higher reactivity for cyclopropene since the normal 120° bond 

angles at the sp” carbons are even more compressed in being forced into a 

60° triangle. Cyclopropene is known, but it is so reactive that it explodes at 

room temperature. Angle compression, with resultant strain, is also observed 

when a double bond (or more exactly, any sp? carbon, with 120° angle require- 

ments) is placed in a four- or five-membered ring. Chemical reactions which 

convert sp” to sp? carbon in a small ring (3, 4, 5) are enhanced owing to release 

of this angle strain. 

CH. —CH, 

CH, CH, z Z 
ile ys \ oh 
4, cn, CH——CH ae 
Cyclopropane Cyclopropene Cyclobutane 

Ethylene oxide, ethylene imine, and ethylene sulfide are common com- 

pounds that are unstable compared with their open-chain counterparts, but 

they are easily handled at room temperature and are widely used. Their four- 

membered homologs are also known. As expected, the latter compounds have 

intermediate stability. 
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In molecules like cyclopropane which force severe angle strain, the mole- 

cule is faced with two choices: either keep the interorbital angles at about 109° 

to minimize interelectron repulsions and sacrifice maximum overlap of the 

bonding orbitals; or achieve maximum overlap by placing the bonding orbitals 

coaxial with the line between nuclei in the normal way and tolerating the 

higher interelectron repulsions of orbitals only 60° apart. This choice is ap- 

parently resolved, in the usual manner of physical systems, by adopting an 

intermediate orbital geometry which minimizes the overall energy. The actual 

cyclopropane molecule which results is the compromise of Fig. 6-9, with bent 

bonds. (See page 61). 

6-5 CONFORMATIONAL ANALYSIS 

It is possible to assess the strain energy of different conformers in order to 

decide which is the lowest in energy and hence most favored or preferred in 

the actual molecule. To do this we have only to examine each possible con- 

former by adding the separate strain energies due to angle bending, rotation, 

steric hindrance, and bond-length stretching, and then to select the conformer 

with lowest strain energy as the preferred one. 

Each of these geometric factors is associated with its corresponding strain 

energy, and the molecule tends to adjust its geometry to minimize its total 

strain energy accordingly. Angle-bending strain increases with the deviation 

of each bond angle from the normal. Torsional or rotation strain is a function 

of the torsion or dihedral angle about a single bond seen in projection (Fig. 

6-8) and increases as the angle passes from 60 to 0° by rotation. Steric hin- 

drance is the strain due to mutual compression of groups which are crowded 

close but not bonded to each other; it increases rapidly as the distance between 

the nonbonded atoms decreases. Bond stretching is a very minor mode of strain 

accommodation since the energy necessary to stretch a bond from its optimum 

length is very much more than that associated with the other modes. A molecule 

tends to mix these accommodations to minimize its total strain energy, bending 

angles somewhat to relieve some steric hindrance, accepting some steric hin- 

drance to achieve a more favorable torsional angle, etc. The process of assessing 

preferred conformations in this way is called conformational analysis and has 

its major value in cyclic molecules since the restriction of ring formation is 

usually accompanied by strains of these kinds but also limits the number of 

possible conformations. 

Although conformational analysis is commonly—and very effectively— 

applied in a simple qualitative manner (Sec. 6-6), it is possible in principle 
to apply detailed mathematical calculations of the strain energy for a series 
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FIGURE 6-9 Bent bonds in cyclopropane 

of varying conformers in a search for the energy minimum corresponding to 
the preferred form. Such calculations have been carried out by computer with 

fair success in matching experimental data. 

6-6 CONFORMATION IN CYCLIC COMPOUNDS 

Cyclic molecules are commonly designated as in Table 6-1, the five- and six- 

membered rings being by far the most common since they are easily formed 

in chemical reactions and have minimal strain energy. The small rings were 

discussed in Sec. 6-4. Since each carbon on a saturated ring bears two bonds 

to substituents (hydrogen in the parent rings) one is regarded as above and 

one below the plane of the ring, as in the cyclohexanols shown on page 179. 

Two substituents on the same side of the ring are described as cis, on opposite 

sides as trans, in analogy to double bonds (page 182). The compounds on page 

176 are therefore designated as cis- and trans-1,3-dimethylcyclobutanes. 

Cyclopentane is a stable, easily made compound, and Baeyer reasoned 

that the compound should be a planar stable molecule since the internal angles 

in a regular pentagon are 108°, a value very close to the tetrahedral angle. 

However, planar cyclopentane is not the most stable conformation for the 

molecule. Such a conformation brings all five ring bonds into the eclipsed 

arrangement. The cumulative effect of the resultant torsional strain (5 x 3 

kcal/mole) is enough to distort cyclopentane from the planar to a slightly 

puckered configuration, in which the bond angles are more strained (~105°) 

TABLE 6-1 Strain in Cyclic Compounds 

Ring size Designation Strain 

3-4 Small rings Large (3 > 4); mostly angle- 

bending strain 

5-7 Common rings Small 

8-10 Medium rings Large (max = 10); mixed strains 

12-c Large rings Small 
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FIGURE 6-10 Representations of cyclopentane 

in order to release the torsional strain of eclipsed bonds; only one bond is 

now eclipsed in the preferred puckered conformation, which has a net strain 

lower than the planar form. Both planar and puckered cyclopentane are repre- 

sented in Fig. 6-10. A low-energy vibrational motion continually moves the 

distortion, or pucker, around the cyclopentane ring. Derivatives of cyclopentane 

may retain a more permanent distortion so that a carbon atom bearing a bulky 

substituent is permanently displaced from the plane of the other four carbon 

atoms. 

Cyclohexane 

Cyclohexane derivatives occupy a position of unique importance in or- 

ganic chemistry and their conformational analysis is the easiest and most 

effective of all the rings. The uniqueness arises from the fact that a conforma- 

tion for cyclohexane may be constructed with all bond angles tetrahedral and 

all six bonds in the staggered conformation. Since this ring also exhibits no 

internal steric hindrance between nonbonded atoms, it is essentially strain-free, 

unlike any other ring (up to about 12 atoms). This is called the chair conforma- 

tion of cyclohexane, illustrated in Fig. 6-11 with a perspective drawing meant 

to convey the actual three-dimensional appearance.t The puckered chair con- 

formation may also be seen in the models in Figs. 6-3 and 6-4. In the latter 

it should be compared with the planar six-membered benzene ring to which 

it is attached. Other conformations of cyclohexane are possible, as exemplified 

in the boat conformation (Fig. 6-11), but these are all less stable than the chair 

form by about 6 kcal/mole, largely owing to torsional strain (the boat form 

has two eclipsed bonds). Hence cyclohexane, and in fact virtually all substituted 

cyclohexanes, exist in the chair conformation preferentially. 

Examination of the 12 substituent positions on a cyclohexane ring (occu- 

pied by hydrogens in the parent cyclohexane itself, Fig. 6-11) shows that they 

are of two kinds with six positions each. The equatorial (e) positions, or bonds, 

project out roughly in the plane of the ring, forming a belt around the perime- 

ter. The six axial (a) positions or bonds, in two groups of three, extend up and 

+The structure of diamond is a three-dimensional matrix of sp® carbons, each bonded to four others. 

Examined in models it exhibits an infinite array composed entirely of chair cyclohexane rings. This 
accounts for its remarkable stability. Any fracturing of a diamond must rupture carbon-carbon bonds. 
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Chair form Ball-and-stick model of chair form 

FIGURE 6-11 Conformations of cyclohexane 

down perpendicular to the ring and are all parallel to each other. The conven- 

tional perspective representation of the chair form of cyclohexane and its deriva- 

tives is easily drawn if a few points are kept in mind. 

Bonds on opposite sides of the rings are parallel to each other. 

The axial bonds are all parallel to each other and are perpendicular to a plane which 

bisects each of the carbon-carbon bonds (the plane of the ring). 

Each equatorial bond is drawn so as to be parallel to the two ring bonds once removed 

from its point of attachment. The parallel ring bonds for the upper and lower equatorial 

positions are colored in the example. With these simple rules it is easy to draw cyclo- 

hexane rings in correct perspective. 

ss fie A ly a 

Axial bonds Equatorial bonds 

Cyclohexane 

A substituted cyclohexane may have its substituent in an equatorial posi- 

tion or an axial one, as indicated in Fig. 6-12 for methylcyclohexane. The axial 

and equatorial conformers have different energies, the equatorial being the 

more stable since there is steric hindrance between an axial substituent and 

its neighboring two axial substituents, even hydrogen. In Fig. 6-3 the more 
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Perspective 

Methyl group in equatorial (e) Methyl group in axial (a) position 
position (more stable conformer) (less stable conformer) 

FIGURE 6-12 Conformers of cyclohexane 

stable, equatorial methylcyclohexanone is illustrated. In Fig. 6-4 the phenyl and 

amino substituents are equatorial and the methyl is axial. Furthermore, the 

axial- and equatorial-substituted conformers are interconvertible, since defor- 

mation of a chair cyclohexane can convert it into a boat form and this may 

in turn be transformed into another chair form in which the six axial positions 

become equatorial and vice versa. Thus, in this conformational transformation 

all substituent positions become reversed, as the methyl group does in Fig. 

6-12. The interconversion may most easily be seen in this sequence: 

Pesce eae. 

Chair Boat Chair 

R(a) 
H 

An equatorial substituent becomes axial (and the reverse) and the barrier to 

the process is about 11 kcal/mole, necessary to deform the chair for trans- 

formation to a boat. This means that the process has a very rapid rate at room 

temperature for it is below 15 to 20 kcal/mole. 

PROBLEM 6-3 

Draw carefully two chair forms each for the six possible dimethylcyclohexane 

molecules and indicate which is the more stable of each pair. Then arrange the 

six molecules (a to f) in an order of decreasing stability. 

a cis-1,2-Dimethylcyclohexane 

b_ trans-1,2-Dimethylcyclohexane 
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cis-1,3-Dimethylcyclohexane 

trans-1,3-Dimethylcyclohexane 

cis-1,4-Dimethylcyclohexane 

lay a) fat (o} trans-1,4-Dimethylcyclohexane 

PROBLEM 6-4 

Which of these isomers is more stable and why? About what energy difference 

is to be expected? 

O O 
W/ 

o-co oe 
H H 

7 H H 

A B 

Most methylcyclohexane molecules will have the methyl in the more 

stable equatorial orientation, but a few at any given moment will be axial since 

the energy difference is small. Energy differences for selected substituents are 

given in Table 6-2. The t-butyl group is so large that it will not tolerate the 

conformational flip into an axial orientation; hence it is often used to “lock” 

a substituted cyclohexane in just one of its two possible chair conformations: 

that with t-butyl equatorial. 

These properties allow a basis for conformational analysis of polysubsti- 

tuted cyclohexanes. In brief, any cyclohexane can take up two chair forms, 

with substitutent positions at each atom reversed, axial/equatorial, between 

the two. The conformer with the most equatorial substituents is then the 

preferred one. In cases of doubt, calculations can be made by adding energies 

of axial substituents from Table 6-2 for each of the two possible chair forms. 

In this connection, the t-butyl group must always be placed equatorial. The 

energies of Table 6-2 for axial substituents are valid only if the other two axial 

substituents on the same side of the ring are hydrogens; cis-diaxial substituents 

have much more steric hindrance (several kilocalories per mole) and consequent 

strain energy. It is important to note that, in flipping the ring from one chair 

form to the other, all substituents which are above the ring stay above when 

TABLE 6-2 Axial-Equatorial Energy Differences for Substituents on Chair 

Cyclohexane 

Substituent AE, kcal/mole Substituent AEF, kcal/mole 

See el 

—CH: Hy Cl, Br, I 0.5 

—CH,CH, 1.8 OH, OR 0.7 

—C(CH.,), Very large COOR(H) Tall 

=H oe CN 0.2 
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FIGURE 6-13 Conformational analysis of a substituted cyclohexane 

the ring flips even though they interchange axial and equatorial environments; 

substituents below the ring stay below, cis substituents stay cis, etc. The 

analysis is exemplified in Fig. 6-13. 

PROBLEM 6-5 

Draw carefully the preferred conformation of each molecule and indicate its 

approximate strain energy. 

a_cis-1-Ethyl-3-propylcyclohexane 

b_ trans-1-Phenyl-3-methylcyclohexane 

c 1,1,4-Trimethylcyclohexane 

d 1,3,4-Cyclohexanetriol (all cis) 

e 1,3,5-Cyclohexanetriol (all cis) 

f cis-3-Methyl-trans-4-chlorocyclohexane-carboxylic acid 

8 3-t-Butyl-4-phenylcyclohexanol (all cis) 

CH, OCH, 

GHe OCH, 

HO ,COOCH, 
CH, 

Bicyclic Compounds 

When more than one ring is present, this conformational mobility may 

be frozen out and only one, rigid conformation be possible. This may be con- 
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+ Nomenclature: See Appendix. 

FIGURE 6-14 Bicyclic compounds and conformation 

veniently seen by considering the six possible disubstituted cyclohexanes and 

regarding the two substituents as linked together, forming a second ring. Some 

of these linkages will be recognized as manifestly impossible, and are crossed 

out or so marked in the chart, which refers to both chair forms of each (except 

1,4-cis-linked, only in boat form): 

Positions Cis Trans 

1,2 l-eq, 2-ax —— 1-ax, 2-eq l-eq, 2-eq == 2-4 

ihe eq-3=2g ——  1-ax, 3-ax Both impossible 

LA Rigid boat ring only Both impossible 

Of the four possible bicyclic combinations (examples in Fig. 6-14), three 

are conformationally rigid. Only a cyclohexane 1,2-cis-fused to a second ring 

shows the conformational flipping typical of monocyclic cyclohexanes. The 
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common example is cis-decalin and the chart shows a convenient way of 

drawing both possible conformers in useful perspective, with both rings visibly 

in the chair form. cis-Decalin is less stable than trans-decalin since it has an 

axial substituent on each ring in either conformation; cis- and trans-decalins, 

furthermore, are stereoisomers of each other—different compounds—and not 

just different conformers (see the analogous 1,3-dimethylcyclobutanes on page 

176) of a single compound. 

PROBLEM 6-6 

Problems involving the flexible conformations of cis-decalin are most easily 

solved with these two chair forms: all substituent positions convert from axial 

to equatorial and vice versa on passing from one form to the other as the same 

R and R’ groups show. 

R’(a) 

a Show the most stable conformation for each of the following isomers, and 

place them all in an order of decreasing stability (increasing strain energy). 

HW CH, 7 CH; 

COCO Ce 
H H H ike 

Hoge H ¥ts H 

H H H nes! 

b Draw the most stable cis- and the most stable trans-decalins from part a 

in a projection formula, with projection down the central bond. 

Medium Rings 

Larger rings are more strained, the strain order in the whole series being 

33455 276< 7 <8 9< 10 S11 | 12) with eyclohexaney unstrained 

and cyclodecane the most strained among larger rings. In the larger rings steric 

hindrance between certain hydrogens across the ring becomes inevitable and, 

to minimize this, the rings find optimum conformations with larger bond angles 
(up to 118°), some steric crowding of hydrogens across the ring, and imperfect 
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Cycloheptanet Cyclooctane 

Cyclononanet Cyclodecane 

*Seen in projection down the axis of symmetry (colored). 

FIGURE 6-15 Preferred conformations of saturated rings 7 to 10 

staggering of torsional angles. In each case the preferred conformation is sym- 

metrical, however, and has the least torsional strain, but in no ring is the best 

conformation so much preferred over its competitors as in cyclohexane. In 

cyclooctane, in fact, there are five conformations within about 1 kcal/mole of 

each other. As in cyclohexane the energy barriers to interconversion are small 

so that free equilibration of the various conformers occurs at room temperature. 

For these reasons conformational analysis of these rings is far more difficult. 

The favored conformations of these larger rings are shown in Fig. 6-15. The 

odd-numbered rings have conformations containing only an axis (no plane) 

of symmetry and are best seen in projection looking down that axis. The even- 

numbered rings have planes of symmetry as in cyclohexane chair; they are 

shown with the plane of the page acting as the symmetry plane in the per- 

spective drawings. Still larger rings can take up preferred conformations with 

normal bond angles and all-staggered torsional arrangements. They are essen- 

tially strain-free and behave like open-chain compounds. 

Unsaturated Rings 

Double bonds can be introduced into even small rings. Cyclopropene, 

cyclobutene, and cyclopentene are all strained, but cyclohexene is nearly 

strain-free. However, the double bonds in these rings must have the cis con- 

figuration. The smallest cycloalkene stable enough to exist in the trans con- 
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figuration is trans-cyclooctene.t Since acetylenes are normally linear compounds 

(page 55), it is not surprising that small-ring cycloalkynes have not yet been 

prepared.t Cyclooctyne is the smallest cycloalkyne known. 

Cyclohexenes adopt the chair (or half-chair, since one side is flat, not 

puckered), not the boat, conformation and the saturated carbons retain their 

equatorial-axial substituent distinction although the energy differences between 

them are less, especially at the carbons adjacent to the double bond. 

H or H Axial = color 

H 

Cyclohexene 

New factors are now introduced into the conformational analysis since 

substituents on the double bond nearly eclipse adjacent equatorial substituents. 

In such cases, for substituents of moderate size, the adjacent axial orientation 

becomes the less hindered and preferred position. A second unsaturated case 

in which this happens is provided by a double bond projecting from the ring 

(exocyclic double bond). Substituents on the outer end of such a double bond 

offer so much hindrance to the adjacent eclipsed equatorial position as to cause 

the axial position to be preferred. These ideas are summarized in Fig. 6-16. 

6-7 SYMMETRY, ASYMMETRY, AND CHIRALITY 

In order to build a clear basis for understanding stereoisomerism we must first 

explore the nature of symmetry and apply it to molecular shapes. The most 

important kind of symmetry is the plane of symmetry. An object is symmetrical 

if, on passing a plane through the center of the object, the reflection of one 

side of the object in that plane is identical with the other side. Such a plane 

of symmetry is often called a mirror plane. (If one half of the object mirrors 

the other half, the object is symmetrical.) Symmetrical objects exhibiting mirror 

planes include eggs, funnels, books, persons (idealized), and trigonally hy- 

bridized atoms, for which the sp? molecular plane is a mirror plane. A tetra- 

hedral carbon with at least two identical substituents also has a plane of symmetry 

lying between the identical substituents (Fig. 6-17). 

An object without a plane of symmetry is asymmetric.t Most trees and 

houses are asymmetric, hands are asymmetric but simple mittens have a plane 

of symmetry since back and front are the same and they can be worn on either 

tEvidence has been obtained for the transient existence of cyclopentyne and trans-cycloheptene as 

short-lived reaction intermediates. 

tMore accurately, an object with no mirror plane is dissymmetric, whereas an object with no symmetry 

of any kind is asymmetric. (All asymmetric things are dissymmetric but not vice versa.) For our pur- 

poses we shall speak only of asymmetry, since virtually all symmetric molecules have a plane of sym- 

metry. The conformations of cycloheptane and cyclononane in Fig. 6-15 are exceptions, having only 

axes, but no planes, of symmetry. 
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FIGURE 6-16 Conformations of unsaturated six-membered rings 

hand. A tetrahedral atom with all four attached groups different is asymmetric 

also; such carbons are called asymmetric carbons (Fig. 6-17). 

Right and left hands illustrate our recognition that two objects can be 

alike in every description except one: they are mirror images of each other. 

They are not identical since they cannot be exactly superimposed on each other. 

In fact for any object (or molecule) the ultimate test of asymmetry is that it cannot 

be superimposed on its mirror image. An asymmetric molecule can exist in either 

of two mirror-image forms, which are not identical. Such a pair of nonidentical, 

mirror-image molecules (cf. Fig. 6-17) are called enantiomers and represent a 

major kind of stereoisomerism. The several possible situations can be tabulated 

as follows: 

One object = symmetric Two objects = identical 

= asymmetric = enantiomeric (mirror image) 

= different 

Chirality is the distinction applied to discriminate between two enantio- 

mers, i.e., the right or left handedness of an asymmetric object or molecule. 

In general we can only distinguish chirality by applying some arbitrary asym- 

metric standard. For visible objects this will most commonly be recognition 

by the human eye, as in right-handed screws or gloves, left-hand drive in cars, 

etc. At the molecular level we distinguish the chirality of asymmetric molecules 

in two such ways. We can apply an asymmetric kind of physical observation, 

namely measurement of optical activity with dissymmetric, polarized light, 

described in Sec. 6-9. Most physical observations (melting point, spectra, etc.), 

however, distinguish only between different molecules but not enantiomeric ones, 
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FIGURE 6-17 Symmetry and asymmetry in tetrahedral carbon 

since there is not intrinsic asymmetry in the physical property observed in 

such cases. 

The second method is to couple the molecule with a standard asymmetric 

molecule in a chemical reaction. The rationale here is that coupling two enanti- 

omers with something of known chirality gives two new species which are 

different, no longer enantiomeric, and physically distinguishable like any two 

different objects. All these approaches to determining chirality may be sum- 

marized as follows (“standard” = human eye, polarized light, or asymmetric 

molecule): 

Two enantiomers + one standard ——» two different entities 

5 S SB 

g S coo) 

Asymmetric compounds in nature are virtually always present as only 

one enantiomer, but in the laboratory reactions which create asymmetric 

structures are not discriminating and a 50:50 mixture of both enantiomers 

always results. Such a mixture of enantiomers is called a racemic mixture or 

racemate and may be separated by reaction with a standard asymmetric sub- 

stance, as explained above, followed by separation of the different products, 

as described in Sec. 6-13. The separation of a racemic mixture into its two 

constituent enantiomers is called resolution. Most physical properties of race- 

mates are the same as those of its two component enantiomers, except optical 

activity and melting point. The melting points of the two enantiomers must 

be the same, but that of the racemate may be higher or lower. 

As an example (Fig. 6-18), 2-butanone is symmetrical, having a plane 

of symmetry, but reduction (addition of H, to the double bond) creates 

2-butanol with an asymmetric carbon and no plane of symmetry. The hydrogen 

coming in to bond can approach equally well from either above or below the 

plane of the sp? carbon and so yields a 50:50 (racemic) mixture of the two 

enantiomers of 2-butanol. 

yIf asymmetric reagents are used, one enantiomer may be favored in the reaction product. Also, when 

other asymmetric carbons are already present and a new one is created, the original chirality may also 

cause one enantiomer to predominate at the new center. 
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FIGURE 6-18 2-Butanone and the enantiomers of 2-butanol 

6-8 OPTICAL ACTIVITY 

It has been asserted that enantiomers are isomers, implying that there are 

differences in their properties. Differences exist, but they can be detected only 

by using measuring devices that are themselves chiral, or asymmetric. Thus, 

a pair of enantiomers will have identical melting points, boiling points, etc., 

and will show identical reactivity toward most chemical reagents. However, 

enantiomers show different chemical reactivity toward other asymmetric com- 

pounds and will respond differently toward asymmetric physical disturbances. 

The commonest asymmetric tool is polarized light. If a beam of ordinary 

light is passed through a Nicol prism, only part of the light emerges. The 

oscillating electric vector of the emerging beam is oriented in one plane, and 

the beam is described as polarized. If a polarized beam is passed through an 

asymmetric material, the plane of polarization is rotated, and this may be 

observed. Hence, the asymmetric material is said to be optically active. The angle 

between the original and final planes of polarization is known as the optical 

rotation. The changing plane of polarization of the light may be visualized as 

a twisted ribbon passing down the tube of asymmetric material. The optical 

rotation of any sample depends upon the wavelength of the light, the length 

of the light path, the number of optically active molecules per unit length of 

light path, the temperature, the nature of the solvent (if any), and the structure 

of the compound. Measurement of the optical rotation of asymmetric com- 

pounds under carefully specified conditions provides a valuable physical con- 

stant for use in characterization and identification of the material. 

Rotations of pure samples of enantiomers are equal in magnitude but 

opposite in sign. When the plane of polarization is rotated clockwise,} the sign 

of rotation is taken as positive and the compound is said to be dextrorotatory 

(i.e., rotation to the right). Levorotatory compounds rotate the plane of polari- 

zation to the left, or counterclockwise. The letters d and |, standing for dextro- 

and levo-, refer to the sign of rotation. In the older literature the letters were 

often placed before the names of optically active compounds. Racemic mixtures 

+The observer faces the emerging beam of light. 
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are often referred to as d,] pairs. Current practice is to use (+) and (—) signs 

to distinguish between enantiomers. 

Quantitative measurements of the optical activity of asymmetrical com- 

pounds are usually reported as specific rotations. The quantity is defined by 

temp. observed rotation, ° 

epeeerctaden: le) wavelength = length of sample (dm) x conc. (g/ml) 

Concentrations are reported on a weight basis to permit data for compounds 

of unknown molecular weight to be reported. The report should also specify 

the conditions under which the measurement was made, i.e., solvent and con- 

centration or neat (pure) liquid. The following examples will illustrate general 

practice in reporting results. The subscript D indicates that the light used to 

measure the rotation was the sodium D line (587 nm wavelength); [a], meas- 

urements are by far the most common. 

CH; vane 

a Bee 
Enantiomers of H | OH HO’ | ‘H 

1-phenylethanol: C,H; C,H, 

[a]?” = +42.9° (neat) [a]2’ = —42.9° (neat) 

CH. CH. 

oe OOH HOOC—-C. 
Enantiomers of (Gs ly: at SC He 

atrolactic acid: HO ‘OH 

[a]? = +52.0° (C 2%, H,O) [a]? = —52.0° (C 2%, HO) 

Neither the sign nor magnitude of the rotation, however, can tell us 

anything about the structure of the molecule, or even its chirality if the gross 

structure is known. The correlation of structure with optical rotation is very 

complex and has not been successful to date. Rotations, like melting points, 

are chiefly used for identification purposes with asymmetric compounds. A 

substance with an optical rotation of zero, however, is either a racemic mixture 

or composed of symmetrical molecules, and this fact is often useful in structure 

determination. 

Other measurements of optical activity do afford information about 

structure and chirality of asymmetric molecules, however. Since the optical 

rotation is a function of the wavelength of light used, a graph may be con- 

structed consisting of optical rotation plotted against the wavelength at which 

it is observed. Such a curve is called the optical rotatory dispersion (ORD) of 

the substance and frequently exhibits a sine-wave form, such as B and C in 

Fig. 6-19, which is referred to as a Cotton effect. Such a curve has a peak and 

a trough and is labeled positive if the former is at longer wavelength and vice 

versa. Two enantiomers exhibit mirror-image curves, one negative and one 

positive, and in many instances these Cotton-effect signs can be correlated with 

the chirality of the enantiomer, as discussed in more detail on page 221. Struc- 
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Positive Cotton effect Negative Cotton effect 

FIGURE 6-19 Optical rotary dispersion curves 

tural information is also available from measuring the light absorption using 

asymmetric light which is circularly rather than plane-polarized. Such meas- 

urements are called circular dichroism. 

PROBLEM 6-7 

A naturally occurring alcohol, C;H,,O, was found to exhibit an optical rotation, 

[a]?? = +49.5°. On catalytic hydrogenation the alcohol absorbed 1 mole of 

hydrogen to form a new alcohol with [a], = 0°, i.e., optically inactive. Write 

a structure for the natural alcohol which explains this fact. Does this structure 

determination yield a unique answer? 

6-9 THE ASYMMETRIC CARBON: CONFIGURATION 

The commonest sort of asymmetry in organic molecules derives from the 

presence of one or more asymmetric carbons, as in the example of 2-butanol, 

Fig. 6-18. The configuration of an asymmetric carbon is the specification of the 

relative spatial placement of the four groups attached. In particular the absolute 

configuration specifies their order in such a way as to distinguish the two 

enantiomers and so define their chirality. Relative configuration describes the 

relation of two asymmetric atoms to each other (viz., cis or trans substituted 

on a ring) and is discussed in subsequent sections. 

The two enantiomeric configurations at any asymmetric atom can only be intercon- 

verted by breaking bonds and remaking them in the reverse sense. This process is called 

inversion of the configuration. 
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The system for specification of absolute configuration is as follows. If 

‘a molecule contains an asymmetric carbon atom, the four atoms attached to 

that carbon are first arranged in a sequence of decreasing atomic number. If 

two or more of these first atoms have the same atomic number, one is chosen 

by comparing the atomic numbers of the second group of atoms attached to 

the first atoms. If ambiguity still persists, the third, fourth, etc., sets (working 

outward from the asymmetric carbon atom) are compared until a selection can 

be made. In the second group of atoms, those atoms with the highest, next- 

highest, etc., atomic numbers are always ranked in that order. 

Multiple bonds are treated as separate single bonds, so that the carbon 

of —CHO is regarded as attached to 20 + 1H. Orders of decreasing priority 

are these. 

Atoms: I, Br, Cl, S, P, F, O, N, C, H, unshared electron pair (isotopic atoms by 

decreasing mass) 

Groupst: _—C(CH,),, —CH(CH3;),, —CH,CH,, —CH, 

—COOCH,, —COOH, —CONH,, —COCH,, —CHO 

—C=N, CH. (o),  -C=Ch_Cu—Ci, 

Examples: a COOH 

yep a Dhiae 

COOH CH: 

Sequence. | NH,, COOH, CH, H COOH, C,H., C=CH, CH, 
1 2 ee 1 2 3 4 

A three-dimensional model of the isomer to be named is now viewed 

from the side opposite the group of lowest priority, and the sequence (decreas- 

ing priority) of the other three groups is noted as being clockwise or counter- 

clockwise. When clockwise, the symbol r (for Latin, rectus, right) is used to 

denote the configuration. When the sequence is counterclockwise, the symbol 

s (for Latin, sinister, left) is employed. The figure may be viewed as a steering 

wheel with the lowest-priority atom down the steering column (this is usually 

hydrogen) and the higher three groups clockwise (r-) or counterclockwise (s-) 

around the wheel, as in Fig. 6-20. 

As an example, let us apply this sequence rule to 2-butanol. (Note 

that the asymmetric carbon is commonly indicated by means of an asterisk.) 

2-Butanol 

Sequence of groups at C-2: OH, C,H., CH, H 

1 2 ees 

tNote that a higher atomic number always takes priority in secondary groups even though the sum 
of atomic numbers on the three substituents may be lower than a competitor; hence —CH,OH has 
higher priority than —C(CH,)s. 
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Sequence clockwise Sequence counterclockwise 
R-2-Butanol s -2-Butanol 

FIGURE 6-20 Conventional views of 2-butanol 

Clearly oxygen has the highest and hydrogen the lowest atomic-number pri- 

ority. To differentiate between C-1 and C-3, the atoms attached to C-1 (H, H, 

H) must be compared with those of C-3 (C, H, H). Obviously, C-3 has the 

higher priority and the groups can be ordered in the sequence O, C-3, C-1, 

H. This priority is now found to read clockwise (Fig. 6-20) in one enantiomer 

and so that enantiomer has the r configuration (shown at left). The enantiomer 

on the right has the sequence order counterclockwise and thus the s con- 

figuration. 

Other atoms than carbon can be asymmetric, but since such asymmetric 

centers are usually tetrahedral, the same behavior and nomenclature is to be 

found in these analogous cases. Quaternary ammonium compounds have been 

resolved, as have amine oxides. Examples of these types of compounds are 

formulated below. 

l 
CH,C,H,  C,H;CH, CH: 

+ SS +| = 
C3H;—-N>c,H, C,H, N—-GH; Sah ie 

‘GH: CH, C,H; 
R= 5= 

Racemate An asymmetric 
amine oxide 

Although the arrangement of bonds in amines approaches a tetrahedral 

configuration (the unshared pair of electrons is equivalent to one bond), no 

ordinary tertiary amine has been resolved. In molecules of this type, the two 

forms of the amine undergo very rapid interconversion; the molecule flips 

inside out, like an umbrella in a high wind. 

R; Us 

eas — NO z 

Ri R, 
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Unshared pairs of electrons on sulfur or phosphorus (unlike those of 

nitrogen) can hold configuration at ordinary temperatures, as has been demon- 

strated by resolution of compounds such as the sulfonium salt and sulfoxide 

shown. 

Br COOH 

Gro co COOHE EG. Hes 
cH, 6 
With molecules containing more than one asymmetric center, each center 

is examined and assigned a configuration, and the terms Rr or s are then in- 

corporated into the systematic name by simply inserting the number of the 

asymmetric carbon atom in question in front of the letter, as in the following 

example. The system has been expanded to embrace asymmetric molecules 

without asymmetric centers (Sec. 6-12), as well as compounds with asymmetric 

centers other than carbon. 

CH; ! H Hw (0H 
2 

34 Cl 

Cg art 
CH,CH, o OH #H 

3-s-Chloro-2-s-hydroxypentane 2-s-Hydroxy-3-r-chloro-cyclohexanone 

PROBLEM 6-8 

Label the following structures r- or s-. 

CH(CH:;), CHO CH.CH,CH, 

b CH, -7 d a f A ence 

NH GH: 2 : COOH eu: 3/2 

PROBLEM 6-9 

Draw the following structures in correct asymmetric perspective (cf. as in Prob. 

6-8), 

a R-2-Hydroxypropanoic acid e s-2-Ethyl-hept-1-en-5-yne 

b_ r-2,3-Dibromopropanal f r-2-Deuteropropanoic acid 

c s-3-Methyl-3-methoxy-4- g s-a-Methylsuccinimide 

hexen-2-one h_ s-Methylethylbenzylammonium 

d_ r-3-Cyanocyclopentanone chloride 
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Mirror 

H ~ coe 2) NOs ~ H 

I 1 
HO H mi ape got —~H H OH 

CH, CH CH, CH, 
LA d-A 

(2-s; 3-s) la] = —0.69° (neat) [a]?? = +0.68° (neat) (2-R; 3-R) 

CH, HG CH; CH, CH, 

H ~ aren Cas Fh ieot co H 

Ate “| i 
CHE CH, Fi CH, 

|-B d-B 
(2-R; 3-s) eee BO2 ea meat) [a]z? = +30.9° (neat) (2-s; 3-R) 

FIGURE 6-21 Stereomers of 3-phenyl-2-butanol 

6-10 SEVERAL ASYMMETRIC CENTERS 

Structures that contain two or more asymmetric centers can exist in more than 

two stereoisomeric modifications. Some are pairs of optically active enantio- 

mers; others may be symmetric and therefore optically inactive. Many natural 

products contain 2 to 10 asymmetric centers per molecule, and molecules such 

as starch and proteins contain hundreds. 

The number of possible stereoisomers having the same structural formula 

is called the isomer number for that structure. Open-chain structures without 

special symmetry properties have isomer numbers equal to 2", where n is the 

number of asymmetric carbon atoms in the structure. The same is true of cyclic 

compounds in which steric restrictions from ring formation do not make certain 

isomers sterically impossible (cf. a 1,3- or 1,4-trans-bridged ring across a cyclo- 

hexane, page 195). Thus for almost all compounds the isomer number is 2”. 

Since any asymmetric structure must have an enantiomer, the total num- 

ber (2”) of stereoisomers may be broken down into 3(2") = 2"~1 pairs of enantio- 

mers, i.e., 2"~1 possible racemates for a structure with n asymmetric atoms. With 

only one asymmetric carbon the molecule has 2' =2 stereoisomers, i.e., one 

pair of enantiomers only. The substance 3-phenyl-2-butanol contains two 

asymmetric carbon atoms; therefore, four stereoisomers, each with a unique 

configuration, have this structure. The isomer number of 3-phenyl-2-butanol 

is 4. All are known compounds and have the configurations shown in Fig. 6-21. 
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There are two pairs of enantiomers; the two enantiomers of any pair have equal 

and opposite rotations. Stereoisomer d-A is dextrorotatory and is the enantio- 

mer of levorotatory A, and d-B is the enantiomer of |-B. Taken together in 

equal amounts, d-A and I-A form one racemate (d,|-A) and d-B and I-B form 

another (d,/-B). Stereoisomer I-A or d-A is a diastereomer of d-B and I-B. 

Diastereomers are stereoisomers that are not mirror images of each other; 

they have the same configuration at at least one asymmetric center and, at the 

same time, different configurations at at least one asymmetric center. Dia- 

stereomers are physically different molecules and have different physical and 

chemical properties. In general two stereoisomers are enantiomers only if all the 

asymmetric centers in one are inverted in the other. All other pairs of stereoisomers 

are diastereomeric. Thus, if a molecule with four asymmetric centers has con- 

figurations RsRRr, then its enantiomer is srss; while sssr, ssRR, etc., are dia- 

stereomers. A special case of diastereomers is distinguished for convenience: 

two diastereomers that differ in configuration at only one asymmetric center are 

called epimers. One epimer of RRRR would be rsrr and another would be rrrs, 

but rssR is a diastereomer which is not an enantiomer or epimer of RRRR. 

The formulas in Fig. 6-21 show the difference between enantiomeric and 

diastereomeric relationships. Comparison of d-A and d-B shows that this pair 

cannot be arranged to make all nonbonded interatomic distances the same. 

As they are drawn, the distances between the hydrogen atoms attached to the 

two central carbon atoms are different, and if they are made the same by 

rotation, the methyl distances will then become different. Hence, d-A and d-B 

are diastereomers. Since they differ in absolute configuration at only one center 

(C-2), they are also epimers and are said to be epimeric at C-2. Comparison 

of d-A and I-A shows that the two molecules can be arranged so that all 

nonbonded interatomic distances are the same; the compounds differ only in 

chirality and are therefore enantiomers (2-s, 3-s and 2-R, 3-R). 

The conformations the molecules assume have no bearing on their configurations 

(only bond breaking changes configuration): no rotation around the bonds will 

make one stereoisomer identical to another. Each example in Fig. 6-21 is shown 

in two conformations, depicted differently; the wedge-dot depictions are all 

eclipsed, and a 180° rotation of the central bond leads to the staggered 

projections shown adjacent to each. (The equivalency, =, implies a change 

in the conformation but not in the identity of the molecule.) The absolute 
configurations of the asymmetric carbons (2 and 3), derived from the priority 
rules, are shown beneath each projection formula; thus, I-B is s-3-phenyl-r- 
2-butanol, etc. 

Sometimes substances have special symmetry properties, and the 2” 

formula breaks down. The tartaric acids illustrate the point. 

Ae 

HOOC—CH—CH—COOH 
On” 
Tartaric acid 
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“aie state COOH COOH COOH 
H | —e oo _20H ll 70H HOw é ee: 

pes C ‘ C Ho) “OH 9/HOS 4 o~H Hey (sH  HOwe | si 
COOH COOH COOH COOH 

(—)-Tartaric (+)-Tartaric Two different ways of representing 
acid, mp 170° acid, mp 170° meso-tartaric acid, mp 140°; 

substance is optically inactive 
Racemic or d,l- or (+)- 
tartaric acid, mp 206° 

FIGURE 6-22 The three stereoisomers of tartaric acid 

Three stereoisomers are known. Two of these are an enantiomeric pair, 

mp 170°; the third is symmetric. The two formulas on the right in Fig. 6-22 

represent the same compound. It can be readily seen that if either formula 

is rotated 180°, in the plane of the page, about the center of the central carbon- 

carbon bond, that formula can be superimposed on the other. Hence they are 

identical; each structure is identical with its mirror image and so possesses 

symmetry. The fact that a plane bisecting the carbon-carbon bond and perpen- 

dicular to it is a mirror plane also indicates that the molecule is symmetric 

and cannot exist in enantiomeric modifications. The compound is called meso- 

tartaric acid. Symmetric compounds containing asymmetric carbon atoms are 

called meso compounds. The meso condition almost invariably results, as here, 

from having the asymmetric atoms of opposite configuration and paired equiv- 

alently on each side of a mirror plane. The result is a kind of internal racemate 

with the two asymmetric atoms compensating each other on each side of the 

plane of symmetry. meso-Tartaric acid is a diastereoisomer of either (+)- or 

(—)-tartaric acid. The isomer number of tartaric acid is 3, therefore, and not 

PH eee thy 

The energy, or stability, of two enantiomers (and their racemate) is of 

course the same, but diastereomers, being different molecules, differ in non- 

bonded distances and interactions and will have different stabilities. In general 

the situation with two adjacent asymmetric carbons can be reduced to a pro- 

jection and the relative energies of the two diastereomers assessed on grounds 

of steric hindrance. The molecule having the following configuration is the more 

stable: 

it 

S’ M’ 
L, L’ = largest groups on each carbon 

M, M’ = medium groups 

M S S, S’ = smallest groups 

12 

Occasionally electrostatic attractions or hydrogen bonding can upset this simple 

steric order of stability. If the three groups are the same on each carbon, this 

will be the meso isomer, and it will be more stable than the d,! isomer. 
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a 

] 180° rotation 
in plane } Does not change configuration 

a a 

d—C—b = d—C—b 

C Cc 

Ts GIN MOR Ee OF Improper: change configuration 
in plane out of plane sian 8 8 

d d a 
is Ot ee Pees = bad 

! 1 

b b c c 

FIGURE 6-23 The Fischer projection convention 

PROBLEM 6-10 

Examine the relative stabilities of the isomers of tartaric acid by drawing them 

in projection. If one acid group were a methyl ester instead, how many stereo- 

isomers would there be and what relative stabilities would they show? 

The difficulty of drawing understandable three-dimensional formulas of 

molecules increases as the number of asymmetric centers increases. The classi- 

cal substitute for a three-dimensional representation of an open-chain molecule 

is found in Fischer projection formulas, the use of which grew up for, and is 

largely (but not necessarily) used in, the descriptions of sugars. Sugars are 

widespread natural compounds characterized by a linear chain of carbons (three 

to nine) with a hydroxyl group on each carbon except one which is carbonyl: 

an aldehyde at the chain end or a ketone at C-2. Hence nearly every carbon 

is asymmetric and the number of stereoisomers is large, glucose being but one 

of 16 possible six-carbon aldehyde sugars (the four central carbons are asym- 

metric: 2* = 16). 

In the Fischer convention (Fig. 6-23) the backbone chain is written straight 

and vertical with the substituents to right and left at each central carbon. 

CHO CHO 
Hx_| 0H ete ae. HOW esi 

i __ H-C—OH HO—C—H G 
C aig H—-C—OH — H—C—OH - I 

Hess O CH,OH CH,OH Hee Ou 
CH,OH CH,OH 

(—)-Erythrose (—)-Threose 

Fischer projections 
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CH,OH CHO CHO 

HO—C—H H—C—OH C= ) | Sai HCHO BerrOr 
HO—C—H = H—C—OH HO—C—H = H H 
HO—C—H 18° H—-C—OH HO—C—H HO OH | rotation l OH 

CHO CH,OH CH,OH 
p-Ribose t-Ribose (Perspective view) 

‘CHO CHO CHO CH,OH 
H~C—OH H—C—OH HO—C—-H ¢=0 

HO—C—H HO—C—H HO—C—H HO—C—-H 

H-C_OH HO=—C=H H—C—OH H—C—OH 

H—C—OH H—C—OH H=G—On H—C—OH 

°CH,OH CH,OH CH,OH CH,OH 
p-Glucose p-Galactose p-Mannose p-Fructose 

FIGURE 6-24 Fischer projection formulas of sugars 

It is understood that this represents the molecule fully eclipsed so that sub- 

stituents at right and left angle up from the paper and the two end carbons 

are bent below; with longer chains than four each central bond is seen as if 

it were in the plane of the paper with the carbons at its ends pointing down 

(or as if the chain were pulled out straight). Formulas of this type cannot be 

manipulated as easily as perspective drawings, the only allowed change being 

a 180° rotation in the plane of the paper (Fig. 6-23). Interchange of any two 

substituents in a Fischer projection inverts the configuration. Examples of 

Fischer projection formulas are shown in Fig. 6-24; galactose is an epimer of 

glucose at C-4, mannose epimeric at C-2. Most of the sugars exist in fact as 

cyclic tautomers which are discussed in the next section. 

An interesting set of symmetry properties is associated with the system 

represented by the sugarlike penta-ol shown below, which contains three po- 

tentially asymmetric centers. Carbon atoms 2 and 4 are ordinary asymmetric 

centers, but carbon 3 is said to be pseudoasymmetric, since its symmetry properties 

depend on the configurations about carbon atoms 2 and 4. Four stereoisomeric 

structures can be written for this alcohol. Two of these are symmetric or meso 

forms, which contain mirror planes that pass through carbon 3 and its hydrogen 

and hydroxyl substituents. The two optically active stereoisomers are enantio- 



224 (24 SEVERAL ASYMMETRIC CENTERS SEC. 6-10 

merically related, and taken together, they represent a racemate. These rela- 

tionships are shown in Fischer projection formulas as follows: 

an Ou 

LOCI aS a Ce 

OH 
1 2 4 

1,2,3,4,5-Pentan-penta-ol 

Represent same isomer: 

CH.OH CH,OH CH,OH CH,OH H OH 
H-C= OH ssH=C-OH HO =e=1H H—C—OH c 

Mirror | | | | HO_ ye ’ CHLOH plane ~H—€—OH-—-HO—C—H-—~  H—C—OH HO—C—H = eee 
HOH) PH GOH = OHO. GH i per : 

oN 
CH,OH CH,OH CH,OH CH,OH HO 4H 

Meso Meso Optically Optically 
A B active C active D 

Racemate 

Interconversion of Conventions 

In a number of cases sequence-rule designation of an asymmetric center 

can be made without resorting to models. In the Fischer projection, if the 

lowest-priority atom (usually H) is not at the bottom, interchange it with the 

atom (group) at the bottom and note that any interchange of two groups re- 

verses the absolute configuration. The new configuration is now R- or s- if the 

top three groups are in sequence clockwise or counterclockwise, respectively 

(and H— is at the bottom). 

Fischer projection @>@>@=r 

(original) ( .. original = s-) 

@) 
sta He 

H—C—OH > HOH,C—C—OH @) 
@ Se 

CH,OH H 

R- s- 

Similarly, with ring designations, the pattern below shows absolute con- 

figuration of r- if the three groups are in sequence clockwise, s- if counter- 

clockwise, the lowest-priority —H not being counted. The ring must be drawn 

to the left of the asymmetric center and the hydrogen “down’”—below the ring 
plane. 
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°o a 

Example: ae 

s configuration R = clockwise 

Ss = counterclockwise 

(ring drawn to the left of the asymmetric center) 

PROBLEM 6-11 

Each of the following formulas represents two diastereomeric compounds. In 

each case assess which is the more stable on steric grounds, draw its favored 

conformation in projection, and label the asymmetric carbons pr- or s-. 

a 3-Chloro-2-hexanol c 3,4-Dihydroxy-2,6-octadiene 

b 2,3-Dimethyl-4-hexenoic acid d a,f-Diphenyl-butyronitrile 

PROBLEM 6-12 

Draw Fischer projections for all the stereoisomers of 2,3,4-trihydroxypentanoic 

acid and label each asymmetric carbon R- or s-. 

6-11 STEREOISOMERISM IN CYCLIC COMPOUNDS 

The same stereochemical principles apply to both cyclic and open-chain com- 

pounds. A single substituent on a saturated carbocyclic ring (e.g., methylcyclo- 

hexane) cannot make a molecule asymmetric, whereas two substituents prop- 

erly situated can give rise to stereoisomerism. For instance, the isomer number 

of 1,2-cyclopropanedicarboxylic acid is 3, and all three compounds are known. 

HOOC COOH HOOC H 

H’ H H Y COOH 

Meso or cis isomer, mp 130° Optically active trans (—) isomer, mp 175° 

H COOH 

HOOC H 

Optically active trans (+) isomer, mp 175° 

The major interest lies in cyclohexane derivatives, for which we can 

discuss both conformation and configuration. Examination of symmetry and 

isomer number in cyclohexanes need not be confused with considerations of 

conformation, however, for they are simply examined first on the flat ring 

formula. This is possible since matters of configuration are not affected by 

conformation, and any molecule can pass through the planar conformation, 

hence cannot have less symmetry than that conformation. 
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OH OH OH OH 

Most stable of all 

FIGURE 6-25 Analysis of 3-methyl-5-ethylcyclohexanol 

The complete analysis of substituted cyclohexanes takes this course: 

Determine the number of possible racemates = 2-1! where n is the number of asym- 

metric ring carbons. 

Write these out with flat hexagon formulas and substituent bonds dotted if below the 

plane, solid if above. Select one substituent to have the same configuration in each 

structure. 

Mark each as symmetric or asymmetric by seeking planes of symmetry—those with 

planes will be meso; the others, d,! pairs (racemates). 

Check the asymmetric ones to see if any are enantiomers of each other, and use only 

one of such a pair. 

Write the two possible chair forms of each, and decide which is the preferred confor- 

mation (via number of axial groups, Fig. 6-13). 

Compare all racemates to find the most stable—that with the most equatorial substit- 

uents. 

As an example, consider 3-methyl-5-ethylcyclohexanol (Fig. 6-25). There 

are three substituents on three asymmetric carbons, hence 2”-! = 2” = 4 pos- 

sible racemates. These are written out by holding one substituent in the same 

configuration on each ring and varying the others systematically; this yields 

one set of diastereomers, and their enantiomers are implied as the comparable 

set with the chosen substituent in the opposite configuration. In Fig. 6-25 the 

hydroxyl was drawn as above the ring plane in each formula. This yields four 

formulas, all diastereomers, the enantiomers of which would be the analogous 

four more with —OH below the ring plane. None of these is found to have 

a plane of symmetry. Next we draw each in its two chair conformations; there 
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is no need to do this for their enantiomers which are the same in every relevant 
conformational particular. The more stable of each pair is assessed and starred; 
of course, cis-diaxial substituents are worse than simply two axial substituents 
(page 193). The all-cis diastereomer (A), with all substituents equatorial, is the 
most stable stereoisomer of this group; its enantiomer is of course the mirror 
image with the same energy and conformation and is not pictured. Using Table 
6-2 the other three racemates could be placed in order of increasing strain 
energy. 

In 3,5-dimethylcyclohexanol, examination of the four corresponding dia- 

stereomers shows two with planes of symmetry, hence meso, and the other 

two asymmetric but actually enantiomers of each other as a result of the 3- 

and 5- substituents being equal. Hence there are a total of only four, not eight, 

stereoisomers: 

Mirror 

OH OH OH OH 

CH, L CH: sCHs" CH, | CH, CH cH @ ) “CH, 

Meso Enantiomeric = d,l pair Meso 

Sugars 

The sugars in fact are cyclic, not open-chain, molecules and many com- 

mon ones have six-membered rings; these occupy chair conformations and are 

subject to the same conformational analysis. The sugars represent a prime 

example of ring-chain tautomerism (page 165), the chains shown in Sec. 6-10 

in equilibrium with the cyclic forms shown below. The equilibrium strongly 

favors the ring, which in turn seeks the most stable chair conformation. In 

all of this tautomeric and conformational equilibration, however, the configura- 

tions at the asymmetric carbons (depicted in the chains in Fig. 6-25) are totally 

unaffected and so are transferable from the chain formula to the ring without 

change. A new asymmetric center is created at the carbonyl carbon (C-1), 

however, and if equilibration is complete, the configuration will be that with 

the more stable, or equatorial, hydroxyl. Glucose is the most stable six-carbon 

sugar since all of its substituents are equatorial. 

O OH 
ms 1CH 

H—C—OH H2C—OH 

HOG == HO-¢ HH O = 

H—¢_OH H—C—OH 
H—C—OH HC 

°¢H,OH °CH,OH 
Ring-chain tautomerism of p-glucose 
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Transfer of the correct configurations from one representation to the other 

is best accomplished by examining each single bond between two asymmetric 

carbons in projection, as shown for the 2-3 bond in glucose (C-3 in front). 

Practice in manipulating representations is readily afforded by generating the 

possible sugar isomers (that is, 16 for glucose, etc.). 

H 

i. HOH es pire OH) 
a Fees = Rotate to ne 

HO—C-H ~— for ring); 41> x 
iE SE ( ye e OH(’) 

4 e) H 

From Fischer projection Chair ring projection 

PROBLEM 6-13 

For each example: (1) delineate the number and kind of stereoisomers, (2) draw 

the most stable conformation of each, and (3) determine the most stable of the 

stereoisomers. 

a 3-Hydroxy-5-methylcyclohexanecarboxylic acid 

3-Hydroxy-3-methylcyclohexanecarboxylic acid b 

c 4-Hydroxy-4-methylcyclohexanecarboxylic acid 

d 1,3,5-Cyclohexanetriol 

e 1,2,3-Cyclohexanetriol 

6-12 MOLECULAR ASYMMETRY 

In a few uncommon instances, a compound may be optically active even though 

its molecule has no asymmetric atoms. The most important way in which this 

can happen arises from the possibility that two rotational conformers might 

be each asymmetric and incapable of interconversion at room temperature 

because of too high an energy barrier. No saturated compound with such a 

high barrier to free conformational interconversion has yet been observed, but 

a number of unsaturated cases are known. The hindered biphenyls illustrate 

this idea very clearly, as exemplified in the top row of Fig. 6-26. If the two 

ortho positions on each ring are differently substituted, and with groups too 

large to pass each other (steric hindrance) when the rings are rotated about 

the central bond, then two asymmetric rotational (torsional) isomers can exist. 

7 Conformers A and B of n-butane in Fig. 6-8 are asymmetric objects, mirror images of each other, but 

they are easily interconverted by rotation and cannot be isolated as enantiomeric isomers, even at low 

temperature, owing to the low barrier to rotation. 
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NO, O,N HOOC 
Asymmetric Asymmetric Symmetric 

(page is mirror plane) 

HOOC 

CH CH He 

COOH HOOC HOOC 

Asymmetric Asymmetric Symmetric 
(page is mirror plane) 

H H H S eae A... 7 A. 
VR OE HOOC moe peo 

C,H; C,H; 2 C,H; 
Asymmetric Asymmetric Symmetric 

(page is mirror 
plane) 

FIGURE 6-26 Asymmetric and symmetric molecules with no asymmetric atoms 

These isomers will be mirror images and exhibit equal and opposite optical 

rotations. The third example in the top row is a structural isomer with a plane 

of symmetry and so cannot be asymmetric even though its rotation is equally 

restricted. 

In the other rows of Fig. 6-26 are two comparable examples. Rotation 

is restricted in the aromatic molecules since neither benzene ring can turn over 

through the large ring. In fact the molecule is rigidly held with the rings face 

to face and somewhat strained even without turning the benzene rings. The 

allenes offer another common case of molecular asymmetry of this kind 

(sometimes called torsional stereoisomerism), rotation here being restricted by 

the resistance of double, not single, bonds to rotation. Remember that double- 

bond geometry requires the pairs of substituents at each end to define perpen- 

dicular planes so that the situation is parallel to that of the four substituents 

on the tetrahedral carbon. In fact an allene would become a tetrahedral carbon 

if we could compress all three allenic carbons together into one. 
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PROBLEM 6-14 

Which of the following structures are symmetric and which are asymmetric? 

Br COOH Br COOH 

a oS <>) d & & 

i B Br COOH us 

Br COOH CH, . 
e CH.CH=¢ =CHeH, 

b a < ) 

Br I £ CH,CH=C=C(CH,), 
Br COOH CH, 

c & & & CH CHE C=cHe He 

I Br 

6-13 SEPARATION, DETERMINATION, AND 

INTERCONVERSION OF STEREOISOMERS 

The separation of diastereomers is no different from separation of any similar 

but different molecules and can be affected by distillation, crystallization, chroma- 

tography, etc. The separation of enantiomers (resolution) can only be effected 

in three ways, each requiring application of an external chiral standard: 

1 A few racemic mixtures crystallize in such a way that molecules of like configuration 

gather into one kind of visibly asymmetric crystal and enantiomeric molecules into 

a second, the first crystal being the mirror image of the second. These crystals may 

be sorted by hand and collected into two piles, one rich, or pure, in one enantiomer 

and the other in the second. Pasteur performed the first resolution of this sort in 1848 

in a separation of the (+) and (—) forms of sodium ammonium tartrate, but the 

opportunity is rare since racemates usually crystallize in only one racemic crystalline 

form. 

2 In the second method, enzyme systems (either inside or outside an organism) are 

allowed to consume or chemically modify one enantiomer of a pair, while the other 

is rejected. A case has been recorded in which a racemate was fed to a dog which 

metabolized one enantiomer and passed the other in its urine. This procedure has not 

been widely used to resolve enantiomers. Most cases have been accomplished with 

isolated enzymes. 
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RCOOH 

de Crystalli +f : - = + Gy NS SES «RCO, «HN + RCO, HN 
RCOOH * aS 
ae ene ets C3), oak chit) Ge 
Racemate Optically active First diastereomeric salt, Second diastereomeric salt, 

amine purified by fractional purified by fractional 
crystallization crystallization 

HCl | HCl | 

RCOOH + amine salt RCOOH + amine salt 
(+) (hydrochloride) (—) (hydrochloride) 

FIGURE 6-27 Resolution of a racemic acid 

The third, and by far most generally useful, method involves a chemical procedure. 

A racemate is allowed to react with a second, standard asymmetric molecule (Sec. 

6-7). This procedure essentially creates, from two enantiomers + and — , two dia- 

stereomers + + and — +, which are now separable by common physical means. This 

requires a chemical reaction to attach the standard and, after separation, its reverse 

to remove the pure enantiomers from the standard compound. 

The simplest and most common reactions used in the third procedure involve 

salt formation with optically active amines (bases) or acids. Both classes of compounds 

are abundantly available in nature in optically active form. If the racemate is an acid, 

an optically active amine such as quinine, brucine, or strychnine is used to resolve 

the enantiomeric pair. The racemate is mixed with the amine, and diastereomerically 

related and optically active salts crystallize. Since these two salts have different solubility 

properties, they can be separated by fractional crystallization to give homogeneous 

substances. Each of the salts is treated with mineral acid (e.g., HCl) to regenerate the 

original organic acids, now in optically active forms. If the separation is meticulously 

carried out, optically pure (enantiomerically homogeneous) stereoisomers may be 

prepared. 

If the starting racemate is an amine, an optically active acid is used as resolving 

agent. Compounds such as (+)- and (—)-tartaric acid and its derivatives are frequently 

employed. Figure 6-27 traces the steps involved in the resolution of a racemic carboxylic 

acid. 

If the racemate is neither an acid nor a base, a chemical “handle” must 

be attached to the molecule by an appropriate reaction. After the racemate 

is resolved, the “handle” is removed. Derivatives of the racemate are often 

made so as to contain free carboxylic acid groups on the derivative portion 

of the molecule to allow resolution in the same fashion. 

Absolute and Relative Configurations 

No purely chemical method exists for determining the absolute configura- 

tion of an optically active molecule, i.e., whether a given enantiomer is R- or 

s-. However, optically active compounds may be interconverted by chemical 
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routes without disturbing their asymmetric centers, and as a result, series of 

compounds whose configurations are known in relation to one another have 

accumulated. 

Chemical means are also available for determining the relative configura- 

tions of two or more asymmetric carbon atoms within the same molecule. 

Commonly, for example, ring formation between two nonadjacent substituents 

already attached to one ring can demonstrate their relative configuration as 

cis (page 195), in analogy with the maleic-fumaric acid case for determining 

geometrical isomerism (Sec. 6-2). Also spectroscopic evidence can often be used 

to distinguish cis and trans substituents (Chap. 7). If the absolute configuration 

is determined for any single member within a series of compounds of known 

relative configurations, absolute configurations can then be assigned to all 

compounds of the series. 

Lacking means to determine absolute configurations, investigators before 

1951 used assumed configurations for the enantiomeric glyceraldehydes as a 

standard. The (+) isomer was assumed to have the structure shown, and this 

particular arrangement of atoms was named the p configuration of glyceralde- 

hyde. 

CHO COOH 
H—C—OH Several reactions H-C—OH 

CH,OH CH, 
p-( + )-Glyceraldehyde p-(—)-Lactic acid 

The relative configuration of natural lactic acid has been determined by 

converting (+)-glyceraldehyde into (—)-lactic acid, without breaking any bonds 

to the asymmetric carbon atom. Observe that the asymmetric carbon, therefore, 

must still maintain the same absolute configuration but that the sign of rotation 

has reversed.} Similarly, relative configurations of many compounds have been 

established. An imperfect nomenclature system was devised for families of 

asymmetric compounds, like sugars (Sec. 6-10) and amino acids (Chap. 25), 

which designated them as p- or t- according to the configurational similarity 

of one asymmetric carbon with p- or t-glyceraldehyde defined in some arbitrary 

way for each family. 

This system becomes ambiguous in designating configurations of any but 

the simplest molecules. Different authors, on the basis of different selections 

of groups similar to one another, have designated (+)-tartaric acid as both 

p and t. When molecules contain two or more asymmetric centers, authors 

usually resort to trivial names for diastereomers, except where the terms cis, 

trans, meso, D, and t suffice. The notation system outlined in Sec. 6-9 is the 

preferred one since it is systematic and relates all compounds with only one 
set of rules. All the correlations of configurations of asymmetric molecules with 

{This observation demonstrates that optical rotation is no guide to the chirality of even very similar 

optically active molecules (page 202). 
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the assumed configuration shown for glyceraldehyde can be put in terms of 
the r- and s- notation; p-glyceraldehyde is r-glyceraldehyde. 

The chances were even that the glyceraldehyde convention would couple 
the sign of rotation with the correct absolute configuration. Fortunately, the 
selection was demonstrated to be correct by experiment in 1951. Normally, 
X-ray diffraction photographs of crystalline enantiomers are identical. However, 
by the use of special X-rays, the absolute configuration of the sodium rubidium 
salt of (+ )-tartaric acid was determined. Now absolute configurational assign- 
ments can be given to compounds whose configurations have been established 
in relation to (+)-tartaric acid, and virtually all optically active compounds 
have now been so correlated. 

Optical rotatory dispersion (Sec. 6-8) of asymmetric cyclic ketones has been corre- 

lated with their absolute configurations and may now be used to determine 

absolute configuration in new compounds quite easily. In principle this tool 

can be extended to other functional groups as well. For a ketone in a conforma- 

tionally fixed (cyclic) structure we divide the space around it into eight octants by 

looking down the carbonyl as shown below. Four octants are in front of the 

oxygen (toward the observer) and usually can be ignored. The four behind 

it usually contain all the atoms in the molecule, the view of these four as seen 

by the observer being shown at the right. Such a view of a ketone molecule 

can be examined easily with a model of its preferred conformation. The octant 

containing the bulk of the atoms in this projection determines the sign (+ 

or —) of the Cotton effect in the ORD.} If the opposite sign is actually observed, 

the molecule has the opposite (enantiomeric) absolute configuration from that 

of the model used. 

This Octant Rule is most easily applied to six-membered ring ketones 

without using models. The conformation is drawn as shown at left so that 

its octant projection is that shown at right. When the substituents are put in 

one absolute configuration, the Cotton effect is predicted by the sign of the 

most occupied octant. The example is the natural oil, dihydrocarvone, which 

has a positive Cotton effect and the absolute configuration shown. 

+Actually not only the bulk but the proximity and electrical qualities of the atoms enter in, close atoms 

weighing more than far ones and halogens more than carbons, but most cases are obviously + or 

— without these second-order considerations. 
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eo) 
I e) I CH, 

CH, CH, Sw) 

Dihydrocarvone 

Chemical Changes in Configuration 

In order to convert an asymmetric carbon to its enantiomer, it is necessary 

to break and remake bonds. It can usually be effected by breaking one bond 

and allowing the remaining three to become coplanar (as an sp” carbon) with 

a plane of symmetry. The group removed is then replaced from the opposite 

side to produce the enantiomer (inversion); returning the group to the same 

side results in retention of configuration. Such a chemical reaction is illustrated 

for 2-bromobutane: 

sale Bee H.CH,CH, 
+ Inversion CH. mm 

oo ee CO ee 3 C 
uv" NER OEL Retention CH oe Aa Z | 

Cus : > Br: 

R enantiomer Symmetrical s enantiomer 

Since the symmetrical intermediate (a carbonium ion) will re-bond equally well 

from either side, both enantiomers are formed equally in the reaction. In 

molecules with only one asymmetric center the product is the racemate, and 

this conversion of one enantiomer to its racemate is called racemization. If 

several asymmetric centers are present but only one is involved in the reaction, 

the process is an epimerization, converting one optically active molecule to its 

epimer, also optically active and epimeric (inverted) at the site of the reaction. 

Since the rest of the molecule is still asymmetric and unchanged in the reaction, 

it may influence the epimerization by favoring one side over the other for 

re-bonding (favoring retention or inversion, usually by steric hindrance on one 

side of the symmetrical intermediate). If the remaining asymmetry of the 

molecule has little influence at the site of epimerization, a mixture of the 

starting compound and its epimer will be formed and needs to be separated. 



SE@mGaI4 SUMMARY Paps) 

Finally, if several asymmetric centers are present, racemization of an optically 
active compound can only occur if the reaction inverts every asymmetric center 

in the molecule (a rare circumstance). 

With the discussion of reactions and their mechanisms in subsequent 

chapters we shall see what kinds of reactions are capable of racemizing asym- 

metric atoms. For the present it will suffice to look at one other simple example, 

which illustrates a very widespread mode of racemizing asymmetric carbons 

via keto-enol tautomerism (Sec. 5-4). When a-methylbutyric acid is heated, 

its optical activity is slowly lost, and racemic material is ultimately obtained. 

This transformation involves equilibration of each enantiomer through a planar 

and symmetrical enol intermediate in which hydrogen on the a-carbon has 

shifted (tautomerized) to the carbonyl oxygen of the carboxyl group. In shifting 

back from oxygen to carbon, hydrogen comes in with equal probability from 

either above or below the plane of the enol double bond to give equal amounts 

of the two enantiomers. 

H O CH, OH CH, O 
See WY aye G Ce ee, SS 

C,H: OH C,H. OH C,H: OH 
R isomer Planar and symmetric enol s isomer 

The racemization of optically active hindered biphenyls (Sec. 6-12) can 

also often be achieved by heating. If the steric hindrance of the ortho sub- 

stituents to rotation represents a barrier of less than about 15 to 20 kcal/mole 

(room-temperature thermal energy), then enantiomers could only be separated 

at lower temperatures. If the barrier is somewhat above 20 kcal/mole, the 

separated enantiomers would racemize on heating to a higher temperature, at 

which the increased thermal motion energy is adequate to exceed the rotation 

barrier. A whole range of such biphenyls has been examined. 

6-14 SUMMARY 

Conformation 

Rotation about the single bonds of molecules allows them to have many 

shapes, or conformations, the actual conformation(s) taken up being that (or 

those) with minimum strain energy. The strain energy of any conformation 

is the sum of angle-bending, rotational, and steric strain. Simple acyclic mole- 

cules with one key single bond are best assessed from projection formulas down 

that bond. Conformational analysis is mostly applied to six-membered rings, 

which can exist in two chair conformations, the one with the least axial sub- 

stituents preferred. Other conformations, such as boat shapes, represent only 

a negligible proportion of the total molecule population, owing to their higher 
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energy (>6 kcal/mole). The chair conformation is depicted in two ways, 

perspective and projection, most commonly the former. 

Cyclohexane derivatives 

Perspective Projection 

Stereoisomerism 

The properties of kinds of isomers may be tabulated as follows. 

Structural isomers Asymmetry 

2 Geometrical isomers = cis and trans double-bond isomers \ unnecessary 

Stereoisomers: Number = 2” (n = number of asymmetric atoms) Asymmetry 

a Enantiomers: [a] 40° MECESSALy 

Mirror images 

All asymmetric centers inverted 

Identical properties except optical activity 

Equal and opposite (+, —) values of [a] 

b Racemates (racemic mixtures): [a] = 0° 

Equal mixture (50:50) of enantiomers 

Number = 2”! 

c Diastereomers: [a] 4 0° 

Not mirror images 

Some but not all asymmetric centers inverted 

Different properties, including optical activity 

d Epimers: [a] 40° 

Diastereomers differing at only one asymmetric center 

e Meso compounds: [a] = 0° 

Even number of asymmetric centers paired and internally compensated in optical 

activity across a plane of symmetry 

A molecule is asymmetric if it is not superimposable on its mirror image. It is 

usually easier to look for a plane of symmetry; if such a plane can be found, 

in any accessible conformation the molecule is symmetrical and has no optical 

rotation. Ring compounds may most easily be examined in flat conformations 

for this purpose. A compound whose molecules contain asymmetric atoms will 

be 

1 Asymmetric and optically active or 

2 Racemic and capable of resolution into optically active enantiomers or 

3 Meso, optically inactive and exhibiting a plane of symmetry 
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A set of the stereoisomers of a single structural isomer may be analyzed 
in terms of the number of stereoisomers and their mutual relationships as en- 
antiomeric and diastereomeric. The favored conformations of each may then be 
evaluated and the order of stabilities of the various diastereomers determined. 
(See page 214.) Epimerization reactions which go to equilibrium will yield the 
more stable epimer in a predominance determined by the energy difference 

between the epimers (cf., Table 6-2). 

In general the considerations of conformation and stereochemistry here 

allow an understanding of the isomers and shapes of molecules and their energy 

preferences. This becomes of major importance in assessing the course and 

consequences of chemical reaction in the succeeding chapters. It is in any event 

an enormous step forward in understanding structure to expand our under- 

standing from simple structural formulas to detailed three-dimensional shape, 

as this example vividly demonstrates: 

COOH 

HO 

Simple structure Natural lithocholic acid from bile and gallstones 
28 = 256 stereoisomers possible (absolute configuration) 

©) = Asymmetric atoms 

COOH 

OH 

Conformation of lithocholic acid 

PROBLEMS 

6-15 Write out structures for the following substances. 

a The three conformations of 2-methylbutane with end-on formulas. Which 

formulas are superimposable? 

b Three conformations of 2-butanone with three-dimensional formulas (the 

groups attached to any unsaturated carbon atom all lie in one plane). 

c The two conformations of cis-4-isopropyl-1-methylcyclohexane. 

d The two conformations of trans-4-isopropyl-1-methylcyclohexane. 

The two conformations of cis- and the two conformations of trans-1,3- 

dimethylcyclohexane. 
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6-16 

6-17 

6-18 

6-20 

PROBLEMS 

Write out structural formulas for the following compounds. 

a cis-2,3-Dichloro-2-pentene d_trans-4-Methyl-3-octene 

b_ trans-2-Phenyl-2-butene e anti-Oxime of a-naphthaldehyde 

c cis,trans-1,4-Diphenyl-1,3-butadiene f cis-1,3-Dichlorocyclobutane 

State which of the following pairs of compounds you expect to be the more 

stable and why. 

a cis- or trans-2-butene 

b cis- or trans-2-phenyl-2-butenoic acid 

c cis- or trans-1,4-diphenyl-cyclohexane 

d cis- or trans-1,3-dibromocyclohexane 

e cis- or trans-1,2-dimethylcyclopentane 

f cis- or trans-1-methyl-4-butylcyclohexane 

Write out three-dimensional formulas for all the isomers of the following com- 

pounds. Indicate the enantiomeric and the diastereomeric relationships. Indicate 

all isomers that are optically active. 

Cl 
| 

a CH,—CH—CH—CH, f CH,CHCHCHCH, 
Oh exe C.H; CoH; 

CH, CH, al 
b 

cl 

CH ? 3 cl 
H 
Bao Cl 

Cc 

OH 
d CH,CH=CHCH,CH,CH=CHCH, 1 

e CH,CH=CHCHCH,CH=CHCH, On 
| 
OH 

Write out three-dimensional structures for all the unique ways of substituting two 

carboxyl groups on the two aromatic rings of the compound shown. State which 

are optically active. Indicate which structure contains a center but not a plane 

of symmetry. 

Define the following terms: 

a Racemization d Center of symmetry f Diastereoisomerism 

b Mirror plane e Resolution g Equatorial bond 

c Epimerization 
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6-21 

6-22 

6-23 

6-24 

6-25 

6-26 

Write out three-dimensional formulas for the following compounds: 

a CHCIBrF (kr configuration) 

ree 

b PSOE AS erin Ue (s configuration) 

OH 

c 3-R-4-s-Dimethylhexane 

Write systematic configurational names for the following structures: 

OH CH, 
a H-C—COOH c D-C=H 

CH, C,H; 

a we 

b C d HSC Ore 

C,H 2 ‘COOH Fischer formula 
ES 16 Clear att 

CH, 

Differentiate the terms structure, configuration, and conformation. In ordinary mole- 

cules, which of these terms apply to states subject to interconversion without 

making or breaking bonds? 

What are the isomer numbers for each of the following structural formulas? 

a CH,CHCICHOHCH, d OHCCHOHCHOHCHOHCHOHCH,OH 

b CHECH HCH: e HOOCCHCICHCICHCICOOH 

O 

c CH,CHOHCH=CHCH, 

a How many stereoisomers are possible for 2-bromo-4-hydroxycyclohexane- 

carboxylic acid? 

b Indicate the breakdown of stereoisomers into enantiomers, racemates, and 

diastereomers. 

c Draw the two enantiomers of the most stable diastereomer in perspective, 

and point out why it is the most stable. 

d Draw the 2-epimer of the most stable diastereomer in perspective and indicate 

the cis-trans relation of the pairs of ring substituents (Br, OH, COOH). 

e Draw the other, less stable chair conformation possible for this 2-epimer. 

The most stable acid above (Prob. 6-25) was synthesized in the laboratory from 

simple symmetrical starting materials. It was neutralized with an asymmetric 

base in an effort to resolve the acid. Explain how this works in a stereochemical 

sense. 
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6-27 The acid in Probs. 6-25 and 6-26 can be chemically converted to 2-bromo- 

cyclohexan-4-one carboxylic acid without inverting the configuration at carbons 

6-28 

6-29 

6-30 

Land 2. One resolved enantiomer of the most stable diastereomer was converted 

to this ketone and its optical activity (rotation) measured at different wavelengths 

and found to be as follows. Draw in perspective the absolute configuration of 

this enantiomer and show in detail how you arrived at the conclusion. 

Wavelength: Rotation: [a] 

587 = 10 

500 aOle 

400 498° 
350 + 160° (max) 

300 45° 
250 = 1ehey" 

a0 oo Pp 

How many stereoisomers of 2,5-dimethylhexanedioic acid are possible? 

Characterize and name them in some definitive way. 

How many isomers are possible for 2,5-dimethyl-3-hexendioic acid? 

Is the situation different with the monoesters of each and, if so, explain. 

A derivative of the steroid, cholic acid, found in human gallstones, is shown 

below: 

Draw the molecule in its most stable conformation. Does it have more than 

one? 

Are the epimers at the carbons bearing —OH more or less stable? 

How many stereoisomers are possible if the asymmetric carbon configurations 

are not specified as they are in this representation? 

Do a stereochemical analysis of 4~-methyl-3-hydroxy-cyclohexanecarboxylic 

acid (number and kind of stereoisomers, the preferred conformations of each 

drawn in perspective, indication of most stable isomer). 

Under reaction conditions which convert y-hydroxy acids like these to lactones 

the most stable isomer gives a lactone. Draw this in perspective. Some of 
the isomers will not give lactones in this reaction; which ones do and which 

do not? 
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6-32 

6-33 

6-34 

6-35 

c The most stable isomer can be converted to the corresponding 3-ketone 

(4-methyl-cyclohexan-3-one-1-carboxylic acid). Draw the possible enol tau- 

tomer(s) of this ketone. 

d The enol-ketone equilibrium is established in acid. When both the above 

ketone (part c) and its 4-methyl epimer are put in acid and later recovered, 

they both give but one ketone. Explain. 

Consider the isomers of 2-cyano-3-methyl-5,5-dichloro-4-cyclohexanone-1-car- 

boxylic acid. 

a How many racemates are possible? How many stereoisomers? 

b How many asymmetric carbons must be inverted in configuration to convert 

one stereoisomer into its enantiomer? 

c How many must be inverted to form an epimer? 

Is the isomer with the carbon-containing-ring substituents all cis the most 

stable? Draw this isomer and, if another is the most stable, draw it also (in 

perspective). 

e Show which enantiomer of the all-cis isomer has a positive Cotton effect. 

f What Cotton effect will an equimolar mixture of the enantiomers of the all-cis 

compound show? 

g What is the source of instability in the less stable stereoisomers? 

Draw a structure which satisfies each description below. 

a_ A saturated hydrocarbon, C,,H,, with more than fifty possible stereoisomers. 

b A linear symmetric hydrocarbon with four possible geometric isomers. 

c A meso hydrocarbon, CgHp. 

d A meso hydrocarbon, C,)H.9, which absorbs one mole of hydrogen over 

platinum. 

The barrier to free rotation in ethane is 3 kcal/mole; in ethylene, 63 kcal/mole. 

Qualitatively only what would you expect of the barriers at the three bonds 

marked below? 

H 
| | 

(CHANG | Yel 0 { ee, ca 

Why is t-butyl energetically so much worse in an axial position of cyclohexane 

than ethyl or isopropyl (which are very similar to each other)? What is the likely 

conformational fate of cis-1,4-di--butyl-cyclohexane? 

Is the cis or trans isomer of 3-methylcyclobutanecarboxylic acid the more stable? 

(Hint: Like cyclopentane, cyclobutane is a nonplanar, or bent, ring.) 
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6-36 Draw projections, seen down the most substituted bond, for the following in their 

most stable conformations. 

a cis- and trans-decalin 

b The most stable isomer of 2,3-diphenyl-2,3-diiodo-butane 

c The most stable isomer of 2-bromo-4-methyl-cyclohexanecarboxylic acid 

d The least stable isomer of 2-bromo-4-methyl-cyclohexanecarboxylic acid 

READING REFERENCES 

Mislow, K., “Introduction to Stereochemistry,” W. A. Benjamin, New York, 1965. 

Eliel, E. L., “Stereochemistry of Carbon Compounds,” McGraw-Hill, New York, 1962. 

Eliel, E. L., N. L. Allinger, S. J. Angyal, and G. A. Morrison, “Conformational Analysis,” 

Wiley, New York, 1965. 
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PHYSICAL 
PROPERTIES 
AND 
MOLECULAR 
STRUCTURE 
THE main thrust of the material in the book thus far has been a development 
of the possibilities of molecular structure from the nature of covalent bonding. 
We have seen how the rules of bonding allow a variety of carbon skeletons 
and functional groups to be constructed, and we have endeavored to cope with 
the main features of naming them. We have also explored the peculiarities 

of delocalization in 7 bonds. We have come to a position in which we can 

say what molecular structure is all about. Now we must examine how these 

structural and bonding features manifest themselves in terms of the observable 

physical properties they confer on real compounds. In turn we shall see how 

to use these physical properties to deduce the molecular structure when we 

are confronted with unknown compounds. 

In the first part of the chapter are discussed the more classical physical 

properties, such as melting points and refractive indices, which are of practical 

value chiefly in characterizing or identifying compounds. The nature of inter- 

molecular forces, which are much involved in these properties, is explored. 

Following this is an examination of those physical properties, mostly spectro- 

scopic, which form the primary basis for physical methods of structure eluci- 

dation: ultraviolet (UV), infrared (IR), nuclear magnetic resonance (NMR), and 

mass spectra.t Following the introduction to these primary physical tools is 

a section devoted to the procedures for solving problems of unknown structure 

from this physical evidence. 

7-1 TRANSITION POINTS AND SOLUBILITY 

The melting point of a solid is that temperature at which it becomes a liquid. 

Pure crystalline solids normally have sharp melting points, or undergo the 

transition over a temperature range of 1° or less. On the other hand, impure 

crystalline solids melt over much wider ranges of temperature. Most crystalline 

+Mass spectra are only listed with the other physical methods for convenience in grouping the problem- 

solving methods. Any description of mass spectra is really an exposition of molecular reactions or 

fragmentations in which a high-energy electrical potential is the “reagent.” 
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organic compounds have characteristic melting points, which are easily deter- 

mined and reproduced. These facts make melting points the most widely used 

physical constants for identification purposes. 

The melting range of a crystalline compound is frequently used as a 

measure of its purity. When two different pure crystalline compounds are 

mixed together, the resulting mixture usually melts over a wide range of tem- 

peratures and well below the melting point of either pure component. Such 

mixed melting-point depressions are frequently as much as 20 or 30°. Determi- 

nation of a mixed melting point is a common procedure in establishing the 

identity of compounds obtained by synthesis, by degradation of complex sub- 

stances, or by fractionation of naturally occurring materials. If the melting point 

of the compound of unknown structure is not depressed by admixture with 

an authentic sample of a compound of known structure, the two substances are 

presumed to be identical. 

In a crystal, molecules are usually packed together in orderly and rigid 

repetitive patterns. Intermolecular forces, referred to as lattice forces, hold the 

crystal together and limit molecular motions. For example, although rotations 

about carbon-carbon single bonds occur readily in the liquid and vapor phases, 

these movements are usually frozen in crystals. When brought to its melting 

point, the crystal disintegrates; the thermal energy of the molecules within the 

crystal becomes great enough to overcome the lattice forces, and the molecules 

break out of their prisons. 

The boiling point of a liquid is that temperature at which the vapor 

pressure of the liquid becomes equal to the pressure on the system. Boiling 

point depends very markedly on pressure, since volume changes in passing 

from the liquid to the gaseous state are very large. Thus, when boiling points 

are reported, the pressure must be specified; whenever possible, they are re- 

ported at 760 mm of mercury (one atmosphere of pressure). Boiling points 

vary widely with structure and provide useful constants for identification and 

characterization of liquids. Differences in boiling point allow liquids to be 

separated by fractional distillation. Pure compounds have narrow boiling 

ranges, and mixtures usually boil over ranges limited by the boiling points 

of the pure constituents. Occasionally mixtures may have sharp boiling points 

that differ from those of either pure component. Such constant-boiling mixtures 

are called azeotropes. For example, a mixture containing 4.5% water (bp 100.0°) 

and 95.5% ethyl alcohol (bp 78.4°) boils at 78.1° at atmospheric pressure. 

In the liquid state, strong intermolecular forces still hold molecules close 

together but in a manner that allows rapid molecular movement. Not only do 
molecules as a whole move about, but their parts flap and rotate in all but 

the most rigid structures. When their thermal energy becomes great enough, 

molecules overcome attractive forces and pass into the vapor state, where such 
forces are usually negligibly small. 
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Solubility 

Dissolution of solid in liquid in some respects resembles the melting of 
a solid, since the ordered crystal structure is destroyed. Interactions in a dilute 
solution are for the most part between solute and solvent, although in some 
instances solute molecules may show a considerable tendency to cluster to- 
gether. Since the characteristic crystal energies are lost in both melting and 

dissolution, one can safely generalize that among groups of closely related 

substances, the higher-melting compounds will usually be the less soluble. This 

generalization is really applicable to nonpolar compounds only. 

Mixing of two miscible liquids involves the exchange of attractive forces 

between like molecules for interactions between dissimilar molecules. The 

familiar generalization “like dissolves like’ is based upon the observation that 

attractive interactions tend to be greater between similar molecules than be- 

tween structurally dissimilar pairs. Thus, the lower alcohols are soluble in water 

because the attractive forces between the hydroxyl groups of water and those 

of an alcohol are similar to those between individual water molecules and 

individual alcohol molecules (hydrogen bonds). Conversely, water does not 

dissolve in hexane because the combined attractive forces between water mole- 

cules and between hexane molecules are greater than those between water and 

hexane molecules. 

Sometimes high solubility is due to rapid chemical reactions, so that new 

compounds are formed during the process of solution. Such chemical action 

can lead to solubilities that appear anomalously high. The most striking and 

generally useful examples involve acid-base reactions (Chap. 8) that convert 

neutral compounds to highly water-soluble ionic species. For example, aniline 

is very sparingly soluble in water, but it dissolves readily in aqueous acid by 

virtue of its conversion to anilinium ion. Neutralization of the solution with 

strong base regenerates the weakly basic amine, which separates from solution. 

ee + 

H,O + C,H,NH, == C,H,NH, + H,0 
Aniline Anilinium 

10n 

7-2 INTERMOLECULAR INTERACTIONS 

The nature of intermolecular interactions, which dictate the physical properties 

discussed in the previous section, will be considered briefly in this section. 

Although all chemical interactions arise from the same fundamental sources, 

i.e., interactions of negative electrons and positive nuclei with each other, the 

forces involved in intermolecular interactions are much smaller than those 

responsible for chemical bonding. 

Dipole Moment 
$s 

The dipole moment of a compound measures the concentration of positive 

and negative charges in different parts of a molecule. This physical constant 
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is determined by observing the extent to which molecules of a substance orient 

themselves when placed between the plates of a charged condenser. Molecules 

with high dipole moments become highly oriented, with their dipoles parallel 

to the direction of the field. Dipole moments (u) are reported in Debye units 

(D), since values in electrostatic units always include a large negative exponent 

(1 D = 107!8 esu). 

Separation of charge in organic molecules is associated with the presence 

of either formal charges or polarized bonds. The high dipole moment of tri- 

methylamine oxide illustrates the former, and the smaller dipole moment of 

methyl iodide the latter, as is indicated in Fig. 7-1. 

Many molecules with polar bonds do not possess molecular dipoles, 

because individual bond moments are so oriented that they cancel one another. 

Any molecule that has a center of symmetry (Sec. 6-7) will not have a dipole 

moment. The two geometric isomers of 1,2-dichloroethylene illustrate the 

principle (see Fig. 7-1). Both molecules are planar, and both contain two polar 

carbon-chlorine bonds. The cis isomer has an appreciable dipole moment, since 

in this molecule the bond moments are so oriented as to provide overall elec- 

trical dissymmetry. The trans isomer has a zero dipole moment, since the two 

individual bond moments are aligned so as to cancel each other. 

Resonance effects frequently influence dipole moments. For example, the 

dipole moment of nitromethane is smaller than that of nitrobenzene. Migration 

of 7 electrons from the benzene ring into the nitro group increases charge 

separation in the aromatic compound. 

+f +/ 
CHj—-NC <> CH,— & 

O O 
Nitromethane, » = 3.50 D 

Oo: » 50/250 Oo oO O O 
Nt ZPD N47 SE \ +7 
N N N N 

Q + + 

<— << — 

+ 

Nitrobenzene, , = 3.95 D 

In contrast, isovalent resonance involving nonbonding electrons of oxygen 
and nitrogen may make the dipole moments of compounds such as aromatic 
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CH,—I (CH,),N—O 
esac PEs 

Methyl iodide Trimethylamine oxide 
==sil.6) 1D) (i 5710) 

cis-1,2-Dichloroethylene _ trans-1,2-Dichloroethylene 
(rs il 1D) a ON 

FIGURE 7-1 Dipole moments 

amines, phenols, and aryl ethers either larger or smaller than the dipoles of 
analogous aliphatic compounds. 

+ = 
 _ 

CH,—NH, 
Methylamine, » = 1.33 D 

Che + + + 
NH, NH, NH, 

S) Be = are 

SS <b ——— 

Aniline, 1 = 1.53 D 

The very large dipole moment of p-nitroaniline is striking evidence for 

transfer of electrons from the amino group to the nitro group by isovalent 

resonance through the entire conjugated system. 

& we, ae ots oe 
N 
ay 

2) 
GNH, +NH, 
p-Nitroaniline, 1, = 6.10 D 

Polarizability 

Even when molecules of a compound have no permanent dipoles, the 

substance can be polarized by an applied electric field. Field-induced polariza- 

tion measures the polarizability of molecules. When a molecule is polarized, 

the average electron distribution is changed in comparison with that of an 

identical molecule not subjected to an externally applied field. 

In molecules, polarization involves deformation of both bonding and 

nonbonding electron clouds. Unsaturated molecules are much more easily 

deformed than saturated systems, and conjugated unsaturated systems are 
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highly susceptible to polarization. Weak bonds are usually highly polarizable, 

since the electrons involved are comparatively weakly bound to the molecule. 

A physical property directly related to polarizability is the refractive index. 

Light rays travel more slowly through transparent materials than through a 

vacuum. The ratio of the speed of a beam in air to its speed in another medium 

is the refractive index of the latter. Retardation is due to the interaction of 

light with electrons, and high refractivity indicates easy polarizability. Refractive 

indices vary with wavelength of the transmitted light; hence, a notation to 

indicate wavelength must be included in a report of a refractive index. Since 

the refractive index is strongly temperature-dependent, temperature is also 

always included in the notation. Thus, refractive indices are usually reported: 

= . They are one of the most easily obtained physical constants 

that can be found for pure liquids. Table 7-1 lists the refractive indices of typical 

organic compounds. 

Intermolecular Polarization 

Interactions of polarizable molecules with one another and with dipolar 

molecules give rise to intermolecular attractive forces. These forces are respon- 

sible for the crystal energies of nonpolar solid compounds and for the existence 

of liquid phases of such materials. 

The attraction between a dipole and an easily polarizable molecule that 

has no permanent dipole is readily understood, since the dipole supplies a field 

TABLE 7-1 Refractive Indices of Pure Liquids 

Compound IESG nh 

H,O 20 1.3330 
CH,C=N 17 1.3460 
(CH.),CHCH,CH, 20 1.3549 

CH,(CH.,),F 20 3 562, 

CH,COCH, 20 1.3591 
CH,CH.CH,C=CH 18 1.4079 

CH,(CH,),Cl 20 1.4119 

CH,CH=CHC=N 20 1.4156 
HC=CCH. CH. C—CH 20 1.4414 

CH,(CH,),Br 20 1.4444 
CH,(CH,),I 20 1.4955 
C,H, 20 1.5017 
C,H.NO, 20 1.5529 
(C,H.),Cd 18 1.5680 

NH, NH, 

(i bee oo 1.7083 
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Dipole-induced Infinite separation 
interaction 

FIGURE 7-2 Induced polarization 

to polarize its deformable partner and a small dipole is induced in the latter. 
Dipole-induced interactions are pictured in Fig. 7-2. 

Hydrogen Bonding 

Compounds containing oxygen-hydrogen or nitrogen-hydrogen bonds 
show evidence of association that exceeds all expectations based upon their 
molecular weights, dipole moments, and molecular polarizability. For example, 
water, which contains no highly polarizable atoms, melts at 0° and boils at 
100°, whereas methyl ether and methyl alcohol (which are compounds of 

higher molecular weight) boil at —24 and 65°, respectively, and melt at very 

low temperatures. There is no large difference in the dipole moments of these 

substances. Accordingly, the remarkably high association of water must be due 

to some short-range interactions that are not reflected in all the gross properties 

of water molecules. Comparison of physical properties within the series water, 

methyl alcohol, and methyl ether indicates that the hydroxyl group has a 

pronounced specific effect upon physical properties. 

H CH, CH, 
S S SS 

O 
ve. ye ye 

H H CH, 
Water Methanol Methyl ether 

mp 0°, bp 100° mp —98°, bp 65° mp —140°, bp —24° 
w= 1.89 D uw = 169D w= 1.29D 

Comparison of the structures and physical properties of water and methyl 

ether is particularly instructive. In liquid water, molecules are held together 

by dipole-dipole interactions between positive hydrogen and negative oxygen 

atoms. The shape of the water molecule allows many different arrangements 

in the molecular aggregates, since these partial charges are sterically exposed 

to those of neighboring molecules. In molecules of methyl ether, these partial 

charges are deeply buried beneath a canopy of relatively nonpolar carbon- 

hydrogen bonds. As a result, the dipole-dipole interactions must cover longer 

distances, and their effect is diminished accordingly. Models for aggregates 

of water and of ether molecules are drawn in Fig. 7-3. 

Another important factor contributes to the highly associated character 

of liquids whose molecules contain hydrogen bonds. These bonds are highly 

polar, and the hydrogen atom possesses some of the character of a naked 

proton. The charge of this nucleus is much less shielded by electrons than 

the charge of other nuclei. As a result, the intense local field associated with 
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Hydrogen bonding in Weaker dipole-dipole interactions 
liquid water in liquid methyl ether 

FIGURE 7-3 Intermolecular interactions in liquids 

hydrogen bound to oxygen or nitrogen produces strong dipole-dipole interac- 

tions. 

Typical hydrogen bonds are shown below; they are most stable and 

effective when the three involved nuclei are in a straight line. 

Sa 

6— 6+ 6— 

\nry- a 

b— 64+ 6— 

Polar Compounds 

Polar molecules cling together tenaciously, as is illustrated by their high 

boiling and melting points. Such compounds may, however, be rather soluble 

in polar solvents. The strong intermolecular interactions that hold the molecules 

together are replaced by similar polar interactions between solvent and solute. 

Polar substances are also adsorbed very strongly on solids, such as alumina 

and silica, which are commonly used as adsorbents in liquid-phase chromatog- 

raphy (Sec. 1-4). 

The dominant influence of hydrogen bonding on the physical properties 

of compounds that contain oxygen-hydrogen or nitrogen-hydrogen linkages 

is illustrated in Table 7-2. Compounds containing these bonds are listed next 

to related compounds in which these linkages are absent. The most dramatic 

effects are associated with molecules that contain two functional groups con- 

taining polar hydrogens, such as ethylene glycol (HOCH,CH,OH). The boiling 

point of this substance is over 100° higher than that of 1,2-dimethoxyethane 

(CH,OCH,CH,OCH.). 
The “like dissolves like’ principle requires a special comment in connec- 

tion with polar solvents. No doubt, an individual water molecule would polarize 
a hydrocarbon molecule, producing stronger interactions than those between 
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two hydrocarbon molecules. However, water and hydrocarbons are insoluble 
in each other, because solution can be accomplished only by separating water 
molecules, thereby sacrificing the very large association energy of liquid water. 
The principal exceptions to the general insolubility of these compounds in each 
other occur with molecules that do not have oxygen-hydrogen or nitrogen- 
hydrogen bonds but do contain oxygen or nitrogen that can serve as the second 

partner in a hydrogen-bonded molecular aggregate with water. Table 7-3 pro- 

vides examples. 

Interesting consequences sometimes result from internal interactions of 

polar groups with each other. Internal hydrogen bonding gives particularly 

dramatic effects. For example, o-nitrophenol is a low-melting solid and can be 

distilled normally; p-nitrophenol has a much higher melting point, and the 

liquid cannot be distilled without decomposition. (Slow heating of the solid 

in a vacuum results in sublimation.) 

O. NO, 
See SS 
Nt We 

O 

OH 

o-Nitrophenol p-Nitrophenol 
mp 45° mp 113 
bp 214° sublimes 

Ionic Compounds 

If an organic molecular species contains a charge it is then an ion and 

must be associated with another ion of opposite charge, just as with inorganic 

TABLE 7-2 Influence of Hydrogen Bonding on Physical Properties 

Compound Mp, °C Bip, CE Solubility in water 

HOCH,CH,OH —16 197 Miscible 

CH,O0CH,CH,OCH, — 58 84 Miscible 

H,NCH,CH,NH, gy 117 Miscible 

Lyon, 79 Miscible 

p-HOOCC,H,COOH 300 0.001 g/100 g (100°) 

p-CH,0OCC,H,COOCH, 140 300 0.3 g/100 g (100°) 

o-HOOCC,H,COOH 191 Sublimes 0.54 g/100 g (14°) 

ae 

CI ‘o 131 285 Slightly soluble 
a 

aN 
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salts like Nat+Cl-. The most common stable organic salts (ionic compounds) 

are the carboxylate anions and the ammonium cations. These ionic compounds 

are typical salts, dissolving in water because of hydrogen bonding and strong 

dipole interactions that stabilize the ions in solution. Such stabilization by 

solvent attraction is called solvation. These salts dissolve less well in other 

organic polar solvents and are usually virtually insoluble in nonpolar solvents. 

The most common exceptions are quaternary ammonium salts with large alkyl 

groups. These cations can be fairly soluble in nonpolar solvents since, despite 

the positive charge buried at the center, they present a hydrocarbon surface 

to the solvent. 

yo + + 
GEES Nat (C;H,);N—H Cl- @CH,N(CH:), OH- 

O- 

Sodium acetate Triethylammonium Benzyltrimethylammonium 
chloride hydroxide 

TABLE 7-3 Hydrogen Bonding and Solubility 

Compound Solubility in water 

CH,OCH, 7.6 g/100 g (18°) 
@)H-OGH- 7.5 g/100 g (19°) 
CH,COCH, Miscible 

CH.CN Miscible 

(CH.),N 41 g/100 g (19°) 
Compare with 

C,H;Br 0.9 g/100 g (30°) 

n-CH.(CH,),CH,; Insoluble 

PROBLEM 7-1 

Indicate which of the following compounds should have dipole moments. For 

compounds without a dipole moment, explain why they can possess polar groups 

and not have a dipole moment. For compounds that have a dipole moment, draw 

an arrow in the direction of the dipole, with the head of the arrow as the negative 

end. 

NO. H H 2 COOH 00Cc. _H 

a) oul b I p 
JA 

H ‘COOH H ‘COOH 
NO, 
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PROBLEM 7-2 

Cl 
Cl 

h 

Cl 
Cl 

Cl Cl 

cs. 
Cl 

241 

CN 

Write formulas for each of the following compounds and show the probable 

orientation of their dipoles. 

a The dicyanobenzenes 

The 1,4-dichlorobutadienes b 

c_ trans-1,2-Dihydroxycyclopentane 

d_ p-Nitrobenzylamine and p-nitroaniline (which will have the larger dipole 

moment?) 

e Succinonitrile (NCCH,CH,CN); consider relative stabilities of all staggered 

conformations. 

PROBLEM 7-3 

Arrange the following compounds in order of decreasing solubility in water. 

Give your reasoning. 

a CoCHeH: 

OH 

b C,H,CH,OCH, 

c C,H;,CH,CH,CH, 

PROBLEM 7-4 

d p-HOC,H,C.H, 

e p-CH,C,H,COOH 

f p-HOC,H,CH,OH 

Explain the following sequences of boiling points. 

a CH,OH, H,O, HOCH,CH,OH 
65° 100° 
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b CH,CH,, CH,CH,Br, CH,CH,], CH;CH,OH 
=f Som WB Tom 

c n-Hexane, benzene, cyclohexane 

69° 80° 81° 

PROBLEM 7-5 

A mixture of naphthalene, ethylene glycol, benzoic acid, and aniline was sepa- 

rated by the following scheme. Show the composition of each phase in every 

step of the procedure. 

C, Hg, C7H,O., C,H,(OH),, C,;H;NH, 

Ether, NaOH (aq.) 

Y Y 

Aqueous layer (A, B) Ether layer (C, D) 

dil. HCI, ether HCI (aq.) 

v V v V 
Aqueous layer (A) Ether layer (B) Aqueous layer (C) Ether layer (D) 

7-3 ABSORPTION SPECTRA: GENERAL 

Light, or more generally, electromagnetic radiation, may be described in terms 

either of the frequency (number per second) v of its waves or of the wavelength 

between them. These are related to each other by the constant velocity of 

light, c, through the relation Avy = c. Light rays are composed of individual 

units of energy, called quanta. The energy of a quantum of light is proportional 

to its frequency, or inversely proportional to its wavelength [Eq. (1)]. In familiar 

kilocalorie per mole terms the energy of light can be calculated from the 

wavelength. The wavelength of light is commonly measured in microns (u, = 

micrometers) or in millimicrons (mu) or the equivalent nanometers (nm), de- 

pending on convenience in the spectral regionft: 

he 28.6 

ae kcal/mole for A in pw units 1 

= HECCC. kcal/mole for \ in mp or nm units 

i 10-§ m = 10-? mm 

Tomi = on = 10-9 me 10 mine Omer 

Visible light is just that small portion of the entire electromagnetic radiation 
spectrum (Fig. 7-4) which is registered by the human eye and constitutes the 

{In this book we shall use the more contemporary nanometer (nm) notation. It is in any case a unit 

equivalent to the more traditional millimicron (mp) for the ultraviolet spectral region. Angstrom units 

are occasionally used in the literature to express wavelengths of light (1 A = 0.1 nm = 10-8 cm). 
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SPECTRAL REGION 

Vacuum Near Near 

ultraviolet ultraviolet Visible infrared Infrared 
X ray (UV) (UV) (VIS) (IR) (IR) Microwave 

sees 

Subvalence- 
electron 

excitation 

Wavelength Oinm 100nm 200nm 400 nm 800 nm 2m 7 pb 25 
0.8 

Energy (0.8 4) 

(kcal/mole) ~?% 10° 300 150 70 35 15 1 

FIGURE 7-4 Correlation between spectroscopic regions and types of molecular excitation 

wavelength region from about 400 to 800 nm. At the lower end (400 nm) is 

violet light and it passes through the rainbow of blue, green, yellow, to red 

at the long (800-nm) wavelength end. When we observe color with the eye 

we observe in effect the wavelength(s) of the observed light. Below visible light 

is the ultraviolet region, above it the infrared region, as symbolized in Fig. 

7-4. 

Light of a particular energy (a photon or quantum) may be absorbed by 

a molecule if the molecule can by absorbing it pass from one of its quantized 

energy levels to a higher one by just the energy amount (AE) corresponding 

to the photon energy (E = hv). There are two kinds of molecular energy jumps 

which will concern us. 

1 Electronic excitations in the energy range of chemical bonds (35 to 150 kcal/mole), that 

is, 200 to 800 nm, involving the promotion of an electron to a higher-energy molecular 

orbital (usually an antibonding orbital), result in ultraviolet and visible absorption 

spectra. 

2 Nuclear vibrations (also quantized) in the range of 1 to 15 kcal/mole are caused by 

infrared absorption in the spectral region 2 to 25 p. 

In either of these spectral ranges the act of light absorption at a particular 

wavelength is a direct function of and indication of the presence of a molecular 

structural feature possessing the capability of absorbing that specific discrete 

energy package. This is most easily observed instrumentally by passing light 

of continuously changing wavelength through a sample of the compound and 

measuring the light intensity before and after passage through the sample. This 

procedure records those wavelengths at which light absorption occurs and those 

others which are largely transmitted freely. A record of the amount of light 

absorbed by a sample as a function of the wavelength of the light is called 

an absorption spectrum. In principle, all absorption spectra should consist of 
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FIGURE 7-5 Typical absorption spectra 

lines, but in practice one observes absorption bands. A spectrum has a series 

of maxima and minima connected by smooth curves. Typical absorption spectra 

are shown in Fig. 7-5. 

Ultraviolet and visible (electronic) spectra commonly have the appearance 

of the upper record in Fig. 7-5 and are plotted with absorption bands showing 

as maxima. Infrared (vibrational) spectra commonly resemble the lower graph 

with sharper absorption bands, and these actually recorded as minima (peaks 

hanging down like stalactites); here it is transmission, the opposite of ab- 

sorbance, of the light that is usually recorded. 
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Recorded 
source spectrum 

Electronic 
amplifier 

FIGURE 7-6 Spectrophotometer for recording absorption spectra 

Quantitative spectrophotometric measurements are usually reported in 

terms of the Beer-Lambert absorption law [Eq. (2)]. 

T= peel 2 
0 

where ] = intensity of transmitted light (leaving sample) 

I) = intensity of incident light (entering sample) 

€ = molar absorption coefficient 

c = concentration of the absorbing species, moles/liter 

! = sample thickness (usually = 1 cm) 

Equation (3) is a useful form of Eq. (2): 

Optical density or absorbance: A = log — = ecl 3 

The intrinsic intensity € is a function of the molecule, and this intensity as 

well as the wavelength of a given absorption maximum (A,,,,) are the features 

which are used for structure correlations. The ultraviolet spectrum at the top 

of Fig. 7-5 may serve as an example; the intensity « was calculated from the 

concentration and the observed absorbance. 

A generalized instrument for obtaining spectra such as those in Fig. 7-5 

is a double-beam spectrophotometer, schematically outlined in Fig. 7-6. The 

light source generates a continuum of wavelengths which are separated by a 

prism and then selected by slits such that rotation of the prism causes a con- 

tinuously increasing series of wavelengths to pass through the slits for recording 

purposes. The selected monochromatic (one wavelength) beam is then split into 

two beams, one for passage through the unknown sample dissolved in a solvent 
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and the other for passage through solvent alone. The two beams are each 

measured for intensity by a photoelectric cell and the latter subtracted elec- 

tronically from the former to give an intensity (absorbance or transmission) 

signal which is characteristic of the compound alone. This signal is automati- 

cally recorded on a graph as a function of the wavelength being utilized. In 

each spectral region the light source must be a continuous generator of wave- 

lengths in that region and the materials used for prisms and solution container 

must be transparent to the wavelengths used. The equipment employed is as 

follows: 

Spectral region Light source Prism and solution cell construction 

UV Hydrogen lamp Quartz 

VIS Tungsten lamp Glass (or quartz) 

IR Ceramic glower Rock salt (NaCl) 

While organic chemists have mostly agreed in practice to recording ultraviolet 

and visible spectra on a wavelength scale in millimicron or nanometer units, 

there has been no unanimity concerning the scale to be used in infrared spectra. 

Many chemists report IR bands (peaks) in frequency units which are really 

reciprocal centimeters (cm~') obtained as v x c, and which are the inverse of 

wavelengths, on the rationale that these units are directly proportional to 

energy. The range of common utility for these units is from 5000 cm~! (2 p) 

to 500 cm~! (20 1); the units are frequency units related to the wavelength scale 

in microns: 

v(cm-!) = io" or (uw) 
Aw) 

= 104 

v(cm~!) 

The numbers used thus carry four digits of accuracy which are harder to learn 

and imply more accuracy than is usually warranted. The other scale in common 

use is the wavelength scale, in microns, 2 to 25 1, which is easier to master 

and also reflects a consistent usage through the entire UV, VIS, and IR spectral 

range, but is inversely proportional to energy. Indeed this proportionality to 

energy is rarely invoked, but in subsequent sections in this text both scales 

are recorded since both are in active contemporary use. 

7-4 ULTRAVIOLET AND VISIBLE SPECTRA 

Electrons in o bonds require for their excitation energies which are too high 

to be available through ordinary UV radiation. Hence UV (and VIS) spectra 

are only caused by the higher-energy, more labile 7 and n (nonbonded) 

electrons in a molecule. Saturated molecules (and groups in molecules) are 

transparent to UV and VIS light. The two major kinds of electronic absorptions 

in unsaturated molecules are illustrated from the molecular-orbital energy-level 

diagram for a carbonyl group shown in Fig. 7-7. The oxygen atom is shown 

initially hybridized with 2sp and 2p atomic orbitals. One sp orbital then forms 

ao molecular orbital with an initial sp? atomic orbital of the carbon atom. The 
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FIGURE 7-7 Molecular-orbital diagram for the carbonyl group 

other sp orbital of oxygen is left to provide a nonbonding molecular orbital 

(n). Then p atomic orbitals on each atom overlap to give a 7 molecular orbital 

and the remaining p orbital of oxygen becomes a second (and higher-energy) 
tT 

n orbital (nonbonding). 

The lowest unoccupied molecular orbital is the antibonding 7* orbital which 

is separated from the nearest (n) orbital by energy AE, and from the 7 orbital 

by AEs: 

Should light of frequency v, = AE,/h be absorbed it would cause one 

electron to jump from the n level of energy to the 7* level. This is called an 

n —>» 7* (n to pi star) transition and is geometrically a poor one since the 

n and 7* orbitals are perpendicular to each other. Hence absorption occurs 

with carbonyl compounds in this fashion but with low intensity (« = 10 to 

100; this is a “forbidden,” or infrequent, transition). The n —> 7% transition 

corresponds to about 100 kcal/mole since it occurs in simple ketones (and 

aldehydes) at about 280 nm.} A transition of higher energy, the 7 —~ x* (pi 

to pi star) transition (AE, in Fig. 7-8 occurs at about 180 nm} and is much more 

intense (« ~ 10,000) owing to the favorable geometry (7 and 7* orbitals lie 

in the same plane). This transition (but not of course the n —~ 7%) also oc- 

curs in carbon-carbon double bonds, at about the same wavelength. 

In general the \,,,,, of absorption indicates the energy difference between 

the ground and excited states of the molecule. Changes in the molecular en- 

vironment of the absorbing electrons (i.e., by changes in R and R’) will cause 

small shifts in Ajay 

important in assessing the cause of these shifts to compare the environmental 

(i.e., strain and substituent) effects on both ground and excited states since 

both energy levels are involved in the observed AF. Conjugated systems of 7 

and hence in AE between the two states, but it is always 

+The spectra of ketones will show a large maximum at 180 nm and a small, low-intensity peak at 280 

nm. These peaks or maxima are designated as \,,,5- 
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electrons are stabilized by resonance, and the stabilization is apparently greater 

in the excited than the ground state since addition of increasing numbers of 

double bonds in conjugation raises the wavelength (i.e., lowers AE) of the 

absorption maximum. 

Absorption of H—(CH=CH),—H (7 —> 1°) 

EXciteds (7a) 

AE, | AE, 

Ground (7) ne | AE; Ne, 

i 1 2 3 a 

= 65 217 258 286 nm 
Naas 

Conjugated 7-electron systems are called chromophores and some largely 

empirical but quite successful rules have been developed for calculation of 

the absorption maxima of a number of kinds. Major shifts to longer wavelength 

(bathochromic shifts) occur on extension of the conjugated system, and minor 

bathochromic shifts usually accompany increased substitution (of R, X, etc., 

for H) on the chromophore skeleton. To a remarkable extent the wavelength 

is proportional to the distance between the terminal atoms of the chromophore, 

an all-trans multiple double bond (polyene) chromophore absorbing at longer 

wavelength than its partially cis geometric isomers. 

Shifts in absorption position 

Hyperchromic 

Hypsochromic Bathochromic 

Range of common intensities: 

= LO-1007000 

Intensity ———> log € = 1-5 

Xr max 

Wavelength ———> 

Empirical Calculations 

Extensive correlations between UV spectra and structure in known com- 

pounds have led to certain simple empirical additive rules for the calculation 

of the wavelength of maxima in some classes of chromophores, notably dienes 

and unsaturated carbonyl compounds. These rules are very useful in the solu- 

tion of structure problems. The general procedure is to begin with a base 

wavelength for the parent chromophore and add to it values corresponding 

to each substituent found attached to the parent z-electron skeleton. 
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Z 

(S = single bond) 
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Exocyclic double 
bond position 

Note that the second column is only for unsaturated ketones and aldehydes, and that acids, 
esters, and amides follow the same trends, but at lower wavelengths. 

FIGURE 7-8 Calculation of UV maxima for conjugated chromophores 

Although a fairly complete empirical table of these increments is listed 

in Fig. 7-8, the common knowledge of the research chemist who is only infre- 

quently concerned with UV spectra may be summarized here. He is likely to 

recall that dienes and unsaturated ketones absorb at 215 nm with 30 nm added 
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FIGURE 7-9 Ultraviolet spectrum of carvone in ethanol 

for another linearly conjugated C=C} and another 40 nm for any two carbon- 

carbon double bonds held in an S-cis alignment. Any C=C which is exocyclic 

to a ring adds a 5-nm increment, as do carbon, halogen, or ether substituents 

on a diene. On the unsaturated ketone carbon substituents create about an 

11-nm increment on the first double bond next to C=O and an 18-nm incre- 

ment on the second double bond, if there is one. The ultraviolet spectrum of 

carvone, the chief component of natural spearmint oil, is shown in Fig. 7-9 

and may serve as an example. 

For the other values chemists are likely to consult tables such as Fig. 7-8. 

It may be noted that substituents allowing strong resonance interaction with 

carbonyl give spectra of much longer wavelength when oriented for direct 

conjugation, as with B-amino-a,f-unsaturated ketones or oxide anions para 

to aromatic carbonyls. Values calculated from Fig. 7-8 are usually accurate to 

better than 5 nm, and are only really valid for spectra taken in alcohol since 

Amax Values are somewhat solvent-dependent. 

Aromatic compounds are generally characterized by an intense band around 

200 nm. This 7-7* transition is of high energy owing to the resonance stabili- 

zation and is little affected by substituents. A second aromatic band of low 

tCross-conjugated systems usually exhibit spectra with A,,,, simply that of the longer-wavelength 

chromophore involved. 

Calculated: A = 215 + 12 = 227 nm 

B = 215 + 12 + 12 + 5 = 244 nm 

Observed: 244 nm 
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(€ < 1000) intensity appears at 255 to 280 nm in most simple benzene deriva- 
tives. The same two-peak pattern also characterizes the heterocyclic aromatics 

(Chap. 24), which are also six-electron monocyclic aromatics. In aromatic car- 

bonyl compounds these characteristic aromatic bands also occur, but the second 

is often submerged by the overlaid and intense carbonyl absorption maximum 

of column 3 in Fig. 7-8. The example of p-methylacetophenone in Fig. 7-5 shows 

an actual spectrum. 

The best familiarization with these useful rules will come with practice 

on the examples shown below. 

CH 
O 

ea 

CH, 

Base = 215 nm Base = 215 nm 
ote Gee 0) extra C—=C = 30 

+1 exocyclic +2 subst. (y + 8) 
position (*)= 5 (CO =2 x 18) = 36 

+1 exocyclic 
position (*)= 5 

Cale 286 nm 
Obs 290 nm 

Calc 240 nm 
Obs 238 nm 

O 

CH. COOgn 
Obs 242 nm 

CH, 
ie CH, 

CH, 
O 

CH,COO a 

CH, CH, 

@bse2soenn Obs 278 nm 

Cl O 
CH, OCOCH, 

OCOCH, 

O CHas 24 
COOC,H, 

Obs 239 nm Obs 327 nm 
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O CH,O. CHO 

CH, 

HO 

CH,O OCH, 

Base = 246 Base = 250 

OCH —arso p-OH = 530 
CV Gaan 2, mOCH. = 20 

Obs 277 nm Cale 300 nm 
Obs 308 nm 

OH O 

oe 

N(CH). COOC,H, 

Cl CH 3 

Obs 270 nm Obs 257 nm 

OH O 
CH, CH, d tes 

HO (CH,),N Cl 

CH, 

Obs 286 nm Obs 315 nm 

Model Compounds and Additivity 

Owing to the fact that the UV spectrum arises only from the chromophore 

(conjugated 7 and n electrons), unaffected by the rest of the molecular skeleton, 

different molecules having the same chromophoric system show identical UV 

spectra. Thus spectra of the following compounds (A and B) are the same, 

the chromophore and its substitution pattern being the same in each, as indi- 

cated in C: 

H 

H @ 

C es 
HO HO ¢ 

O H O 

A B € 

Thus, if one suspects an unknown compound of having structure B, one could 

establish at least its chromophore part by synthesizing A and establishing that 
the UV spectra of A and B are identical. This use of model compounds is 
common practice in natural-product studies and is often invaluable for estab- 
lishing the skeleton of a large part (the chromophore part) of the molecule 
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of an unknown compound. Since many UV spectra are now already tabulated 
in the chemical literature, it is usually not necessary to undertake a synthesis 
of the model compound as in this case. 

When two chromophores in a molecule are insulated from each other 
by a break in conjugation (more specifically, a break in -orbital overlap), they 
give rise to a spectral curve which is the sum of the two chromophores. Again, 
such a curve can be built up for comparison by adding the curves from two 
model compounds. A break in conjugation commonly occurs when one (or 
more) saturated carbon intervenes between two chromophores. In Fig. 7-9 the 
same spectrum would appear if the isolated double bond were saturated, but 
it would change if that double bond were moved into conjugation. Another 
instance involves an allene (C=C=C) in which the z electrons are perpendicular 
and do not overlap with each other. 

254 

2: + 
O O 

xX A B 

Insulating saturated Model compounds 
carbon shown in color 

Cale 254nm Calc 245nm 

The UV of this antibiotic (mycomycin) is equal to the sum of the two chromophores shown below 

since the z-electron planes in the allene are perpendicular. 

FC Ge Ge OOH CH Cr — CH Gh — CHa Chi secOO = 

C= eC — Ca CC Ge GC Ce GC —— ee 

It is possible to use models to determine any UV spectrum, and the 

following examples will illustrate their use further. In practice only absorptions 

above 200 nm are observed since oxygen in the air absorbs at 200 nm and 

obscures peaks below this. Hence, simple unconjugated z or n electrons will 

not show in spectra above 200 nm (cf. ketones and aldehydes, olefins, carboxylic 

acid derivatives, halides, alcohols and ethers, amines, etc.). The model examples 

in Fig. 7-10 offer nomenclature practice and should be written out with struc- 

tural formulas. It should be appreciated how much simpler the models are 

compared to the original molecule.j The value of these models for structure 

elucidation should also be apparent here and is explored in more detail in 

Sec. 7-8. 

+ As shown in the section on calculating spectra, o-bonded substituents on the chromophore—even alkyl 

groups with no n electrons—afford slight bathochromic shifts in A,,,,. Hence truly accurate models 

reproduce the alkyl substitution pattern on the chromophore (usually simply with added methyl groups). 

However, these bathochromic shifts are usually so slight that an unsubstituted chromophore model 

is often close enough. 
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Ultraviolet spectrum of is the sum of the spectra of these models 

O 

fg Za Cl 3-Penten-2-one (calc 227 mp) 

2-Chloro-3-methyl-2-cyclohexenone 
(or 3-chloro-4-methyl-3-penten-2-one) 
(calc 249 mz) and o-nitrotoluene 

OH NMe, 

2-Acetyl-3-methyl-1,8-dihydroxynaphthalene 
seeee and 2-acetyl-3-hydroxy-2-butenoic amide 

CONH, 

OH OH O 

Anhydroterramycin 
(from the antibiotic terramycin) 

CH,O 

CH, O 3-Methyl-and 3,4-dimethyl- 

1,2-dimethoxybenzenes 

1,4,5-Trimethoxytoluene 

and 1-acetyl-2,4-dihydroxy-6-methoxy-benzene 

OH 

Apotoxicarol, a natural insecticide 

FIGURE 7-10 Examples of model compounds for ultraviolet spectra 
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PROBLEM 7-6 

Write structures consistent with these observations, 
a An acid, C;7H,O,Cl,, shows a UV maximum at 242 nm. 
b A ketone, C,H,,O, absorbs in the UV with max 248 nm. 
c An aldehyde, C,H,,O, absorbs in the UV with max 244 nm. 

PROBLEM 7-7 

Devise simple model compounds for duplicating the UV spectrum of the fol- 

lowing complex molecules. 

CH,O fol SS CH,O & 

N N—CH ZA 3 She é = 

ee ee i. OCH, CH,O 
Papaverine Thebaine 

(from opium) (from opium) 

(CH,),N—CO 
CH, OH CH, 

CH, 

O 

CH, 

Lysergic acid diethylamide (LSD) A derivative of marijuana 

Pigments and Dyes 

In order for the human eye to observe color in an object, the object must 

absorb light in the visible (400- to 800-nm) region so that some wavelengths 

are thus removed from ordinary white light (which is a continuum of all wave- 

lengths) and only the remainder reach the eye, as indicated in this approximate 

table. 

A, nm Light color Color of substance absorbing at X 

~400 Blue Yellow 

500 Green Red 

600 Yellow Blue 

700 Red Green 

Organic compounds will thus appear colored if they have A,,,, Of WIE Ag Ea 

in the visible region and this in turn generally implies a rather extensively 

conjugated chromophore. Dyes and pigments are accordingly sees father 

complex molecules with extensive a-electron systems. A simple diene like 
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1,3-butadiene absorbs at 215 nm and appears colorless to the eye but increasing 

the chromophore to the natural pigment, B-carotene, yields A,,,, = 450 nm 

and an orange color; B-carotene is present in carrots, tomatoes, autumn leaves, 

and many other plant sources. 

Ss Se 

B-Carotene 

With heteroatoms involved, chromophores need not be so extended in 

order for their absorptions to reach the visible region. The cyanines are variously 

substituted chromophores of the general form: 

aN) ae + °° 

Be a) eee 
They exhibit strong resonance since the two resonance forms (arrows) are 

identical, and are intensely colored, only n = O being colorless. Various cy- 

anines are very widely used as dyes and as pigments for color film, such as 

the ones shown. 

Pinacyanol (violet) Crystal violet 

7-5 INFRARED SPECTRA 

The atoms in a molecule are not still. They vibrate and rotate in a variety of 

ways, always however in certain quantized energy levels. Changes in these 

energy levels are caused by absorption of infrared light. Considering any two 

atoms which form a bond, these are the kinds of motions and the infrared 

region in which they are excited: 

Stretching: 2.5 to 15 1 (650 to 4000 cm~!) B 
AES +f 

Bending: 6.5 to 20 » (500 to 1550 cm~') 

Rotation: = 12 (SS S00Keri =) 

The stretching modes are the most important to structure determination and 
may conveniently be divided into four kinds, of which the first three show 
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up most clearly in IR spectra since they occur in regions uncomplicated by 
any other absorptions. 

2.5-4.5 w (2200-4000 cm~!): bonds to hydrogen (or D): OH, NH, CH, SH, OD, etc. 
4.5-5.0 1 (2000-2200 cm~!): triple bonds (C=C, C=N, A=B=C) 
5.5-6.5 1 (1550-1800 cm~'): double bonds (C=O, C=N, C=C, C=S) 
6.5-15 p (650-1550 cm~!): single bonds (C—C, C—N, C—O, C—X, etc.) 

The fundamental feature of value here is that most covalent bonds have charac- 
teristic and essentially invariant absorption wavelengths, no matter what their 
molecular environment, so that the presence of a band in the spectrum (partic- 
ularly below 6.5 1) indicates the presence of a bond in the molecule and the 
absence of an absorption peak guarantees the absence of its corresponding 

bond. Hence, in the spectrum recorded in Fig. 7-5 the N—H and C—H peaks 

show clearly near 3 y, while the absence of triple bonds is implied by the lack 

of peaks in the 4- to 5- region. The two carbonyl groups appear near 6 yp. 

Hooke’s Law. The stretching vibration of two bonded atoms may be likened 

to the vibration of two balls at the end of a spring, a situation for which Hooke’s 

law applies: 

Pee 
if , My 

= K —_—_— or A=zkK _— 

F Y Mo j 

<> M,) <-> 

where M, = te ei (reduced mass) 
1 Z 

f = force constant 

Thus the vibration frequency »v is directly related to the force constant f of 

the bond, which is a measure of its resistance to vibration or roughly to the 

bond energy, and is inversely related to the combined mass (reduced mass, 

M,) of the two vibrating nuclei. From this comparison we may expect stronger 

bonds (among atoms of comparable mass—i.e., in the same row of the periodic 

table) to produce absorptions at lower wavelength (higher frequency) and this 

is confirmed in the bond strengths: triple > double > single. Also the absorp- 

tions of bonds including a light atom like hydrogen should also occur at lower 

wavelength (higher frequency), and this is confirmed in the region for bonds 

to hydrogen. It may be noted that S—H bonds, as well as bonds to deuterium 

are in the longer-wavelength (lower frequency) part of this region (4 to 4.5 

u), as expected from Hooke’s law. 

In the region above 7 p, (<1400 cm) there are commonly far too many 

peaks to interpret since this is a lower-energy region. Accordingly, many more 

complex polyatomic vibrations as well as single-bond stretchings and bond 

bending frequencies occur together in this region. This spectral range, while 

dangerous for particular peak interpretations, is very useful for characterizing 
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FIGURE 7-11 Infrared spectrum of a ketoester 

compounds and accordingly has been dubbed the fingerprint region. The relative 

complexity in this part of the spectrum is apparent in Figs. 7-5 and 7-11. 

The most valuable aspect of IR spectra is the double-bond region which 

shows up the absorptions due to the ubiquitous carbonyl group in its many 

functional variations. Fortunately, the specific position of a carbonyl peak tells 

two important things about the corresponding carbonyl group: 

The extent of its resonance involvement 

The ring size if it is located in a small ring 

These two effects on A,,,, are independent and additive. As to ring size, 

max Feflects the sp? bond angle and compression of this, as in a three, four-, 

or five-membered ring, relative to an acyclic carbonyl, lowers the wavelength 

(raises the energy and frequency) as the values indicate in Table 7-4 for cyclic 

ketones, esters (lactones), and amides (lactams). 

The various functional groups in which C=O appears all differ in the 

nature and extent of the involvement of the carbonyl in resonance. Resonance 

can confer more triple-bond character or more single-bond character on the 

normal carbonyl (itself a hybrid of double- and single-bond character: 

C=O <—» C—O), This results in shifts of A,,,, to, respectively, lower or higher 

wavelength (higher or lower frequency), i.e., toward the regions in which triple 

or single bonds absorb. These two kinds of resonance involvement may be sum- 

TABLE 7-4 Effect of Ring Size on C=O Absorptionst 

Ring size Ketones, 1 (cm~*) Lactones Lactams Anhydrides 

4 5.65 (1770) ~5.5 (1820) 5.72 (1750) a 
5 5.75 (1740) 5.65 (1770) 5.85 (1710) 5.40 (1850) and 5.60 (1786) 
6 5.85 (1710) 5.75 (1740) 5.95 (1680) 5.50 (1820) and 5.70 (1754) 

{ Data are roughly +0.02 p (+5 cm~!) and refer to simple unconjugated systems. 
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marized as follows, with the norm (simple acyclic ketones and aldehydes) in 
the middle of two opposing resonance contributors,+ A and B: 

x + oe rr a or MO 00 te V=C-0: 
R R R 

A Normal B 
— Lower X 5.85 ps (1710 cm!) — Higher ) 

Since neither A nor B is significant for simple aldehydes and ketones, these 
absorb at about 5.85 p (1710 cm~!). 

Form A, by creating a resonance hybrid with more triple-bond character 
in the C—O bond, tends to lower the wavelength while form B, with more 
single-bond character, tends to raise the carbonyl wavelength. A qualitative 
assessment of how much one resonance form outweighs the other will then 

serve for a rough prediction of carbonyl absorption peak position in particular 

functional groups. 

The order of groups Y— for form A is an order reflecting the ability of 

Y— to hold a negative charge and may be assessed by the relative stabilities 

of the anions Y:~ as exhibited in the acidities of acids H—Y. (See Chap. 8.) 

The more acidic H—Y, the more stable Y:~, and hence the greater the contri- 

bution of form A and the lower the wavelength of the carbonyl in R—CO—Y. 

Hence the order of common attached groups —Y, aligned with the pK of the 

corresponding acids H—Y, is listed below: 

R—CO—Y A/C=O, p (vu, cm) pK/H—Y 

= —Cl 5.5 (1820) ~0 

—OCOR Av. ~5.6 (1790) 5 

—Ogp 5.70 (1750) 10 

—OR(H) 5.75 (1740) 15 

—NH,(R,) ~6 (1670) 30 

On the other hand the greater the availability of electrons on Y for reso- 

nance into the carbonyl the greater the importance of form B and a shift to 

longer wavelength. Conjugation of C=O with ¢—, C=C, REN or =:0— 

will have this effect, as the tabulation (Table 7-5) reveals, and comparisons 

can profitably be made between carbonyl compounds. Thus, conjugation of 

C=O with pheny] is less than with a simple double bond, owing to aromaticity, 

and this is evidenced in less shift of A,,.,, While the cross-conjugation of oxygen 

on one side and unsaturation on the other diminishes such a shift for un- 

saturated carboxylic acids and esters relative to ketones. The full charge avail- 

able for conjugation in —COO- causes the greatest shift [to 6.25 1 (1600 cm~’)], 

as would be anticipated. Assessments made in this way are of great value even 

though they are only very roughly quantitative. 

+As a picture of resonance this diagram violates previously defined notions (Chap. 5) about the non- 

involvement of o bonds in ordinary resonance. However, it is so useful a unifying conception with 

such predictive power that it is introduced here despite this. This example should not serve as a precedent 

for invoking “no-bond” resonance in other examples. 
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INFRARED SPECTRA SEC, 7-5 

Infrared Absorptions of Diagnostic Value 

Notes 

H bonding broadens the band and 

raises its maximum to longer wave- 

length; very strong internal H bond- 

ing may eliminate the band from 

view, as in aromatic o-hydroxy 

aldehydes. In some cases of ex- 

ternal H bonding, some OH groups 

are bonded, some not, and both 

bands may show. This is common 

in oximes. 

Amides, and other nonbasic N—H 

show a very sharp, clean band here; 

—CONH, will show two distinct 

peaks. In ordinary amines the band 

is often diffuse or broad and some- 

times not visible at all. Hydrogen 

bonding is often observed here as 

with alcohols. 

Present in all organic molecules; 

hence seldom useful. 

Sharp band distinctive for most 

aldehydes but often weak in in- 

tensity. 

Not much studied, but since few 

other groups absorb in this region; 

a band here (and sulfur present) 

probably indicates S—H. 

A broad scalloped band with no 

single maximum. 

Either an absorption maximum or a 

tail in this region indicates ammo- 

nium salts. 
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TABLE 7-5 Infrared Absorptions of Diagnostic Value (Continued) 

If Triple-bond region 

Notes 
SSS 

—C=N=N- 

r, v, cm—1 

Alwsy Se (092 —~ 2200 —C=C— 

—C=N 

4.60 + 0.05 2200 —C=C—C=N 

4.7-4.8 —~ 2100 —C=C=C— 

—N=C=O 

Ill Double-bond region 

Weak band unless conjugated. 

Conjugated and aromatic nitriles: 

strong, sharp band. 

Cumulated double bonds, allenes, 

etc.: strong, sharp band. 

A Carbonyl groups (values roughly 0.03 » or +10 cm7?) 

5.50 1820 R—COX 

5.50 1820 (RCO),O 

and and 

AB) 1750 

5.70 1750 R—COO¢P 

5.75 1740 R—COOR’ 

R—COOH 

S 
5.85 1710 =O 

Va 
5.95 1680 OLN 

Acid halides 

Acyclic anhydrides and six-mem- 

bered-ring anhydrides; a separation 

of 0.20 p is always observed be- 

tween the two peaks of anhydride 

absorption; one peak is usually 

more intense than the other but 

there is no consistency about which 

peak. 

Phenyl (or vinyl) esters; lower 

wavelength in this range with more 

electron-withdrawing substituents 

on the phenyl ring, cf. —NO,. 

Esters and six-membered lactones, 

carboxylic acids. 

Cyclohexanones (six-membered- 

ring) and simple acyclic ketones 

and aldehydes. 

Six-membered lactams and simple 

amides; alkyl substituents on nitro- 

gen raise wavelength to 6.1 or 6.2 y. 
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TABLE 7-5 Infrared Absorption of Diagnostic Value (Continued) 

III Double-bond region (Continued ) 

r, bl UW, Gi Notes 
ee __________ 

A Carbonyl groups (Continued) 

6.25 1600 —COO- Carboxylic acid salts. 

General: Conjugation of the carbonyl 

group with double bonds or aro- 

matic rings tends to raise the ab- 

sorption maximum 0.05-0.15 uy, 

rather less in acids and esters; 

double bonds have a greater effect 

than aromatic rings. a-Diketones 

show two bands, one lower than 

normal by 0.1-0.2 p.. Acyclic amides 

with N—H show a second intense 

band ~6.5 p, due to N—H bending. 

B Other double bonds 

6.0-6.2 1610- C=C The double-bond band is very 

1670 weak, often too small to see, in 

unconjugated cases, but becomes 

very intense and at relatively 

longer wavelength in conjugated 

cases, more so when conjugated 

with ketones than with other 

double bonds;  tetrasubstituted 

double bonds often do not show, 

while those conjugated to oxygen 

or nitrogen are very intense. 

6.4 1560 R,N—C=C—C=O Exceptional conjugation raises 

RO—C=C—C=O _ double-bond band to 6.4 pu (ketone 

at 6.2 1). 

~6.0 1670 C=N Intensity usually weak like double 

bonds. Oximes and imines show 

this band, which is not much af- 

fected by conjugation. 

~6.5-7.5 1330- —NO, This pair of strong bands shown 

1540 by nitro compounds is relatively 

unaffected by conjugation. 

~7.A T160=" SO Two strong bands in these posi- 

8.6 1350 tions are characteristic of sulfonyl 

chlorides, esters, and amides. 
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Since infrared spectra are convenient and rapid to obtain, it is common 
practice to observe the IR spectrum of a crude reaction product even before 
purification to ascertain that the spectral change from starting material is in 

accord with expectation. IR spectra are also conveniently used to monitor the 

course of a chemical reaction by observing spectra of aliquots (portions of the 

reaction) after several partial-reaction intervals. The great value of IR in struc- 

ture elucidation is explicitly explored in Sec. 7-8. Meanwhile, examples of IR 

peaks in particular molecules are appended here and in Fig. 7-11 for acclima- 

tion. The C—H absorptions are usually complex and are simply reported here 

as about 3.5 p (2860 cm™!); only absorptions below 6.5 p are shown. 

COOH J: 
ane 

OH O 

2.80 pp (3570 Cie) 2.9-3.5 (2860-3450 iis) 2.9-3.5 1, (2860-3450 cm!) 

73.5) (2860) (broad) ~3.5 (2860) 
5.76 (1736) ~3.5 (2860) 5.85 (1712) 

6.02 (1660) (Write the structure.) 
6.21 (1610) 

Cl 

COCI O 

eee i 
GHIGON(CH ses ee Om ce ee 

OH 

3.2-3.5 p. (2860-3125 cm-!) 2.95 p (3390 cm-!) 2.89 . (3460 cm-!) 
5.62 (1780) 3.00 (3330) 3.2-3.5 (2860-3125) 
6.13 (1630) ~3.5 (2860) 5.62 (1780) 

5.65 (1770) 5.95 (1680) 
5.96 (1680) 

PROBLEM 7-8 

Indicate the expected IR peaks for the following compounds. 

a Benzamide . cuoco{ _)-N=C=0 

h_ Penicillin: 

C,H,CH,CONH 
b 4-Hydroxy-3-penten-2-one 

S. CH, 

c Dimethylcyclopropanone N CH, 

7 COOH 

Za 
d_ y-Butyrolactone 

e y-Butyrolactam oO 

f _p-Nitrobenzonitrile OH NH, 
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k O 1 (CH,),NCOOCH, 

O (Examine cross conjugation.) 

PROBLEM 7-9 

Arrange the following structure groups in order of increasing wavelength of 

carbonyl! absorption in the IR spectrum. 

PO apres 
O 

PROBLEM 7-10 

Derive structures that fit the following spectral facts. Are any of these unique 

solutions? 

a C,H,O shows no bands below about 6.7 , (above 1500 cm™') except one at 

about 3.5 p (2860 cm’). 

b C,H,NO shows one sharp IR band at 3.08 p (3310 cm~') and two strong ones 

at 6.00 and 6.20 (1610 and 1670 cm~’), as shown in Fig. P7-10. 

Frequency, cm! 

oy) ° jo) le) (2) (ey (e) oO [o) jo) 
ey ei lo) jo) jo) jo) (o) S) jo) jo) jo) fo) jo) 

5S 8 A R ode et a ne & % R 
100 

g 
S aah 
& 

—E 60 
& C,H,NO 
~ 40 
eS 
fs) 
20 
ow 

) 
2 3 4 5) 6 Uf 8 9 10 vat 12 Ig} 14 tS 

Wavelength, » 

FIGURE P7-10 

c 

d 

C.H3NO,: 4.4, 4.5, 5.8 ps (1725, 2210, 2280 cm~!). 

C5H,O,: 2.8, 5.65, 5.8 p (1725, 1770, 3600 cm-}). 



SEC. 7-6 NUCLEAR MAGNETIC RESONANCE SPECTRA 265 

Raman Spectra 

Raman spectra are closely related to infrared spectra. Both arise from the 
excitation of vibrational motions. Since different methods of excitation are used, 
the selection rules are different. Raman spectrometers rivaling infrared instru- 
ments in convenience of operation have not yet been developed, but the newer 
models utilizing lasers show promise. Since Raman data complement those 
from infrared, further development of Raman spectroscopy is anticipated. 

When a beam of light is passed through a transparent material some of 

the light is scattered at wide angles to the direction of incidence. In the spectrum 

of the scattered light, there are new lines, superimposed on the original spec- 

trum. The shifts in the frequency correspond to molecular vibrational fre- 

quencies in the scattering material and constitute the Raman spectrum of the 

transmitting medium. Raman intensity depends upon the change in polarizability 

of the bond accompanying the excitation. As a consequence, symmetrical vi- 

brations, which are “forbidden” in the infrared, give rise to the strongest Raman 

lines. 

7.6 NUCLEAR MAGNETIC RESONANCE SPECTRA 

The functional groups in a molecule are largely responsible for UV and IR 

spectra, but the major portion of a molecule is usually its hydrocarbon skeleton. 

Hence it would be useful for structure elucidation to have a physical method 

which specifically observes characteristics of the skeleton. Fortunately, the 

magnetic properties of the hydrogen nucleus allow us a powerful tool for 

observing the environments of the hydrogen nuclei which are so commonly 

bonded all over a molecular skeleton. These magnetic properties are observed 

in the nuclear magnetic resonance (NMR) spectra of organic compounds. These 

spectra allow the most detailed interpretation of any of the four discussed here 

and offer the most value for structure elucidation. 

Physical Background 

The hydrogen nucleus, or proton, may be regarded as a spinning, posi- 

tively charged unit and so, like any rotating electric charge, it will generate 

a tiny magnetic field H’ along its spinning axis (Fig. 7-12). If this nucleus is 

placed in an external magnetic field Hy it will line up either parallel A or 

antiparallel B (Fig. 7-12) to the direction of the external field, the former A 

being of lower energy (more stable). The energy difference AE between the 

two states will be absorbed or emitted as the nucleus flips from one orientation 

to the other. Since AE = hv, AE is related to the applied field H, and also to 

a radiation frequency v. This small AE is in the radio-frequency (r.f.) range 

(longer wavelengths than Fig. 7-4). If the correct frequency is now applied to 

the sample containing hydrogen nuclei and the sample is placed in the external 

field H,, the low-energy nuclei A absorb AE = hy and flip to B; on flipping 

back down they reemit hy as a radiation signal that may be picked up instru- 
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VH’ 

A B 

FIGURE 7-12 Two spin states of the hydrogen nucleus in a magnetic field H 

mentally. The following equations give the fundamental relationships: 

AE = Sh 4 
27 

AE = hp 5 

py oH 
6 

27 

where AE = energy difference between the two spin states 

5 = the gyromagnetic ratio, a constant characteristic of the particular nucleus 

h = Planck’s constant 

H = the strength of the applied magnetic field at the nucleus 

vy = frequency of the resonance absorption 

All of this physical condition for exciting a signal from a hydrogen nucleus 

would be structurally valueless if it were not for the important fact that the 

magnetic field H which a nucleus truly experiences is not simply the external 

field applied Hy, but rather the external field modified by the local environment 

of that nucleus, electrical and magnetic. The modified field H is that actually 

experienced by the hydrogen nucleus (proton) in a molecule and is the H in 

Eqs. (4) to (6) above. The external field H, is modified by the magnetic shielding 

exhibited by the surrounding bonding electrons. The observed value of H is 

therefore a function of the molecular environment of the proton affording the 

signal. 

In the NMR spectrometer the sample is placed in a tube in the midst 

of a magnetic field H, and irradiated with radio waves of frequency v. One 

of these applied influences is variable over the required range. Since the field 

H is proportional to the frequency v, the sample may be scanned either by 

varying the external field H, or the applied frequency. As each proton receives 

the particular applied field and frequency corresponding to its resonant fre- 

quency for its environment, it will broadcast an output frequency signal which 

is then picked up by an antenna coil (placed perpendicular to the input coil 

to avoid receiving simple input frequency). Current instruments, such as the 

diagram in Fig. 7-13, vary the external magnetic field H, (which is usually 

around 14,000 gauss) and yield corresponding frequencies (for protons) around 

60 megacycles/sec (60 million cycles), the variation due to different proton 

environments constituting a range of only about a thousand cycles per second. 
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FIGURE 7-13 Nuclear magnetic resonance spectrometer 

In fact a number of other nuclei also have these magnetic properties, and 
their molecular environments may similarly be studied. Such nuclei include 

Cl’, F!%, and P*!, and they all resonate in different regions owing to their 

different characteristic gyromagnetic ratios (5). More important to our 

purpose is the fact that the common organic nuclei, C!2, N41, and O18, do not 

have these magnetic properties and do not interfere with our observations on 

protons. A very important consideration is that deuterium has no magnetic 

properties in this range either. This has two useful consequences: (1) solvents 

with deuterium replacing hydrogen may be used without causing signals of 

their own; and (2) replacement of certain hydrogens in test molecules by 

deuterium causes their signals to disappear and allows such hydrogens to be 

located by comparing the spectra of compounds with and without the deu- 

terium. 

Chemical Shifts 

Spectra of proton resonance, our sole concern here, are recorded as a 

series of sharp peaks at various frequencies relative to that of standard com- 

pounds. The position of the peak relative to a standard is called the chemical 

shift and reflects the shift in magnetic environment of the proton relative to 

the proton in the standard. The intensity of the peak} at a given chemical shift 

indicates the number of protons of identical environment which have that same 

chemical shift. 

+The intensity is expressed by the area under the peak. This is electronically integrated automatically 

in modern instruments and may be read off the graph directly, as in the overlaid line shown in Fig. 

P7-12. A scale line for automatic integration is shown on a number of the NMR spectra recorded here. 

It is a horizontal line which shows a vertical displacement each time it encounters an absorption peak. 

The height of the vertical displacement is proportional to the number of protons causing the peak. 

The integration line is shown in Fig. P7-12 and in several problems. The spectrum for Prob. 7-12c 

shows three peaks integrating for one, six, and three protons, respectively (from left to right). 
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Even though it is the magnetic field which is experimentally varied, 

chemical shifts may be and usually are expressed in frequency units since 

frequency and field are related by vy = 5H/2z. Thus the chemical shift may 

be expressed as Av = v — »,, the frequency difference (in cycles per second = 

cps) from the frequency of the standard (»,), which is usually tetramethylsilane 

[tetramethyl silicon, (CH,),Si, or TMS]. Tetramethylsilane yields an intense 

single peak since it has 12 protons which are structurally identical and all yield 

the same resonant frequency. 

Chemical shifts expressed in cycles per second (Av) are a function of 

the magnetic field and input frequency used in the instrument and, since these 

are different (40, 60, and 100 megacycles/sec instruments are common), it is 

more universal to apply units in which the instrumental frequency has been 

cancelled out. Such units are dimensionless and are a function only of the 

proton in the molecule. Two kinds are in common use: 

Ni . Ni Vat 
6 units: 0= : 

Yo 

T units: + = 10-6 

where v = observed proton frequency, cps 

vy. = tetramethylsilane frequency, cps 

Yo) = input frequency of instrument, megacycles/sec 

Both units of chemical shift are such that a range of 0 to 10 accommodates 

most observed chemical shifts, the standard [(CH;),Si] protons appearing at 

0 on the 6 scale and 10 on the 7+ scale. The standard instruments are scaled 

directly in both 6 and 7 units, as is Fig. 7-14. 

A general view of the major kinds of chemical shifts is offered in Fig. 

7-14, with a specific spectrum reproduced above it as an example. The particular 

proton(s) causing a given signal is indicated in color for identification. Chemical 

shifts corresponding to more detailed environments are listed in Fig. 7-15. 

Certain rough generalizations may be made to organize these empirical chemi- 

cal shifts. 

In otherwise equivalent local environments the more hydrogens on one carbon the 

greater the shielding (higher 7). 

| | mn —C-H < —CH, < —CH; 

In saturated C—H cases electron withdrawal (o-bond dipoles) by attached electro- 

negative atoms also causes deshielding, and the + values are lower the greater the 

electronegativity. The same kind of deshielding is produced when the electronegative 

atom is one carbon further removed but the magnitude is then very small (7 < 1). 

| | | 
sath ailed = sido gi —< Game a 

| | | 
eg re < as < Eee < HC 
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Peak assignments 

CH, (a) (a, b, c) 

aan: Intensiti 

saa (3, sane 

O 

CH, (b) 

H H 

(c) (c) (b) (a) 
(5) (2) H. H (3) 

H TMS 

a ie 
0 1 2 3 4 5 6 7 8 9 10 7 

H H 7 H H H H 

RCOOH RCHO C C | , i A 
I| | | | | | 

os i o rr (satd) TMS 

C (or O) 

10 2 8 if 6 &) 4 3 2 At 0 

Downfield < H, > Upfield 

Deshielding — > Shielding 

FIGURE 7-14 Sample NMR spectrum and general chemical-shift regions 

3 These effects are partially additive, Cl,CHCH, absorbing downfield (lower 7) of 

CICH(CH;). but not twice as far. 

4 Ring size in alicyclic compounds causes more shielding the smaller the ring, cyclo- 

propanes having the highest hydrocarbon 7 values. 

5 Unsaturation lowers 7 values, although alkynes (C=C—H) are out of line (Fig. 7-15). 

| | | | 
@—-H < C=C-H < ies < eae < sae 

| | 

ano 
6 Protons on heteroatoms (H—O, H—N, H—S, etc.) show highly variable chemical shifts 

and sometimes broad peaks which can be so broad as not to be visible. These protons 

are rarely of value for structure correlations. 
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FIGURE 7-15 NMR chemical shifts 
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All hydrogens with identical environments in a molecule have the same 
chemical shift, ie., absorb together at the same + value, Hydrogens which are 
identical are of two kinds: 

All hydrogens on a single carbon are identical if 

a They are the three protons of a methyl —CH. 

b They are the two protons of a methylene —CH,— which is free to rotate so that 
they become equivalent. Methylene protons which are not equivalent are those: 

In rigid cyclic systems; 

In cases of hindered rotation; and 

In positions adjacent to an asymmetric atom. 

Hydrogens on different carbons yield the same absorption signal if they are structurally 

indistinguishable such as those marked in color in the examples, 

CH, 

CH a; H H b 

R NC ; 
S 
CH, H H 

One signal CH, | 

Two signals: 2.7 7 (a) 
7.77 (0) 

In a given compound, however, many protons may be so very similar in 

chemical shift that their signals overlap too much to be distinguishable. This 

is most commonly the case with saturated C—H signals, of which there are 

often a large number in a molecule. The total intensity of their combined peaks, 

however, does serve to ascertain the number of protons involved. 

PROBLEM 7-11 

Assign chemical shifts and relative intensities to the expected NMR peaks for 

these molecules. 

a -Benzoylpropionic acid f Dimethylamino acetaldehyde 

b 5,5-Dimethyl-2-cyclopentenone g 2,3-Butanediol monoacetate 

c Methyl isopropyl ether h Propenal dimethyl acetal 

d Diethyl malonate [CH,(COOC,H;),] i 1,1-Diphenyl-3-chloropropane 

e Ethyl allyl ether j 3-Methoxy-4-pentyn-2-one 

PROBLEM 7-12 

a Anaromatic compound shows signals of the following chemical shifts in the 

NMR spectrum. Write a structure which fits these observations and indicate 

the bands expected in the IR spectrum. 7 1.0 (1H); 1.80 lip 282 (Asie Wis 

(3H). 

b A compound C,H,)O, with an IR peak at 5.65 (1770 cm~') shows three 

peaks in the NMR spectrum, at 5.8, 7.5, 9.1 7, with relative intensities of 1:1:3. 

What is it? 



PMID? NUCLEAR MAGNETIC RESONANCE SPECTRA SEC. 7-6 

c The three illustrated spectra (Fig. P7-12), represent mesityl oxide, a liquid 

with a molecular weight of 98. What is its structure? 

0.7 

0.6 c=5.2 mg/liter in 
methanol 

sg Os 1-cm cell 

g 
c 04 
o 

a® 
jay URE 
yn 
O 
< 0.2 

0.1 
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200 210 220 230 240 250 260 270 280 290 300 

Wavelength, nm 
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FIGURE P7-12 Mesityl oxide; molecular weight 98 
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Deshielding Shielding é Deshielding 
region region 

Ho fa pr 

FIGURE 7-16 Induced aromatic ring current and shielding 

Aromaticity 

The shielding situation with respect to the magnetic effects of unsaturated 

groups is not so simple as presented in rule 5, but a clear and dramatic shielding 

effect of aromatic rings has been of enormous assistance in assessing aromatic- 

ity. An aromatic ring contains a cycle of 7 electrons, the lowest-lying molecular 

orbital being in fact the entire 7-electron loop (Sec. 5-5). If we apply a magnetic 

field to this electron loop, electron circulation (ring current) is induced which 

in turn produces a counteracting magnetic field. This field acts either to shield 

or deshield neighboring protons found within the field according to whether 

they experience it parallel or antiparallel to the applied field H, as illustrated 

in Fig. 7-16. 

The deshielding effect is seen in protons on the ring or on carbons directly 

attached (@-C-H, both of which are at lower field than those in correspond- 

ing olefinic examples. Furthermore, only if the ring is truly aromatic does the 

ring current occur, the common example being cyclooctatetraene, which is 

neither planar nor aromatic and shows no aromatic shift. Large aromatic 

(4n + 2 2 electrons; Sec. 5-5) systems have protons in both the shielding and 

deshielding regions, and NMR measurements have confirmed the aromaticity 

of (4n + 2) examples. 
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Spin Coupling or Splitting 

NMR spectra are in fact both more complex and more informative than 

implied so far just by chemical shifts and intensities of proton signals. This 

comes about because the actual magnetic field (H) experienced by one proton 

is modified by the spin states (? or |)—and their attendant fields +H’—of 

neighboring protons. This is illustrated in Fig. 7-17, in which we examine the 

signal given off by the colored proton in three different structural situations. 

The neighboring protons (at left) can add or subtract their fields H’ from 

the external field Hy. The colored proton experiences each of the modified fields 

H thus created and gives a signal proportional to each and with an intensity 

ratio proportional to the probability of each field H. The effect is that a given 

proton exhibits an absorption signal which is split into several peaks because 

of coupling with its neighboring protons. The chemical-shift position of the 

given proton is taken as the center of its split peaks. Several rules characterize 

this splitting of proton signals. 

1 Splitting of a proton signal is caused only by neighboring protons with different 

chemical shifts from the observed proton. 

2 Splitting of one proton by another on the same carbon is very uncommon as is splitting 

of protons separated by more than two atoms. For our purposes here only the case 

of protons on adjacent carbons (or other atoms), as in Fig. 7-17, need be considered 

(vicinal protons). 
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FIGURE 7-17 Cause of splitting in a proton signal 
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3 The number of peaks (N) into which a proton signal is split equals one more than 

the number of vicinal protons (n); 

N=n+1 N = 2 (one vicinal H) = doublet (d) 

= 3 (two vicinal H’s) = triplet (t) 

= 4 (three vicinal H’s) = quartet (q) 

as in Fig. 7-17 
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FIGURE 7-18 Variation of coupling constant with geometry 

More accurately, doublets, triplets, and quartets are produced only by identical vicinal 

eae laa 
hydrogens, whereas two nonidentical vicinal hydrogens (cf. —C—C—C) will yield two 

| 
H H H 

superimposed doublets, etc. 

The magnitude of the splitting (distance between peaks) is independent of external field, 

a function solely of the molecular structure, as Fig. 7-17 should make clear. Accord- 

ingly, these splittings or coupling constants (J) are expressed in cycles per second 

and are commonly in the range O to 15 cps. 

The size of the coupling constant J is a function of the geometric relation of the protons 

to each other. In freely rotating groups (H—COC—H) the coupling constant is ] ~ 7 

cps. In rigid systems (cf. rings), the coupling constant is a function of the dihedral 

angle w between the hydrogens as shown in Fig. 7-18. Some olefinic proton couplings 

are listed below. 

wo oe . J, cps ie re ], cps 

= 6-9 

Vi Ye 7-12 Hee ae 

H e y meta 1-3 

me trans 7 13-18 para 0-1 
H 

Each of a pair of coupled protons is split by the other and their coupling is represented 

by a single coupling constant J. Both signals show this same splitting. It will, however, 

only be clear in a spectrum if the chemical shifts of the two protons are enough different 

from each other (and from other protons) that their split signals stand out clear and 

unencumbered. 

(224 aio) 
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FIGURE 7-19 NMR spectrum of methylpropionate 

In a technique called spin decoupling (or double resonance) it is possible to saturate 

the sample with a second radio frequency (apart from the main radio frequency input 

used to obtain the overall spectrum—Fig. 7-13). This second frequency is selected to 

be exactly that of one of the proton signals in the spectrum and has the effect of keeping 

all those protons effectively in their higher-energy spin state. Hence they only con- 

tribute a single field to their vicinal neighbors, and the coupling or splitting seen at 

the neighbor proton signal disappears. As an example, if the sample of methyl pro- 

pionate in Fig. 7-19 is irradiated at the frequency (chemical shift) of the 8-CH;, then 

the a-CH, signal will collapse to a singlet, or if protons e in Fig. 7-20 are irradiated, 

the signal for proton d will collapse to a simple doublet (split only by c). 

The several rules are exemplified in the actual spectra of Figs. 7-19 and 

7-20. In the former the simple singlet, quartet, and triplet are seen in a clear 

example with well-separated chemical shifts. In fact the ethyl group is easily 

recognized in general by its coupled quartet (of two-proton intensity) and triplet 

(of three-proton intensity). In Fig. 7-20 the somewhat more complex spectrum 

of p-isopropylcinnamic acid analyzes the makeup of each peak from its split- 

tings by neighboring protons, e.g., proton b is a doublet (due to e, J = 16 cps), 

and the same splitting is seen in the signal for adjacent proton e. The full 

septet of the CH split by two methyls is also visible. A simpler schematic 

representation of spectra is used with the other examples in Fig. 7-21 which 

illustrate the correlations between NMR spectra and molecular structure. 

Proton-exchange Reactions 

In addition to providing a highly informative tool for the study of the 

structures of organic compounds, NMR spectroscopy permits study of the rates 
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FIGURE 7-20 NMR spectrum p-isopropylcinnamic acid 
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FIGURE 7-21 Schematic representations of NMR spectra showing splittings 
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of certain reactions that are too fast for measurement by ordinary techniques. 
Such reactions include fast proton transfers. If a proton is shuttled back and 
forth between two different magnetic environments at a rate that is fast in 
comparison with NMR transition times (the time involved in the actual excita- 
tion), the resonance observed will be simply that of the averaged effective field 
in the two environments. Such a system will show only one resonance for two 
different kinds of protons. For example, the OH protons in acetic acid and those 
in water have very different chemical shifts, which can be observed by measur- 
ing the spectra of the pure liquids. However, mixtures of the two substances 
show only a single OH resonance at a position intermediate between the two 

parent resonances. The position of the single peak depends upon the composi- 

tion of the mixture; accurate determination of the position provides a means 

for quantitative analysis of water-acetic acid mixtures. The significance of the 

result is that the rate at which water and acetic acid trade protons is faster than 

the transition times. Specifically, results can be expressed in the form of an 

uncertainty principle. 

1 

ae 2aAv 

where 7 = shortest residence time that allows two distinct states to be distinguished 

Av = separation between the two resonances, cps 

The two proton resonances are completely merged when measured with 

a resonance frequency of 40 megacycles/sec. The chemical-shift difference Ap, 

indicated by the resonance bands for the two pure liquids, is 240 cps. Conse- 

quently, the average time required to exchange protons must be less than about 

7 < 10-4 sec. A contrasting example is provided by solutions of ethyl alcohol 

containing small amounts of water (20% or less). Such solutions show separated 

OH proton resonances at room temperature. The two signals can be collapsed 

to one averaged resonance by raising the temperature. Increasing the fraction 

of water in the sample causes collapse of the separate signals even at room 

temperature, showing that proton exchange becomes faster as the water content 

is increased. 

Another method for detection of variations in the rates of a proton- 

exchange reaction is illustrated by comparison of Figs. 7-22 and 7-23. The latter 

figure is an NMR spectrum of pure anhydrous ethanol. The low-field resonance 

due to the OH proton is split into a triplet, and the group of bands due to 

the CH, group is a poorly resolved octet. Clearly, there is strong coupling 

between the two groups; since the CH, group is also coupled to the protons 

of the methyl group, the methylene resonance is split into a doublet of quartets. 

The simplified spectrum shown in Fig. 7-22 was obtained by addition of a trace 

of sulfuric acid. Coupling between the hydroxyl and methylene protons is 

destroyed because the exchange of protons between OH groups has become 

very rapid in comparison with the coupling constant (~5 cps) between the 
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FIGURE 7-22 NMR spectrum of ethanol with a trace of sulfuric acid at 60 megacycles/sec 

two groups. During the time of one pulse of the radio-frequency oscillator every 

oxygen has been host to many protons having spins of both —3 and +4; the 

net effect is that the methylene group acts as though it were not coupled to 

the OH proton. The data show very clearly that the following “symmetrical” 

exchange reaction is acid-catalyzed. 

H+ 

C,H,OHa + C,H,OHf =— C,H,OHB + C,H,OHa 

On the other hand when it is desired to observe the coupling of the —OH 

proton to those adjacent (cf., to distinguish —CH—OH from —CH,OH), it is 

only necessary to dissolve the compound in a solvent to which the —OH proton 

is strongly hydrogen-bonded. This causes the proton to stay on the oxygen, 

not exchanging but stabilized in place by its hydrogen bond to the solvent 

molecule. Dimethylsulfoxide (CH,),S—=O is commonly used for this purpose. 

Another technique of great value is deuterium exchange, in which advan- 

tage is taken of the fast proton exchange reaction to replace protons on hetero- 

atoms in any molecule by deuterium. This is simply achieved by adding D,O 

to the compound in solution (commonly in CCl, or CDC1,) in the NMR cell, 

whereupon all —OH,—NH, —SH groups become —OD, —ND, —SD and their 

signals (and couplings) disappear. As will be discussed later, certain weakly 

acidic hydrogens bound to carbon can also be exchanged with deuterium under 

acidic or basic conditions (Chap. 12). 
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FIGURE 7-23 High-resolution NMR spectrum of anhydrous ethanol at 60 megacycles/sec 

7-7 MASS SPECTRA 

A rather different but very informative kind of spectrum of an organic molecule 

may be obtained by observing the masses of the fragments produced by 

destructive bombardment of a molecule with electrons in a vacuum. The elec- 

tron impact dislodges an electron from the sample molecule, leaving an ion- 

radical, a positively charged species missing one electron (usually from an n 

or 7 orbital). This ion-radical is unstable and breaks up in various ways to 

produce more stable radicals and positive ions. 

These fragmentations are bond-breaking processes and may be con- 

sidered as chemical reactions. In practice many different fragmentations occur 

on electron bombardment and a mass spectrum is a sorted collection of the 

masses of all the charged molecular fragments (ions) produced. Its first impor- 

tance is in registering the mass of the parent ion ([A-]*) and hence the molecular 

weight of the sample. Furthermore, the most intense peaks in the spectrum 

correspond to ions produced by the most favored bond-breaking processes. 

These are usually found to be the more-stabilized, or lower-energy, cations 

which can be produced from the parent molecule. 

etc. etc. 

ee aN Bet 1) > EP =. etc: 

ee F-+ —-» G — > etc. 

The apparatus, schematically illustrated in Fig. 7-24, consists of a bom- 

bardment chamber in which the positive ions are produced by electron strip- 

ping and then accelerated (by attraction to a negative plate) down a tube 

(colored paths). Here a magnetic field is applied with the effect of bending 
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FIGURE 7-24 Mass spectrometer 

the paths of the flying ions into circles, tangential to the entering path and 

having a radius proportional to the mass of the ion.t The curved tube has 

a fixed radius of curvature but the magnetic field can be varied continuously. 

Hence at any given magnetic field only particles of a single mass will have 

exactly the correct path curvature to reach the collector slit at the end. By 

varying the field, therefore, an ordered progression of ion masses is fanned 

past the collector slit, and their intensities are separately and sequentially 

measured to yield a spectrum of mass vs. intensity. Ions which do not reach 

the collector at any time are discharged on the tube walls, and the molecular 

debris (including neutral bombardment fragments) is swept out by the vacuum 

pump. 

In the fragmentation process only the cationic fragments are collected 

and measured, not the neutral molecular or free-radical (R-) species. The 

masses of these species may be discerned by subtraction, however. If a molecule 

of molecular weight (mass) P, observed as the parent ion, i.e., highest mass 

in the spectrum, fragments to a smaller ion of mass m, then P — m is the mass 

of the neutral fragment produced. Stabilized cationic species are likely to appear 

as intense peaks, as in these resonance-stabilized fragments produced by bond 

breaking as indicated from the parent molecules: 

Parent molecule Neutral radical + Stabilized cation 

ees. 3 | + 
RCC O- Ki(i) ——— R—C: a C=Oe RH) 

eee Le | + 
Resa aes ——— RS te as 

—e 

R—C-+C=O => R—C + C=ot 

| ae | 
R c+c c=¢ oS RG Ee Cee 

{The proportionality is actually to the mass/charge (m/e) ratio but in actual instruments the ions are 

essentially all singly charged so that in effect only the masses are observed. 



SEG 7-7, MASS SPECTRA 283 

In each case the original removed electron may be one from a = or n orbital, in 

fe ae BVO sal the first instance yielding eG el which can fragment to the prod- 

ucts above by movement and re-pairing of single electrons as implied by the 

arrows. (Single-barbed arrows imply the movement of single electrons.) A 

common source of fragmentation is a synchronous re-pairing of electrons 

around a six-membered ring as illustrated in the usual major mode of frag- 

mentation of carbonyl groups bearing y-hydrogens: 

0:7 H a H :O: % 
Pr eees EOP eG. 107 en 

Boe Bee =>) if Ae, —= I + 
Lente XS Aw LD oe aN 

PR cous 
Ion = registered Neutral = not registered 

In order to appreciate the effect of these fragmentations on the mass 

spectra it will be useful to examine some particular examples so as to see 

specific fragment masses. In 3-methyl-4-phenyl-2-butanone (molecular weight 

162) the cyclic carbonyl fragmentation is impossible since there is no y- 

hydrogen. The expected fragments are these. 

Cation Observed mass peak 

———> Parent ion 162 

+O: 

II 
EE C—CH—-CH,¢ 147 (162 — 15) 

lol | ci 
| + CH, +C+CH+CH,—6 peeGH C=O: 43 

gpa 

| oy 
AB C bee --CH,+ 91 

3-Methyl-4-phenyl-2-butanone 
(mol. wt. = 162) 

In 5-dimethylaminopentanoic acid methyl ester (molecular weight 159) 

we expect fragments from all possible losses of single n or 7 electrons and 

the sum of that expectation (in the above terms) is this: 
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Mass spectra: 3-Methyl-4-phenyl-2-butanone 5-Dimethylamino-pentanoic acid 

An easy way to orient one’s thinking about molecular weights is to 

appreciate that the saturated hydrocarbon C,H,, , » 

(14n + 2). Thus in general saturated compounds with C, H, O, N have molecular 

has a molecular weight of 

weights which are multiples of 14 with an extra two units and one or two extra 

units for each nitrogen and oxygen present. With unsaturated compounds, of 

course, the molecular weight is reduced by two for each ring or double bond. 

In most cases, then, it is easy to count the number of C, N, O atoms by dividing 

the molecular weight by 14 and considering the integer on each side of the 

answer. Thus, for a molecular weight of 160 (160 + 14= 114 #), the 

number of C, N, O atoms is either 11 or 12, as in C.H,,O,, C,H, O03, C;H,,.N,O, 

with 11 “heavy” atoms or C,.H,., C,;,H,,0, C,oH,.N., etc. Always remember 

that odd numbers of odd-valent heteroatoms (N, P, halogen) result in odd- 

numbered molecular weights. All other (most) molecular weights are even 

numbers. 

PROBLEM 7-13 

Assign the masses of the fragments (positive ions) you might expect to be 

registered with these compounds in the mass spectrometer. 

a 2-Hexanone e 7-Dimethylamino-3-heptenoic acid 

b 6-Hydroxy-2-hexanone f All the previous five with deuteriums 

c 5-Methoxy-2-hexanone replacing all hydrogens at the 3-position 

d 4-Dimethylaminobutanoic in each 

acid 
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PROBLEM 7-14 

Derive a structure consistent with the following peaks in a mass spectrum. 

mje = 8S, BA, ML, 105, wey, 1G 

Identity of Fragments 

The resolution of ordinary mass spectra is usually about 1:1,000, which 

means that individual integer masses are distinguishable up to molecular 

weights of about 1,000. For most purposes this accuracy (fragment masses 

known to 1 mass unit) is adequate but it will not serve to differentiate between 

fragments of the same nominal mass but different compositions, such as C,H,O 

and C,H, (m = 42) or C,H,N and C,H,O (m = 56), since CH,, NH,, and O are 

all nominally masses of 16. However, their frue masses do differ enough to 

make clear distinctions in the compositions of fragments if the spectra can be 

obtained to an accuracy of 0.001 mass unit. 

Molecular unit Accurate mass 

H 1.008 

G 12.000 

N 14.007 

O 15.999 

C,H,O 42.015 
GH; 42.048 
C.3H,.N 56.055 

C,H,O 56.031 

Such high-resolution mass spectra can be obtained, although the number 

of peaks becomes enormous and is best handled by direct introduction of digital 

output data into a computer, which can then publish for a given sample spec- 

trum a list of the fragments in terms of their molecular constitutions (empirical 

formulas), and ordered by their intensities in the spectrum. The method also 

serves to yield the exact molecular constitution of the parent molecule, of 

course, and so can displace the traditional quantitative elemental analysis (Sec. 

1-5). With complex molecules this specificity with respect to the composition 

of each ion is very valuable for analyzing the fragmentation process. 

Another method of examining the nature of the fragments involves re- 

placement of an atom by an isotope (cf., deuterium for hydrogen) and observing 

which of the fragments change appropriately in mass—implying presence of 

the isotope in the fragment—and which remain unchanged. 
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7-8 SPECTROSCOPIC SOLUTION OF 

STRUCTURE PROBLEMS 

In the previous sections we have explored how features of molecular structure 

give rise to spectroscopic manifestations and we have learned what spectra 

to expect for given structures. Now we must invert the process and learn to 

deduce structural features from given spectra, since this is the basis for the 

determination of the structures of unknown compounds. The course of rea- 

soning continues from the discussion of Sec. 3-3 and in general proceeds via 

the following steps. In order to ensure rigor in the deductive process it is 

important to proceed stepwise by a regular protocol, checking each new deduc- 

tion against the limits of possibility already established. 

The molecular formula establishes the overall molecular size and is confirmed by the 

molecular weight obtained from the mass spectrum. The formula also provides: 

a The number (and kind) of heteroatoms which define the limits on the number 

and kind of functional groups. 

b The index of hydrogen deficiency, which, taken with hydrogenation or other evi- 

dence of double bonds, reveals the number of rings. 

The data from spectra are separately analyzed, and each feature of structure implied 

is separately listed first. It is important to list features which are proved absent as 

well as those proved present. 

Spectral evidence is taken in the following order: UV, IR, MS, NMR, and simple 

qualitative evidence on acidity or basicity is included (cf. Chap. 8). 

Partial structures are written to summarize the structural features deduced at each step. 

Thus the whole sequence of deductions is ordered and illustrated by a stepwise 

progression of partial structures of increasingly detailed definition, culminating in a 

final complete structure. 

Each structural feature and partial structure is compared with the molecular formula 

to be certain it does not exceed the number of atoms available, and the number of 

unplaced atoms of each kind is noted at each stage. 
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If several partial structures or families of structures can be drawn at one stage and 
none easily eliminated, each should be independently and separately followed through 

to see if later evidence eliminates one. 

It may not be possible from the data to arrive at a unique structural solution, in which 

case the final solution is still a set of possible structures. Commonly, a test is then 
devised so as to distinguish among the set: usually one or more chemical reactions 

followed by analyses and spectra of the products. 

The final structure obtained must be reexamined to check that it fits all the evidence. 

If a unique solution is obtained, the evidence should be retraced with a view to 

querying the uniqueness. 

The stereochemistry of the molecule is often not fully defined by spectral evidence 

and must be separately sought after the nonstereochemical structure is determined. 

Functional-group Evidence (UV, IR, MS) 

The UV (and visible) spectrum shows whether any conjugated chromo- 

phores exist. The absence of any A,,,,, above ~210 nm precludes the presence 

of conjugation. Ketones and benzene rings without conjugating substituents 

do absorb at 280 and 260 nm, respectively, but at such low intensity (€ < 100) 

that the peak will be missed unless it is specially sought out with high concen- 

tration solutions. Aromatic compounds, however, always show (at least) very 

large absorption (€ = 5,000 to 10,000) around 210 to 220 nm, usually as a tail 

from an intense maximum ~200 nm (which is not reliably recorded in air). 

Such a strong tailing absorption at the lower end of the spectrum is good 

evidence for an aromatic ring. A single symmetrical peak with A,,,,, below ~320 

nm (and € = 5,000 to 15,000, that is log « ~ 4.0) is likely to be a polyene or 

enone susceptible to calculation (Fig. 7-8). More complex spectra (more than 

one A,nax) require a search for literature models of similar appearance. 

While the UV spectrum shows conjugated chromophores, the IR shows 

functional groups. In examining an IR spectrum of an unknown compound 

one checks only the three uncomplicated regions for definite assignments: 

Bonds to H: 2.8 to 3.2 ys (3100 to 3600 cm~*): either OH or NH; hydrogen bonding 

will broaden the peak and move it to longer wavelength (still <3.4 1); amine N—H 

is often weak and unreliable; —NH, in amides and @—NH, give two sharp bands; 

—COOH shows a broad scalloped band across the whole region and can obscure other 

peaks. ~3.5 js (~2900 cm~1): CH bands in all compounds and so not useful and 

usually not quoted. 3.5 to 4.3 p (2300 to 2900 cm"): broad band usually N— H; other- 

wise, S—H or deuterium. 

Triple Bonds: Triple bonds rather invariant around 4.5 , (2200 cm~) and often weak; 

cumulated bonds (X=Y=Z) usually ~4.8 (2100 cm~') and strong. See Table 7-5. 

Carbonyl: 5.5 to 6.4 w (1550 to 1800 cm): strong band is almost always carbonyl, 

never C=C unless conjugated; absence of band means no carbonyl; in general one 

band equals one carbonyl, but two carbonyls of similar absorption may show as only 
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one peak, The number of carbonyls cannot be less than the number of peaks. For 

detailed assignments consider both ring size (Table 7-4) and conjugation (Table 7-5) 

as roughly additive. 

Other bands which may be picked out in an unknown spectrum are the 

nitro and sulfonyl pairs of absorptions listed in Table 7-5; obviously the pres- 

ence of these groups must also depend on the presence of nitrogen or sulfur 

as well as sufficient oxygen in the molecular formula. A strong band at 6.4 

to 6.6 p (1500 to 1550 cm7!) often arises from N—H bending, especially in 

acyclic amides. Aromatic rings are characterized by a weak band at 6.2 to 6.3 

u. (~1600 cm!) and a strong one at 6.8 to 6.9 4, (~1450 cm~!) but so many 

C—H bending vibrations occur between 6.7 and 7.3 p (1350 and 1500 cm~*) 

that this region, like the C—H stretch region (~3.5 py), is rarely interpretable. 

With the mass spectrum the simplest information is obtained by observ- 

ing peaks near the parent (i.e., within 50 to 100 mass units) and noting the 

size of small fragments lost by the mass of the (P — x) fragment, e.g., indications 

such as loss of 15 for CH;, 17 to 18 for —OH (H,0), 31 for —OCH,, etc. These 

usually indicate units attached by only one bond and unequivocally identifiable 

by mass alone. 

It should be emphasized that all these spectral interpretations of func- 

tional groups should be written down separately and checked against the 

possibilities allowed by the molecular formula. One hopes to find some evi- 

dence of each functionality and so to have compiled a list of functional groups 

adding up to the molecular formula and its index of hydrogen deficiency. With 

respect to the formula, ethers are virtually the only functional group affording 

no evidence in these spectra and are often assumed by default in cases where 

an oxygen occurs in the formula but is not accounted for spectrally. 

The index of hydrogen deficiency must of course equal or exceed the 

number of carbonyls and conjugated double bonds found in the spectra. The 

difference will equal isolated double bonds (deduced from molar uptake of 

H,/catalyst) or rings. Rings are also implicit in carbonyl ring-size evidence 

(Table 7-4) and must also be accounted for with the index of hydrogen defi- 

ciency. 

Some simple chemical evidence is commonly adduced and is included 

here for convenience. Hydrogenation is used to detect carbon-carbon double 

and triple bonds (Sec. 3-3) and these are readily distinguished from benzene 

rings, which require especially vigorous conditions and react slowly. The other 

principal chemical evidence which is readily obtained concerns acidity and 

basicity, amines being differentiated from all other nitrogenous functions by 

their basicity, observed by their salt formation and hence solubility in strong 

aqueous mineral acids (HCI, H,SO,, etc.). Amines are the bases of organic 

chemistry, and carboxylic acids are the main acidic functions (Chap. 8). Like 
most organic compounds carboxylic acids are usually only slightly soluble in 
water but they commonly will dissolve in aqueous bicarbonate (pH ~ 7) since 
they then form carboxylate anions. Since virtually no other organic com- 
pounds are acidic enough to be neutralized by this weak base (HCO,-), car- 
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boxylic acids are often recognized by this simple solubility test (taken with 
the molecular formula and IR evidence, of course). 

Finally, there are certain functional-group combinations which are virtu- 
ally always disallowed owing to their chemical instability, described in later 
chapters. A brief list of the most common would include: 

ae NHR 5 

X 
X, OH, OR, NO ote. 

~ Ue NS 
OH 

(Except cyclic, (Except with 
see page 165) C=O at Z) 

Carbon Skeleton Evidence (NMR) 

The NMR spectrum provides three kinds of information: 

The number of hydrogens causing each signal (intensity) 

The environment of the hydrogens (chemical shift) 

The number of vicinally adjacent hydrogens (splitting) 

Each signal can be summarized for interpretation in a convenient format: 

9.1 7 (3H) d (J = 7): three hydrogens at 9.1 7 as a doublet with J = 7 cps splitting 

4.62 7 (1H) s: one hydrogen at 4.62 7 as a singlet (unsplit) 

When presented with NMR spectra of unknown compounds it is common 

to find the saturated CH absorptions at the right end (>8 7) often cluttered 

with several absorptions together. Aromatic hydrogens (2 to 3 7) may similarly 

appear as unreadable multiplets (abbreviation “m’’) unless they are polysubsti- 

tuted. In such cases the number of hydrogens involved is frequently all that 

can be read in those regions, but this is still a significant datum. Hydrogens 

on heteroatoms (—OH, —SH, —NH) have highly variable shifts and may be 

broad peaks, but they may be counted and removed (to leave only CH signals) 

by running the spectrum again with added D,O to cause exchange. 

Of the CH peaks those, usually below 8 7, which are well separated from 

their neighbors are first picked out and tabulated and their splittings noted 

(s = singlet, d = doublet, dd = pair of doublets with different splittings, t = 

triplet, q = quartet, m = multiplet). Next, their chemical shifts are judged with 

respect to the environment they imply (cf. -COOH, 6H, C=C--H, O—C—H, 

Xx—C—H, O=C—C—H, saturated C—H, as in Fig. 7-14). Finally, the number 

of hydrogens adjacent to the one(s) giving the signal is noted from the splitting. 

It is then important to see whether both coupled hydrogens yielding the same 

splitting may be discerned, i.e., pairs which are therefore structurally vicinal. 

Methyl groups are especially easy to locate, even in the saturated region, since 

their three identical hydrogens create an intense single signal; also methyls 

are simple in splitting, being obliged to be singlets ("N—CH,, —O—CH,, 
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_¢-cn,) or doublets (~CH—CH,) or triplets (~CH,—CH), with J ~ 7 cps as 

they are free to rotate. 

In proceeding to draw partial structures from the information it is useful 

to build up pieces of carbon skeleton with NMR-observed hydrogens specifi- 

cally drawn and those bonds to carbon which are as yet uncertain but are 

known not to be hydrogen marked in some other clear way (here we use a 

small xt). Thus if a hydrogen signal is a doublet of two hydrogens in intensity, 

H H 
tert 

we can write Se Cam cae (The two colored H’s caused the signal; the other 

H x 

one split it.) It should be observed that this single fact has considerable deduc- 

tive power since the bonds labeled x cannot be hydrogens. The number of struc- 

tural possibilities is circumscribed now that it becomes necessary to fill those 

bonds with some of the carbons or heteroatoms in the molecular formula, since 

these atoms are generally in short supply. In general the NMR data has this 

great potency because of its ability to limit structural possibilities severely, 

even at a distance of some atoms away from the hydrogen giving a particular 

signal. 

Examples 

A few examples are carried through here to illustrate the generalities and 

procedures outlined above. 

A compound, C,H, O, shows a single \,,., of 240 nm (log « = 4.1). This statement goes 
max 

far to solve the problem: the index of hydrogen deficiency is 2 and the UV chromophore 

must be an a,/-unsaturated ketone (or aldehyde) since a diene cannot be created with 

so high (Fig. 7-8). There cannot be 

any rings since the chromophore already uses up the index of 2. Calculation of an 

enough substitution (using C, only) to yield A,,,, 

a,f-unsaturated ketone shows two /-substituents yielding 215 + 2(12) = 239 nm. 

Hence only three formulas are possible; the NMR spectrum with three 3H singlets 

~8 7 proves the first one correct. 

CHO 

C.H NO shows no important UV absorption above 200 nm and has IR peaks at 2.80, 2.95, 

2.97, 5.85, 6.01, 6.45 p (3570, 3390, 3367, 1710, 1664, 1550 cm-1). [The 3.5-y (2860-cm™') 

peak of CH stretching is not normally quoted though present. | 

There is an index of 2 and it is all accounted for by two carbonyl groups (5.85, 

6.01 1); so the compound is acyclic. It has no C=C also (index) and no conjugation 

(UV). The three oxygens are two carbonyls and one O—H, the latter being one of 

tThis x cannot be confused with generalized halogen (X) here since, beginning with the molecular 
formula, we always know which, if any, halogen is present: Cl, Br, etc., not X in general. 
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three N—H or O—H peaks <3 1; the other two must be N—H, and specifically —NH, 
since only one N is present. The 6.01-u (1664-cm-!) peak must be an amide and so 

must be —CONH). The 5.85- (1710-cm~!) peak can only be a ketone or aldehyde 
(Tables 7-4, 7-5), not —COOH. The following partial formulas can be written from 

the four possible C. acyclic skeletons: 

O 
O ee ee 

CNH, a aaa A -OONH 
C,H, --OH or CONH, 

Ga a -—— 

OH OH 

Possible number of isomers: (12) (5) 

O 

CONH, CHO 

con CH, CONH, 
a CH,OH 

OH 

(9) (1) 

The NMR (after D,O exchange which removes 3H as expected for OH + NH,) shows only 

two singlets of equal intensity so that A must be the structure; if the NMR showed only 

one singlet, it would then be B, with the methyl groups equivalent. 

CH, OH 
CONH, CONH, 

CH: CH -2CH20H 3 
A B 

C,H,3;OCI shows no important UV > 200 nm. The IR has only CH peaks =3.5 p and a 

peak at 5.73 p (1740 cm—!). The NMR exhibits three singlets of 3H each at 8.95, 9.20, 9.28 

t as well as broad absorption (4H), 8.7 to 9.5 7. 

The index is 2 and the carbonyl can only be a ketone in a five-membered ring 

since there is only one oxygen and the IR wavelength is too high for —COCI and 

too low for —CHO. This sets up a partial structure A. 

+ C3 
O ee Cl 

CH CH: 

CH, Cl 
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The NMR shows three methyls attached to carbons bearing no hydrogens on any of 

them (no splitting). This can only be done by putting two CH; on one ring carbon 

and CH, and Cl on another. The remaining four ring hydrogens absorb too high to 

be adjacent to carbonyl (Fig. 7-14). Hence the a-positions to C=O are fully substituted 

as in the second and final (unique) structure B. 

The problem The deductive steps 

C7H.O;;-H./Pt 1 mole Index = 3 including only one C=C double bond 

UV: X,,. 236 mp (log « = 4.1) Chromophore cannot be C=C—C=C 

Must be C=C—C=O and calc eer A 

CG 
(If acyclic or 6-ring) 

IR: Nothing < 5 py (except CH) No —OH 

6.00, 6.18 (1667, 1620 cm~') Confirms C=C—C=O | No indication/other oxygen 

“. Ether? 

(Also index now implies one ring present) 

NMR: 9.02 7 (3H) f (J = 7 cps) —CH,— CH, 

8-9 7 (6H) m 6 satd CH overlapping signais 

7.65 7 (3H) s —CO—CH, 
6.82 1 (2H) q (J = 7) —O—CH,—CH, 

Only one 
ae Ln Wis vinyl H; 

GAil & (ed) kG) = 4) Peat sp and yo ee hence 

3.82 7 (IH) t (J =3 x H, X)|, Couphie te 
pee sh) ) CH, 2€ satd CH, 

x x adjacent 

Note that 5.21 7 cannot be a second vinyl proton because it would then have to be 

coupled with the vinyl proton at 3.82 7 and it is not. Partial structure A now in- 

corporates both the collected unsaturated ketone pieces and the ether environment, 

but the two pieces total 13 carbons and so must be put together such that 2 carbons 

from each are identical and their merger into one skeleton results in a total of only 

10 carbons. The circled pairs are the only ones that can be merged, as trial will show. 

The final structure is thus B and should be checked back to see that it fits all the 

data acceptably. 

CH, CH—O—CH,CH, 

CH,-CH, 
B 

PROBLEMS 

In all the following problems assemble the data in a table and indicate the 

significance of each separate piece of data. Proceed stepwise to put inferences 

together, writing the inferences and structural limitations as you go. When you 
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7-18 

7-19 

7-20 

7-21 

have arrived at one possible structure, recheck it to be sure it fits all the data 

given. Then assess whether your solution is a unique solution or not. 

A compound, C;H,,O, shows a UV spectrum exhibiting a single Xmen at 250 

nm (log « = 4.2). 

CHii9; Amax 237 nm (log € = 4.1). 

a C;H,O, shows no intense UV above 200 nm and important IR absorption 

only at 5.75 «, (1740 cm~!). The NMR shows a doublet (3H) at 7 8.85 and 

a triplet (2H) at 7 7.65; the remaining protons appear as a multiplet around 

ap OO). 

b An isomer of the substance shows IR = 5.6 u (1780 cm~!) and only two NMR 

peaks, both singlets, in a ratio of 3:1, the latter at lower field. 

The mass spectrum of a certain solid shows a parent peak at 206 and its largest 

peak at 91. The IR has a broad absorption from 3.0 to 3.5 p, (2900 to 3300 cm—!) 

as well as bands at 5.78 and 5.84 «, (1710 and 1730 cm~!); the UV is largely 

a tailing absorption out from 210 nm. The NMR shows these peaks: + —1.2 (1H) 

s; 2.7 (5H) s; 7.4 (2H) s; 7.8 to 8.0 (3H) m; 9.0 (3H) d, J] = 7 cps. 

An oil obtained by distillation of ground leaves from a Santolina species 

is purified by vapor-phase chromatography to a liquid, with bp 180-182°, 

shown to contain no elements other than C, H, and perhaps O. The mass spec- 

max 238 nm (log € = 4.05). 

In the IR there were no peaks around 3 p and two at 5.97 and 6.12 p (1630 and 

1670 cm~!). The NMR data are tabulated: 

trum showed a parent peak at m/e 152 and the UVaX 

a (H) 

8.82 (6) s 

8.11 (3) s 

7.90 (is 

3.8-5.1 (4) m 

A pure liquid with no intense UV absorption, and a parent peak of m/e 113 

in the mass spectrum, shows IR bands at 4.5 and 5.8 p (1730 and 2220 cm~) 

and two NMR singlets at 7 6.25 and 7.32 (intensity ratio 3:4, respectively). The 

second NMR signal surprised the investigators by appearing as a clear singlet. 

Why? 

The following data characterize a certain solid, C,,H,,NO3. 

UV: Amax <210 nm (€ > 10,000); 280 nm (€ = 900) 

IR: 3.0, 5.84, 6.0 p (3330, 1710, 1670 cm-!) 

NMR: 7 2.82 (2H) d, ] = 8 cps 

3.20 (2H) d, J = 8 cps 

5.66 (2H) d, J = 6 cps 

6.24 (3H) s 

6.63 (2H) s 

7.79 (3H) s 

(One proton does not show owing to exchange.) 
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7-22 a A hydrocarbon, mass spectral parent peak at m/e 102, showing two NMR 

peaks: 7+ 2.6 m and 6.92 s in a ratio of 5:1, respectively. 

b Three NMR singlets characterize an oil, C;)H,O: 7 7.94 (4H); 8.47 (2H); 8.98 

(12H). 

c A liquid with IR 5.5 p (1820 cm~!), two NMR triplets at 7 5.71 and 6.44 with 

a splitting of about 5 cps, and a parent peak of m/e 72 in the mass spectrum. 

d A hydrocarbon (C,H,,) with three NMR peaks: 7 2.75 singlet, 7.10 septet, 

and 8.75 doublet in a ratio of 5:1:6, respectively. 

7-23 Mass spectrum: m/e 73, 91, 149, 164 (and others below 149) 

IR: 5.78.0. (1730 cm=>*) 

NMR: 7 2.7 (SH) ~s 

Ov7ON(2) Bile 7eps 

AO (Al a)) J) = 9 Gore 

8.00 (3H) s 

7-24 The accompanying NMR spectrum (Fig. P7-24) is that of an oil containing 

nitrogen and showing a molecular weight of 131 in the mass spectrum. IR: 5.75 

uw (1730 cm—}), 

8 7 6 5 4 3 2 1 o 8 

(6) 

(2) (3) 

(2) TMS~ 

STURTPN Fenn tv vor at voa Posed eT FeTooaniTY FYOvOsvnOY OnvoosnitTFvOvO TOD 

FIGURE P7-24 

7-25 The substance C;H,)N,O, shown in the accompanying NMR spectrum (Fig. 

P7-25) also exhibits IR bands at 3.0, 4.5, 5.8, and 6.0 p (1670, 1720, 2220, 3350 

cm~'). When the sample is shaken with D,O the rounded peak at about 7 3.3 

disappears from the NMR spectrum. 
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FIGURE P7-25 

7-26 The hydrocarbon C,H,, shows the accompanying NMR spectrum: 

FIGURE P7-26 
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7-27 The accompanying NMR spectrum (Fig. P7-27) was taken on C,,H,,CINO, 

which also showed IR peaks at 3.05, 6.03, and 6.20 p. 

8 7 6 5 4 3 D) il o 68 

Bote it 

ETO oon FVOWOQOnT POT TTOOOOTOO OTE | URW SNOMI NOU WONO TOOT 
3 9 ONE, 

FIGURE P7-27 

7-28 A pleasant-smelling liquid, CjH,,O., shows three singlets in the NMR, at 7 2.69 

(5H), 4.92 (2H), and 7.94 (3H), and an IR peak at 5.75 w (1730 cm™') but none 

near 3 pw (3350 cm7}). 

7-29 The familiar anesthetic Novocaine, C,3Hj)N.Osz, is a synthetic material developed 

out of studies on the analgesic properties of cocaine. Novocaine is commonly 

administered as its hydrochloride salt. The NMR spectrum is shown in Fig. P7-29; 

when D,O is added, the diffuse peak (2H) at 7 5.87 disappears without affecting 

other peaks. The UV spectrum is the same as that of ethyl p-aminobenzoate. 

(Hint: The five bands just above 7 7 are the result of two superimposed signals, 

a triplet ~7 7.18 and a quartet ~7 7.38.) 
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Hey 

FIGURE P7-29 

7-30 The analgesic Phenacetin, C,)H,;NO,, is often mixed with aspirin in mild pain- 

killer tablets sold without prescription. The NMR spectrum is illustrated (Fig. 

P7-30); the IR shows peaks at 3.0, 6.0 p (3350, 1670 cm). 

8 i) 6 5 4 3 2 1 o 66 

3) 

FIGURE P7-30 

7-31 Bothcompound A and compound B give compound C on catalytic hydrogenation. 

NMR: A B G 

3.72. (2H) s 3.17 (2H) s 7.38 (4H) s 

5.72 (4H) q, ] = 7 5.73 (4H) q,J=7 5.85 (4H) q,J =7 

8.70 (6H) t, J = 7 8.68 (6H), J=7 8.75 (6H) t, J =7 
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7-32. How many aromatic isomers of C,)H,;NO will fit this NMR, which shows no 

change on exchange with D,O? 

NMR: 7 2.6-2.9 (4H) m 77.75 (3H) s 
6.80 (3H) s 8.22 (3H) s 

7-33 C,,H,,O,; IR 5.78 » (1730 cm~). 

NMR: 72.71 (SH 

7-34 From the leaves of Magnolia salicifolia may be obtained by distillation an optically 

inactive oil (mp 21°) with the NMR spectrum tabulated below. Analysis shows 

a formula of C,)H,,O and its dihydro derivative (from H,/Pd) shows a simple 

aromatic UV spectrum. Neither compound exhibits definitive IR peaks. 

NMR: 72.77 (2H) d,J =9 
320/0H)d f= 9 
3.72 (1H) s 

3.92 (1H) d, J =5 

6.25 (3H) s 

8.17 (3H) d, J = 

7-35 C,H,,NO; NMR: 7 0.30 (1H) s 

2.30 (2H)ids ji =29 
3.30 (2H)id) fo 
6.95 (3H) s 
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CHEMICAL 
REACTIVITY 
AND 
MOLECULAR 
STRUCTURE 
WITH the first seven chapters we have completed our introduction to that area 

of organic chemistry which is devoted to the structure of molecules. We have 

learned the nature of isomerism, the factors in molecular shape, the electrical 

composition of molecules, and the physical methods for observing these fea- 

tures. In effect we have looked at the single molecule, alone and at rest. Now 

we must examine the consequences of allowing different molecules to interact 

with each other. We shall find the same physical forces at work here as those 

invoked previously to explain structural observations. In short, we shall now 

explore chemical reactions, how they happen, and how to predict and control 

their products. Having studied static structure, we proceed to the dynamics 

of chemical change. 

A chemical reaction is characterized by the attack of one molecule on 

another resulting in the breaking of bonds and the remaking of new bonds 

and hence new molecules. Commonly the initiating attack stems from the 

attraction of a site of negative charge in one molecule for a positive charge 

in another. In most reactions the changes result from the subsequent movement 

of electrons in pairs, from one place to another, but breaking and making 

bonds, especially o bonds, so that the starting molecules are changed. At the 

molecular level the essence of chemical reaction is charge attraction and electron movement.t 

We have already seen some chemical reactions briefly described, espe- 

cially in tautomerism (Sec. 5-4) and racemization (Sec. 6-13), Proton tautomer- 

ism and many cases of racemization involve the simplest reaction, a proton 

transfer, the major example of the acid-base reaction. In this chapter we shall 

examine this acid-base reaction, which serves as a smooth transition from 

structure to dynamics. The reaction offers a clear case for study of the effects 

of structure on reactivity and provides a cogent, simple model for the variations 

in more complex reactions which are the subject of subsequent chapters. 

Electron movement is conveniently described by the curved-arrow convention introduced in Sec. 5-3. 

It was used there to describe the interlocking of formal structures into a resonance hybrid and usually 

only involved 7 bonds over the molecular skeleton. In reactions, by contrast, « bonds are usually broken 

in the electron shifts, and molecules therefore come apart, into separate pieces. 
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That part of the molecular structure which surrounds the site of reaction 

often has a profound effect on the reactivity, for reasons of structure which 

derive from the previous discussions: resonance, steric hindrance, dipoles, etc. 

Appropriately, then, we enter the subject of reactivity with a discussion of the 

correlation of reactivity with structure, both as a review of our understanding 

of structural features and as a demonstration of their involvement in the 

dynamics of chemical change. 

8-1 PROTON ACIDS AND BASES 

Consider an unshared pair of electrons on one molecule (B:~) in the same vessel 

with another (HA) bearing a proton on a more electronegative atom. The 

attraction of negative electrons for a positive proton can cause the electron 

pair to attack the proton and form a bond to it. The original bonding electrons 

of the proton are now free to collapse onto the electronegative atom and become 

an unshared pair there. This is illustrated in Eq. (1). 

Bi+H—CA == B-H +:A 1 
o+ 5 — 

The initial lineup of the three involved nuclei is just the same as that 

in the hydrogen bond (Sec. 7-2), which may be regarded as simply an uncom- 

pleted proton transfer. The two new molecules (BH and A:~) which are formed 

in Eq. (1) separate in solution but can return to reverse the reaction in identical 

fashion at any later time. 

A molecule with an unshared pair of electrons (cf. B:, A:) is a base, 

or proton acceptor, while an acid is a proton donor (cf. HA, HB). Thus each acid 

has a related base, called the conjugate base, and each base has its conjugate 

acid. Conjugate acid-base pairs (B: and H—B; H—A and :A) are exemplified 
in carboxylic acid and their carboxylate anions (RCOOH and RCOO-) or in 

bases like amines (RNH,) and their salts (RNH,,*). These two functional groups 
are the most important acids and bases of organic chemistry. 

poe 
Organic acids: RCo = R-CO +e 

O—H O:~ 

R’,H R’,H 

Organic bases: R—N* + ‘H* == -R—=N=H 

R”,H R”,H 

+The charges shown represent only one example, for B: can be neutral also (—> BHt) or H—A 
could be positive (HA* ——> :A, neutral). In each case the electron movement is the same, independent 
of charges. 
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The essence of the acid-base reaction is the dissociation of an acid to 

its conjugate base and a proton, but since protons never exist in solution as 
separate entities, there must always be a base molecule present to remove the 
proton from the conjugate acid, as indicated in Eq. (1). The base serving to 

remove the proton is a solvent molecule, usually water, when the simple 

dissociation of a particular acid is being studied. The acid-base reaction is 

therefore a competition reaction between two bases for a single proton. This 

is an equilibrium process, as Eq. (1) indicates and the rate of proton transfer, 

for ordinary proton acids and bases, is exceedingly fast so that equilibrium 

is attained virtually instantaneously. 

The law of mass action allows the concentrations at equilibrium to be 

related with an equilibrium constant (K) as exemplified by the dissociation of 

acetic acid in water, the solvent acting to remove the proton: 

Ka - GH COOs ‘ 
CH,COOH + H,0: == CH,COO? +H,0° K’,= SOCIO | 

HA B: A: HB (CH; ][H,O] 

Since the concentration of solvent is essentially constant, the ionization or 

dissociation constant of acetic acid is given as K,, which is also called the acidity 

constant. 

[CH,COO-][H,O*}] K, = K’[H,O] = 
o = Ki[H,0] [CH,COOH| 

= 1275 10m? 3 

Dissociation of acids and bases in solvents other than water requires 

proton transfer either to or from the solvent: 

+ = 

HA + CH,C=N: == CH,C=NH + A 

Acid ionization in acetonitrile 

+ — 

B: + C,H;0H =—— BH + C,H;O 

Base ionization in ethanol 

The expression for acidity constant may then be generalized: 

cA 
HA + solvent == Ht: solvent + :A K, = (Ht: solvent] x Zz 4 

It is frequently convenient to express dissociation constants in logarithmic 

units. So that positive rather than negative numbers may be compared, the 

unit is the negative logarithm, (pK,) of the acidity constant, as indicated in Eq. 

(5). For acetic acid in water, K, = 1.75 x 10-° and pK, = —log (1.75 x 

10-5) = 4.76. 

pK, = —log K, 
5 

It is important to keep in mind when using pK, values that they represent 

powers of ten of the acidity constants, that one pK, unit difference between two 

acids means that one is ten times as acidic as the other. 
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Since every base has its conjugate acid, it is convenient to compare all 

acids and bases ona single scale: the pK, of the conjugate acid for any conjugate 

pair. What we are comparing is, therefore, either the case of proton dissociation 

(i.e., the acidity) or the avidity of the unshared pair for a proton (i.e., the 

basicity). The equilibria above make it clear that 

The lower the pK, the stronger the (conjugate) acid 

The higher the pK, the stronger the (conjugate) base 

Since every acid-base reaction is a competition, a known acid (or base) 

may be used to test the basicity (or acidity) of another, measuring the competi- 

tion equilibrium (K,): 

K 
Bet HA Bee A (Charges ignored) 6 

[: A][HB] iz Kya) 

a [HA][: B] a Ka) 
or pK. = PK aa) a PK.) 7 

Comparison of acid-base relationships in terms of pK, units is particularly 

easy because the scale is linear. The difference between two pK, values gives 

a measure of the difference in the strengths of two acids or bases [Eq. (7)]. 

A further useful relationship is that a solution containing equal concentrations 

of an acid and its conjugate base (a buffered mixture) will have a pH equal 

to the value of pK, for the acid [Eq. (4)]. 

The degree of dissociation of acids and bases is very solvent-dependent. 

For example, solutions of hydrogen chloride in benzene will not conduct an 

electric current, despite the fact that hydrogen chloride is a strong acid in 

aqueous solution. Although water is superior to other media as an ionizing 

solvent, reactions of many acids and bases can be studied only in nonaqueous 

solvents, because of the insolubility of the un-ionized species of the pair in 

water. 

Solvent effects in acid-base equilibria are due to these principal causes: 

Solvents are ordinarily involved in proton equilibria. Accordingly, ionization constants 

depend upon the acidity and (or) basicity of the solvent, 

All ions in solution strongly polarize solvent molecules near them. The strength of 

such interactions is enormous in water solutions of ionic compounds and much smaller 

in nonpolar, difficult-to-polarize solvents such as hydrocarbons. Hydrogen bonding 

of ions represents a strong interaction. 

The electrostatic energy of a charged body decreases as the dielectric constant « of 

the surrounding medium is increased. The dielectric constant measures the relative 

effect of the medium on the force with which two opposite charges attract each other. 

The dielectric constant of a liquid is determined readily by measuring the electrical 

capacitance of a condenser when empty and when filled with the liquid. 

The effect of the dielectric constant makes solvents such as water (€ = 80) 

and acetronitrile (« = 39) much better solvents for ions than are low dielectric 
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media such as acetone (« = 21) and benzene (€ = 2.3). Pure dielectric effects 
are subordinate in importance to the other specific solvation effects mentioned 
above. 

Table 8-1 illustrates the effect of solvents on the acidity constant of acetic 
acid. 

8-2 SCALE OF ACIDITY AND BASICITY 

In order to see clearly the relative strengths of organic acids and bases it is 

useful to arrange a pK, scale of significant compounds, and this is shown as 

Table 8-2. This single scale offers a measure of basicity as well as acidity since 

bases are compared as their conjugate acids. Unfortunately, the values at the 

two extremes of the scale (beyond 0 to 14 each way) are not directly measurable 

in water since water is itself both an acid and a base and therefore only allows 

direct measurement of pK,’s between about 0 and 14. Stronger acids (pK, < 0) 

react virtually completely with water to form H,O+* and leave no undissociated 

acid to measure, whereas very strong bases (pK, > 14) merely convert water 

to its base, OH-. 

However, although solvent (and other) troubles plague these determina- 

tions, strong acids and bases can be compared with those measured in water 

by using nonaqueous competition experiments [Eg. (7)| and in this way the 

scale of Table 8-2 has been obtained. It must be remembered that values 

between 0 and 14 are obtained in water and that values <0 and >14 are less 

accurate. 

The scale offers value beyond its obvious usefulness for showing the 

extent to which a given acid protonates a given base [Eq. (7)]. 

TABLE 8-1. Effect of Solvent on Dissociation of Acetic Acid at 25° 

Solvent K, . pK, 

Uj... sea 

Water LIS CO10n: 4.76 

20% Dioxan—80% water Sik Se iO" 5.29 

45% Dioxan—55% water 4.93 x 10-7 6.31 

70% Dioxan—30% water NGS) 3 WO 8.32 

82% Dioxan—18% water PDE Se 10 10.14 

10% Methanol—90% water eo SesalOme 4.90 

20% Methanol—80% water 8.34 x 10-% 5.08 

100% Benzene Too small to measure 
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TABLE 8-2. Scale of Acidities 

SGALTETOEVAGIDIMNNSANDSBASIGIIN 

Conjugate acid pK, Conjugate base 

Cyclohexane 45 C3H,,7 

GH = CHe 42 CH,CH,- 

GH 40 >CH,~ 

Benzene 37 C,H;- 

Ethylene 36 CH,=CH:- 

NH, 36 NH,- 
oCH, 35 @CHs := 

CH,=CH—CH, 35 CH,=CH—CH, :- 

~3CH 32 p3C:- 

oNH, 27 @NH- 

He—GH 25 HC=C:- 

o NH 23 o,N:- 

CH,COCH,, 20 CH,COCH,:- 

t-BuOH 19 t-BuO- 

on—( Sn, 18.5 on ie 

C,H;OH (ROH) 17 C,H,O- 

RCONHR’ ~16 RCONR’- 

CH,OH 16 €H-Os 

H,O 15.7 HO- 

H -H 
H 

ON NH, 15 O,N NH- 

NO, 
NO, 

(ROOC),CH, 13.5 (ROOC),CH — 

13.4 

OH O- 

SEC. 8-2 
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TABLE 8-2 Scale of Acidities (Continued) 

Conjugate acid pK, Conjugate base 

H,N H,N 
Gene “\ NH, 13.4 X=NH 

H,N H,N 

(NC),CH, 12 (NC),CH- 

CH,COCH,COOR 10.2 CH,COCHCOOR 

RNH,+ RNH, 
R,NH,+ ~10 R,NH 
R,NH+ R,N 

CH,NO, 10.2 :CH,NO, 

HCO,- 10.2 CO.7> 

o—OH 10 O-Os 

O O 

NH 9.6 Nis 

O O 

NO, NO, 

NH,* 9.2 >NH, 

HCN 9.1 >CN- 

O O O O- 

See 9.0 pa. 

+ x O- 
(CH,),N OH 8.0 (CH,),N 

H,CO, 6.5 HCO, 

O,NCH,COOCH, 5.8 O,N—CH—COOCH, 

< SS 

| 5.2 | 2 

‘a N 
IZ 
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TABLE 8-2 Scale of Acidities (Continued) 

Conjugate acid 

SCALE OF ACIDITY AND BASICITY SEC. 8-2 

Conjugate base 

EEE 

H 
o—N(CH,),* 

p—NH,* 

RCOOH 

2,4-Dinitrophenol 

HCOOH 

CH,(NO.), 

CICH,COOH 

NH,* 

NO, 

OOH 
R—CH 

~ 
NH,* 

Cl,CHCOOH 

o,NH,+ 

Cl,CCOOH 

2,4,6-Trinitrophenol 

CF,COOH 

CH.CONH,* 

HNO, 

o@CONH,+ 

GH-OHG® 

OCH, 

CH,O CH=OH 

OCH, 

(CH,),OH* 

2.0 

2.4 

18) 

—2.1 

— 3.8 

N(CH), 

@—NH, 
RCOO- 

(NO,).¢-O- 

HCOO- 

-:CH(NO.), 

CICH,COO- 

:NH, 

NO, 

ICOOs 
Re Cue 

NH,*+ 

CICHCOO- 

on-{ Kin, 

NH 

Cl,CCOO- 

(NO.),O- 
CH,CONH, 

CF,COO- 

NO.- 

@CONH, 

CH,OH 

OCH, 

CH,O CHO 

OCH, 

(CH,),0 
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TABLE 8-2 Scale of Acidities (Continued) 

Conjugate acid pK, Conjugate base 

tBuOH.,t+ —4 t-BuOH 

eed Nae a ae = pe ch 4 (2) ac, 

NH,+ NH, 

NO, NO, 
—4.5 

NO, NO, 

(CH,),SH* =a (CH,).S 

co-{_)-cr=6u 2G cuo-{ co 

pou" 

Grae 62 CH,—COOH(R) 
OH(R) 

OH OR 

Oni «Os 
o@CH=OHt —7.1 @CHO 

NO, NO, 

O,N NH,* 9.4 O,N NH, 

NO, NO, 

R—C=NH+ ~ —10 RCN 

OH 

R—N eH R—NO, 
\ 
O 

H,SO, ? HSO,— 

HBF, q BE,- 

FSO,H ? FSO,- 

HCIO, 20) Clow 

HPF, —20 PE.” 

SbF, - FSO,H 20 SbF, - FSO,,- 

(strongest acid) 
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Most other reactions involve attack of unshared electron pairs on positive sites, often 

on carbon instead of hydrogen, as here. Hence the order of basicity is a rough guide 

to reactivity in such reactions since it catalogs the relative avidity of electron pairs 

on different bases for positive sites of all kinds. 

ne ey Alife " Sune 
HO ope aite —+ HO-H + :O—C—C,H, 

NG bo even | ~ 06 
HO: + CLE: — > HO—C+ :Cl: 

= Via OG Be 74 NS ee 

H H H H 

or 

HO- + C,H,;COOH ——> H,O + C,H;COO- 

HO- + CH,Cl —~ CH,OH + Cl- 

If a base is planned for use in a reaction in which it is meant to attack a positive 

site, the scale can tell us whether the base would instead remove a proton from some 

acidic site (of lower pK,,) in the molecule and so perhaps be neutralized and worthless 

for the planned attack. Acid-base reactions involving O—H and N—H acids are gen- 

erally faster than others. 

Faster; = 
COOH Varied COO 

AOR ee 
(1 mole) reaction 

CH,Cl —— CH,><OH 
will not 
occur. 

A great many organic reactions occur in several steps of which the first is often a 

protonation of a weakly basic site, to be followed by collapse of the intermediate cation 

formed; alternatively the first step may be deprotonation by added base followed by 

collapse of the resultant intermediate anion. Almost all reactions operate optimally 

within some acidity-basicity range, and the scale can assist in finding appropriate 

reagents and conditions for these reactions. 

Ie 

STN 
a fe a 7 a say YP REE 

CH, CH; CH; OCH: 
*H 

Se eet : Nee +CH,OH 

In general we are interested in distinguishing three families of acids and 
the (roughly parallel) effects of structural environment on acidity in each family. 
The families are carbon acids, nitrogen acids, and oxygen acids, i.e., dissociation 
of H—C, H—N, H—O. Furthermore, in the latter two, which can have both 
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electron pair and proton and can be both acids and bases (like water), we must 
always distinguish two subfamilies, representing two different ionizations, and 
keep them separate. 

Parent pK, Parent acid base 

| 
~43 H—C— — ca 

Pe35 H—N— “:N— | Two different equilibria: 

| : y 
| R,NH,? = RNH 22RNi- 

~10 H-N— N= 
| 

~18 H—O— ?0— K ee K eo 

Ht jan) ROH,* "5 ROH 5 RO: ea eo ‘Oo = Ss = 

| | 

_Ht 50 _Ht+ 66 

CAA NEC NE CHE NH 
lal ape hin 

pK, nO) pk, 27 

+ 

pu He pe eer po 

CH;CH,—C. ' CH;CH, —C. = CH; CH, —C 
+Ht = ~ a i 

OH t=. OH ae O 

Each of the families is fundamentally different because each involves 

ionization of hydrogen from a different basic atom, C, N, or O, or from the 

latter two in different charge states. Each family, however, exhibits in rough 

parallel the effects on acidity provided by structural variation in the molecule 

near the site of dissociation. These effects will be described in terms of ApK, 

from the simple parent acid (base). The families differ primarily in the electro- 

negativity of the parent atom: the more electronegative it is (larger kernel 

charge) the more tightly it holds electrons and so the more stable (less basic) 

the conjugate base is than the conjugate acid. 

Basicity: R,C: > R,N- yi RO:- > Eo 

R,N: > R,O > RE: 

PROBLEM 8-1 

The following bases are commonly used in the laboratory: CH,COO Nat, 

(C,H;),N, C,H,O-Nat, (CH,),C—O Nat, (C.H.),G?- Na*. Which of these 

bases would suffice, in each case below, to remove one colored proton, in 

order to initiate reactions (removal of >50% of one proton)? 

pK, > pk, 
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a C,H,NH, € cu, )-o8 

O b GH CH=CH CH: 

f NH 

¢ C,H.COCH, J 

d (NC),CH, g on Nt, 

PROBLEM 8-2 

Complete the following acid-base equilibrium reactions and compute their equi- 

librium constants. Which ones go essentially to completion (>99% products)? 

a C,H;NH, + CH,COOH e HC=CH + :NH,” 

b CH,O- + CH,COCH,COOCH, f HCO,” + HCOOH 

c CO,- + HCN g Cl,CHCOOH + C,H;NH, 

d CH,NO, + oo h C,H,OH + \ yy 

8-3 ENERGY AND THE ACID-BASE REACTION 

Any reversible reaction comes ultimately to a position of equilibrium which 

directly reflects the relative free energies of starting materials and products. 

The more stable (lower energy) of the two predominates in the equilibrium 

mixture. The relation is reflected in the standard free-energy equation, in which 

AF represents the difference in free energy of starting material and product. 

AE 200 Rl log Kk 8 

Or 

AF ~ 1.4 pK in kcal/mole at room temperature 9 

The dissociation of an acid is no exception, and AF is the energy difference 

between the conjugate acid and its conjugate base. Thus a strong base (high 

pK,) is one of high energy which loses 1.4 x pK, kilocalories per mole on 

picking up a proton. Similarly, a strong acid is characterized by a negative 

pK, and loses 1.4 x pK, kilocalories per mole on giving up its proton. For an 

exothermic reaction—in which the equilibrium favors the products—the re- 
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acting base must have a higher pK, (properly, pK, of its conjugate acid) than 
the reacting acid. The example 

CH.NH,* = CH,NH, 4 H* pk, = 10 

CH;COOH ="CH.COO=6H" pies 

CH,NH, + CH,COOH == CH,NH,+CH,COO- px, SS — 10S] =§ 

N——/AOnkcaly mole 

shows the reaction of an amine with a carboxylic acid to proceed exothermi- 

cally, by 7 kcal/mole, to the salt. Finally, it must be remembered that these 

are equilibria: even if a base is added to an acid a few pK, units higher, there 

will be some net reaction producing very small concentrations of their two 

conjugates. In many cases in which these in turn initiate a reaction, that reaction 

can still proceed, fed by the tiny but continuously replenished concentrations 

produced in the unfavorable acid-base equilibrium. 

We can derive the criterion for assessing the effects of structural variation 

on the acid-base reaction from considerations of energy. The pK, value on 

the scale is proportional to the energy difference between the conjugate acid 

and the conjugate base. Hence, if some variation in structure affects both 

conjugate acid and base forms equally, it will not change the pK,. This is, 

however, an unlikely happenstance, since it is more common for a variation 

in the molecule to stabilize (lower the energy)—or destabilize (raise the en- 

ergy)—one conjugate species more than the other, thus changing AF and pK,. 

The effects are: 

Stabilization of B: more than HB = lower pK, 

Stabilization of HA more than :A = higher pK, 

This is the central criterion we shall use in discussing structural effects 

on pK,. It may be rendered qualitatively that any effect that tends to make 

the conjugate base (B:) less avid for protons, or make its electron pair less 

available to pick up a proton, will lower the pK,. Any effect that causes the 

conjugate acid (HA) to be more reluctant to lose its proton will raise the pK,. 

The first case makes the base less basic (lower pK,); the second makes the 

acid less acidic (higher pK,). 

In the next sections we shall examine the four major structural effects 

listed below. In any given conjugate pair more than one effect may be operat- 

ing, but usually one is predominant. The principal effects are these: 

Resonance effects: the most potent—almost always stabilize the base by delocalizing 

the electron pair, and so lowering pK, 

Inductive and electrostatic effects: can stabilize either acid or base 

Steric effects: can stabilize either acid or base 

Hydrogen bonding (internal): usually stabilizes the acid, raising pK, 
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8-4 RESONANCE EFFECTS 

Since delocalization of electrons always stabilizes a system, it follows that localization 

of electrons makes a system less stable. Frequently the attachment of a proton 

to a base to form the conjugate acid restricts an electron pair that in the free 

base was able to spread over an unsaturated system. Protonation of the car- 

boxylate anion provides an example. The addition of a proton localizes a pair 

of electrons (into a bond) and destroys the perfect symmetry of the ion. The 

acid still has some delocalization energy because of mixing of the unshared 

electrons on the oxygen of the hydroxyl with the 7 orbitals of the carbonyl 

group. However, this effect in the acid is smaller than in the carboxylate anion 

since it leads to charge separation in the acid, while in the anion the resonance 

forms are identical. Thus, resonance stabilizes the anion (conjugate base) more 

than the acid and the pK, is lowered, making the acid more acidic than a simple 

“parent’””’ —O—H would be, i.e., in alcohols (R—OH). 

This resonance effect is presumed to be the principal reason for the much 

greater acidity of carboxylic acids compared with alcohols. The acidity of 

ethanol is undetectable in water solution, but it is estimated that the ionization 

constant is about 10~'’. The factor of 101! between the acidity constants of 

ethanol and acetic acid is due largely to delocalization of charge in acetate ion. 

The comparable effect, of substituting a carbonyl group for an alkyl 

adjacent to the proton-bearing atom, is seen in all the atom families of acids: 

O Parent 

[leer \le tes = re 
R—C O H=—R—E O:- Re Chin O He R- G0: = 

pk,~5 pK,~17 

T | | Pes as 
R—C—N—H == R—C—N:- R—CH,—N—H — R=CHoN: 

H H H 

pK,~16 pK, ~35 

rf Tie eee a 
R-C_— CH R-C— CHa R-—CH-_GHa === R-CH— Ch 

pK, ~20 pK, ~ 42 

The basicity of amines is very sensitive to resonance effects, as is shown 

by the fact that aniline is a weaker base than the aliphatic amines by 10° 
(ApK, = 6; see Table 8-2). This dramatic effect is due largely to the delocaliza- 

tion energy of aniline, which is lost when a proton is added to nitrogen. 
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oe + 

(NH, NH, NH, NH, 

oe ene 
Aniline, electron pair of nitrogen distributed in the benzene ring 

+ 

NH, 

All electrons of nitrogen localized in single bonds 

Anilinium ion 

In the above electronic formulas the z-electron system, which is involved 

in resonance, is shown in color to emphasize it in the present discussion. 

The influence of nitro groups in further reducing the basicity of aromatic 

amines illustrates the idea further. An additional base-weakening effect in 

p-nitroaniline (not present in the meta isomer) results from dispersal of the 

unshared pair of electrons on nitrogen into the nitro group (colored form) in 

addition to the resonance seen in aniline or the meta isomer (four forms only). 

Both nitro isomers are less basic than aniline due to a superimposed inductive 

effect (Sec. 8-5). 

+ + + + 
NH, NH, NH, NH, 

+ + 

<— - <— are = 

O O 0 iO ie ig ae 
0 O O O 

to 

oe + + a ot 
(Na, NH, NH, NH NH 

<y = al. 

N N N N N 
\ \ we 

ay PY We Non oe aro Ney eo 
More resonance in p-nitroaniline (pK, 1.0) 

Phenols are much more acidic than alcohols for entirely analogous reasons 

and substitution with ortho or para nitro groups notably increases this acidity 

as the examples in Table 8-2 show. 

Amides, in contrast to amines, are not detectably basic in water solution, 

largely because of delocalization of the electrons of nitrogen, this time into 

carbonyl rather than phenyl unsaturation. The equilibrium discussed here is 
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not that discussed above for the acidity of amides (loss of —H); but rather the 

second pK,, of amides, describing their basicity (adding —H), and the two must 

be distinguished. 

O O 
Y/ je CH.—-CO <> GHC 
NH, ‘NH, 

Resonance in acetamide 

When nitrogen is flanked by two carbonyl groups, as in the cyclic imides, 

the influence of the two groups is strong enough to render the compounds 

not at all basic and even observably acidic in water solution. Succinimide serves 

as an example. Both the neutral succinimide molecule (as acid) and its conjugate 

base are stabilized, and the same number of significant resonance structures 

can be formulated for both species. Delocalization is more effective in the anion, 

since removal of the proton decreases the electron affinity of the nitrogen atom. 

Delocalization of electrons is most effective when excess charge is dispersed throughout 

a system without charge separation. Comparable stabilization of a conjugate acid 

is illustrated in Fig. 8-1. 

O O 
ce C7 ca 

te Z va 
GEE ; CH, \ + Gy me 
| NH <— |= ~= NH<—>1| 7 ~(NH| —~> 
CE CH, 7 CH,, 

xe “e 
SS \ SS 

Lew te O ome 
Succinimide—delocalization of electrons, with charge separation 

O O on) 
CZ Za ws, 

Le 
GH: aa CH CH, ~ 

er Nesey “H, 
Ne Ne ve Ce 
cx = eS ee O Ye 
Succinimide anion—delocalization of charge, 

without added charge separation 

PROBLEM 8-3 

It may be argued that the amide acting as a base is protonated on oxygen, not 

nitrogen, in which case it is properly compared in basicity to carbonyl com- 

pounds, not amines. Develop this reasoning with resonance structures and the 

pK, values of Table 8-2. 

In general whenever a basic site (unshared electron pair) is adjacent 

(conjugated) to unsaturation, the electron pair is strongly delocalized and sta- 



HN HN. H.Nv HN 
C=NH JS-NH, — ‘c—NH; as CaN 

H,N H,N H,N HN” 
oe oe dre 

Guanidine, basicity Guanidinium ion 
too large to measure resonance-stabilized 
accurately in water 

FIGURE 8-1 Resonance in guanidinium ion 

bilized. This lowers the pK, (relative to saturated analogs) since its conjugate 

acid derives little stabilization in this fashion. The more unsaturated groups 

attached, the more the pK, is lowered (see @CH, vs. 6,CH and others in Table 

8-2) and the more electronegative the atom(s) supporting the negative charge 

in resonance the more effective the resonance stabilization will be. 

Stabilization of the conjugate bases of carbon acids is dramatic and very 

important in organic reactions. The acidity of simple aldehydes and ketones 

is not measurable in water, but their conversion to enolate anions by bases 

is a critical step in many of their reactions. On the other hand, B-dicarbonyl 

compounds are measurably acidic in water since their anions are doubly 

stabilized by two adjacent carbonyl groups. 

iL i ia 
cH,c=o =", |cH,—c=0 <> CH,=C—6}| 
Acetaldehyde Acetaldehyde enolate anion 

:O: :O: Go: :O: 

I I Lt if re 
CH,—C—CH,— C—CH, —— |CH,;—C—CH —C—CH, <— 

Acetylacetone 

(pK, 9.0) i % 
[Oc :O: :O: =701()i° 

| I | | 
CH,— C=CH—C—CH, «<—> CH,—C—CH=C—CH, 

Acetylacetonate anion 

° ? ve 7 Me 

GH -€ GH, -¢_O0C H, — CH,—C—CH—C_—OC,H, <> 
Ethyl acetoacetate 

(pK, 10.2) oo oe 

ee a a 

CH,—C=CH—C—OC,H, <— CH, AL @CH=C—OG.H- 

Ethyl acetoacetate anion 

I = 
C,H,O—-C—CH,— C—OC,H, —"", | c,H,O—C—CH—C—OC,H, <> 

Ethyl malonate 
(pK, ~ 14) 

(not measurable in water) 

:O:- Ge ait veh 

| 
C,H,O—-C—CH—C—OC,H, — C,H,o—C—CH=C—OC,H, 

Ethyl malonate anion 
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The above examples show that aldehyde and ketone groups are superior 

to the ester function in their ability to disperse negative charge. Delocalization 

of electrons within the ester group itself decreases the ability of the carbonyl 

group to accept electrons from external sources, such as an adjacent carbanion. 

W oe Oe 

R-CO > R-CO 
(,O—-R O—-R 

Delocalization of electrons in an ester group 

Other unsaturated groups are capable of making adjacent carbon- 

hydrogen bonds relatively acidic. These groups arrange themselves in the order 

NO, >CN=SO,R>(C,H;), in their ability to disperse negative charge. Ionization 

of compounds containing these groups is illustrated. 

C6, O 
z i ney see CHINO, => CHUN <— CH,=N pK, = 10.2 

SS oats 

O. 0. 
Nitromethane Nitromethide ion 

CH,CN 8°, |:CH,—C=N: —> CH,=C=N? DR, = 25 

Acetonitrile Acetonitrile conjugate base 

O O 
=He a | ++ | + CH,SO,CH, —> |:CH,—S**CH, —> CH»=$*-CH,| pk, ~23 

O O 
Dimethyl] sulfone Dimethyl sulfone conjugate base 

_ Ht ° = 
(C,H;);CH ——> | (C,H;)oC <> (C,H;)oC etc. OK, = G2 

Triphenylmethane Triphenylmethide ion 

The cumulative effect of several cyano groups on a carbon-hydrogen bond 

is illustrated by tricyanomethane and hexacyanoisobutene, which are as strong 

as the mineral acids (pK, <0). The phenomenal effects of resonance on the 
acidity of carbon acids is illustrated here in that nearly the entire range of 

acidities is available, increasing acidity from the parent hydrocarbons by 40 

powers of 10 (107° times more acidic)! 

{This resonance effect is more pronounced in carbon acids because the lower electronegativity of carbon 

supports its anion poorly and resonance forms bearing the charge elsewhere are of correspondingly 

greater weight, with more attendant stabilization (Sec. 5-3). 
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Tricyanomethane Hexacyanoisobutene 

Study of acidity of some weakly acidic carbon-hydrogen linkages is com- 
plicated because equilibria are sometimes established slowly. In contrast, the 
rate of equilibration of protons among various oxygen, nitrogen, and sulfur 
atoms is too fast for measurement by ordinary methods. 

Hybridization Changes and Acidity 

A multiple bond attached to the basic atom reduces its basicity (lowers 

pK,,). For example, ketone oxygens are weaker bases than ethers, and nitrogen 

compounds, shown below, demonstrate the same effect. Unsaturated carbon 

acids can also be found in Table 8-2 to illustrate this. 

S 
DZ 

(CH,)3,N: N CH,C=N: 

Trimethylamine Pyridine Acetonitrile 
pK, 9.8 pk, 5:2 pk, <0 

The base-weakening effect of multiple bonding is associated with changes 

in the hybridization of the orbitals of the heteroatoms. In an aliphatic amine 

the nonbonding pair of electrons is in an sp? orbital; in a compound containing 

a double bond (=N—) the nonbonding pair occupies an sp? orbital; and in a 

nitrile (—C=N:) the nonbonding pair is in an sp orbital. The amount of s 

character increases with the unsaturation. Since s electrons are bound more 

firmly to the nucleus than p electrons, it is reasonable that electrons in orbitals 

that have a large amount of s character should be fairly tightly held and so 

relatively unavailable for bonding to external reagents, such as protons. Alter- 

natively, we can say that since bond formation is weaker, more s character is 

present; the parent acid—with a bond to hydrogen—is destabilized in these 

unsaturated cases. 

Despite the above generalization some doubly bonded heteroatoms may 

be very strongly basic, because of resonance effects. A striking example is 

guanidine, shown in Fig. 8-1. Aqueous solutions of guanidine are essentially 

completely ionized to guanidinium ions and hydroxide ions. The effect is due 

to the very great resonance stabilization of the symmetrical guanidinium ion. 
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Another example of resonance effects resulting in increased base strength 

is found in the greater basicity of 2,6-dimethyl-6-pyrone compared with cyclo- 

hexanone. The benzenelike resonance of the conjugate acid is undoubtedly 

responsible for the enhanced basic character of the pyrone, since its aromatic 

resonance stabilization is especially large. Although ordinary ketones, esters, 

ethers, and alcohols all show basic properties (i.e., they can be protonated) when 

treated with strong acids, their base strengths are considerably lower than those 

of their nitrogen analogs. The conjugate acids of the oxygen compounds are 

important intermediates in organic reactions (Chaps. 10 and 12). The following 

examples illustrate the basic character of oxygen-containing compounds: 

oo oo 

:O: >O—H >O—H 
> 

+ 

— os 

Cyclohexanone as a base 

2,6-Dimethyl-y-pyrone as a base etre Aiea 

: ~ es aa 

CH, o* CH, GHaes OF "CH: 

H 
R-O-R > R o" R 
Ether as a base 

e _ | 
R-O=He > ROH 
lconol as a base 

R C—O Res mer 
:O: 

Ester as a base 

The ester example deserves comment, for if the sp? oxygen is more basic 
than the sp (carbonyl) oxygen, we should expect protonation there, whereas 
in fact it appears to occur on the less basic carbonyl oxygen. The important 
factor upsetting this prediction is that the normal ester resonance is retained 
to stabilize carbonyl protonation but is lost if the sp? oxygen is protonated 
(see Prob. 8-3 also). 
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PROBLEM 8-4 

Explain why one member in each pair is a stronger acid than the other. 

a m- and p-cyanophenol f m- and p-amino-acetophenone 

(H,N—C,H,—COCH,) 
“ + b (CH,),C=OH and (CH;),OH = g CH,=CHCH,OH and CH,CH=CHOH 

NH 
Yi 

c R—CONH, and RoC h O,NCH,COCH; and O,NCH,COOCH, 
NH, 

+ oN 
aux NH, and \ ie i NCCH,CN and NCCH,CH,CN 

e C,H,;CONHCH.C,H, and j Cyclopentadiene and 1,4-pentadiene 
C,H,;CH,CONHC,H, 

8-5 INDUCTIVE AND ELECTROSTATIC EFFECTS 

If nearby substituents possess a dipole it will usually be directed away from 

carbon and will place partial positive character on the carbon. By electrostatic 

attraction this tends to stabilize a nearby anion and thus usually stabilizes 

the conjugate base more than the acid in a conjugate pair, and lowers pkK,. 

(Acids become more acidic.) This is borne out by the compounds collected 

in Table 8-3. Substitution of iodine on acetic acid is less acid-strengthening 

than substitution of chlorine since iodine is less electronegative. Increasing the 

number of halogens increases the effect. The range of these dipole effects can 

be seen in the acidity of trifluoroacetic acid (pK, = 0), about 10° (100,000) times 

more acidic than acetic acid. It may be noted here that external resonance effects 

are virtually negligible for carboxylic acids since the carboxylate resonance is 

itself so very strong. This may be seen by comparing the small difference in 

the m- and p-nitrobenzoic acids (Table 8-3) with the large differences in the 

m- and p-nitroanilines noted previously. 

cl 50: Cl [O: /%p 3 
5 Cl-— SC = — s— Cl <\_C C 

3+ RE Qo eat Nooo 

cl Ol Cl 20: 

Destabilized Stabilized by dipoles 
by dipoles 

The dipoles introduced also destabilize the conjugate acid since carboxyl 

has a dipole also. Since the two are bound together with their positive dipole 

ends adjacent, they repel each other electrostatically. Substituent effects due 

to the permanent polarity or polarizability of groups are called inductive effects 
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and are perhaps best understood in terms of dipole-dipole and charge-dipole 

interactions. The data of Table 8-3 provide examples. For instance, only very 

small dipoles are associated with methyl-carbon bonds, and K,,’s for acetic and 

propionic acids are very close to each other. In contrast, the cyano group has 

a strong dipole with its positive charge oriented toward the carboxyl group, 

and as a result pK,’s for acids containing this substituent possess decidedly 

lower values than those which do not: 

va oiaet fae 
-N=CCH,COOH <—> :N=CCH,COOH or N=CCH,COOH 

That the effect drops off as the dipole is moved farther from the carboxyl is 

shown by the increase in values of pK, in the series a-, B-, and 6-chlorobutyric 

acid. 

The following groups have strong electron-withdrawing inductive effects: 

NR,*, NO,, ONO,, CN, CO,H, CO,R, C=O, F, Cl, Br, I, NO, and ONO. 
Electron-donating inductive effects require that substituent groups either 

carry a negative charge or have a dipole with the negative end directed toward 

carbon. The latter cases are very rare owing to the relatively low electrone- 

gativity of carbon. The effect of charged groups is illustrated by values of the 

second ionization constants of dibasic acids (Table 8-4). The large difference 

between the first and second ionization constants is mainly due to the repulsion 

TABLE 8-3 Inductive Effects on Acid Strength 

Acid Structure pK, (H.O) at 25° 
TEE 

Acetic CH,COOH 4.8 

Propionic CH,CH,COOH 4.9 

lodoacetic ICH,COOH 39 

Chloroacetic CICH,COOH 2.8 

a-Chlorobutyric CH,CH,CHCICOOH 3.8 

B-Chlorobutyric CH,CHCICH,COOH 4.1 

y-Chlorobutyric CICH,CH,CH,COOH AND 

Trichloroacetic Cl,CCOOH 0.9 

Trifluoroacetic CF,COOH 0.3 
Methoxyacetic CH,0CH,COOH 3:9 

Cyanoacetic NCCH,COOH 2.4 

Phenylacetic C,H,;CH,COOH 4.3 
Benzoic C,H;COOH 4.2 
p-Nitrobenzoic p-NO,C,H,COOH 3.4 
m-Nitrobenzoic m-NO,C,H,COOH 36 
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between like charges in the second anion. The stepwise ionization of oxalic 
acid is shown below.t 

— O boa 

SNe Ce eo eS 
Kaa) C BE Ka) Cc of: 

Wa VaN 
HO’ ‘o HO’ Yo Hoa Oo o o 

The effect of the first anion on formation of the second is clearly seen in maleic 

and fumaric acids, in which geometrical isomerism holds the first anion near 

the second in the cis acid and the forced proximity creates a larger discrepancy 

in pK, than in the trans where the groups are held farther apart. 

Molecules can have both basic and acidic groups, as is illustrated by the 

existence of a large number of amino acids in nature (Chap. 25). An example 

is glycine (H,NCH,COOH), which normally exists as an inner salt or zwitterion, 

in which the proton of the carboxyl group is transferred to the basic nitrogen 

atom. The conjugate acid of glycine loses its first proton from the carboxyl 

group. The substance is a rather strong acid owing to the electron-withdrawing 

effect of the formal positive charge on nitrogen. The zwitterion can also lose 

a proton, but it is a rather weak acid because of the formal negative charge 

now present on the carboxyl group. 

+ iS, . Be + = pK, - + 
NH,CH,COOH H + NH,CH,COO ae NH,CH,COO + H 

Conjugate acid . Glycine Glycine anion 
of glycine inner salt 

(zwitterion) 

Inductive effects of single dipoles are usually small, but observable, in 

other acids and bases. meta-Nitrophenol is a somewhat stronger acid than 

phenol (9.3 vs. 9.8) and the relatively large effect of a trifluoromethyl group 

is seen in -trifluoroethyl amine, pK, 7.5, compared to ethylamine pK, 10.5. 

+ Formation of an internal hydrogen bond (page 66) in the first anion may also help to stabilize that 

species. 

TABLE 8-4 Acidity of Dibasic Acids 

Name Structure pK, pK, 

Oxalic HOOCCOOH 125 ? 

Malonic HOOCCH,COOH 1.9 SY, 

Succinic HOOC(CH.,),COOH 4.2 5.6 

Glutaric HOOC(CH.,),COOH 4.4 5.4 

Maleic cis HOOCCH=CHCOOH 2.0 6.3 

Fumaric trans HOOCCH=CHCOOH 3.0 4.5 
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II 

Sterically feasible Not sterically feasible  Sterically feasible 

ae fe Rs ie Orson a 

a Orbital planar aromatic amine 7 Orbital and sp? hybrid orbital 
of nonplanar aromatic amine 

FIGURE 8-2 Steric inhibition of resonance 

8-6 STERIC EFFECTS AND HYDROGEN BONDING 

Proton acid-base reactions are not particularly sensitive to steric compression, 

since a proton is so small that its absence or presence in a molecule does not 

usually affect the volume very much. However, steric effects are commonly 

observed as a side effect in resonance stabilization. This occurs because reso- 

nance stabilization of the electron pair (in the base) requires the involved group 

at the basic site to become coplanar with the rest of the conjugated system. 

No such requirement exists for the unconjugated acid of the pair and so a 

differential destabilization of the base is possible if steric compression acts against 

the o frame becoming coplanar. 

The base N,N-dimethylaniline is six times weaker than N,N-dimethyl- 

o-toluidine. In both amines, the electron pair on nitrogen is delocalized through 

resonance, which effect makes both compounds weaker bases than methyla- 

mine. However, N,N-dimethyl-o-toluidine is the stronger base. 

. _ AAs CH; aie a _ XU CH; a 

N,N- pee aniline N,N-Dimethyl-o-toluidine 
pK, Ie, SS) 
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These facts are explained with formulas in Fig. 8-2. The conformation 
needed for maximum interaction of the benzene ring 7 electrons with the 
unshared electrons of nitrogen is one in which all atoms of the molecule are 
in one plane except the hydrogens of the methyl groups (structure I of Fig. 
8-2). This conformation results in no steric compression for N,N-dimethylani- 
line, because there is enough space to accommodate both the volumes occupied 
by the methyl groups attached to the nitrogen and by the ortho hydrogen atoms. 

In N,N-dimethyl-o-toluidine, a planar conformation compresses the ortho 

methyl and one of the methyl groups attached to the nitrogen, as indicated 

in structure IJ. To avoid this strain, the molecule is twisted toward the con- 

formation shown in III. As a result, resonance structures such as II are less 

important; the electron pair on nitrogen is more localized, and the substance 

is a stronger base. In Fig. 8-2 there is also a molecular-orbital representation 

of planar aromatic amines and an orbital picture of nonplanar aromatic amines. 

A similar example is found in the dimethyl-p-nitrophenols, in which proximity 

of the methyls to nitro sterically inhibit its becoming coplanar to stabilize 

the phenolate anion, while their presence ortho to —O7 is not sterically trouble- 

some for resonance. 

XY Me Omri 
X =O" x Y Q : O: pK, 

Os PEN OCHS = H™ 32 
=F Gas pa 

.O. EO. H CHia 72 
xX Y xX Y 

Conjugate base of dimethyl-p-nitrophenols 

A second type of steric compression is associated with the decrease in 

acidity on transition from the simple carboxylic acids to those which possess 

highly ramified structures. In the ionization of acetic acid, the charged anion 

must require more stabilization by solvation than does the uncharged acid. 

With acids such as A, below, the charge on the anion B is somewhat shielded 

from solvent molecules by the surrounding methyl groups. As a result, the 

anion is less stable, and the acid is weaker. This may be called steric hindrance 

to solvation. In a simpler case this is also seen in the lower acidity of t-butanol 

than n-butanol (pK, ~19 vs. 17). 

CH,COOH == CH,COO- + Ht 
Acetic acid Acetate anion 
pk, =4.6 (50% H,O, 50% CH,OH) 

a oH 
CH, CH,C—CH, CH, CH,¢—CH; 

CH,—¢—CH,—€ COOH == CH,—C—CH,—C—COO- + Ht 

CH, CH, CH, CH, 
A B 

pK, = 7.0 (50% H,O, 50% CH,OH) 
a 
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Hydrogen Bonds. Internal hydrogen bonding which involves an acidic 

hydrogen tends to stabilize that acid, and this stabilization is of course lost 

when the hydrogen is ionized away to produce the conjugate base. This effect 

causes acidity changes of one to three pK, units, and can be seen in operation 

in the appended pair of similar cases, one with and one without internal 

hydrogen bonding. The large raising of the phenolic pK, (to 13.4 from 9.3) 

in the second case is partly a function of the inductive effect of the neighboring 

anion. 

HOOC 

pK, = —OH 9.3, —COOH 4.5 

O O O 
TH PK “Hpk. : 
ZO 30 a 13.4 eee 

OH b 

With amines, it is hydrogen bonding of the conjugate acid—usually to 

a nearby hydroxyl—which is commonly observed. This has been used to 
distinguish cis and trans relative configurations of cyclic amino alcohols. 

5-7 H 

members 

PROBLEM 8-5 

Explain why one member in each pair is a stronger acid than the other. 

COO- s€O0= 

a 

“COOH COOH 

NH,* NH,* 
OCH, ~OCH, 

b 

H H 

c CF,CH,OH CH.,CF,OH 

d o- and p-nitrophenol 
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8-7 LEWIS ACIDS AND BASES 

A general set of definitions of acids and bases was proposed by G. N. Lewis: 

All substances containing unshared electron pairs are bases 

All those containing an element that is two electrons short of having a complete 
valence shell are acids 

The bases are as defined before but the definition of acids is broader, 
the proton being only one case of a “Lewis acid.” Boron (and aluminum) com- 
pounds are common examples of Lewis acids. The reaction of a Lewis acid with 
a Lewis base produces an addition compound, called a salt if the Lewis acid 
is a proton acid. Addition compounds, including salts, are always ionic, inter- 
or intramolecularly. 

H E 

> | oR aeoe: 

H H F 
Ammonia, a Boron trifluoride, Addition 
Lewis base a Lewis acid compound 

H H 
AS Near 

Compare: HN ; 42 Jal —— H-N—H 

H H 

Salt 

Lewis acids such as aluminum chloride, boron trifluoride, stannic chloride, 

zinc chloride, and ferric chloride are extremely important acid catalysts for 

certain organic reactions, which are initiated by reaction of these Lewis acids 

with basic sites (electron pairs) on the reactant molecule. 

BF, AICI, SnCl, ZnCl, FeCl, 

Boron Aluminum Stannic Zinc Ferric 
trifluoride chloride chloride chloride chloride 

Important Lewis acids 

Systematic study of Lewis acid-base reactions has been particularly useful 

in establishing principles of chemical reactivity. Equilibrium constants have 

been evaluated for the reversible reactions between alkyl-boron compounds 

and amines of varying steric requirements, as in Table 8-5. 

Comparison of dissociation constants of trimethylbéron adducts shows 

that replacement of two hydrogen atoms of ammonia by methyl groups is 

base-strengthening. Such a response is expected. Since the electron affinity of 

carbon is less than that of hydrogen, a methyl group will have a greater elec- 

tron-donating effect than hydrogen. However, the trimethylamine adduct is 

much more highly dissociated than the adduct from dimethylamine. The methyl 

groups must be more compressed in trimethylamine-trimethylboron than are 

the groups in the dimethylamine adduct, but this steric effect is negligible when 

the acid is only a proton. 
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Cc 

of 
b 

Exe d K ] d 

phe WA : \ Ze + ify 

N ——- os ¢ N 
re NX e Gas NX a 

a“ (sp?) (sp*)*f ae 
a 

Alkylborane-amine Alkylborane Amine 
addition compound (sp*; planar) (sp?; pyramidal) 

Triethylamine gives no detectable adduct with trimethylboron, since ethyl 

require more space than methyl groups. At least one of the three ethyl groups 

of triethylamine must be folded toward, and partly covering, the unshared pair 

of electrons. In quinuclidine, the carbon atoms are held back by the ring system, 

and consequently the substance forms a very stable adduct. Configurations of 

these two compounds are indicated in Fig. 8-3. 

An interesting example of the steric requirements of Lewis acids is 

afforded by 2,6-di-t-butyl-pyridine, the pK, of which is essentially the same 

as that of unsubstituted pyridine (reaction with a small proton), but the space 

available at the base pair is too small for any other Lewis acid and no addition 

compounds are observed with various boranes (even BH), SO,, etc. The com- 

pound is a selective base for protons only among Lewis acids. 

TABLE 8-5 Dissociation Constants of Trialkylboron-Amine Compounds at 100° 

Acid Base Ky 
Se ee en ee Ee 
(CH,),B NH, 4.6 

(CH,).B CH,NH, 0.0350 

(CH,)B (CH,),NH 0.0214 

(CH,),B (CH,),N 0.472 

(CH.),B (C,H.),N No compound formed 

(CH,)B O 0.0196 

iN 



CH, N N 
x CH, ) y j 

Triethylamine Quinuclidine 

FIGURE 8-3 Configurations of triethylamine and quinuclidine 

8-8 CHARGE-TRANSFER COMPLEXES 

Bases were defined previously in terms of unshared electron pairs, but the 
electrons in a 7 bond are also mobile enough to attack strong acids, as the 

low pK,’s of alkenes (~ —4) testify. The protonation of carbon-carbon double 

bonds is an important process in initiating many alkene reactions. Aromatic 

a electrons are less easily attacked—less basic—owing to their extra resonance 

stabilization, but they can react with both protons and Lewis acids to form 

addition compounds. In some cases, these adducts can be isolated in a crystal- 

line state. In general, the greater the number of aromatic rings per molecule, 

the more basic the hydrocarbon and the more readily are addition compounds 

formed. Anthracene is more basic than naphthalene, which in turn is more 

basic than benzene. 

oe 
Anthracene Naphthalene Benzene 

Order of decreasing basicity 
ee ES 

Liquid hydrogen fluoride, tetranitromethane, picric acid, and tetracy- 

anoethylene are examples of Lewis acids capable of forming adducts with 

aromatic hydrocarbons. 

OH 

O.N NO, 

(HF), (NO,),C Sa ae cae 
bape EN NO, N=C C=N 

Hydrogen Tetranitromethane Picric acid Tetracyano- 
fluoride ethylene 

The exact structures of these addition compounds and the nature of the 

bonds involved are not well understood. For instance, anthracene and tetra- 

cyanoethylene react to form a brilliant green complex. Tetracyanoethylene is 

a special kind of Lewis acid, because the four cyano groups withdraw electrons 

from the central carbon-carbon double bond and these two carbons become 

relatively electron-deficient. On the other hand, the 7 electrons of anthracene 

are relatively loosely bound. In the complex some of the anthracene 7 electrons 
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“leak” into tetracyanoethylene. Consequently, the complexes are called charge- 

transfer complexes, or + complexes. In each part of the complex the transferred 

charge is spread throughout a conjugated system, as indicated by the use of 

dashes for partial bonds in the following formulas. 

Anthracene Tetracyanoethylene Adduct 

8-9 TAUTOMERISM 

Tautomeric shifts of protons (Sec. 5-4) are internal acid-base reactions. When 

a proton is completely removed from either of two tautomers, the same res- 

onance-stabilized anion is produced, as illustrated in the conversion of both 

carbonyl and enol forms of acetaldehyde into the same enolate anion. 

—Ht +Ht 

CH,—C=O :CH,—C=O <> CH,=C=O: CH,=C—OH 
: 4+Ht oe ] ee 4+Ht+ | 

H H H 

Carbonyl form Enolate anion Enol form 
>99% at equilibrium <1% at equilibrium 

Tautomerism in acetaldehyde 

Interconversion of carbonyl and enol forms of aldehydes and ketones is 

measurably slow, since at some stage a carbon-hydrogen bond must be broken. 

Many studies of equilibrated systems have been carried out, and tautomeriza- 

tion constants measured. These constants are the ratio of the acidity constants 

of the carbonyl and enol forms, as indicated in Eq. (10), and recorded in Table 

8-6. 

ie. K_ of carbonyl fo 
Tautomerization constant = Ky — —4 bs pe 

K, of enol form oe 

or pKy = PK.co) i PK a enod 

The enol forms of simple aldehydes and ketones have not been isolated 

in pure form because they are so easily converted into the more stable carbonyl 

forms. Conversions of this type occur very readily and are catalyzed by both 

acids and bases, and even by polar surfaces (such as glass!). Both tautomeric 

forms of £-dicarbonyl compounds have been isolated. The enol and carbonyl 

forms of these compounds are close to each other in stability, and in some 

of the examples shown in Table 8-6 the enol form is the more stable of the 

two. B-Ketoaldehydes commonly enolize almost 100% at the aldehyde carbon. 
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O O O OH 

Two factors contribute to the increased stability of the enol form in 
$-dicarbonyl compounds. The enols are stabilized by a significant resonance 

energy, similar to that of carboxylic acids. In noncyclic compounds, the enol 

forms are also stabilized by internal hydrogen bonding. 

H H 

om :O: *o: :O: 

ays 
Re CH or eR Res Gute 

Resonance and hydrogen bonding in enols of /6-diketones 

TABLE 8-6 Tautomerization Constants of Carbonyl-containing Compounds 

Carbonyl form Enol form Ke pK, 

Pape OHCs 2.5 < 10-8 (in water) 5.6 

O OH 

O OH 

oy esl 2.0 x 10-4 (in water) 3.7 

H. O oO LAIN 
ol oo me ee 

CH,CCH,COC,H; | I 6.2 x 10-? (pure liquid) 12 
C 
See SS GH “ GH 
H 

H. O O Zee, 
| oe ae 

CH,CCH,CCH, i I 3.6 (pure liquid) 0.6 

2 gS CH; ee OC,H, 
H 

O OH 

[ (J Too large to measure (~20) 
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8-10 USES OF ACIDS AND BASES 

A common application of organic acids and bases is found in indicators. These 

are compounds which have spectral absorption in the visible region but different 

Amax (Sec. 7-3) for the acid and its conjugate base. Thus when the pH of the 

medium changes and passes through a value of pH = pK, (when [B:] = [HB]) 

the color of the indicator changes. The common basis for this occurrence is 

that the conjugate base represents an extended conjugated system (with long- 

wavelength absorption) which is broken by protonation. A simple example is 

found in p-nitrophenol, the conjugate acid of which is yellow, the base (anion) 

being dark red. Phenolphthalein is one member of a large class of structurally 

similar common indicators, including thymol blue, cresol purple, and brom- 

cresol green. These have two ionizable hydrogens and both often ionize in water 

giving two color transitions. 

B: HO. A OH O OH 

= le GS oe 
Coy 

Phenolphthalein Pale yellow 
(reaction of anion on 

deprotonation indicated) oO) 
colorless A Vo 

[OR 
, COO 

(Resonance indicated) 
red 

PROBLEM 8-6 

a Write several resonance forms of the dianion of phenolphthalein. 

b Create variants on the phenolphthalein structure which will have different 

colors (cf., longer absorption wavelengths) for both the anions. 

In general, of course, when an acid or base is part of a chromophore 

absorbing in the UV or visible region, the spectrum will change on passing 

over to the conjugate form. From Fig. 7-8 it is clear that hydroxyl conjugated 

to carbonyls goes to a longer wavelength absorption in basic solution since 

the group becomes oxide anion with more effective conjugation. Similarly, 

p-nitroaniline absorbs at longer wavelength than its conjugate acid, in which 

the nitrogen electrons are removed from conjugation by the protonation. 
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Accordingly, UV spectra of many systems afford more structural information 
when recorded in acid and base, as well as neutral, solution in order to discern 

these wavelength shifts. 

:NH, +NH, 

NO, NO, 

Many organic reactions are initiated by a first step involving either 

protonation or deprotonation of a reactant which is a base or an acid, respec- 

tively. This is done by applying an acid or base as reagent. This initiating acid 

or base should be chosen so as to have sufficient strength that the reaction 

is exothermic, i.e., the equilibrium lies towards the products. This is assessed 

by comparing the reagent and reactant pK,’s on the scale of Table 8-2. If a 

reagent is chosen that causes the equilibrium to favor starting materials and 

hence yield only a small proportion of products, the choice will be acceptable 

only if this small equilibrium supply does not choke off the subsequent desired 

reactions of those products. 

Reagent bases must also be chosen so as not to attack other positive sites 

than acidic protons in the molecule or else side reactions will occur. In the 

list of common reagents in Table 8-7 the bases NaH, (CH,),C:~, @3C:7, and 

TABLE 8-7 Common Acid and Base Reagents Used 

to Initiate Organic Reactions 

Bases Acids 

NaH FSO,H : SbF, 
t-BuLi x FSO.H 
n-BuLi = HBF, 

1S) 

LiNEt, s H,SO, 
ier) 

> NaNH, = BE, 
2 3CNa C,H;SO;H 
5 KOC(CH,); 3 HCl 
ap NaOCH, CF;COOH 
e NaOH V CH;COOH 
ic) 

9 Et,N 
= CH,CO,Na 

SS 

e 
N 

ay Pyridine 
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t-BuO- are commonly used for selective attack on protons rather than other 

positive sites, the last three because their steric hindrance prohibits attack on 

sites bulkier than protons. Acids must sometimes be chosen so that they offer 

no mild base counterion which is capable of attacking the protonated reactant; 

FSO,H - SbF;, HBF,, and BF, are common for this purpose. 

As an example, consider a reaction in which a ketone is to be converted 

to its enolate anion so that this may undergo a subsequent reaction (Chap. 

12). The pK, of a simple ketone is about 20. Use of the base triethylamine 

(pK, ~10) may not be adequate to catalyze the reaction, but sodium ethoxide 

(pK, ~17) may be sufficient even though it can enolize very little. The pK, 

= pK, — pK, = 20 — 17 = 3, or K, = 10-3 which implies a concentration of 

enolate about 1/1,000 that of the ketone at equilibrium. However, the rate of 

attainment of the equilibrium is fairly rapid so that as enolate is used up in 

the subsequent reaction, it is regenerated rapidly by the ethoxide-ketone equi- 

librium. If the rate of proton abstraction from the ketone is slow, however, 

it would be better to use a base which more fully converts ketone to enolate 

at equilibrium, such as t-butoxide (pK, 19) or, better, NaNH, (pK, ~35) or 

$C (pK, ~32). 
Acidic and basic properties can be of great value in structure determina- 

tions as well. Compounds that are basic (and are not salts like CH,O0~Nat) are 

almost invariably amines, while acidic compounds with pK, below about 7 

are almost always carboxylic acids. Most amines and carboxylic acids, like other 

neutral organic molecules, do not dissolve in water. However, amines dissolve 

in aqueous acids (pH 1 to 2) since their ionic conjugate acids are formed. 

Similarly, carboxylic acids dissolve in aqueous bicarbonate (pH ~7), and car- 

bon dioxide is seen bubbling out from the carbonic acid liberated. Phenols 

(pK, ~10) will dissolve in strong aqueous alkali (pH ~13) but not in aqueous 

bicarbonate. Such simple solubility tests have long been used to determine the 

acidity or basicity of organic substances in structure determination, and so 

imply the presence or absence of these functional groups. 

The detailed measurement of pK, values, especially in the easily accessi- 

ble aqueous range of about 1 to 13, can often throw more light on the presence 

or absence of perturbing influences on normal acidity or basicity, as in the 

examples of the previous sections. In structural problem-solving the presence 

of nitrogen and basicity indicate an amine. A lowered pK, (from ~10) implies 
resonance with the nitrogen electrons usually, and nitrogen without basicity 

usually implies the nonbasic functionality of amide, nitrile, or nitro although most 

of the rarer functional groups containing nitrogen are also nonbasic (oximes, 
azides, etc.). 

A number of problems are provided to illustrate the value of acidity- 
basicity information in simple chemical determinations of structure. 
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8-11 SUMMARY 

Most organic acids are proton acids with protons attached to N, O, and S. 
The acidity of C—H is negligible and may be ignored unless the carbon is 
adjacent to one or more groups which stabilize the conjugate base by delocal- 

ization of its long pair (NO, > C=O > CN, SO,R > @). Every acid is related to 
a conjugate base with a pair of electrons in place of the acidic proton, and 

one charge more negative. The acidic proton is removable by another base 

in an equilibrium reaction, a base of higher pK, being necessary to force the 

reaction to proceed substantially to the right. Table 8-2 is a scale of pK, values 

which allows rough comparisons of virtually all possible organic acids and bases 

to be made. Bases are assessed in terms of the pK, of their conjugate acids 

in order to use only one scale for all acids and bases. 

Bases are molecules with unshared electron pairs at the basic site (or 7 

electrons as very weak bases), either anions at C, N, O, S or neutral amines, 

R,N:. They attack acidic protons on acid molecules with lower pK,, forming 

their own conjugate acid (which with amines will be a salt) in the process. 

Bases also often attack other positive sites, such as certain carbons, in molecules 

and this dual potential must be dealt with in practical considerations of re- 

actions, but the pK, scale provides a rough assessment of relative reactivity 

of bases towards other positive sites as well as protons (discussed more in 

subsequent chapters). 

It is important to keep straight which acid-base equilibrium is involved 

in cases with two possible proton-transfer steps, particularly amines and alco- 

hols. A brief table of the major organic acids and bases follows. 

Acids pK, Bases pK, 

R—COOH ~5 Satd. R:- ~40 

1 
g@—OH ~10 —C—C:- ~20 

B-Dicarbonyl and 

related compounds 5=15 RO: - ~17 

R,N: ~10 

o-NR, ~S5 

The general relation of pK, to reactivity is 

High pK, = weak acid, strong conjugate base (very basic, high-energy base) 

Low pK, = weak base, strong conjugate acid (very acidic, high-energy acid) 

Acids and bases with pK, in the range 0 to 14 undergo their interconver- 

sion equilibrium in water. 
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The energy relationships state that a base is of higher energy than its 

conjugate acid by ~1.4 x pK, (and hence of lower energy if the pK, is negative). 

An acid and a base will react in an equilibrium which goes substantially to 

products if pK, = pK,qy— pK, = negative, where pK, q) is the pK, of the 

reacting acid A and pK, that of the reacting base B. 

The major effects of structure on reactivity arise from resonance, which 

usually acts when the base site (e~ pair) is conjugated with an unsaturated 

system. (See, however, Fig. 8-1.) This lowers basicity and pK,, raises acidity, 

and is the strongest effect, especially in carbon acids. Carboxylic acids, however, 

are virtually unaffected by resonance. The inductive effect is caused by the 

electrostatic repulsion or attraction of full charges (or the nearest charge in 

a dipole) on the reactive site: positive charges and ordinary dipoles stabilize 

the base and lower the pK,; negative charges raise it. Both effects (resonance 

and inductive) are electron-withdrawing usually, and in most cases stabilize 

the base by withdrawing its electrons. The pK, of the acid is correspondingly 

lowered. 

' Steric effects are less common; they usually act by inhibiting resonance 

(raising pK,) or solvation (lowering pK,) and almost never inhibit the approach 

of proton to the electron pair, since the proton is small (sterically undemand- 

ing). Steric effects are very important with other Lewis acids, which are larger 

than protons. Finally, internal hydrogen bonding stabilizes acids and raises the 

pK, in most cases. All or some of these four effects can operate together, 

independent and additive, and in some cases their disentanglement can be 

complex and difficult. 

Lewis acids and charge-transfer complexes are extensions of the acid-base 

reaction beyond protons (acids) and unshared pairs (bases) to include as well 

electron-deficient species as acids and 7 electrons as bases. Acid-base reactions 

are important both as initiators of subsequent reactions of many kinds and 

as models for more complex reactions. 

PROBLEMS 

8-7 Arrange the following compounds in order of decreasing acid strength. 

CH,COOH, [(CH,),C],CCOOH, CH,SO,CH,COOH, C,H,OH, 
p-CH,C,H,OH, CH;NO,, n-C,H,o, (CgH;).CH, 

8-8 Classify the following compounds as Lewis acids, Lewis bases, neither, or both. 

AICI,, NI,, NaOH, dioxan, pyridine, CH;NO,, FeCl,, CH,Br, CH,COOH, 

C,H, (NC),C—C(CN), 

8-9 When possible, dipoles within a molecule tend to line up in configurations that 

allow like charges to be as far as possible from each other. An example is found 
in glyoxal: 
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8-10 

8-11 

8-12 

8-13 

H -~O H H 

SZ more stable than Yee 

fi. PS, 
Two configurations for glyoxal 

Keeping the above idea in mind, provide an interpretation for the following facts: 

O O 

Cr ——— [eae 2670 anl Ome 

O OH 

CH,COCOCH, == CH;COC=CH, Ky = 56 x 10 
OH 

In 100% sulfuric acid, acetic acid behaves as a base, taking a proton from sulfuric 

acid. Write what you think is the structure of the conjugate acid of acetic acid, 

and justify your choice of this structure over any alternative structures. 

Quinuclidine is a stronger base than triethylamine toward trimethylboron by 

an immeasurably large amount, but the basicity of the two compounds toward 

protons is about the same. Explain this fact. 

Explain the order of acidity and basicity observed for the following compounds. 

a_ A solution of p-CH,C,H,SO;H (or any other strong acid) is somewhat less 

dissociated in acetic acid solution than in aqueous solution. However, the 

acidity of the acetic solution appears to be the higher of the two when 

estimated by measurement of their abilities to protonate bases: acid + B: 

== BHt + conjugate base. 

b H—C—COOH . H—C—COOH 
| is a stronger acid than | 

H—C—COOH HOOC—C—H 

é H—C—COONA . : H—C—COOH 
while is a stronger acid than | 

HOOC—C—H H—C—COONa 

c (NO,),CH is a stronger acid than (NO,),CH,, which in turn is a stronger 

acid than NOCH. 

Which of the two enols would you expect to be the stronger base, and why? 

Which is the stronger acid, and why? 

CH,—C—C=CH, CH,C—CH=C—CH, 
O OH O OH 

Enol of an Enol of a 
a-diketone f-diketone 

Arrange the following acids in decreasing order of acid strength: 

+ + 
CH,NH, NH,—C—NH, —C,H,NH, —_p-NO,C,H,NH, 

NH, 
+ 
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8-15 Presume that, in the formation of the addition compound between tetracyano- 

ethylene and naphthalene (page 328), an electron is completely transferred from 

hydrocarbon to cyano compound to produce a naphthalene radical-cation and 

a tetracyanoethylene radical-anion. Draw representative resonance forms for 

these two species. 

8-16 Write all possible tautomeric structures for the following compounds. Applying 

the principles of resonance, pick what you think would be the most stable 

tautomer. 

O 
a C,H,CH(COOC,H.), e | 

b CH—CH, N h 
NCH 2 N 
Nee | 
N O H 

c f 

is ae 
H O a 

O O OH ? j CH,—C—CH,-NO, 

d CL O is CH, 

O O 

8-17 Interpret the following facts: 

a Although n-C,H,Na + (C,H;);CH —> (C,H;),CNa + n-C,H,o, 

H oe: 
n-C,H Na + CH OO —— no reaction. 

Mc 

ad 
b In the homologous series of compounds CH, - (CH,),,, 

those with higher values of n are more acidic. 

c In the homologous series of compounds the (ee 

(CH,),, 

those with smaller values of n are the stronger bases. 
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OH OH 

d In acid strength, 2 

CH, CH, 
NO, NO, 

8-18 a Few neutral carboxylic acids show a higher pK, (lower acidity) than acetic 
acid. One exception is a-furoic acid. Rationalize this observation, considering 

resonance effects. 

a-Furoic acid 
pK, 6.7 

b Account for these acidity differences. 

OH 

pK, 10 Oe, 

c Account for this increase in acidity (loss of proton). 

N 

H H H H 

8-19 When 3-chlorocyclohexanone is treated with base, the elements of HCI are 

eliminated. The first step is removal of a proton in base, as shown, forming 

the enolate anion. 

O O O 

eH. - 

Cl Cl 
Enolate 

a Assuming the first reaction is much faster than the second and that the pK, 

of simple ketones is ~20 (cf. CH;COCHs, Table 8-2), what is the immediate 

result of mixing 3-chlorocyclohexanone and potassium t-butoxide in equi- 

molar amounts? 

b Why is the overall reaction slower when triethylamine is used in place of 

potassium t-butoxide? 
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8-20 

8-21 

8-23 

PROBLEMS 

c Would you expect elimination of HCI to be faster or slower with the follow- 

ing? 

Chlorocyclohexane 2-Phenyl-3-chlorocyclohexanone 

4-Chlorocyclohexanone 2,2-Dimethyl]-3-chlorocyclohexanone 

An unknown compound C,H,,.O, was said to give a basic reaction to wet litmus 

or pH paper. What response can be made to this claim? 

What structural information can be deduced from the information given in each 

case about the following substances of unknown structure? Write a structure 

for each unknown and comment on whether other structures are possible or not. 

a A base, C,H)N, with pK, ~S. 

b A base, C,H)N, with pK, ~10. 

c A base, C,H,,N, with pK, ~10 and optically active. 

A neutral compound (no basicity or acidity observed in water), C,9H,,NO3. 

A base, C,)H,,NO3, with pK, ~5. 

A base, C,)H,,NO3, with pK, ~10. 

A weak acid, C,)H,,NO;, with pK, ~10. 

An acid, C,)H,,NO3;, with pK, ~5. 

i A compound, C,)H,,NO,, is insoluble in water (pH ~7) but dissolves in 

so ™ © 

aqueous acid below pH 3 to 4 and also dissolves in strong alkaline solution 

with pH above 12. 

Which of these two isomeric bases is more basic, and why? 

Ze 

pK, 8 pK, 5 a 

Deduce structures which fit the descriptions of unknown compounds given 

below. 

a A water-insoluble compound, C,H, ,O3, dissolves in aqueous NaHCO, solu- 

tion (with bubbling). The compound is unaffected by catalytic hydrogenation. 

b An acid, C;H,)O4, pK ~5, is optically active. On ozonolysis it produces 1 

mole each of two different acids, only one of which is optically active. 

a Of two isomeric liquids, C,H;N, only one dissolves in aqueous HCl. 

d A compound, C;H,N,O,, is dissolved in ether and dry HCI gas bubbled in. 

A white crystalline solid, C,H,N,O.CI, precipitates. 

e A compound, C,H3N,0, dissolves in aqueous NaHCO,. 
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8-24 

8-25 

8-26 

8-27 

8-28 

The two very similar substances below have very different properties. Compound 
A is neutral and absorbs in the IR at 6.0 p (1670 cm~') while compound B 

dissolves in 5% hydrochloric acid and absorbs in the IR at 5.8 wp (1720 cm7?), 

Explain the difference. 

CH, 

i O Ck 

CH, 
A B 

The diamine shown below is a stronger base than ordinary aliphatic tertiary 

amines although it is very inactive to Lewis acids like trimethylboron. In ac- 

counting for its behavior, examine its geometry, resonance, steric hindrance, 

and hydrogen bonding. 

(CH.).N N(CH:3)> 

When 1,2-dimethylcyclopentadiene is treated with sodium methoxide and then 

reisolated, three isomers (of C,H,,) are isolated. Explain. 

Extraction of the bark of the boola-boola bush yields a pure crystalline compound 

named odorific acid, C,H,,NO,, mp 162°, optical rotation [a], = 0°, and the 

acid could not be resolved into enantiomers. The pK, of odorific acid was similar 

to that of acetic acid, and the sodium salt could be isolated by neutralizing with 

sodium hydroxide. The IR spectrum of the acid showed a strong band at 5.8 

u, that of the salt at 6.2 4, while both showed a strong band at 6.0 pw. (They 

each had only two strong bands in the region around 6 p.) The salt also showed 

one band at 3.0 p, and neither showed UV absorption. The NMR spectrum 

showed one unsplit, very-low-field proton, only one proton (singlet) on a double 

bond, and one peak of three protons ina sharp unsplit singlet in the hydrocarbon 

(high-field) region; the other protons showed as unclear multiplet signals. Try 

to assign structural meaning to these facts, writing out your reasoning stepwise. 

Then combine these separate interpretations into a structure for odorific acid 

which is consistent with all the observations above. (Note: Odorific acid was not 

amphoteric, i.e., it showed no basic properties in addition to its acidic character.) 

The substance C,)H,)O, dissolves in aqueous bicarbonate and exhibits NMR 

peaks at 7 0.12, 2.58, 4.05, and 7.82, all singlets in an intensity ratio Oi Wsseilssy 

respectively. 
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ORGANIC 
REACTIONS 
THE second unit in the book (Chaps. 9 to 22) deals largely with organic reac- 
tions. Reactions, allowing interconversion of the millions of organic compounds 
and permitting the synthesis of materials of great value to humanity, are the 
real stuff of organic chemistry. The number of reactions that have been carried 
out (or attempted unsuccessfully) with organic compounds far exceeds the 
number of compounds. Nevertheless, with our present insight into the mecha- 

nisms of these reactions we shall see that they mostly fit into a few basically 

simple patterns. Classification of compounds by structural types and functional 

groups is indispensable to any discussion of the structure of organic substances. 

Similar advantages of clarity and organization arise from the classification of 

organic reactions. 

We shall find that organic reactions take place entirely in accord with 

the expectations derived from the fundamental properties and energies of the 

molecules as developed in Chap. 2. In the past chapters we developed these 

properties to see their effects on molecular structure. In this chapter, intro- 

ducing the general concepts of reactions, we shall develop the same properties 

to understand the ways in which molecules react with each other to create 

new molecules. 

9-1 TERMINOLOGY AND CLASSIFICATION 

A chemical reaction—at the molecular level—is an event in which two mole- 

cules collidet in such a way as to break one or more of their bonds and make 

one or more new bonds, and hence new molecules. The sequence and timing 

of the bond-breaking and -making processes will be important to our under- 

standing of reactions. They may occur as separate, discrete steps; they may 

overlap in the sense that a new bond begins to form before an old one is 

completely broken; or they may both occur together, the new bond being 

formed at the same time as (and as a direct consequence of) the cleavage of 

another. The last process is called a concerted or synchronous reaction. If an 

observed chemical transformation is found to consist of several steps—and this 

is common—the several intermediate compounds can sometimes be isolated, 

with care and control of reaction conditions, or sometimes observed in fleeting 

existence by physical methods if too unstable to isolate. The detailed course 

of an overall reaction—its sequence of steps and the details of electron move- 

t+Even though a few reactions occur by initial disruption of only a single molecule (via input of energy), 

most reactions are initiated by collision of two, and the definition in this way is more useful for the 

development of the central theory. 
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ment, bond breaking and making, and timing—is described as the mechanism 

of the reaction. 

A simple generalized reaction would be 

A\ 25 JB ass (CC 4 ID 

in which A and B are starting materials and C and D are products. A reaction 

occurring in several steps might proceed as follows, taking a course in which 

the intermediates D and E are formed and destroyed again en route to the 

products F and G. (Intermediates are often written in brackets to emphasize 

their transient existence.) 

Aes B Gey (ep eh ee 

It is not uncommon to find that intermediates can go on to react in more than 

one way, affording competing reactions which lead to side products or by-products 

(H and J) as in this example: 

AL Ge DE ere 

ees 

Most reactions involve conversion of one functional group into another 

at one site on an otherwise unchanged molecular skeleton. The saturated 

hydrocarbon portion of the molecular skeleton is rarely affected. This organic 

starting material, on which the attention is thus focused, is called the substrate 

or reactant, which is acted on or attacked by the reagent. The reagent is very 

commonly an inorganic or very simple organic substance and is used to create 

the desired transformation in the substrate. In the special but synthetically 

important reactions which combine two organic reactants to create new car- 

bon-carbon bonds and hence larger molecules, the designation of either starting 

material as substrate or reagent is arbitrary and often meaningless. In general, 

Substrate + reagent ——> [intermediate(s)] ——> products 

aes ee > by-products 

Stereochemical Features 

For new bonds to form from orbitals in the reacting molecules the orbitals 

must approach and overlap. Since orbitals and their mutual overlap to form 

bonds have strong directionality, there will be geometrical constraints on the 

direction and orientation in which reactants can come together for successful 

reaction. Ordinary hybrid orbitals (sp?, sp?, sp) extend along an axis and must 

be aligned on that axis if they are to bond successfully when they approach 

each other. These constraints are called the stereoelectronic requirements of the 

reaction. 

Other stereochemical features of reactions include the stereospecificity 

and the stereoselectivity. 
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A stereoselective reaction is one which proceeds (reacts) preferentially 
with one stereoisomeric reactant instead of another. 

A stereospecific reaction is one which produces one stereoisomeric product 
preferentially over another. 

A simple example is available in the maleic and fumaric acids on page 
181. The cis diacid forms an anhydride with more facility than the trans in a 
stereoselective reaction while the hydrolysis of the anhydride is stereospecific in 
that it yields only maleic acid and no fumaric. 

Fundamental Classes 

Classification of organic reactions very naturally emphasizes the changes 

that occur in the bonding to carbon atoms at the site of reaction. The first 

level of classification defines three great classes of reactions: substitution, addi- 

tion, and elimination. 

In a substitution reaction an atom or a group attached to a carbon atom 

is removed and another enters in its place. No change in the degree of un- 

saturation at the reactive carbon occurs. 

An addition reaction involves an increase in the number of groups attached 

to carbon. The molecule becomes more nearly saturated. 

An elimination reaction involves a decrease in the number of groups bound 

to carbon. The degree of unsaturation increases. The following are examples 

of each class. 

Substitution: 

HBr + CH,CH,OH —~> CH,CH.Br + H,O 

Reagent Substrate Products 

Addition: 

Br, + CH,=CH, ——> CH,BrCH.,Br 

Elimination: 

NaOH + CH,CH,Br —> CH,=CH, + H,O + NaBr 

Virtually all organic reactions fall into one of these three classes. The 

acid-base reaction (proton-transfer, Chap. 8) may be regarded as a fourth class, 

although it makes no fundamental change in the substrate structure. Rearrange- 

ments (Chap. 17) are often listed as a different class. These are reactions in 

which the carbon skeleton of the molecule is internally rearranged, but they 

may be seen as a sequence of steps, all of which are reactions of the first three 

classes. Reactions which cleave carbon-carbon bonds and so break up the 

molecular skeleton are called fragmentation reactions; these are usually varia- 

tions on the elimination class of reactions. 

PROBLEM 9-1 

Into what class of reactions does each of the following transformations fall? 

+ 

a CH,CH,CH,S(CH,), + CH;NH, —> CH,CH,CH,NH,CH, + (CH,),S 
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b CH,CH,CH,S(CH,), + OH- —> CH,CH=CH, + (CH,),S + H,O 

c C,H, + HNO, —> C,H,NO, + H,O 

d CH,CH=CH, + Cl, —> CH,CHCICH,Cl 

e CH,CH=CHCH,COOH 1, CH,CH,CH=CH, + CO, 

f (OH) on (CHa = CH,COC(CH;), + H,O 

OH OH 

g CH,CH=CHBr + -OH —> CH,C=CH + H,O + Br- 

Reaction Intermediates 

Many organic reactions involve formation of transient intermediates that 

play a crucial role in the overall processes. The lifetimes of these intermediates 

range upward from 107!” sec. These intermediates may be formed by attack 

of various reagents on substrates, by dissociation of organic compounds, or 

by promotion of molecules to excited states by absorption of light or interaction 

with high-energy radiation, such as a-, B-, and y-rays. The following summary 

describes the important intermediates. 

Carbonium ions are carbon cations. They may be thought of as fragments 

of molecules in which a group and the pair of bonding electrons have been 

removed from one of the carbon atoms. The positively charged carbon atom 

of a carbonium ion is in the sp? state of hybridization,} so that the ion is planar: 

a ie 
ce y 

Carbonium ion 
(sp? planar) 

Carbanions are carbon anions. They are formed by removal of one of the 

groups attached to a carbon atom without removing the bonding pair of elec- 

trons. Like amines, with which they are isoelectronic, carbanions are nonplanar. 

The simplest formation of a carbanion is the removal of a proton from its 

conjugate carbon acid. 

a 

ue 
7 

Cc 

Carbanion 
(sp? pyramidal) 

Carbon radicals are formed from normal carbon compounds by removal 

of an attached group along with one of the two bonding electrons. Most carbon 

jIf a carbonium ion assumes the trigonal (sp?) state of hybridization, an unhybridized p orbital is left 

vacant. Such a condition is energetically desirable, since the six bonding electrons are then accommo- 

dated in orbitals that ‘“use up” all the carbon 2s orbital. The energy of the system is minimized because 

electrons in 2s orbitals have lower energy than electrons in 2p orbitals. 
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radicals are uncharged, although both anion and cation radicals are known. 
Radicals are intermediate between carbanions and carbonium ions. The methyl 
radical is known to be planar, and by inference, this is believed to be the 
“natural” configuration of free radicals.t 

Carbon radical 
(probably planar) 

Carbenes are fragments of molecules in which two groups attached to 
carbon have been removed along with only one pair of bonding electrons. 
Carbenes are neutral divalent carbon compounds which typically have only 

transient existence. Carbon monoxide is stable, however, as the carbene of the , 

carbonyl, :C—=O. One interesting feature of the carbene structure is that it 

may exist in two distinct states, one in which the spins of the unshared elec- 

trons are paired and one in which the spins are unpaired.t Little information 

is available concerning the configuration of carbenes. 

i 
a—C: 

Carbene 
(configuration uncertain) 

Excited states of molecules are produced by absorption of light. Visible 

and ultraviolet light induce states in which electrons occupy high-energy orbit- 

als (Sec. 7-4). Such species are highly reactive and are involved in photochemi- 

cal reactions of organic compounds (Chap. 22). 

Unstable molecules are formed as intermediates in some reactions. Such 

molecules are unstable and highly reactive, often because of extreme geometric 

distortion (strain energy), and are converted rapidly to other, more stable 

products. Because of their instability and reactivity they are classed in the same 

high-energy category as the preceding ions and radicals. A single example will 

be cited here. a-Haloacids undergo facile substitution reactions in aqueous 

alkaline solutions. The products are a-hydroxy-acids. Careful study of the 

reactions has shown that they do not occur in one step. Highly reactive a- 

lactones are formed as transient intermediates. 

+Electronic arguments lead to no decisive conclusion as to the preferred configuration of radicals. Perhaps 

the planarity of the methyl radical arises from the fact that repulsion between the attached groups 

is minimized in the planar configuration. 

tCarbon has four low-energy orbitals (one 2s and three 2p). Two of these are used for bonding; therefore, 

there are two low-energy orbitals available to accommodate the unshared electrons. If both electrons 

go into one orbital, the spins must pair. If the electrons go into different orbitals, they will have parallel 

(unpaired) spins. A carbene in the latter state would have a permanent magnetic moment and would 

exist in three closely grouped energy states if it were placed in a magnetic field. Such a state is called 

a triplet state. The state in which the electrons are paired has no magnetic moment and is called a 

singlet state. It is known that the triplet state of H,C: has a lower energy than the singlet state. These 

states are discussed in Chap. 22. 
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Br~CH,Co eee Oe 
Seo O 

a-Bromoacetate ion a-Acetolactone 
(glycololactone) 

O 
Y 

CH,7C=O 4+ HO- —> HOCH,C. ; 

O 

Glycolate (hydroxyacetate) ion 

Nomenclature 

Authoritative rules for nomenclature of unstable intermediates have not 

yet been laid down. There seems to be no confusion concerning names of free 

radicals and carbenes. Radicals are designated by use of group names followed 

by the word radical or are named as derivatives of the methyl radical. Thus, 

CH,CH," is called the ethyl radical and (C,H;),C° the triphenylmethyl radical. 

Current custom also seems to be adopting the satisfactory practice of naming 

carbenes as derivatives of the parent species, H,C:. Thus, (C,H;).C: is called 

diphenylcarbene. No such harmony exists in the nomenclature of anions and 

cations. The following systematic scheme accords with good nomenclature 

practice. 

If group names are used, they should be followed by the words anion or cation. Thus, 

CH;CH,CH,:~ is the n-propyl anion and CH,CH,CH,* the n-propyl cation. 

The words carbanion and carbonium ion should be reserved for use in derived names. 

The system is exactly analogous to the nomenclature of carbenes and to the nomencla- 

ture of alcohols as carbinols (page 115). The following examples illustrate the system: 

Cation Anion Carbinol 

(CH,);Ct, trimethyl- (CH,),C:~, trimethyl- (CH,),COH, trimethyl- 

carbonium ion carbanion carbinol 

(C,H;),CH?*, diphenyl- (C,H;),CH:~, diphenyl- (C,H;),CHOH, 

carbonium ion carbanion diphenylcarbinol 

jin one respect the practice is bad; the suggested scheme raises some conflict with names already in 

the chemical literature. For example, (CH;),C* has often been called t-butyl carbonium ion. However, 

“carbonium ion” in this sense seems pointless, since the simple word “cation” fulfills the purpose 

perfectly. The present authors urge adoption of the system outlined, but also recommend caution in 

the interpretation of names found in the chemical literature. 
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Types of Bond Change 

In principle (and practice) a covalent bond can be broken in two ways: 
homolytic cleavage refers to the process in which the bond is broken sym- 
metrically, with one electron remaining on each of the originally bonded atoms; 
in heterolytic cleavage the bond is broken so that the electron pair stays united 
and attached to only one of the two originally bonded atoms: 

x—y Homolytic y , 
cleavage op eh (radicals) 

XY SSO X+ + Y- (ions) 

The latter process separates charge and produces ions; hence heterolytic re- 
actions are often called ionic reactions. Homolytic reactions produce neutral 
radicals and are often called radical or free-radical reactions. The great pre- 
ponderance of common organic reactions are ionic reactions, and these will 
be our central preoccupation here, while radical reactions are discussed in 
Chap. 20. 

PROBLEM 9-2 

Name the following species: 

a CH,CH,* d CH,CHCH, 

bar -CC.H, e (C,H,),C+ 

c lea f (C,H,),CH 

9-2 THE NATURE OF IONIC REACTIONS 

Since ionic reactions involve charged species, electrostatic forces are of major 

importance. The attraction of unlike and the repulsion of like charges are the 

central forces initiating ionic reactions and determining their course. Reagents 

may thus be broadly divided into two great classes. Those which are electron- 

rich, and have an unshared pair of electrons acting as a reactive site, seek a 

positively charged or electron-deficient site in another molecule. The former 

are called nucleophiles (“nucleus loving”). Their opposites are the electrophiles 

(“electron loving”), which are electron-deficient and offer a positive rather than 

negative reactive site. A positive (electron-deficient) reactive site is either an 

atom without a full outer electron shell or one at the positive end of a dipole, 

which may polarize further in the course of reaction. Dipoles are recognized 

as any bond between different atoms, the atom of lower electronegativity 

(commonly, carbon) being the positive site. The C—H bond is rarely an impor- 

tant dipole. Reactions are described as nucleophilic or electrophilic in terms of 

the nature of the reagent. 



Positive (electrophilic) sites Negative (nucleophilic) sites 

Nu: — Ee) = proton | 
acid —N: —> Et 
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—X: ee 

ANS: 6 oe 
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tae ae NS Si 
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|: — 
C=O (z electrons) 
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lied | 
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N 
oe 

| 

LOOX 

FIGURE 9-1 Common reactive sites in organic molecules 

The two classes are essentially the same as Lewis bases and acids, but 

the terms base and acid are usually reserved for the making and breaking of 

bonds to hydrogen while nucleophile and electrophile refer to reactions at carbon. 

Thus, the same compound can be called either a base or a nucleophile depend- 

ing on whether it attacks a proton or a carbon, respectively. The distinction 

is important, however, since the order of reactivity of Lewis bases (i.e., pK,) 

does not always correspond to their order of reactivity as nucleophiles (to 

carbon), and the same can be said of Lewis acids/electrophiles. The two classes 

of compounds may be summarized as shown. 

Nucleophile = “negative,” electron-rich, anionoid, electron-donating, 

Lewis base B: or Nu: 

Common nucleophiles: HO:-, RO. RS ies Nim H,O:, ROH, RN: 

Electrophile = “positive,” electron-deficient, cationoid, electron-accepting, 

Lewis acid, E+ 

Common electrophiles: Ht, Brt,; NO,+,7 BF, AICI, 

A nucleophile or Lewis base has an unshared electron pair (or, less re- 

active, 7 electrons) and may be neutral or negative in charge (cf. R,N: and 

HO:-). An electrophile or Lewis acid may be neutral or positive in charge (cf. 

BF, and H*). Carbanions are nucleophiles, while carbonium ions and carbenes 

are electrophiles since they have unfilled outer shells of electrons. 

Mirroring the electrical nature of the attacking reagent, the receptive 

} As will be seen later, many electrophiles are actually reactive species generated by ionization; halogens 

X+ + X- and HNO, + H+ == NO,+ + H,O. afford the reactive electrophiles 5G by X, 
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Initiation Intermediate(s) Product formation 

A Electrophilic (a) Unshared | followed by collapse | (a) Addition of nucleophile 
attack of E+ on e pair of resultant (often solvent = R—OH, 
(H* = common) | (b) = electrons | cation via etc.) i 

(b) Loss of H+ or small 

stable fragment (cf., 

H,0) 
(c) Rearrangement (Chap. 17) 

B_ Nucleophilic (2) H—(proton | followed by collapse | (a) Addition of H+ (from 
attack of acid) of resultant H—B’ = solvent, etc.) 
B: (Nu:) on (b) C— anion via (b) Loss of more stable 

(c) Others (rare) anion (like Cl-, etc.) 

FIGURE 9-2 The general course of ionic reactions 

reactive site in the substrate molecule will also be either electron-rich or -poor. 

This electrical imbalance can only arise in the functional groups. The saturated- 

hydrocarbon portion of a molecular skeleton is nonpolar and generally un- 

reactive in ionic reactions; reactions occur at the functional groups. Hence it 

is possible to catalog the various functional groups with respect to their positive 

or negative qualities: for reaction with nucleophilic and electrophilic reagents, 

respectively. The common reactive functionalities are grouped in Fig. 9-1 show- 

ing their electrical imbalance, often as a dipole between atoms of differing 

electronegativity. Their general reaction with nucleophiles (Nu:) or electro- 

philes (Et) is indicated with arrows, underlining the central fact of ionic reactions: 

the movement of pairs of electrons—from nucleophiles to electrophiles. 

In this fashion we can make an “electronic reactivity map” of any mole- 

cule, locating all of its potential positive sites for attack by nucleophiles and 

all of its negative sites, electron pairs which can attack electrophiles. This allows 

us to form a basis for the prediction of the kind of reactivity that will be shown 

by any substrate for a given reagent. The details of these processes and the 

order and extent of reactivities are developed in the following chapters. 

The general course of reactions occurring in several steps is outlined in 

Fig. 9-2. In many cases the chain of electron movement can be promoted from 

both ends: an electrophile “pulling” at one end and a nucleophile “pushing” 

at the other: 

Nuc) WOKS 

It is very common for the electrophile to be a proton, so that electrophilic 

initiation of a reaction is simply a protonation, i.e., a proton-transfer or acid- 

base reaction (Chap. 8), converting the substrate (base) to its conjugate acid. 

Proton transfer is also seen in nucleophilic attack of bases on substrate protons, 

forming a conjugate base of the substrate as an intermediate anion. Simple 

acid-base reactions are very common as steps in multistep reactions. Protona- 

tion or deprotonation (often by solvent) serves to prepare the molecule for 
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its central reaction or to afford collapse of intermediates to stable products. 

These steps are marked “(PT),” for proton transfer, in the examples of Fig. 9-3. 

In considering mechanisms in future chapters it is very important to recognize 

the rapid interconvertibility of the conjugate acid and base pairs, for protona- 

tion and deprotonation as required are common and rapid steps in many 

mechanisms. 

The interaction of nucleophiles and electrophiles with the positive and 

negative reactive sites in substrate molecules can be examined by putting 

together the reagents listed above (page 348) with the appropriate reactive 

functional groups (Fig. 9-1), and examples illustrating the major ionic reactions 

are collected in Fig. 9-3.t The reactions are labeled as additions and elimina- 

tions, and as substitution reactions at saturated or unsaturated carbons, and 

then subclassified as nucleophilic and electrophilic. Reaction (5) is a nucle- 

ophilic substitution since the overall reaction is a replacement of —OH by the 

nucleophile Br~ even though it is initiated by the electrophilic attack of a proton. 

This reaction also represents a possible side reaction, forming the by-product 

diethyl ether by nucleophilic attack of unreacted ethanol instead of Br-. Re- 

action (6) shows the enolate anion—in both its major resonance forms—as an 

intermediate. As shown, either resonance form may be used to show the sub- 

sequent electron movement leading to the product. 

PROBLEM 9-3 

Compile an extensive list of nucleophiles and electrophiles; include examples 

not found in this chapter. 

PROBLEM 9-4 

Consider attack on the following molecules by OH-. Using a qualitative knowl- 

edge of bond dipoles (cf. electronegativity, Sec. 2-11) and of relative acidities 

of different protons (cf. Table 8-2), predict the atoms most likely to be attacked 

by the OH7 ion. 

OH 
a CH,COC,H, e CH,CHCN 

b CICH,COC,H, f CH,CH=CHCH,COCH, 

c CH,CHBrCH,COOCH, g CH,CONHCH, 

d CH,CHBrCH,COOH h H,N—CH=NH—CH,CH,OH 

| Note again here the rules for describing electron movements by the curved-arrow convention as outlined 
in Sec. 5-3. The examples in Fig. 9-3 illustrate the important rule that, correctly applied, the arrows 

exactly predict the product structures. 
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(1) Electrophilic addition (Chap. 15) 

CH, CH H, a CH=CH CH CHy 

CH, ore CH,—CH, 

Br 

(2) Electrophilic substitution (at unsaturated carbon) (Chap. 16) 

H 
+ NO 

Cue ee One — 
+ ey 
H 

(3) Nucleophilic addition (Chap. 12) 

:O: :O= OH 
2) eres ce ae | 

Cr CH,— os —CH, cme CH, ao CH, + OH 

CN CN 

(4) Nucleophilic substitution (at unsaturated carbon) (Chap. 13) 

:0:) :05 :O: 
| +,:OCH, | | = 

‘Cab C0! =» CH, c (al — Cel aL Cl 

>OCH, :OCH, 

(5) Nucleophilic substitution (at saturated carbon)(Chaps. 10, 11) 

—H,O 
ou 2 

CH,CH, “ic CH.CH, —9u =H, 

+ <>: Br: 

H,O + CH.CH, +“, CH.CH,—Br 2 3 2 = 3 2 

a | CH,CH,—OH 

CH,CH,—O—CH,,CH, ar CH,CH,—O—CH,CH, oe C (PT 

(6) Elimination (Chap. 14) 

O: cH, :O: :0:5 O 
i 2 CH, CH, cH PsialS" CYC. 
Br Br Br 

FIGURE 9-3 

Resonance-stabilized enolate anion 

Examples of major reaction mechanisms (PT = proton transfer, Chap. 8) 

ise] 
iz 
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PROBLEM 9-5 

a Similarly, consider the sites in the same molecules which would be susceptible 

to initial attack by a proton (H?*). 

b In each list consider what next step might be possible following the various 

first steps suggested for either OH™ or Ht, 

PROBLEM 9-6 

a The reaction below can be observed by ultraviolet spectroscopy, since the 

product B has a distinctive (yellow) chromophore of known intensity (Anax 

362 nm, € = 30,000). When a 1 M solution of A in aqueous acetic acid has 

come to equilibrium it shows € = 1,000 at 362 nm. Calculate the equilibrium 

constant and the energy difference between A and B in this medium. 

Cn C,H yee ® age fo 

y S 
CoH Cre 

b Write a reasonable acid-catalyzed mechanism for the reaction. 

9-3 REACTION ENERGIES AND EQUILIBRIUM 

All reactions are in principle equilibria: 

A ts 3 === C <b ID at 

The conditions of concentration obtaining at the time the equilibrium condition 

is reached are expressed by the familiar equation (2) for the equilibrium con- 

stant K: 

[C] [D] K > 1 favors products at equilibrium 
K = —_ 2 

[A] [B] K < 1 favors reactants at equilibrium 

A very large value of K implies a reaction that goes for practical purposes to 

completion. These are the reactions commonly used for practical, preparative 

purposes. 

The energy of a chemical reaction is equal to the difference in energy 

between the sum of starting materials and the sum of products. Most of this 

is usually the difference in energy between the bonds broken and the bonds 

formed (Sec. 2-10). Energy must be put in to break bonds (in A and B) but 

is released again—in greater or less amount depending on the individual bond 

energies involved—when the new bonds are formed (in C and D). If the net 

difference is negative, i.e., energy is given up in the reaction, the reaction is 

said to be exothermic. Such a reaction in principle proceeds spontaneously 

since the whole system goes to a lower-energy, or more stable, state. The energy 



Energy ——> 

Cc, H, O, N, etc: free elements 

Ce -~ Heats of formation 

C 6 JD 
HO; 

t— Heats of combustion 

t@> 

CO; +H,0 

FIGURE 9-4 Energy relations of organic compounds and reactions 

given up usually emerges as heat, quite dramatically in the combustion reaction 

(burning) of organic compounds and oxygen. 

An endothermic reaction, by contrast, results in products less stable than 

reactants and can only be achieved by putting energy into the reaction (i.e., 

with applied heat). These ideas are summarized in Fig. 9-4, showing the exo- 

thermic nature of the combustion of organic materials generally to the more 

stable CO, + H,O, as well as the greater stability of the organic covalent 

molecules than their constituent free elements (C, H, O, N, etc.). 

Figure 9-4 also implies that if a conversion of a more stable to a less stable 

(higher-energy) molecule is desired, then the reagent used must be of high 

energy since it is the sum of reagent and reactant energies (A + B) which 

characterizes the energy level at which reaction starts. A high-energy reagent 

B can then initiate an exothermic reaction converting A into a less stable 

product C. Use of high-energy reagents is common in the laboratory since they 

serve to drive equilibria to completion. 

The difference in free energy of reactants and products (AF,) is related 

to the equilibrium constant, as recalled in Sec. 8-3, by Eq. (3). 

AF == 2.0:R 1 log Kk or AF, = 1.4 pK 3 

in kcal/mole at room temperature, with pK = —log K 

The interrelations of energy, equilibrium constant, and relative popula- 

tions of reactants and products at equilibrium are conveniently summarized 

in Table 9-1. This table is useful not only for ordinary equilibrium reactions 

in general but for acid-base reactions (K = K,,) and for conformational equilib- 

rium mixtures. Thus, axial-methyl cyclohexane is 1.7 kcal/mole less stable than 

the equatorial isomer (see Sec. 6-6) and will be present in equilibrium with 

it to the extent of only about 3.6%. Table 9-1 also points out the important 

fact that very small energy differences are enough to produce substantial yields 
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of product, a 90% yield requiring only that the products be 1.3 kcal/mole more 

stable than reactants. 

Any free-energy difference, AF, may be broken down into three com- 

ponent energy terms. 

The first, and usually major, component is the difference in individual bond energies, 

AEyona between the bonds broken and those formed (cf. example in Sec. 5-4); this 

term (AE,,,q) includes resonance energies in reactants and products as well. 

A second component is the difference in total conformational strain energy, AE.j,ain 

(Sec. 6-5), between reactant and product. 

The third energy component is the entropy term, T AS, which is a measure of the 

energy expended in the reaction to create more order or organization in products than 

was present in reactants, or, conversely, the energy released if the products represent 

more disorder or freedom. The total free-energy change in a reaction is thereforet 

INE == Ne at INE NGS A = products — reactants 4 
bond strain 

The first two components have been discussed before and are fairly 

straightforward, but the entropy term is a somewhat elusive idea (discussed 

at greater length in physical chemistry texts under the second law of thermo- 

dynamics). For our present purposes, it is enough to visualize the entropy (S) 

of a molecule (or molecules) as a measure of its freedom of motion, or disorder: 

the more disorder, the larger the entropy.t Work must be done (i.e., energy 

{This energy relation is commonly seen in the form AF = AH — T AS, with AH the heat content, or 

enthalpy, term. Hence the bond energies and strain energies here are the parts of the enthalpy change 

im reactions; AE ==AE Wa cts Abe ane 

t Entropy (freedom of motion, or disorder), for example, increases with solid ——> liquid ——> gas. 

TABLE 9-1 Relations of Population and Energy for Simple Equilibria (A —=— B) 

Sy haat ri sll at 25°. AF, = —1.36 log K; K = TAI 

Population at equilibrium 
AF, 

K kcal/mole % reactant A % product B 
——— a ee 

0.01 Dee 99 1 

0.11 1.30 90 10 

0.33 0.65 IES) 25 

1.00 0) 50 50 

3.00 —0.65 2S TAS 

9.00 —1.30 10 90 

99.00 —2.72 alt 99 

999.0 —4.09 0.1 99.9 

9999 — 5.46 0.01 99.99 
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expended) to increase the constraints on its freedom, increasing its organization 
or order, decreasing its entropy. The work involved is the energy term, T AS, 
requiring more energy to accomplish at higher (more disordering) temperatures. 
Thus a reaction which must bring some order in the products from more 
disorder in the starting materials cannot be as exothermic as a comparable 
reaction without this added requirement. In general, however, the entropy term 

is a small component in the free energy and rarely reverses or markedly affects 

the overall course of reaction. It does, however, increase in importance with 

temperature. 

A common example of entropy effects is found in cylizations, reactions which 

create rings by the internal, or intramolecular, reaction between two functional 

groups on the same molecule. The cyclization can be compared to the identical 

reaction between two separate molecules, which is called intermolecular. Both 

reactions have the same AH{ but differ in entropy. In the intermolecular case 

the two molecules must be brought together before they can react, and this 

constraint lowers the entropy and costs energy, whereas in the cyclic molecule 

the reactants are already together in the same molecule and the entropy cost 

is small in their reacting (AS ~0). 

Intramolecular: AF, = AH — T AS, 
AF, — AF, = T (AS, — AS,) 

Intermolecular: AF, = AH — T AS, ~ T AS, = negative 

AF, = more negative, 

more exothermic, than AF,, 

The effect is dramatic in most cyclizations, which are much more favored 

reactions than their intermolecular counterparts. The equilibrium between acid 

and alcohol to form ester (+ H,O) usually has K ~ 1, with all components being 

present at equilibrium. However, in the cyclic example, of an hydroxy-acid 

forming a lactone, the hydroxy-acid often cannot even be isolated, the internal 

reaction to a lactone being so very exothermic. 

ies 1 

CH,CH,COOH + CH;,CH,OH 

CH,CH,COOCH,CH,; + H,O (intramolecular) 

CH,CO prey K>1 CH, | + H,O (intermolecular) 

CH,CH,OH — CH,CH,O 

Similarly, the cyclic hemiacetals in ring-chain tautomerism (page 165) are 

usually totally favored at equilibrium over the acyclic hydroxy-aldehydes, but 

the reverse is true in intermolecular cases and no acyclic hemiacetals have ever 

been isolated. 

+This assumes the cyclization does not form a strained ring. 
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9-4 REACTION RATES AND TRANSITION STATE THEORY 

A knowledge of the equilibrium is not enough to tell whether a reaction will 

go. All organic molecules in the presence of oxygen are unstable relative to 

CO, and H,O (Fig. 9-4), and yet they do not spontaneously ignite. If they did, 

all living organisms (including ourselves)—since they are composed of organic 

molecules—would be instantly immolated in the very air we breathe! In fact 

most organic reactions are slow, and combustion, at least at ordinary tempera- 

tures, is fortunately one of the very slowest. 

Consider the bimolecular reaction; 

A+B—>»C4D 

Although collision of A with B is an obvious prerequisite for reaction, most collisions 

between A and B do not result in reaction. 

Analysis of the way in which reaction rates increase with increasing temperature 

indicates that reaction occurs only if the collisions occur between molecules of A and 

B that have more than the average energy content. This excess energy required for 

reaction is called the activation energy (AF{). 

However, even collisions between molecules having the requisite energy content do 

not often result in reaction. Unfruitful collisions result if the molecules of A and B 

collide in the wrong way or if the excess energy in the molecules is not associated 

with the appropriate internal motions of the molecule. The probability of reaction 

occurring even in a collision between activated molecules may be rather small if the 

stereoelectronic requirements of the reaction are stringent. 

A simplified illustration of the probability factor can be based upon 

consideration of a simple (nucleophilic) substitution reaction: 

HO- + H,C—Cl — > HOCH, + Cl- 

Since the hydroxide ion becomes bonded to carbon, a collision in which the 

nucleophile encountered the chlorine atom of methyl chloride would not be 

likely to lead to reaction. The mutually repelling electron pairs on chlorine 

and hydroxide also tend to block any contact there. 

H {J OH" H ae Le ee 
—— HO—C. Cle 

ee oe AS 

pees yee! H H 

H 

If the excess energy (activation energy) of the methyl chloride molecule 

is associated with internal vibrations that stretch the C—Cli bond, the reaction 

should be assisted. However, if the excess energy is associated with stretching 

motions of the C—H bonds, the substitution reaction will not be aided. 

+A bimolecular reaction is one that involves two molecules of reactants, 
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The rate at which the reaction proceeds, therefore, will be a function of 

all three factors: 

Rate = (no. collisions/sec) x (% of molecules with AF{) x (probability factor) 5 

The number of collisions in Eq. (5) is proportional to the concentrations 
of reactants and is also a function of temperature, increasing with increasing 
temperature, since this increases molecular motion and thus the frequency of 
collision. It is common for the rates of organic reactions to double with every 
10 to 15° rise in temperature. 

The concentration dependence is expressed in Eq. (6): 

Rate = k[A][B] where k is the specific rate constant at temperature T 6 

Thus the rate is proportional to the concentration of each species involved in 

reaching the transition state. 

Transition States 

The entire rate problem can be formulated by defining a state of the 

reacting system, called the transition state or activated complex, in which all the 

stringent requirements for an effective collision have been met. The transition 

state is a molecular complex in which A and B have been forced together in 

such a way that they have paid the price (in energy currency) required for 

reaction and are ready to collapse into products. The change in free energy 

(AFt) required to make transition states from reactant molecules is a direct 

measure of the ease of the reaction. 

The model is analogous to the physical problem of climbing over a 

mountain pass from one valley to another. A large number of people trapped 

in one valley might wish to migrate to the other valley. In order to do so, they 

would have to climb to the top of the pass between the two valleys. The rate 

of migration would depend upon the rate at which people arrived at the top. 

Only the strongest migrants would have sufficient energy to make the climb; 

furthermore, there would be a high probability that some of the strong ones 

would expend their energy by climbing paths that did not lead to the pass. 

The relation of the reaction rate to the free energy of activation (AFt{) 

is similar to that for the relation of equilibrium to free energy, Eq. (3). The 

specific rate constant in Eq. (6) (k = rate with reactant concentrations of unity; 

[A] = [B] = 1) is used in these relations in Eqs. (7) and (8), the actual rate 

in a given case being a function of reactant concentrations as well as k [Eq. 

(6)]. 

k = AeAPt/R? or AFt = —2.3 RT log k + const (at a given temperature) 7 

For reaction at room temperature (25°) this is 

AFt = —1.4 log k + 17.6 kcal/mole 8 
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FIGURE 9-5 Free-energy diagram for one-stage reaction 

Here we can see that 

Raising activation energy lowers rate and vice versa. 

Raising temperature raises rate. 

As for equilibria, the free energy here has an entropy component (AF{t = AHt 

— T ASt), and reactions go slower if some activation energy must be spent 

forcing constraints on the freedom of the reactants. In bimolecular or more 

complex reactions, requiring two or more molecules to be coalesced into the 

activated complex, the reaction will be slower, due to this entropy effect, than 

those involving only a single molecule. Accordingly, cyclization reactions are 

faster than their bimolecular counterparts, as well as possessing more favorable 

equilibria. 

Free-energy Diagrams 

The energy changes in the course of reaction are usually illuminated in 

the form of a graph (Fig. 9-5) which plots the free energy F, on the vertical 

axis, against a horizontal coordinate which represents the progress of reaction 

(reaction coordinate). The reaction coordinate may be understood as the total 

collection of distances among all the particles (atoms and electrons) in the 

involved molecules at any given moment during the course of reaction. More 

visually it represents the continuous change in geometry as the two molecules 

collide, compressing and bending groups, forcing apart the atoms whose bonds 

break, and drawing together those which are forming new bonds. The mole- 

cules start, at the left of the diagram, separate and apart, and proceed along 

the reaction coordinate as they collide and deform. The potential energy F of 

their coalescing increases (using up their kinetic energy) until the transition 

state ({) is reached. The energy then falls off as the transition-state complex 

begins to regroup into the stabler forms of the product molecules. 

Multistage reactions may also be represented by free-energy diagrams, 

as illustrated in Fig. 9-6. The minimum in the curve represents a reaction 

intermediate in a two-step reaction. Each step of the reaction involves passage 
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FIGURE 9-6 Free-energy diagram for two-stage reaction 

through a transition state. However, the overall rate of the reaction is deter- 

mined only by the free-energy difference between the reactants and the highest 

point on the curve; that point represents the transition state for the rate-controlling 

step of the reaction. In Fig. 9-6 the first maximum is the highest point, so the 

first step is rate-controlling. The fact that an intermediate is produced before 

the ultimate products appear will therefore have no measurable influence on 

the overall rate. The intermediate will pass over to the products more rapidly 

than the reactants produce the intermediate. The diagram could represent 

qualitatively the first reaction of Fig. 9-3, the intermediate being the carbonium 

ion. 

Any minimum on such curves (reactants, intermediates, products) repre- 

sents a real molecule, with normal bonds, and even the intermediates can often 

be isolated and examined despite their higher energy (greater instability). The 

height of the lowest energy barrier (transition state) adjacent to any such mole- 

cule is therefore a measure of its reactivity. If that height is less than the 15 

to 20 kcal/mole of normal thermal energy, the molecules are unlikely to be 

isolated at room temperature (but might be at very low temperature). 

The transition-state complexes (maxima on the curve) have, on the other 

hand, only fleeting, transient existence; they do not have normal bonds at the 

reactive site since some are partially broken, others only partially formed at 

this highest-energy stage of the progress of reaction. 

We can speak with confidence of the geometry, resonance, strains, etc., 

in an intermediate, for it is a normal covalent molecule (or ion), but we cannot 

describe a transition state with any accuracy. However, it is generally believed 

that if a real molecule (energy minimum on curve: reactant, intermediate, 

product) lies close in energy to a transition state (vertical scale), it will also be 

close in geometry (horizontal scale). This is a useful hypothesis for it allows us 

in many cases to approximate the geometry, resonance, strains, etc., in the 

transition state by saying that it closely resembles either the reactant or the 

intermediate (or product) to which it is closest in energy. 
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In Fig. 9-5 the transition state is similar to neither the initial nor the final 

molecules in energy and so lies about half-way between them in geometry. 

In Fig. 9-6, however, the transition state for the first step is close in energy 

to the intermediate so that we may say it closely resembles this in shape. For 

example, in the first reaction shown in Fig. 9-3 (CH,CH=CHCH, + Ht —> 

GH CheHCH)) at the transition state the 7 electrons have nearly coalesced 

into a o bond to the attacking proton. This o bond is almost fully formed and 

the proton almost arrived at full bonding distance (and energy) to its carbon, 

while the carbonium ion has nearly developed its full positive charge. 

We may divide our consideration of any reaction into its thermodynamics 

and its kinetics. The former (Sec. 9-3) represents the equilibrium situation and 

is concerned only with the energy difference between reactants and products. The kinetics 

of a reaction refers to its rate and is concerned only with the energy difference between 

reactants and the (highest) transition state. The thermodynamic description is AFp 

and the related equilibrium constant K of Eq. (3), while the kinetic description 

is the activation energy AFt and the rate constant k of Eq. (7). 

The free-energy diagram describes both considerations. It shows the 

free-energy difference AF, between reactants and products, which determines 

the equilibrium constant K and whether the reaction is exothermic or endothermic 

(labeled in Fig. 9-5). However even if the diagram shows more stable products 

than reactants, the reaction will have a negligible rate if the energy barrier (AFt) 

is too high, and will only be forced to proceed at a sensible rate by raising 

the temperature. 

The energy diagrams shown for conformational change serve as simple 

analogies to those for reactions. In many conformational change diagrams, the 

horizontal coordinate of change in geometry can be related to a single simple 

change in one angle, as in Fig. 6-8 for rotation of n-butane around its central 

bond. Here the geometrical change coordinate is simply the dihedral angle 

of rotation. The staggered conformations (A, B, and C) are the stable states 

in equilibrium, akin to reactant, intermediate, and product. Conversion of the 

60° to the 180° isomer is exothermic, the latter predominating in the equi- 

librium mixture. The barriers (maxima) are the strained transition states of 

rotation: the eclipsed forms. The rate of the interconversion is determined by 

the energy height of the barrier (AF{), which in the butane case is much lower 

than the 15 to 20 kcal/mole of thermal energy. Hence the reaction is very fast 

at room temperature. The equilibrium table (9-1) is very convenient in assessing 

conformational change as well as chemical reaction equilibria. 

Effects on Reaction Rates 

A single mechanism may generalize a whole family of reactions which 

are all the same in the nature of change at the reactive site but differ in other 

particulars, of which these are important: 
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The particular nucleophile or electrophile selected as reagent 

The nature of the groups adjacent to the reactive site in the substrate 

The nature of the solvent 

The nucleophilic substitution reaction mentioned above between methyl 
chloride and hydroxide ion, will have the same basic mechanism if methoxide 
ion or ammonia is the nucleophilic reagent or if ethyl or benzyl chlorides, or 
bromides, are the substrates, and the use of various solvents will not change 
the generic mechanism. While these major families of reactions are grouped 

and discussed individually in the succeeding chapters, we can see in broad 

outline how the factors of structure will influence their rates in much the same 

way that we compared the effects of these factors on equilibrium constants 

in the acid-base reaction. 

In examining equilibria in Chap. 8 we considered whether an effect would 

stabilize (or destabilize) one member of the equilibrium (i.e., conjugate acid 

or base) with respect to the other in order to assess whether AF, between them 

would become greater or less than the standard. We can do an analogous 

comparison with reaction rates, observing the effect on the energy of the 

reactant compared with that of the transition state, since their energy difference 

AFt determines the rate [Eq. (7)]. In general these effects are compared to a 

standard reaction between specific reactants in a specific solvent. 

The four possible cases (A to D) illustrated in Fig. 9-7 are amplified below 

with examples of different kinds of effects. The transition state here closely 

resembles the intermediate (this is common) so that the latter is used to ap- 

proximate the nature of the transition state in discussion. 

The reactant has resonance stabilization which is broken up and lost during reaction, 

leaving little in the intermediate, hence in the transition state. The rate is decreased. 

The intermediates are ions whereas the reactants were neutral, and the reaction is 

conducted in a polar solvent which stabilizes the ions by hydrogen bonding. This 

stabilization only affects the ionic intermediates and the closely similar ionic transition 

state but not the neutral reactants. The rate is increased. 

The reactant contains a small ring, with angle strain destabilizing it. This ring is opened 

in the reaction (compare the a-lactone on page 346 to a “standard” six-membered, 

unstrained lactone), affording a largely unstrained intermediate (and transition state). 

The rate is increased. 

The collision of reactants leading to the transition state is sterically hindered by large 

groups on the substrate near the reactive site. These cause no steric strain in the 

substrate molecule itself but are compressed by the entering reagent molecule as it 

attacks the active site, thus creating strain energy in the transition state. The rate is 

decreased. 
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FIGURE 9-7 Effects on reaction rate 

Comparisons of this kind are general in assessing the reasons for varying 

rates of a single general reaction in different particular cases, and will be 

invoked often for particular cases in succeeding chapters. The observed varia- 

tions in rate can often be very dramatic: many powers of 10 between certain 

cases. One reaction may be complete in seconds at room temperature but 

another may require high temperature for many hours. Furthermore, the kinds 

of effects which cause these variations are the same structural factors which 

have been reviewed before, and all have energy terms related to them, i.e., 

conformational strain (bent angles, bad torsion, steric hindrance), resonance, 

inductive effects, hydrogen bonding. 

PROBLEM 9-7 

Consider these protonations of weak bases to yield high-energy carbonium-ion 

intermediates: the reaction is a simple acid-base reaction from Chap. 8. Compare 
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the rates of protonation qualitatively among the examples given in terms of the 
effects in Fig. 9-7. 

a Z—CH=CH, + H+ —> z—CH—CH, 
+ H 

su beng H |Z =CH,—, CH,O—, CH,CO— 

¢ Z—C==CH + Ht — zZ—C—CH, 
GH=en: CH,—CH, 

(Hint: Note angle strains) 

9-5 LABORATORY STUDY OF REACTIONS 

The previous discussion has all been in terms of an intimate acquaintance with 

individual molecules, their motivations and behavior. As was the case with 

questions of molecular structure previously, however, this intimate knowledge 

of molecular dynamics must be gained through indirect evidence, for these 

molecules are far too small to be observed directly. Now we must survey the 

means whereby reaction mechanisms may be deduced from experiment. 

The study of reaction rates is called kinetics and is a very widely practiced 

specialty in organic chemistry at present since it is a most powerful tool for 

illuminating reaction mechanism. Basically, the experimenter must mix poten- 

tial reactants in known concentration at constant temperature and then deter- 

mine the rate of decrease of these concentrations with time, thus measuring 

in fact the rate of reaction (rate of disappearance of starting material). He will 

observe these concentrations at specific time intervals either by taking spectra 

of the mixture or by removing a measured sample (aliquot), stopping (quench- 

ing) its reaction, and determining some concentration in the arrested sample, 

e.g., by titration. Spectroscopic observation of reactions is easiest as in the 

example of monitoring the reaction of a diene with bromine by observing the 

rate of decrease of the ultraviolet absorption of the diene with time, the inten- 

sity of absorption being a function of diene concentration (Sec. 7-4). 

This observed dependence of the rate on reactant concentrations is called 

the order of the reaction. In a first-order reaction the rate varies only with the 

concentration of one reactant, in a second-order reaction the rate is proportional 

to fwo reactant concentrations, etc. When the experimental kinetics show these 

simple dependencies, we may usually correctly deduce that at a molecular level 

only one molecule goes to the transition state in a first-order reaction, that 

two combine into a transition state in a second-order reaction, etc. These 

deductions about the molecular involvement are called the molecularity of the 

reaction. The three most common kinetic situations observed are tabulated in 

Table 9-2. 
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Studies of the rate of reaction of 2-butene and bromine [Br, for HBr, 

reaction (1), Fig. 9-3] show its proportionality to the concentrations of each 

reactant, and the specific rate constant (k) for this second-order (and presumed 

bimolecular) reaction may be determined.t In the bromination of acetone, 

however, it is found that the rate is independent of the bromine concentration 

(assuming a reasonable concentration is present) since the rate-controlling step 

is the prior enolization of acetone to its enol. The overall rate is simply that 

(k,) of the first, or slow, step: 

1 ie 1 
CH,—C—CH, + H+ <> CH,—C=CH, —2> CH,—C—CH,—Br + HBr 

+ Ht 

It is clear that such kinetic studies only define reaction progress to the 

transition state of the rate-controlling step; it is also necessary to determine 

the products of reaction. Many reactions produce two or more products. Not 

infrequently the product that predominates initially is not the most stable; it is 

said to be the product of the kinetically controlled reaction. Sometimes, the 

various products can be brought to equilibrium by prolonged incubation under 

the reaction conditions; the most stable product will then ultimately predomi- 

nate in the resulting equilibrium-controlled reaction. Thus, kinetic control rapidly 

produces a first product, which is, however, then slowly consumed if an equi- 

librium is slowly reached which favors a more stable (equilibrium-controlled) 

product. The simple situation is summarized in Fig. 9-8. A somewhat more 

complex example from actual practice is provided by careful studies of the 

elimination reaction that occurs when 2-phenyl-2-butyl acetate is heated in 

{The energy of activation (AFt) may also be calculated by Eq. (7). Since the entropy component (T ASt) 

is a function of temperature, determinations of k and AF¥ at different temperatures allow deduction 

of the entropy change. 

TABLE 9-2 Kinetic Results and Mechanistic Deductions 

Kinetic observations Mechanistic deductions 

Probable 

Order Rate [Eq. (6)] reaction Molecularity 

First k[A] A> [+] Unimolecular 

Second k[A][B] A + B—> [$] Bimolecular 

Third k{A][B][C] A+B+C—} [f] Termolecular 



Sl C ow rate Pi Fast rate : 

From AF From AF, 

Equilibrium-control Starting Kinetic-control 
product material product 

C 

FIGURE 9-8 Kinetic and equilibrium control in reactions 

acetic acid solution. If the reaction is carried out with no added catalyst, the 

products are the following mixture: 

OCOCH, 
CH,—C—CH,CH; cecoon 

C,H; 

CH; va CHs. oH ae 

pace ar OS “ ai CH CH 

C,H; CH, C,H, H C,H; 

trans-2-Phenyl-2- cis-2-Phenyl-2- 2-Phenyl-1- 
butene, 2% butene, 53% butene, 45% 

If a small amount of strong acid, such as p-toluenesulfonic acid, is added to 

the reaction mixture, the alkenes produced are converted to an equilibrium 

mixture in which the more stable cis isomer predominates over the trans isomer 

by a ratio of 5 to 1, and the trans over the 1-alkene by a ratio of 5 to 1. The 

added acid acts as a catalyst to speed up the establishment of equilibrium. 

oN C pat CH,COOH/H+ EBS c= poe CH.COOH/H+ 

va = Ss 50° ye 50° 
CH CH, C,H. H 

16% 81% 

3% 

If the elimination reaction is originally carried out in the presence of a strong 

acid, the equilibrium-controlled product distribution is obtained. 
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OCOCH, 
| CH,COOH/H+ 

CH,—C—CH,—CH, —————> 
50°, 16 hr 

Cle 

CH. H CH, CH. CH; 
Va \ year + Nemes + \C—CH,—CH, 

C,H; CH, C,H; H C,H; 

16% 81% 3% 

Besides the kinetics of a reaction there are a number of other ways of 

studying reactions. The final mechanism deduced for a reaction must explain 

the following: 

Products, and side products 

Intermediates observable where possible 

Kinetics 

Stereochemical results (stereospecificity and stereoselectivity) 

Isotope studies 

Relative reactivity of different reagents 

Relative reactivity of different substrates 

Variations in rate (and products) with different solvents 

Intermediates can sometimes be observed spectroscopically, or even isolated 

under special conditions. Alternatively, they may be synthesized by an alternate 

path to see if they collapse to the same products, or they may be trapped by 

the addition of another substance which will react preferentially with the 

intermediate to give a new and characteristic product. 

Isotopes are used to distinguish two otherwise identical atoms (H and 

D; O' and O}8; etc.) and thus trace their course to particular products, where 

they are identified by radioactivity or mass spectra. Relative reactivities can 

be determined by separate rate studies on reactions with different reagents 

(or substrates). Alternatively, they can be seen by competition experiments in 

which two reagents are offered to a limited amount of one substrate (or vice 

versa). The faster reaction is then assessed by the predominance of its product 

in the final mixture. 

Hence a variety of procedures exist for producing information which 

illuminates the intimate molecular details of a reaction mechanism, and a 

number of these will appear in discussions of specific reactions in the pages 

ahead. It is valuable to note here, however, that all of these studies which clarify 

reaction mechanism are of enormous help in the synthesis of new compounds, 

for the greater the detail known about a reaction the more certain will be its 

predictive value for the new cases required in synthesis. This practical value 

is emphasized in Chap. 23 on synthesis. In another area, knowledge of reaction 

mechanisms is of great value in deducing the nature of chemical transforma- 

tions which occasionally take a complex and unexpected course. The unravel- 

ing of the details of mechanism in these unusual and abnormal reactions can 

be a very stimulating intellectual challenge. 
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9-6 SUMMARY AND PREVIEW 

In an ionic reaction an unshared pair of electrons on one molecule or anion 
(the nucleophile) attacks an electron-deficient atom (unfilled outer shell or 
positive end of a dipole) in another molecule or cation (the electrophile) and 
forms a new bond to that atom. In this attack the potential energy of the system 
rises to a maximum as the colliding molecules give up kinetic energy and 
coalesce to a strained, imperfectly bonded transition state. This then collapses 

with full formation of the new bond(s) between the original centers. The mole- 

cule (or ion) thus formed may be the final product or only an intermediate 

which then passes on to other molecules via a second transition state. The 

energy height (AFt) of the (highest) transition state determines the rate of 

reaction, which is faster the lower that barrier. Reactions which are reversible 

(i.e., the reverse reaction has a reasonable rate) come to equilibrium, at which 

time the thermodynamically most stable compound in the equilibrium mixture 

will predominate and be isolated. This is an equilibrium-controlled product, 

whereas a product formed by virtue of its faster rate of formation rather than 

its relative stability is said to be kinetically controlled. 

Reaction rates are related to activation energy (AFt)—the energy difference 

between reactants and transition state. Equilibria are related to the energy 

difference (AF,) between reactants and products. Both energy terms are differ- 

ences so that effects on either rate or equilibria may be assessed by considering 

the energy changes those effects have on both members of the pair in order 

to find the effect on AF itself. The kinds of effects which change rates or 

equilibrium positions are the structural ones already examined: resonance 

effects, inductive and electrostatic effects, conformational strains (angle bend- 

ing, torsional or steric strain), hydrogen bonding, and of course combinations 

of these. Free-energy diagrams are of great value in clarifying the energy 

relations in reactions. 

Reagents are often inorganic or simple organic compounds, and they are 

often ionic. Nucleophiles are usually anions, and the associated cation is usually 

uninvolved in reaction, metal ions being stable and unreactive for the most 

part. To improve solubility of nucleophilic anions in organic solvents, Li* or 

R,N* are often used. Anions are bases if they attack hydrogen (acid-base 

reaction) and nucleophiles if they attack carbon. The two functions sometimes 

compete undesirably. Reagents which usually act only as bases and not 

nucleophiles are therefore valuable: 

Nalin CH) Gia Lita) (0. C-aNat ea (CH,).C_-Onk* 

Similarly, when protons (or other electrophiles) are required for reaction 

it is often important to use a reagent offering an unreactive nucleophile as its 

associated anion (if any): 

H+BE,- E*BE,- or PE, H*+tHSO,- or $SO,- BF; 
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The reactivity of organic molecules lies almost exclusively in their func- 

tional groups, and the primary distinction made among functional groups is 

between their reactivity as nucleophiles or electrophiles (Fig. 9-1), particularly 

at the carbon atom(s) to which the functionality is attached. We can qualita- 

tively predict how they will react from this first knowledge, but will amplify 

it with discussion of their relative rates of reactivity to appropriate reagents 

and the affects of their molecular environment and solvent on these rates. 

The bulk of organic reactions can be seen in terms of the reagent as 

nucleophile or electrophile and the carbon skeleton substrate as its opposite: 

Nucleophilic Electrophilic Electrophilic Nucleophilic 

reagent + substrate reagent substrate 

C 

Be ee a7. N; Acid-base 

O} reaction 

a ae Saturated 
| i eh eT = 

a cy Saturated Eg | carbon 

carbon x Unsaturated 

ore carbon 
SS 
pat Unsaturated 

carbon 

There are reactions in which one organic molecule acts as a nucleophile 

and the other as an electrophile, both acting at carbon and forming a carbon- 

carbon bond. In such reactions the distinction between “reagent” and “sub- 

strate” becomes meaningless. Reactions which form carbon-carbon bonds are 

of central importance to synthesis as the means of building up more complex 

carbon skeletons. Such reactions are much less easily reversed than comparable 

reactions forming unsymmetrical bonds since the carbon-carbon bond has no 

dipole (electrical imbalance) and so is harder to polarize and break. 

For synthetic purposes we may distinguish reactions which interconvert 

functional groups at one molecular site and those which create carbon-carbon 

bonds and enlarge the molecular skeleton. Each of the next chapters on reac- 

tions is divided into a preliminary theoretical discussion, allowing us to under- 

stand the mode and scope of a reaction, and a second practical or synthetic 

discussion showing how the reaction is actually used. 

The major ionic reactions of organic chemistry, discussed in Chaps. 10 

to 16, are listed next with generalized mechanisms. It must be appreciated 

here that the curved arrows serve only to show where the electrons ultimately 

go. They are not meant to imply that all the bond breaking and making is 

necessarily concerted. 
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Nucleophilic substitution at saturated carbon (Chaps. 10 and 11) 

ay a y 

Nu GY — : u wes Nu Cc + :Y 

(Nu: + R-Y —> Nu—R + :Y) 

Nucleophilic addition to unsaturated carbon (Chap. 12) 

Nucleophilic substitution at unsaturated carbon (Chap. 13) 

These reactions are predominantly those of carbonyl groups and are conveniently 

considered together since both are initiated by the same attack of nucleophile on 

carbonyl carbon. Some other functional groups react by the same mechanism and are 

considered in Chaps. 12 and 13 also. The reaction can also be acid-catalyzed (H+ on 

carbonyl oxygen first), but the mechanistic course is the same. 

Nu OH 
(Addition) Ne 

:02) Nu Om +H* RO Ny 
||| ARS 

Nu:*+ Cc —" C Ua —- Nu 
R ¥ R Os (Substitution) aes 

a: x 

Electrophilic addition (Chap. 15) 

Electrophilic substitution (Chap. 16) 

These reactions are predominantly those of carbon-carbon multiple bonds and also 

are alike in their initial (and rate-determining) step. Among unsaturated compounds 

the substitution reaction is peculiarly characteristic of aromatic rings. 

Nu E 
(Addition) ‘ Cc Ce 

va Re E +:Nu a S 

E 
(Substitution) ‘S 
eS 

_Ht+ we 

Elimination (Chap. 14) 

The major mechanism for eliminations is shown below. The same elimination mecha- 

nism can also create multiple bonds between atoms other than carbon. Because of 

its similarity in conditions to nucleophilic substitutions the elimination discussion 

directly follows those reactions in chapter sequence. 

nee — p= ep Vo (E*) 
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Following the fundamental reaction classes in Chaps. 10 to 16, Chap. 17 

deals with molecular rearrangements, or movements of atoms in the skeleton. 

In these rearrangements the skeletal bonds are shifted as well as the functional- 

group bonds as seen in this simple example of a migration of a methyl group. 

CH, CH, CHs CH CH, 

GH @ =e =H. eae CH,—¢—Q es CH —¢—C—CH, 
OH OH ; CH; O CH, 

In Chap. 18 we deal with the reactions which allow us to change oxidation 

state in organic molecules, via treatment with oxidizing or reducing agents, 

many of them familiar from general chemistry (KMnO,, HCr.O,, Zn metal, 

etc.). The oxidation state at any given carbon atom can be most easily appre- 

ciated by counting the number of its bonds to heteroatoms. The more heteroatom 

bonds the more oxidized the carbont: 

—CH, —CH,OH —CHO —COOH 
Increasing oxidation state SE es ee 

In general, reductions are reactions that add hydrogen (as in direct catalytic hydro- 

genation), and oxidations are reactions that remove hydrogen, or else add oxygen (or 

both), as in the conversion of R—CHO to R—COOH. 

The special properties of elements in the second row of the periodic table 

are considered in Chap. 19. The major examples are sulfur and phosphorus 

compounds. These elements exhibit some different reactivity from their first- 

row counterparts owing to their ability to expand their outer shell of electrons, 

from the standard capacity of 8 to 10 or 12. The idea was alluded to briefly 

in Chap. 2. 

The fundamental and most common organic reactions are the ionic, or 

heterolytic, reactions of Chaps. 10 to 19. In Chap. 20, however, are gathered 

the homolytic or free-radical reactions. Following this are two chapters (21 and 

22) which deal solely with reactions which occur without external reagents, 

simply by heating or by irradiation with light. Both processes afford an input 

of energy which can break bonds and cause new bonds to be formed. Such 

reactions may proceed by way of free-radical intermediates or they may simply 

be characterized by a concerted regrouping of certain bonding orbitals in the 

molecule. The latter reactions are called pericyclic reactions. 

One final area of organic reactions is that of polymerization, discussed 

in Chap. 25. Polymerization is a reaction repeated many times with the same 

kind of molecule such that they link together successively into a long-chain 

molecule of repeating units. The units linked together are called monomers and 

the resultant long chain of many units is labeled a polymer (or merely two 

units, a dimer; three units, a trimer; etc.): 

} Double bonds are assessed for oxidation state by formally adding the elements of water (H—OH) across 

the double bond first. 
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A 
—— a (A) 

Polymer 

JN aE jeg a eg JN RNa g 1 Rasea e Weeg ye eng 
Monomer Dimer Trimer 

The reactions themselves are simply those of Chaps. 10 to 16, repeated many 
times as in the amide formation from acid and amine that converts natural 

amino acids into their corresponding polymers, the proteins. 

—nH,O— 
CH CH. CH CH. CH 

eee AS be Mae ZX? 
H,N COOH HN CO—NH CO—NH CO—NH co ----- > 

Glycine, an amino acid Polyglycine, a protein polymer n units 

The reactions examined to this point now serve as tools for organic 

synthesis, which is treated as a concept in Chap. 23. The remaining chapters 

are concerned with special topics, much of Chaps. 25 to 27 being devoted to 

outlining the state of our present knowledge about the organic molecules and 

reactions which characterize the phenomena of life. 

PROBLEMS 

9-8 Identify all the energy terms AF, and AFt which are involved in the competitive 

reactions in Fig. 9-8 and show how each reaction is kinetically or thermo- 

dynamically controlled. 

9-9 Classify the following reactions as completely as possible: 

a C,H,SH + C,H,CH,Br —~ C,H,SCH,C,H, + HBr 

b Br, + CH,=CH, —~ BrCH,CH,Br 

CoBr, c O, + (CH,);CH <2pq? (CH3);C-OOH 

d O=C=O + CcHyLi —> C,H,C—O-Li 
O 

e H,O + (CH,),C=CH, > (CH,),COH 

f Zn - C.H,CHCICHCIC,H, — > .C,H,CH—CHC,H,.4 ZnCl, 

O 

f 1 BE 

CH ~ Benzene Ss 

g CH,=CH—CH=CH, + || oS ze) 
coe c 

C | 
I O 

he sO m. C,H: > ©,H.50,H+ HO 

CN 

i HCN + CH,CHO 4228, CH,CHOH 
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j C,H,OH + CH,=CHCN ““9F, C,H,OCH,CH,CN 

| CH.OCOCH: >, CH; — CH). CH. COOH 
Gas phase 

Define the following terms: 

a Electrophilic addition to unsaturated carbon e Carbene 

b Multistage reaction f Nucleophile 

c Transition state g Lewis acid 

d Rate-controlling step h_ Equilibrium-controlled 

reaction product 

The reaction of optically active sec-butyl chloride with sodium hydroxide gives 

optically active sec-butyl alcohol of configuration opposite to that of the original 

substrate: 

H. we 

HO-Nat + HsC~c—c1 —> HO—C-CHs 
ye 

H;C, C,H, 

The reaction involves only one stage. What do you consider to be the likely 

configuration of the transition state? How would rate observations be made in 

practice? 

Draw free-energy diagrams for reactions that possess the following features. 

Label the activation energies and transition states for each stage and the inter- 

mediates in the reaction. 

a A one-stage reaction 

b A two-stage reaction in which the second stage is slower than the first 

c A three-stage reaction in which the first stage has the highest activation energy 

and the second intermediate is more stable than the first 

dich) eC (CH eer cl a2. (CH,),COH, == (CH,),COH 

Assume that the solvolysis (cleavage by solvent) of t-butyl bromide in acetic 

acid involves the following mechanism: 

(CH,),CBr —~> (CH,),Ct+ + Br- 

| 
(CH,),;C*+ + CH;,COO- — > (CH,),C—O—CCH, 

Addition of sodium acetate to the reaction mixture does not increase the rate 

of reaction appreciably. Explain. Which step is rate-controlling? 
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9-14 

9-15 

Irradiation of gaseous azomethane (CH;—N=N—CH,) with ultraviolet light 

produces ethane and nitrogen. Formulate a reasonable mechanism for the reac- 

tion. 

In each pair of comparable reactions below indicate which one you expect to 

proceed with a faster rate, and why. 

O- 

pee | 
a CH,—CH, + OH- — + CH,—CH,OH 

oN 
CH, ‘CH, We 

/ — + OH- —> CH,CH,CH,CH,OH 
GHo— CH, 

b CH,Br + OH- —~> CH,OH + Br- 

(CH;),CBr + OH- —-~ (CH,),COH + Br- 

O- 

| as 
c CH,CH,Br —> CH,—CH, + Br- 

Oo O 

CH,CH,CH,CH,Br ——> CH, CH, + Br- 

CH>—Ch 

Wa 

d CH,=—CH—CHCH, + H+ —~> CH,=CHCH=CH, + H,O 

CH,CH,CH,CH,OH + H+ —-+ CH,CH,CH=CH, + H,O 

In each pair of comparable equilibrium reactions below indicate which equi- 

librium will lie more to the right, and why. 

a CH,CH,NH, CH,CH,NH H,O 
CH,CH,COOH CH,CH,CO 

CH,CH,NH, CH,CH,NH 
ot ——_ + H,O 

CH,CH,COOH CH,CH,CO 

b OH O Et 
OH 

OH 



374 READING REFERENCES 

oak Sl N~ SO N~ ~OH 
H 

(=i N* ~OH Ny *O 
H 

READING REFERENCES 

Breslow, R., “Organic Reaction Mechanisms,” W. A. Benjamin, New York, 1965. 



CHAPTER TEN 375 

NUCLEOPHILIC 
SUBSTITUTION 
AT SATURATED 
CARBON 
IN the previous chapter we took our first look at the nature of chemical reac- 
tions in a general survey. Here we shall examine a particular reaction with 

the intent of observing the previous generalities in practice. The nucleophilic 

substitution reaction is an ideal selection, both because it has been studied 

deeply and because it is a broadly useful synthetic reaction capable of a wide 

variety of interconversions of many kinds of organic molecules. We shall 

approach the reaction with an effort to visualize events at the molecular level. 

We shall see again that the detailed nature of the reaction can easily be under- 

stood and predicted from the general steric and electronic nature of the involved 

molecules. 

The reaction is simple, involving attack of a nucleophile (Nu:) at a satu- 

rated carbon bearing a substituent L which may be displaced by that nucleo- 

phile. The displaced substituent is called a leaving group (—L). In the overall 

transformation, the C—L bond is ruptured in such a way that the pair of 

electrons which compose the bond becomes associated with L, so that it leaves 

as :L. The nucleophile Nu:, which possesses an unshared pair of electrons, 

uses these to form a new bond to carbon. The general reaction and a specific 

example are shown in Fig. 10-1. The specific reaction of Fig. 10-1 can be 

described by the statement that a nucleophilic hydroxide ion attacks a methyl 

chloride molecule and displaces a chloride ion as the leaving group. 

The attacking nucleophile and the leaving group possess the same general 

character: Whether anion or neutral they contain an unshared electron pair. 

Four charge types are therefore possible depending on whether they are anionic 

or neutral: 

Nu:7~ + R—L —> Nu—R + :L~ (CN~ + CH,I —~> CH,CN + I) 

Nu: + R—L —> Nut—R + :L~ (NH, + CH,Br —— CH,NH,* + Br") 

Ni eR 1 cag Ra een Cie CH OHS ==5:CH,C15H,0) 

Nie Ry Nut Rie, A (CH.).N4(CH,).$' —-> (CH.),N* pb (CH.),5] 

This variation in charge type is rarely of importance to the nature of the 

reaction, and the charges are ignored in the general cases discussed next. 

Most important nucleophiles are anions, the only important neutral ones being 

the amines. 
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Socks Nu aR se Ne ee 

a a 

Ne ee Ni“CePt we 
: d 

Nucleophile Substrate Product Leaving 
group 

Nucleophilic FO a fa ie ve 
substitution by Na OH + CH,—Cl —~» HO—CH, + Na Cl 
hydroxide ion 

FIGURE 10-1 Nucleophilic substitution at saturated carbon 

In the course of our discussion we shall examine the following features 

of the general reaction: 

The detailed mechanistic course of events and the observed kinetics of the reaction 

The scope of substitution in terms of the possible nucleophiles and leaving groups 

The stereochemical consequences of substitution 

The relative effects on reactivity which result from variations in 

nucleophile 

leaving group 

the nature of the carbon site in the substrate 

the solvent 

The influence of neighboring groups near the reactive site in the substrate 

The possibility of competitive side reactions, other than substitution, which may occur 

under the reaction conditions. 

Following this general clarification of the course of reaction, which will provide 

a basis for prediction of results in particular cases, we can take up the practical 

uses of the reaction in Chap. 11, showing for each of the major functional 

groups with a single bond to carbon how they are created and how they react 

in the substitution reaction. 

10-1 THE MECHANISM AND SCOPE OF SUBSTITUTION 

Available Mechanisms 

In a nucleophilic substitution, two changes occur: breaking of the old 

bond and formation of the new. The principal mechanistic variations are asso- 

ciated with changes in the timing of the two processes. Three possibilities can 

be imagined. 

Two-step reaction: (a) break the old bond and (b) make the new bond. 

Two-step reaction: (a4) make the new bond and (b) break the old bond. 

One-step reaction in which bond making and bond breaking are simultaneous or 

concerted. 
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A Prior ionization (Sy1): (i) Re Xe Ro X 

(2) Nu: + R , Nu—R 

B One-step substitution (S,2): (3) Nu: + R—X —~ [Nu-:-R:--X]- —> Nu—R + Xx 

Transition 
state 

FIGURE 10-2. Mechanisms of nucleophilic substitution reactions 

Both mechanisms 1 and 3 are observed in nucleophilic substitutions at 
saturated carbon atoms. To the best of our knowledge, 2 is not. 

Saturated carbon has its outer electron shell full and so cannot make a new 

bond before it breaks one of the old. With trivalent boron, however, substi- 

tution can occur by addition of the nucleophile to the boron first, filling its 

outer shell (and affording boron a formal charge of — 1), followed by breaking 

of the boron bond to the leaving group: Nu: + BR,L —-> Nu—BR,L 

—  Nu—BR, + :L. With second-row atoms, which can expand the outer 

electron shell, formation of the bond to nucleophile can also precede loss of 

the leaving group. 

In mechanism 1 the first, and rate-determining, step is the breaking of 

the bond to the leaving group which leaves the carbon site behind as a car- 

bonium ion. This is in effect an ionization reaction, and is often effected by 

heating the compound in an appropriate solvent. In a second step the high- 

energy carbonium ion is attacked by a nucleophile to form the new bond. In 

many such reactions, the nucleophile is actually the solvent molecule (cf. H,O, 

ROH, RCOOH), in which case the substitution reaction is called a solvolysis. 

The two steps are shown in Fig. 10-2A. 

The speed of these ionization reactions depends upon the stability of the 

fragments formed—the carbonium ion and the displaced leaving group—as 

well as on the ionizing power of the solvent, which must stabilize the ionic 

fragments formed by solvation. In this mechanism the ionization is the step 

which involves the high-energy transition state and hence is rate-determining. 

The capture of a nucleophile by the high-energy carbonium ion thus formed 

is a rapid, facile process with low activation. These ideas are summarized in 

Fig. 10-3A. The implication of this prior ionization is that only the concentration 

of the ionizing substrate will affect the rate of the reaction. Hence the rate will 

be independent of nucleophile concentration. If two nucleophiles are present to com- 

pete for the carbonium ion, the reaction rate is still independent of their concen- 

trations but the product ratio will reflect both their relative nucleophilic activity 

and their relative concentration. When no nucleophiles are present the inter- 

mediate carbonium ion can often be isolated, or at least spectroscopically 

observed in solution. The carbonium ion in such cases must be paired with 

a non-nucleophilic anion, as in (CH;),C*BF,-. 
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FIGURE 10-3 Free-energy diagrams for substitution reactions 

In the one-step mechanism 3, by contrast, the nucleophile forces its way 

in toward the positive substrate carbon, simultaneously pushing out the leaving 

group (Fig. 10-2B). Hence both the nucleophile and substrate combine in the 

transition state, the reactivity of both being necessary to attaining the activation 

energy. The rate of reaction will therefore depend on the concentrations of 

both reactants. This one-step mechanism, dependent on two reactants, is dia- 

grammed in Fig. 10-3B. This is a concerted mechanism. The nucleophile actively 

displaces the leaving group, and this mode of substitution is often called 

displacement. 

Kinetic Characteristics 

Solvolytic reactions of tertiary halides are usually not accelerated by 

addition of strong nucleophiles. For example, the rate of hydrolysis of tert-butyl 

chloride is not increased by the addition of sodium hydroxide, even though 

hydroxide ions are consumed in the reaction. Since the rate of the reaction 

depends only on the concentration of one reactant, the halide, the first-order 

rate law is followed. 

NaOH + (CH,),CC] 220 GHOH . (cH,).COH + NaCl 
Rate = k{(CH,),CCl] 

The first-order rate law is consistent with the carbonium-ion mechanism 

for substitution, since the first and rate-controlling step of the reaction does 

not involve the nucleophilic reagent. The name that has been given to this 

two-step mechanism is 5,1, which means substitution, nucleophilic, unimolecular. 

The kinetic behavior of primary halides is very different from that of 

tert-butyl chloride and other tertiary halides. Ethyl chloride, for example, does 

not hydrolyze at an appreciable rate in neutral solution. However, if sodium 

hydroxide is added, reaction occurs at a rate that is proportional to the concen- 

trations of both the halide and the base. Such a rate law is second-order. 

NaOH + CH,CH,Cl —_> CH,CH,OH + NaCl 
Rate — k[CH,CH,Cl][NaOH] 

The one-step mechanism is consistent with the second-order rate law, 

although other mechanisms could give the same kinetics. The one-step process 

is called the 5,2 (substitution, nucleophilic, bimolecular) mechanism. 
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Scope of the Reaction 

In order to survey which functional groups can undergo substitution 

reactions it is convenient to list nucleophiles and leaving groups according to 
the kind of atom which bonds to the saturated carbon, i.e.: H, C, N, O, X, S, 

(P). Any of these may act as nucleophiles, given an unshared electron pair. 

The main examples are listed in Table 10-1. In contrast, there are only a few 

active leaving groups (Table 10-2). The bonded atom of the leaving group must 

bear the pair of electrons when leaving (:L) and is virtually never hydrogen 

or carbon since these would be such high-energy products (:H~ and :CR,). 

Only in very special cases do nitrogen and phosphorus act as leaving groups. 

This implies that C—H, C—C, C—N and C—P bonds are almost never broken 

in substitution reactions, and this is in fact the observed situation. By far the 

TABLE 10-1 Nucleophiles for Nucleophilic Substitution Reactions 

(Nu: + R—L —> R—Nu + :L) 

Nucleophile Product 

1 Halogen Cl- R—C] (alkyl! chlorides) 

Br- R—Br (alkyl bromides) 

I- R—I (alkyl iodides) 

cae act 0 R—OH (alcohols) 
OH- 

aoe R—OR’ (ethers) 
R’O- 

é it 
ee R—O—C-—R ’ (esters) 
R’COO- 

O- OR 

Yoee > = (enol ethers)+ 

R O or 

ve LP é fs (ketones){ _— =C= etone 
a kere 

oa R—O—NO, (alkyl nitrates) 
NO,- 

SUN HS R—SH (thiols, mercaptans) 
SH- 

ee R—SR’ (thioethers, sulfides) 
R’S- 

R’,9 R—SR; (sulfonium ions) 
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TABLE 10-1 Nucleophiles for Nucleophilic Substitution Reactions 

(Nu: + R—L —> R—Nu + :L) (Continued) 

Nucleophile Product 
a ______ 

4 Nitrogen NH, R—NH, (primary amines) 

R’NH, R—NHR’ (secondary amines) 

R3NH R—NR; (tertiary amines) 

RN R—NR;, (quarternary ammonium ions) 

NH,NH, R—NHNH, (alkyl hydrazines) 

NO,” R—NO, (nitroalkanes) 

Nee RINN-N (alkyl azides) 

ir i 
R—C—N—R’ R’-—C—N=R’ (N-alkyl amides) 

R 

5 Phosphorus RP R—PR;, (alkyl phosphonium ions) 

6 Carbont KG: - R—CR,, (hydrocarbons) 

RG=C:- R—C=C~—R (alkynes) 

CN- R—C=EN (nitriles) 

ee eae 
= ‘aA SS aa = nee (diketones)f 

7 Hydrogen LiAlH, R—H (hydrocarbons) 

+ Carbon nucleophiles are all necessarily carbanions, of all possible kinds. Only the common examples are 

shown, the £-diketones (and related £-dicarbonyls) being especially common. These ketonic carbanions are 

enolate anions and can react at oxygen or carbon, forming enol ethers or ketones, respectively. 

most common leaving groups are halides and sulfonates (Sy1 or S,2), and 

protonated alcohols or ethers (Sy1 only). 

Many reactions can be written simply by combining the two lists, al- 

though some of the conceivable combinations do not give experimentally 

feasible processes. The reactivity of the reagents shown in Table 10-1 varies 

enormously, and some “weak” nucleophiles will not displace any but the most 

labile leaving groups. Furthermore, the coexistence of some pairs in the same 

medium is not possible. For example, the first neutral leaving group in Table 

10-2 is H,O. In order to obtain appreciable amounts of the corresponding 

substrate species, R—OH,*, an alcohol must be brought in contact with strong 

acid, a condition that would destroy many of the nucleophiles listed in Table 

10-1 owing to their protonation by the fast acid-base reaction in an acidic 

medium. 
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+: + + 
R—O—H +H == ROH, | Acid-base 

reactions + + 
Nu: +H Nu—H 

Nucleophile | Conjugate acid 
of nucleophile 

In general the Sy1 reactiun involves nucleophiles of low reactivity since 

prior carbonium-ion formation is the high-energy step. As implied above these 

are often substitutions under acid conditions (cf. ROH + R—X —> R’O—R + 

HX). By contrast, 5,2 reactions require reactive nucleophiles and these are 

commonly strong bases (OH™, R’,N:, R:~) so that the conditions are usually 

basic for this reaction. 

TABLE 10-2 Leaving Groups in Nucleophilic Substitution 

Leaving Substrate Leaving Substrate 

group (:L) (RL) group (:L)  (R—L) 

Cl- Alkyl chloride, R—Cl OSO,H Alkyl hydrogen sulfate, 

R= 
Br- Alkyl bromide, R—Br oe 

BG k = Akvisiodiden Rol OSO, Alkyl alkanesulfonate, 

R—OSO.,R’ 

H,O Alcohol, conjugate acid, = 
a OSO,R’ Alkyl sulfate, 

R—OH, 
R—OSO.,R’ 

ROH Eth jugate acid, - 
aes ae OsOCI Micyichiorosulare: 
| R—OSOCI 
H © 

OPC, Alkyl chlorophosphite, 

is rf ? R—OPCI, 
O—CR’ Ester, R—OCR’ a 

OPBr, Alkyl bromophosphite, 

? R—OPBr, 

—CR’ Est jugate acid, 
BO mme ae i ad via N=N Alkanediazonium ion, 

+ 

R—O—CR’ 
E SRS Trialkylsulfonium ion, 

+ 

R—SR; 

PROBLEM 10-1 

a On the basis of Fig. 9-7 assess the various rates in these Sy1 reactions. 

Zc OG) HB 7 CHBr 2,1 CH,, CH,O, CH,CO, C,H, 
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CH; C,H; 

Substitution with inversion Nu: + B= Gor ss Nu—C-H SESE 

of configuration CH CH 
3 3 

C,H. C,H. 

Substitution with retention Nu: + Gee H~c_Nu abs; 

of configuration aia CH 
3 3 

C,H. 

Substitution with Nu: + Hi C=. 2a 
racemization CH 

3 

C.H;, CH; 

Hc_Nu4+Nu—C-H 4 ct 
a ~ 

CH, CH, 

FIGURE 10-4 Possible stereochemical consequences of nucleophilic substitutions 

b Draw an energy diagram to illustrate the rate variations. 

c Do the same for the rates at which these compounds liberate HCI in boiling 

acetic acid (S,1 reaction). 

CH, 
CL VCH #Fcl Oo. Cl 

10-2 STEREOCHEMISTRY 

Study of the stereochemical course of substitutions at asymmetric carbon has 

provided a clear picture of the mechanisms of the reactions. In Fig. 10-4 various 

stereochemical possibilities are illustrated with an optically active sec-butyl 

group. The asymmetric carbon can either retain its configuration in the product 

or become inverted, and this can be experimentally verified with a polarimeter 

(Sec. 6-8). If half the product is inverted and half retained in configuration, 

the optical result is racemization ([a] = 0°). 

Stereochemistry of 5,1 Reactions 

Consider an asymmetric halide molecule such as that in Fig. 10-5. During 

ionization the chloride ion pulls away from the asymmetric carbon. The 

pyramidal arrangement of the other three substituents on that sp? carbon atom 

flattens until it reaches the planarity of the final sp? carbonium ion. The two 

unequal lobes of the sp® orbital on the central carbon, which had held the 

TIf other uninvolved asymmetric centers are present in the molecule the result will be partial epimeriza- 

tion, not racemization. 
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: Oe H H 
CH, \ ee ford 3 / \ 

; ,0 f GHitwe Chi ; 
C—— Cl —> Gem —> HO =G-—s ae aC OH ee 

oo) co) mi 

Optically Planar 51% 49% 
active carbonium A ww 

1-phenylethyl on 98% racemization 
chloride 2% net inversion 

FIGURE 10-5 Hydrolysis of 1-phenylethyl chloride 

chloride, smoothly shift to the two equal lobes of the empty p orbital of the 

carbonium ion, on each side of the molecular plane and perpendicular to it. 

Asymmetry is lost. The carbonium ion formed is now flat, sp”, with a plane 

of symmetry. Into either of the empty p-orbital lobes comes the electron-pair 

orbital of the nucleophile (H,O: in Fig. 10-5), overlapping to form the product 

bond. Since either side is equally accessible owing to the symmetry, both 

inversion and retention of the original configuration are equally likely, leading 

to net racemization. 

The carbonium ion is a very high-energy species and can only form if 

its energy is dissipated by solvation, i.e., by complexing with a solvent molecule. 

The solvent molecule moves up below the rear, small lobe of the sp? orbital 

on carbon as it develops into an empty p orbital and loosely complexes it with 

an electron pair, not forming a true bond. As the leaving group moves away 

another solvent molecule can come in to replace it on top in the same way. 

If the ion is stable enough it will have time to become symmetrically solvated 

in this way before going on to bond formation, either with solvent or another 

nucleophile. This gives true racemization. In many cases some solvent forms 

a bond opposite the departing leaving group before symmetrical solvation can 

occur, leading to mostly inverted product. The more stable (and long-lived) 

FIGURE 10-6 Methanolysis of 1-phenylethyl bromide 

. H Coy H UM 

CsHs~—c—pr SOF, 1 Ct yeas, CH,O—Co Cots 

CH; CH; CH, CH, 
1-Phenylethyl Unsymmetrically Inverted product 

bromide solvated ion pair 27% 
(optically active) 

+CH,OH 
—Br- 

H Cols H H se ae 

o: Ct ioe a (SOO oe Ge CoHs"'C—OCH, ee ) 5! 

CH, CH, CH, CH, CH, 

Symmetrically Racemic product 

solvated planar ion 73% 
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SS 

| Z 
2k eee N 

(1) Bc =0 ul + G50) CH. ae fe 

C,H;CH, 
1-Phenyl-2-propanol 

a = 4+33.0° se x Zoe fo 
H—C_OTs{ + || Cl 

Sv + 

C,H;CH, x 

1-Methyl-2-phenylethy] H 
tosylate 

(6 soem al 

CH;. ? CH; 
ee MS on La ey 3 

(2) cu,c0,K + HS cLor a. CH,CO—C-H +K OTs 

GiGi, | CHG. 
1-Methyl-2-phenylethy1 

acetate 

C—O Om 

Peres CH, CH, 
+= va rae - + wo 

(3) KOH + CH,C~O—C-H auf, CH.CO, K-SHO=G st 
CHG. CH,C,H,; 

1-Phenyl-2-propanol 
a= —32.2° 

+—OTs = —OSO,C,H,CH,-p. 

FIGURE 10-7 Demonstration of the steric course of an S,2 reaction 

the carbonium ion the more complete the racemization will be. The extent of 

racemization is also dependent on the leaving group, as seen in the imperfect 

racemization in the case of Fig. 10-6. Thus the steric course of the Sy1 reaction 

is largely racemization in most cases. 

Stereochemistry of S,2 Reactions 

The bimolecular nucleophilic substitution (Sy2) reaction occurs with clear- 

cut inversion of configuration. This fact was established by study of the stereo- 

chemistry and kinetics of substitution reactions of sulfonate esters. The equa- 

tions in Fig 10-7 indicate a classic set of interlinked reactions that establish 

the relative configurations of reactants and products in a second-order substi- 

tution. The alcohol is first converted to a tosylate (p-toluenesulfonate) by a 

reactiont which does not disturb the asymmetric C—O bond of interest. The 

second reaction is the S,2 displacement, one oxygen nucleophile (acetate anion) 

displacing the other (tosylate anion). Finally, the acetate product is hydrolyzed{ 

to yield an alcohol, again without disruption of the asymmetric C—O bond. 

+The first and third reaction of Fig. 10-7 and a few in subsequent pages are introduced without comment 

since they are not nucleophilic substitutions at saturated carbon. They are all discussed in context in 

subsequent chapters and their premature introduction here is held to the very minimum required. 
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FIGURE 10-8 Mechanism of 5,2 inversion 

The key to the demonstration lies in the equal and opposite optical rotation 

of the initial and final alcohols. Since only the middle, 5,2, reaction involves 

bonds to the asymmetric carbon, this must have proceeded with complete 

inversion. 

These stereochemical results, observed in many cases, are viewed at the 

molecular level (Fig. 10-8) as an approach of the nucleophile, its electron-pair 

orbital foremost, on a line with the axis of the orbital bearing the leaving group 



386 STEREOCHEMISTRY SEC. 10-2 

and from the backside. As the nucleophile approaches, the leaving group begins 

to be pushed away and the small lobe of the central carbon orbital holding 

it grows to meet the incoming nucleophile and shrinks away from the leaving 

group. The three groups on the central carbon are pushed out into a plane 

with the central atom perpendicular to the Nu—C—L bond axis in the transition 

state. The transition state is assumed to be a half-way point wherein the 

nucleophile and leaving group are each about half-bonded to the central carbon. 

Overall, the S,2 mechanism, or backside displacement, causes the three attached 

groups at the central carbon to invert, rather like turning an umbrella inside 

out in a high wind. This can also be seen in the illustration of inversion on 

a cyclohexane substituent, or in the projection of n-propyl bromide displace- 

ment, both in Fig. 10-8. 

Many similarities between the S,y2 and 5,1 mechanisms can be seen. The 

geometry of the half-way point in the 5,2 reaction is essentially the same as 

that of the symmetrically solvated carbonium ion in Fig. 10-6. Indeed the 27% 

of observed inversion in that case proceeds by a mechanism that is geometri- 

cally identical to the S,2 mechanism. The difference in the two mechanisms 

is in fact only one of the timing of bond breaking and making. The 5,1 reaction 

has two steps: passage over the first transition state involves in the main only 

bond-breaking; and the new bond to nucleophile is made in a discrete second 

step. In the S,2 reaction, the two processes are simultaneous, or concerted. It 

is also possible to envision free-energy diagrams intermediate between the 

two in Fig. 10-3, so that intermediate mechanisms are possible. This possi- 

bility sometimes makes interpretation of borderline cases complex. 

PROBLEM 10-2 

a What is the expected product (or products), in stereochemical terms, from 

r-1-phenyl-1-bromobutane in boiling acetic acid? In acetone solution with 

sodium acetate? 

b What is the expectation in similar cases using r-1-phenyl-1-bromo-s-2- 

methylbutane? 

c Similarly examine the tosylates of optically active cis- and trans-4-phenyl- 

cyclohexanols. 

PROBLEM 10-3 

Show with projection formulas the course of Sy1 and $,2 reactions of 2-bromo- 

pentane with azide ion. Draw the intermediate or transition state in this form 
also. 
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PROBLEM 10-4 

a The optical rotation of a solution of (+)-2-phenyl-2-pentanol goes to 0° when 

boiled in formic acid. Explain. 

b The optical rotation of a solution of sodium bromide and (+ )-2-bromo- 

pentane in acetone also goes slowly to 0°. Is there a different explanation? 

10-3 RELATIVE REACTIVITY IN SUBSTITUTION 

In order to achieve the ultimate goal of quantitative prediction in organic 

chemistry we should be able to say at what rate substitution will proceed when 

a certain nucleophile and substrate are allowed to react in a given solvent. The 

variations in rate observed for each mechanism (Syl and 5,2) are enormous 

and arise from four main effects: 

Changes in medium (solvent) 

Substrate structure 

Nature of the nucleophile 

Nature of the leaving group 

None of these are completely independent, but even if they were, a 

complete study of the rates of perhaps fifty representative substrates with 

solvents, leaving groups, and nucleophiles all varied independently would 

require literally millions of separate quantitative studies of rates and products. 

While this research is far from complete, most of the trends are clear 

in a semiquantitative way. Tables of relative rates are shown in order to impress 

a general sense of the magnitudes of the variations, but it must be appreciated 

that these magnitudes often change dramatically with changes in others of the 

variables: solvent, leaving group, etc. Still the order of relative activities is 

usually consistent even if the numbers change. The data offered should be 

approached first to see the qualitative trends and how they follow quite reason- 

ably from our previous understanding of structural features, and second to 

appreciate that several interlocking effects can create large variations in rates 

with complex rationales. The latter serve to instill caution in making predic- 

tions of a quantitative kind. 

Solvent Effects 

The nature of the medium in which a heterolytic reaction is conducted 

often has a profound influence on the reaction rate. The largest medium effects 

can be anticipated by considering whether ions are formed or destroyed, or 

neither, in the rate-determining step of the reaction. Good ionizing solvents are 

those in which ions are stabilized by solvation. Reactions which produce ions 

from neutral species are accelerated by good ionizing solvents (cf. Fig. 9-7B). 

Those in which ions collapse to neutral molecules actually go more slowly in 

ionizing than in nonpolar solvents (Figs. 10-9 and 9-7D). 
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Effect of increasing solvent 

Mechanism Keaction ionizing power 

Orel R—Cl — > R + Gl Large acceleration 

Sy2 HO + R—Cl —> ROH + Cl Small effects 
Se R,N + R’—Cl —> RNR’ Gl Large acceleration 

ye HO- + R,S+ —~> ROH +R,S Deceleration 

FIGURE 10-9 Medium effects on the rates of nucleophilic substitution reactions 

The most useful tabulation of general solvent activity is probably that 

of dielectric constant (Table 10-3), the more polar, better ionizing solvents having 

higher dielectric constants. However, the effects of solvents are more particular 

to their structures and solvation function than such a list of simple numbers 

can convey. The two particularly important kinds of solvation are the solvation 

of electron-deficient species (notably cations) by coordination with electron 

pairs on the solvent, and solvation of anions (or electron-rich atoms) by hydro- 

gen bonding. 

RT UR b+ 8 

pO at Oe Deg ee Ooh 

H H 

Cation solvation Anion solvation 

Hydrogen bonding by solvent is very important in substitution reactions 

because of its stabilization of nucleophiles. When a nucleophile reacts, part 

of the energy required to reach the transition state must be used to break such 

a hydrogen bond (Fig. 9-7C) and thus solvents which cannot hydrogen-bond 

to nucleophiles will allow faster rates (lower AFt), often thousands of times 

faster. Hydrogen-bonding solvents are called protic and those with no proton 

for hydrogen bonding are aprotic; Table 10-3 distinguishes the two groups. 5,2 

reactions are especially favored in aprotic solvents. 

TABLE 10-3 Polarity and Dielectric Constants of Common Solvents 

Dielectric 

Protic constant Aprotic 

Polar H,O 81 

ie HCOOH 59 
ae = 

2 q 45 (CH,),S5—O 

& | 90 38 HCON(CH:;),; CH,CN 

=)8 CH,OH 33 

3 ROH 20-24 CH,COCH, 
Nonpolar CH,COOH 6 (C,H;),0; CHCI,; hydrocarbons 
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Variations at the Carbon Site 

In the Sy1 mechanism the substrate ionizes to a high-energy carbonium 

ion. Since the transition state will be similar in energy and structure to that 

ion, the assessment of effects on the carbonium ion will serve to approximate 

effects on the transition state. These effects are listed in Fig. 9-7. Resonance 

stabilization of the carbonium ion lowers AFt (Fig. 9-7B) and is the most 

dramatic effect in solvolysis, causing reactions to proceed thousands or even 

millions of times faster than comparable saturated cases. The principal exam- 

ples in order of decreasing stabilization (i.e., rate acceleration) are these. 

an ay all 
Ether: ae —> ea + att 

| | 
Benzyl: ee —- 5 ae a 

Allyl: Sesea(om Nears L 
i alia al SAPO 

| | 
Propargy]: BS re —— —CSCc+ fi 2L 

Particular cases are cited in Table 10-4. The operation of resonance stabi- 

lization is also clear in the substitution effects on the benzene ring in benzylic 

cases: while a meta methoxyl has little effect, a para methoxyl will enhance 

the S,1 rate 5,000 to 10,000 times and a para nitro group will reduce it 

almost as much. 

TABLE 10-4 Relative Solvolysis (5,1) Rates for Different Substrates 

R—Cl + H,O/dioxan R—Br + H,O R—Cl + C,H,OH 
Ba a ee a 

CH,— i 

CH,CH,CH,CH,— 1 CH,CH,— 1 CH,=CH—-CH,— 0.04 

CH,CH,OCH,— 1x 10° (CH,),CH— 12 o—CH,— 0.08 

On Chas 1 
| 

GH. OGH.CH;— 02 (CH,);C— 1.2 x 10° CH; 

(CH,),C— i 

o,CH— 300 

o,C— 3 x 10° 
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In saturated substrates there is, however, also a dramatic difference in 

the order: 

tert > sec > pri > CH, Syl reactions 

Several causes for this have been advanced: 

Hyperconjugation (page 166) 

An inductive effect owing to the greater electronegativity of H than C, which stabilizes 

a carbon-substituted carbonium ion over a hydrogen-substituted one 

Steric acceleration, in which some steric strain of three groups separated by a 109.5° 

angle (sp*) is released as they go to the 120° separation of the sp? carbonium ion. 

All three are probably valid but the extent of each is not known. Never- 

theless, the rate acceleration is very real, as shown in Table 10-4 (middle list). 

As the table shows, it is common in Sy1 reactions for two methyl groups to 

produce a rate equivalent to one phenyl when substituted on the carbonium 

ion site. 

The 5,2 displacement is less affected by electrical effects (resonance, 

inductive) since there is relatively little charge on carbon in the transition state. 

It is very subject to steric hindrance around the carbon site, however, for the 

nucleophile must push in among the three carbon substituents to effect suc- 

cessful displacement. Here, therefore, the reverse order of rates holds for 

saturated substrates: 

CH, > pri > sec > (tert) Sy2 reactions 

No clear S,2 displacement has been demonstrated for a tertiary substrate, 

since when forcing conditions are used (e.g., raising temperature) ionization 

of the substrate occurs instead, affording either S,1 substitution or other reac- 

tions of the carbonium ion (Sec. 10-5). Steric hindrance is also clear in the great 

sluggishness of neopentyl [(CH;);CCH,—] derivatives (Table 10-5), even though 

their site of reaction is a primary one. 

TABLE 10-5 Relative Displacement 

Rates of Halides (S,2) 

CH. 30 

CH,CH,— 1 
RCH,CH,— 0.4 
(CH,),CH— 0.02 

(CH3)3;C— 0 

(CH,),C—CH,— 0.00001 
Neopentyl 

CH,=CH—CH,— 40 
Oe 120 

CH,COOCH,— 100 
CH,OCH,— 400 
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Resonance does apparently play some part even in Sy2 reactions but not nearly 
so spectacularly as in S,1. The S,2 transition state is actually an sp? hybrid 

of the carbon site and although the nucleophile and leaving group largely 
occupy the p lobe with “half-bonds” there is apparently some role for resonance 

stabilization by adjacent unsaturation since allylic, benzylic, and ether examples 

do show rates increased by 50 to 500 times (Table 10-5). 

Other cases of interest include carbonyls « to the reactive carbon in the 

substrate. In the S,1 reaction these inhibit the rate by placing the positive 

carbon of the carbonyl adjacent to the carbonium ion and so raising its energy 

(Fig. 9-7D). In the S,2 reaction, however, a-halocarbonyls are often the most 

reactive substrates, apparently since the entering nucleophile offers some of 

its charge to the carbonyl as well as to the adjacent reaction site (cf., Fig. 9-1): 

| 
| = 

5-0" oe LO ¢ O 
Nu [ode ae pert — Sai a 

a-Haloketones are even faster than the a-haloesters of Table 10-5. Finally, it 

may be added that multiple halogens on one carbon stimulate the 5,1 reaction 

(10 to 50 times per X) but depress the S,2 reaction somewhat. 

PROBLEM 10-5 

Two common tests for the primary, secondary, or tertiary nature of an unknown 

alkyl bromide or chloride are to allow it to react with AgNO, /C,H,OH and with 

Nal/acetone. (Nal is soluble in acetone while NaBr and NaCl are not.) In each 

case one observes whether a precipitate forms rapidly, slowly, or not at all. 

a Explain the rationale for this test based on the premise that silver ion com- 

plexes with halides, causing them to ionize with precipitation of AgxX. 

b Predict the expected behavior of each of the following with each test. 

C,H;Br  (CH,),CHBr = (CH,),CC1 

c What behavior would you expect in each test with the following halides: 

cyclohexyl iodide, allyl chloride, benzyl bromide, triphenylmethyl chloride. 

PROBLEM 10-6 

In each pair of similar substitution reactions below write the structures of the 

products of each one; indicate which reaction is likely to have the faster rate 

and why. 

a Phenylmethy! chloride (= benzyl chloride) and 2-phenylethyl chloride with 

silver acetate in methanol 



Acyclic 

Ring size 

FIGURE 10-10 Substitution rates of cycloalkyl derivatives 

b Sodium cyanide in acetone with 1-methyl-1-iodomethyl-cyclopentane or 

2-cyclopentylethyl iodide 

¢ 2-phenyl-2-propanol or 3-phenyl-2,4-dimethyl-3-pentanol on warming in 

concentrated HBr 

d Sodium salt of methyl malonate and ethyl! iodide in methanol or in acetonitrile 

he Ux vos 
e Lithium aluminum hydride on CH,—CH—CH, and CH,—CH—CH—CH, 

f Heating 2-chloro-3-pentene and 2-chloro-2-pentene in formic acid 

Ring compounds exhibit expected characteristics. Since in both Syl and $y2 

reactions the angles at the reactive carbon must open to 120° (sp? ——> sp’), 

the process creates severe angle strain in the small rings and lowers their rates 

of substitution in the order of ring size: 5 > 4 > 3. Cyclopentyl derivatives, 

by a combination of strain relief factors in going to the transition state, are 

the fastest rings for substitution, faster than comparable acyclic derivatives 

(S to 50 times), while cyclohexane is comparable to acyclic derivatives for Sy1 

but slower (100 times) in 5,2 owing largely to steric hindrance by the axial 

hydrogens. In larger rings the S,2 reaction is similar to that in acyclic cases, 

but the Sy1 reaction is enhanced (——> 500 times) in the strained medium rings 

(7 to 10 members) owing to relief of steric strain in the parent ring (Fig. 9-7C) 

as one carbon goes planar and so removes its axial hydrogen from steric com- 

pression. Substitution rates in cycloalkyl cases: 

3<4<5>6<7-10 (see Fig. 10-10) 

In bridged bicyclic compounds, a leaving group at the bridgehead is totally 

inaccessible to backside attack for $2 displacement and almost equally unreac- 

tive in Sy1 since ionization to an sp? carbonium ion (planar) requires severe 

angle-bending strain throughout the molecule. 

& 
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Relative Reactivity of Nucleophiles 

All nucleophiles are bases, and the major trend in nucleophilicity (reac- 

tivity as nucleophiles) is to parallel base strength. Differences occur since the 

electron pair attacks carbon instead of hydrogen. Comparison of nucleophiles 

having the same attacking atom does show that within such a restricted series 

increased basicity results in increased nucleophilic reactivity. Thus, the follow- 

ing series of decreasing reactivities is observed and parallels decreasing pK, 

(Table 8-2): 

GHOm HOT GH Or CH. CO, 7 H.0 

However, if one stays within one family in the periodic table, reactivity 

of nucleophiles in series of analogous ions or molecules increases sharply with 

increasing atomic number, at least in protic solvents. Thus, the following series 

of decreasing reactivities is usually observed, in protic solvents: 

lee Dis Clars bs and RS~ > RO- 

In the larger atoms the external electrons are less tightly bound by the nucleus 

and thus more polarizable, i.e., free to distort to accommodate the electron- 

deficient carbon in the S,2 transition state. Finally, solvation is important to 

nucleophilicity, protic solvents depressing the rates through their relative 

deactivation of the electron pair in the nucleophile by hydrogen bonding. 

Thus, basicity, polarizability, and solvation are all involved in nucleophile 

reactivity and no quantitative relationship among them has yet been success- 

fully formulated. The list in Table 10-6 is from older studies in protic solvents 

(alcohols, aqueous acetone, etc.) on the Sy2 reaction. It is now known that rates 

are thousands of times faster in polar aprotic solvents such as dimethylforma- 

mide (Table 10-3). It is also becoming clear that even the order of nucleo- 

TABLE 10-6 Average Nucleophilicities 

in Protic Solvents 

(Relative Rates for 5,2) 

o—S- 500,000 

CN- 5,000 

I- 4,000 

HO-, CH,0-, C,H,O7 1,000 

Br- 500 

O- 400 
Cl- 100 

CH,COO- 20 

C.H;N (Pyridine) 20 

NO,- 1 

RSO,-, C1O,- <1 
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philicities may change drastically in these solvents. Furthermore, a nucleophilic 

anion must have an associated cation, which has no effect on the substitution 

reaction as long as it is freely dissociated in the solvent. But in poor ionizing 

solvents the ions frequently exist as an ion pair, tightly bound electrostatically, 

and this will seriously inhibit the nucleophilicity of the anion. 

Relative nucleophilicity is measured in the table by rates of 5,2 reaction, 

since here the nucleophile is involved in the transition state. In the S,1 reaction 

only substrate ionization is involved in the transition state, and added nucleo- 

philes do not change the rate but only the product composition. Thus, the 

solvolysis of benzyl tosylate in methanol gives methyl benzyl ether. If the better 

nucleophile lithium bromide is added, the rate is unchanged but the product 

is benzyl bromide. If equal amounts of lithium chloride and bromide are added, 

benzyl chloride and bromide are formed in a ratio reflecting their relative 

nucleophilicities, but still at the same overall rate. 

Steric hindrance is also exhibited in nucleophiles, as exemplified by the 

tert-butoxide ion. Here the basicity (to H) is comparable to that of ethoxide, 

but so much steric hindrance is involved when tert-butoxide attacks carbon 

sites that virtually no displacements by tert-butoxide are known. This makes 

it an excellent practical base since it will attack only protons, not carbon. 

Certain nucleophiles contain more than one atom bearing active electron 

pairs and so can react at either site and produce more than one product. Such 

molecules (or ions) are called ambident nucleophiles. The enolate anion in Table 

10-1 is an important example. Ambident nucleophiles are of two kinds, those 

in which resonance affords electron density from the active electron pair at 

ly either of two (or more) sites (XY <—> X=Y—Z) and those with two 

different nucleophilic sites of similar reactivity. The enolate anion is a funda- 

mental example of the first, nitrite anion of the second. 

On =< O=R 

oe se ROW jars 

| O-alkylation 

O O 
He I oR 

LNG PRON ee 

ist baal 
’ Enolate . C-alkylation 

O:= eae 

Ne eg ea ‘OF 

Ni 02 NO eee NR 
I “ . OY 

sO): O. 

Nitrite O-alkylation N-alkylation 
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im 

pre Nat salt + CH.J ye CH; NSS ee ee es N 

| ee) | 

OCH, 

Ag? salt + CH,I pee 
—— ee l*" a N 

§ a 
cy) 

Bo ph NC Saree ya 
| (Sy1) : 

° oH CH,—C—CH,—COOR — a > CH,—C—CH—COOR 

OCH, 
“ae CH, C=CH=COOR 
(4°, cu,<N=n) 

(Sy1) 

Oe: 

NaNO, + BrCH,COOR re gN—CH,COOR (Nitro) 

40) 

AgNO, + BrCH,COOR ——> O=N—O—CH,COOR (Nitrite) 

O 
| 

Na,SO, + BrCH,COOR ——> ~O—$—CH,COOR (Sulfonate 

O 

FIGURE 10-11 Alkylations with ambident nucleophiles 

When attention is focused on the nucleophile instead of the substrate 

in a substitution reaction, it is frequently called an alkylation reaction, implying 

attachment of an alkyl group (R, from R—L) to the molecule (nucleophile) of 

interest. The molecule R—L is called an alkylating agent. The atom of attachment 

on the nucleophile can be specified (C, O, N, S alkylations) and is important 

in clarifying ambident alkylations. Many factors, often subtle, govern the 

product mixture in ambident alkylation. 

The most important feature controlling the alkylation site with ambident 

nucleophiles (Fig. 10-11) is the relative electronegativity of the possible sites. 

In attack on a carbonium ion (S,y1) the more electronegative atom (O > N > C) 

is alkylated since the major electron density is available there. By contrast, 

in the S,2 reaction the more polarizable and less electronegative atom is 

alkylated. When one electron pair is on sulfur, sulfur is always the site of 

alkylation due to its superior polarizability. The latter preference can usually 

be enhanced by carrying out the reaction in a protic solvent, which preferen- 

tially hydrogen bonds to the more electronegative atom, leaving the other site 

free for displacement. Steric hindrance and ion pairing are also factors in the 

preference of one ambident site over another. 
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PROBLEM 10-7 

Most nucleophiles are anions but some anions are not nucleophiles. A particular 

example is BF,-. Explain the inertness of BF, as a nucleophile. 

PROBLEM 10-8 

a The lactam (cyclic amide) of 5-aminopentanoic acid can be converted into 

a sodium or a silver salt (with appropriate sodium or silver bases). These 

each react with a molar equivalent of ethyl iodide but give different products. 

Explain. 

b Thiocyanate (SCN7-) and cyanate (OCN7) each give two products when 

allowed to react with allyl bromide. In the former case one product pre- 

dominates very much. Show the products in each reaction, and account for 

this predominance. 

PROBLEM 10-9 

Diazomethane (CH,=N=N ——> CH,—N=N) reacts with carboxylic acids 

cleanly to yield their methyl esters. The reaction is acid catalyzed (by the car- 

boxylic acid itself in fact). Mechanistically, how do you suppose this reaction 

proceeds? 

Relative Leaving-group Activity 

Leaving groups have an inverse relation to nucleophiles in substitution 

mechanisms and so often show inverse orders of activity. Thus, very strong 

bases, which are good nucleophiles, are very hard to displace and weak, stable 

bases are easy. As before, with the same atom bearing the leaving electrons, 

the weaker the base the better the leaving group (e.g., R50,0- > RCOO- > 

@—O-). Apparently the most effective oxygen leaving group known is fluoro- 

TABLE 10-7 Average Relative Rates 

for Leaving Groups 

@SO,—O— 6 

[= 3 

Bie 1 

HOt 1 

(GEE) Sta 0.5 

C= 0.02 

|e 0.0001 



SEG. 10-3 RELATIVE REACTIVITY IN SUBSTITUTION 397 

sulfonate (FSO,O-), in accord with the very low pK, of fluorosulfonic acid, 
FSO,OH (Table 8-2). However, with respect to polarizability the order is the same 

as with nucleophiles.+ (See Table 10-7.) 

lees Brees Clas. Es and Z—S- > Z—O- 

Use is made of the high reactivity of iodide ion, both as a nucleophile 

and as a leaving group, in the iodide-catalyzed hydrolysis of primary alkyl 

chlorides. In such reactions potassium iodide is simply added to the reaction 

to speed up the overall conversion rate but is itself not consumed in the process. 

H,O#tRCH, Gl =" RCH. OH HCl 
Fast i RCH Cl RCH. Cl- 

H,O + RCH,I 2" RCH, OH + HI 

These strong bases are never leaving groups in simple displacements: 

Hess @RGs pas OR NGG: R—O:- HO:> 

Hence, the —OH group of alcohols, for example, is never displaced as 

such in a nonacidic medium. However, oxygen can become a leaving group 

in two ways. For S,2 reactions, where the group must leave as an anion, strong 

resonance stabilization of the anion makes it more stable, less basic, and more 

susceptible to displacement. 

NO, 

€ So < on-{)-0- < NO, O- < RSO,—O- 

NO, 

In both Sy1 and Sy2 reactions the ether oxygen becomes a leaving group when 

it is compressed into an epoxide and releases this strain on C—O bond cleavage. 

For Sy1 reactions the oxygen atom is first complexed (on its unshared 

pairs) by a proton or Lewis acid (BF, AICI,) so that the actual leaving group 

is neutral (H,O or ROH; Table 10-2): 

eae tis ie ba iG 
ROH =— R-O=H —> Rt + >O—H 

pera ~ BX, ~ BX; 

R—O—R’ ©, R-O—R’ =" Rt 4 :O—R’ 

+The order of ease of halide leaving groups is also the order of their C—X bond energies (Table 2-2). 

On this rationale the C—I bond is easier to cleave than the C—CI bond and hence iodide is a better 

leaving group. 
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The latter procedure is often called electrophilic catalysis and occurs usually 

only with S,1 reactions. The electrophilic catalyst (H*, BX;, etc.) serves to speed 

up the ionization enormously.} Besides the ionization of alcohols and ethers 

by Lewis acids, the other important use of electrophilic catalysis applies the 

silver cation to ionize halides in the same fashion, forming insoluble silver 

halides and accelerating the ionization rate so that the $,1 mechanism usually 

predominates. (See examples in Fig. 10-11.) 

oo 

R—Br:"}7Agt R+ + AgBrJ 

10-4 NEIGHBORING-GROUP PARTICIPATION 

AND CYCLIZATIONS 

If a second functional group is present in the substrate molecule it may partici- 

pate in the substitution reaction if it fulfills two requirements. The group must 

offer a pair of electrons, and the atom bearing the pair must be at a favorable 

distance from the carbon site of substitution: three, five, or six atoms away, 

generally. 

z—¢ (A) 

Other reactions (C) 

The pair of electrons on the second functional group (Z = —C:- 

O:~, —OH, —OR, —X:, C=C, ¢) acts as an internal nucleophile for an intra- 

molecular displacement, leading to: 

7 

A permanent new bond (case A; cyclization) or 

2 Aninternally stabilized or solvated carbonium ion which is then attacked by an external 

nucleophile (case B) or 

3 Some other reaction (case C), as in Sec. 10-5 

7 Since oxonium ions are such excellent leaving groups it is reasonable that one of the most active alkylating 

agents should be the trialkyl oxonium salts. Some of these can be isolated for use as reagents (see Fig. 

10-11) but only when the associated anions are completely nonnucleophilic, for oxonium salts are 

destroyed by any nucleophile. 

CH, 
+/ on 

Nc. CHO, BE,- —> Nu—CH, + CH,OCH, + BF,- 
CH, 
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(CHIN: 9 ~CH,—Cl 
| ae ol Ll’ oe 

CH, CH, HO, 25 CH, CH, 

CH, GH. 

OH 

| -OH rae Note: When substituted on 

‘eosin aie (—HBr) > R-CH—CH-R’ a ring the —OH and —X 

Br must be trans. 

Os 

H 
COO- o O 

trans: ——— 52 

Br 

Br Os COo- CO No displacement in 
Ge eve either conformation 

- (backside attack impossible) 
r 

FIGURE 10-12 Internal displacement reactions: cyclizations 

The cyclization (case A) necessarily inverts the substituted carbon, while 

case B represents two consecutive substitutions, both obliged geometrically to 

be inversions, so that the net result is overall retention of configuration. The same 

result occurs if product A is unstable to external nucleophiles present and reacts 

in a second displacement to give B. Examples are collected in Figs. 10-12 and 

10-13. 

Internal substitutions are much favored in rate because of the proximity 

of the reactive centers (see page 355), commonly thousands of times faster than 

the comparable intermolecular reactions. Formation of three-membered rings is 

the most favored by this probability-of-reaction factor, and this entropy advan- 

tage offsets the energy unfavorability involved in closing a three-membered 

ring (angle strain). In many cases three-membered-ring formation is even faster 

than five- and six-membered rings.t The four-membered ring, however, does 

not have a probability advantage and, as it is also strained, its formation is 

very rarely observed. All ring formations are made even more rapid the more 

substituted the ring becomes, probably because the closed ring experiences 

less steric crowding than the acyclic reactant. 

A number of examples are shown in Figs. 10-12 and 10-13. 

+The 1,3 interatomic distance is about 2.5 A and is unchanged by any conformational rotations. Hence 

the two atoms have only to close up by 1 A to go to bonding distance. The 1,5 interatomic distance 

can extend to as much as twice this amount and in an acyclic chain is often in conformations sterically 

unacceptable for internal displacements. 
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FIGURE 10-13 Neighboring-group participation in nucleophilic substitution 

PROBLEM 10-10 

Write the expected products of these reactions. 

a 2-Bromomethyl-benzoic acid and NaHCO, 

b cis- and trans-3-bromocyclohexyl-acetic acid and NaOH 

c cis- and trans-2-bromocyclohexyl-acetic acid and NaOH 

d cis- and trans-2-bromocyclohexanol and NaOH 

PROBLEM 10-11 

Predict the products and stereochemical outcome of boiling r-2-phenyl-r-3- 
bromobutane in acetic acid. 



SEC. 10-5 COMPETITIVE REACTIONS 401 

10-5 COMPETITIVE REACTIONS 

The Sy1 reaction begins with a rate-determining ionization step, which forms 
a carbonium ion. This in turn reacts with an external or internal nucleophile 

to afford substitution. However, as implied in Fig. 9-2A, the carbonium ion 

may also lose a proton to give a stable neutral compound with a double bond, 

or an adjacent group may rearrange, to satisfy the positive center. The first 

alternative is an elimination reaction, the second a rearrangement. Both are 

treated more extensively in their own right in later chapters (14 and 17) but 

must be recognized here as possible competing reactions for substitution. 

Although the three competing courses of reaction (substitution, elimination, 

rearrangement) yield different products, they all proceed with identical rates 

since this is determined only by the initial substrate ionization and not by the 

subsequent mode of collapse elected by the carbonium-ion intermediate. 

The S,2 reaction has only one alternative: the approaching nucleophile 

can either attack carbon to afford normal substitution, or adjacent hydrogen, 

to give elimination. In the latter instance, the nucleophile acts as a base. Re- 

arrangements virtually never occur under S,2 conditions. 

Elimination Reactions 

The chief competition in nucleophilic substitution comes from elimination 

reactions in which the nucleophile attacks a B-hydrogen rather than carbon. 

Elimination cannot occur, of course, without a £-hydrogen, and therefore 

alkylations (substitutions) using such substrates as methyl or benzyl are favored 

in practice where possible since they bear no f-hydrogens. Elimination will 

be relatively more favored if steric crowding renders displacement slow. In 

tertiary cases elimination is usually the only reaction under Sy2 conditions. 

Elimination: 

H 
al N Va 

Nu: + —C*™C— — > Nu:H+ C=C +:L 
| ¢ a S 

L 

Substitution: 

ia eae | 

SE ani enniele ie anal 
GL 

Strong bases, such as HO-, RO-, and H,N-, are very reactive in hydrogen 

abstraction and tend to cause elimination by preference over substitution, 

especially for those with pK, > 12. Highly polarizable nucleophiles, such as 

I-, RS~, and $,0,-~, tend to give nearly exclusive attack on carbon (substi- 

tution), and little elimination. 

C,H,O Nat + CH;—CH—CH, =e (CH.),CHOC,H, + CH,=CH—CH, 

u 21% 79% 
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(crotyl alcohol) 

FIGURE 10-14 Further rearrangements in S,1 reactions 

Elimination also competes with substitution in S,1 reactions, since the 

intermediate carbonium ion may lose a proton to a basic solvent molecule. 

H,O 
Substitution (CH,),COH, 22°, (CH,),COH + H,O 

(CH Ve =CHeearro 
Elimination 

(etl) 

Highly branched substrates give a good deal of elimination under Sy1 

reaction conditions. The amount of elimination is decreased by lowering the 

reaction temperature in both S,1 and 5,2 reactions. 

Carbonium-ion Rearrangements 

Reactions that proceed by the S,1 mechanism frequently give rearrange- 

ments. The migrations of an alkyl and a functional neighboring group are 

illustrated in Fig. 10-14. The first type is usually governed by a simple thermo- 

dynamic consideration. If a carbonium ion can be converted to a more stable ion by 

migration of an alkyl or aryl group from an adjacent carbon atom, rearrangement will 

almost inevitably occur. A common type of functional group migration or re- 

arrangement is that of an adjacent double bond. Allylic cations contain two 

electron-deficient centers to which nucleophiles can be attached. Therefore, 

allylic rearrangements may be expected in the solvolysis of allylic substrates, 

leading to two different products, as in Fig. 10-14. The entire subject of 

molecular rearrangements is treated more extensively in Chap. 17. 
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PROBLEM 10-12 
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For these reactions write possible products which do not arise via normal sub- 

stitution. 

a 2,2,2-Triphenylethanol in hot formic acid 

2-Phenyl-2-butanol in hydrochloric acid b 

c cis-2-Methyl-1-bromocyclopentane and potassium acetate in acetonitrile 

d 1-Chloro-4-methyl-2-pentene in hot aqueous tetrahydrofuran 

TABLE 10-8 

shal ne. 

Mechanism Two step One step 

Rosy Res R=Nu Nu: + R—L —> Nu—R + :L 

Common reaction Acidic Basic 

conditions 

Kinetics Ist order (~unimolecular) 2d order (bimolecular) 

Rate = k[R—L] Rate = k{Nu: |[R—L] 

Ionization = rate determining 

(2d step does not affect rate) 

Stereochemistry fpescemucetion —- inversion Inversion 

Solvent effects Much favored by ionizing 

(polar) solvents 

Polarity of solvent rarely 

important; H-bonding 

solvents disfavor by 

deactivating nucleophile 

Carbon site in R 

(must be sp?) 

Resonance stabilization 

favors reaction 

Satd.: tert > sec > pri 

Rims SEK AE FS DO < ilu 

Steric hindrance control 

CHa piri sec (tert = 0) 

Same 

Competitive Elimination Elimination by strongly 

reactions | Rearrangement basic nucleophiles 
4 

Catalysis H+ (or BF): R—OH, R—OR None 

Agt: R—X 
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TABLE 10-8 

COMPETITIVE REACTIONS 

(Continued ) 

oa 

SEE, 1025 

Gea 
(SS 

(L) Leaving groups 

Xl) >br= cs Same 

O OH, —OR, —OCOR —OH, —OR never 

yon H+ (or BF,) | OH —~> —OTs first 

ate Fae O 
“OS 

| | —€—=10 55 
| t 

os 

N | —N=N 

—NR,, —NCOR’ never Same 

C | Never Same 

Nucleophiles (Nu:) 

Xo le = Draes Class Es Same 

O: | H,O, ROH, RCOOH RO- > HO- > @O- > RCOO- 

(Solvolysis) 
(S:) Sop s-Oz 

N: | NO,- —> R—O—NO NO,- — > R—NO, 

N,~ N3- 
Amines rarely Amines: problems with 

+ te 

[R,N: +“, R.NH, inactive ] multiple alkylation 

CO 
\ 
Ne 

ve 
CO 

C: | None Weak bases best to avoid 

elimination: 

2 Y and Z = CO 
—CH—Z ‘ 

teat CN, NO,, SO, 

mes © Nie Oe — GI 

H: | None LiAlH, 

Ambident | More electronegative site Less electronegative site 
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10-6 SUMMARY 

The present chapter had as its intent the focusing of our structural knowledge 
on the problem of a broad and general reaction. We have seen that the observed 
behavior of many kinds of molecules fits qualitatively quite well into our 

expectations from the operation of effects previously discussed. Hence we have 

developed many useful generalizations about substitution reactions which we 

shall apply to specific cases of synthetic value in the next chapter. 

A summary of these generalizations is shown in Table 10-8. 

PROBLEMS 

10-13 In each case decide whether the reaction is likely to proceed by Sy1 or 5,2 

mechanisms, what the product will be (including stereochemistry where appro- 

priate), and what side-products are possible. 

3-Phenyl-1-bromopropane + NaCN in dimethylformamide 

R-3-Phenyl-1-bromobutane + NaCN in dimethylformamide 

s-1-Phenyl-1-bromobutane + NaCN in dimethylformamide 

s-1-Phenyl-1-bromobutane + AgOAc in ethanol 

y,y-Dimethylallyl tosylate + (C,H;),N in methanol 

(+)-4-Chloropentanoic acid + NaNO, in water 

(+)-4-Chloropentanoic acid in boiling water 

sme mo anon oe f Benzyl chloride + Na,CS, in acetone 

i (—)-1,3-Dibromo-1-phenylpropane in hot aqueous acetic acid 

j  (—)-1,3-Dibromo-1-phenylpropane + KOAc in dimethylsulfoxide 

10-14 When p-(2-bromoethyl)-phenol is carefully treated with base a compound, 

C,H,O, can be isolated. This compound shows no IR bands above 3200 cm~! 

(below 3.1 1) but a strong band at 1670 cm~! (6.0 ) and a UV maximum around 

230 nm. On treatment with HBr the compound reverts easily to the original 

phenol. Account for these observations. 

10-15 When 2-formylcyclohexanone (formyl = —CH=O) is mixed with sodium 

methoxide in methanol and n-propyl iodide is added, the isolated product 

shows no intense maximum in the UV above 200 nm (a weak band at 280 

nm appears). When isopropyl iodide is used instead, an isomeric product is 

obtained with an intense UV maximum at about 250 nm. Explain. 

10-16 When the cis- and frans-3,3-dimethyl-2-bromo-cyclohexanols are treated with 

strong bases, they each yield a single product. The products are isomeric, 

halogen-free, and only the one from the cis-bromo alcohol shows an IR band 

at 5.85 p. (1710 cm~'). Neither product shows an IR band around 3 p (3350 

cm~!) like the starting materials. Explain. 
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10-17. In the laboratory, treatment of butanol with sulfuric acid can afford a useful 

preparation of dibutylether, but if sodium bromide is added very little ether 

is formed. Explain. 

10-18 Give examples of the following reactions: 

a Two examples of reactions that would be expected to give retention of 

configuration 

b Three examples of reactions that should largely give inversion of configura- 

tion 

c Three examples of reaction that should largely give racemization 

d Three examples of reactions that are inhibited by steric hindrance 

e Three examples of reactions that are slow because of adverse electronic 

effects 

10-19 Arrange the following groups of compounds in order of decreasing reactivity 

in the reactions indicated. 

a The acetolysis reaction: 

CH,Cl 

mgs (CH,),CHC] CH,CH,CH,Cl —C,H,CH,Cl 

b The S,2 substitution with potassium iodide in dry acetone: 

CH. CH. 

OTs 

CH,OTs CH,=CHCH,OTs (CH,),CHOTS 

c The methanolysis reaction with acid anion as the leaving group: 

i 
CoHjCOCC,H,X-p — X = H, I, F, NO, OCH, CH, 

ae 

10-20 Trace the following interconversions with three-dimensional formulas. Show 

appropriate reagents, catalysts, and solvents. 

Bra ; 
a R-2-Butanol ——> tosylate yore bromide ——> alcohol + olefin 

cetone 

b s-1-Phenylethanol a, alkyl chloride ——> optically active acetate ——> 

optically active alcohol ——> tosylate ——> s-1-phenylethyl iodide 
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10-21 State concisely the kinetic and stereochemical differences between Syl andisn 
reactions. Why is benzyl chloride more reactive than ethyl chloride in both 

reactions? 

10-22 For each numbered step in the synthetic sequence below, select the best 

reagents, solvent, and conditions for the desired reaction to proceed. Comment 

on the mechanism and stereochemistry (if any) in each, whether the reaction 

would be fast or slow, and what side products might be formed. (Note: If you 

think any individual step in the sequence is poor or impossible, say why.) 

o Br 

: \: 
O Sct, Seu, Sc, 

oO Ch O CH, Ge CHO 
es es Pe ees % CH, 

On OCH: 

10-23 Provide a single specific structure that satisfies each description below. 

a An isomer of cyclohexyl chloride with a slower rate of displacement by 

iodide ion in acetone 

An isomer of 1-methylcyclopenty! chloride which solvolyzes faster in hot 

formic acid 

An alcohol more likely to rearrange than substitute or eliminate in acidic 

solutions 

An optically active compound with two asymmetric centers giving an 

optically inactive compound with AgNO, 

An isomer of cyclopentyl bromide reacting faster with KOAc in 

HCON(CH,). 

An isomer of s-1-phenyl-1-pentanol which would racemize faster in hot 

aqueous acid 

An isomer of s-1-phenyl-1-pentanol which would not racemize in hot 

aqueous acid 

An isomer of s-1-phenyl-1-pentanol which changes optical rotation in hot 

aqueous acid but does not go to a rotation of 0° 
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10-24 Write equations for the following: 

10-25 

10-26 

a 

c 

d 

Five examples of reactions in which the nucleophile and substrate are in 

the same molecule. Try to invent some new examples of reactions you would 

expect to be successful. 

Two examples that show the alkylation of ambident nucleophiles in two 

different ways. 

Five reactions in which the leaving group is neutral. 

Five reactions involving substitution by a neutral nucleophile. 

In displacements of halides, R—X, the two amines below showed the following 

ratios of rates, with triethylamine always the slower. Account for this rate 

difference and the fact that it increases in the series shown. 

[R= Rate ratio = quinuclidine: triethylamine 

CH SY 

(Cjel— 252 (quinuclidine = ) ) 

(Ce) (Ch — 706 N 

Explain the following observations: 

a Benzylmagnesium bromide can be made in good yield in dilute solutions 

but not in concentrated solutions. 

Under conditions that lead to the hydrolysis of tbutyl chloride, 

(CH,),CCICOOC,H,; is stable. 

Neopenty] tosylate reacts slowly with lithium iodide but resists reaction with 

lithium chloride, whereas n-butyl tosylate reacts at reasonable rates with 

either nucleophile. 

The yields of substitution product given in the reactions of sec-butyl chloride 

with (CH;).N~, (CH,),;CO~, CH,O7, and I increase in the order listed. 

Tri-tert-butylcarbinol solvolyzes much more rapidly in acid solutions than 

tert-butyl alcohol. 

Optically active sec-butyl chlorosulfite, when warmed in dioxan, gives 

sec-butyl chloride with 97% retention, whereas the same reaction conducted 

in isooctane gives 43% inversion. 

1-Phenylethyl chloride solvolyzes much faster than 2,2-dimethyl-1-phenyl- 

propyl chloride. 

In reactions with aqueous silver nitrate 

Br Br 

<e in rate 
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10-27 Write structures for the by-products of the following reactions: 

a NH, + (CH,),CCl —> (CH,),CNH, (trace) + 

pb HO -(CH.).CCH,Ors — > (CH.).CCH,OH + 

c HI + (CH,),CHOCH(CH,), 22°. (CH,),CHI + 

dl @HSINa =) CH CH=CHCH,Cl === CH.CH=CHCH,SC,H, 4 

ena SCN PG HCH Cl= => CMLCH.SCN = 
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SYNTHETIC 
USES OF 
NUCLEOPHILIC 
SUBSTITUTION 
THE previous chapter was oriented to theory so as to provide a basis for making 
predictions about new reactions. In this section attention is turned to the 
practical features of devising substitution reactions for synthetic purposes. The 

chapter is focused separately on the several major functional groups with 

single bonds to carbon, in order to show how they are prepared, and in turn 

how they react, by substitution reactions. 

The two major uses of substitution reactions lie in the interconversion 

of singly bonded functional groups and in the forging of carbon-carbon bonds 

in order to build up a carbon skeleton. The two mechanisms, Sy1 and S,2, 

have their special features and areas of suitability. The 5,1 reaction is used 

for tertiary, and sometimes secondary, sites and for allylic, benzylic and a-ether 

sites which afford resonance-stabilized carbonium ions. It is common for Sy1 

reactions to be carried out under acidic conditions. The 5,2 reaction is used 

for primary and secondary carbon sites and usually employs basic conditions 

since the common nucleophiles are basic anions. 5,2 reactions always give 

inversion of configuration but 5,1 conditions usually give mixed racemization 

and inversion. In all cases it must be emphasized that the carbon site of reaction 

is saturated (sp?). Leaving groups attached to simple double bonds (C=C) and 

to benzene rings are inert to the normal range of substitution conditions. Car- 

bon-carbon bonds are always formed in nucleophilic substitution by 5,2 

reactions since the nucleophile must be a basic carbanion. 

It is important in assessing a particular reaction to take the entire molecule 

into account. We must make sure that no neighboring group with an electron 

pair three, five, or six atoms away is present to usurp a desired external substi- 

tution with a faster internal one, or that uninvolved functional groups elsewhere 

are not also changed by the reaction conditions. Possible competitive reactions 

of elimination and rearrangement must be borne in mind. Only in the 5,2 

reaction has one much control over side reactions, by lowering the basicity 

of the nucleophile employed so as to damp the undesired elimination side 

reaction. 

11-1 ALCOHOLS AND RELATED C—O COMPOUNDS 

This section constitutes a survey of the main functional groups with C—O single 

bonds and the means of making and breaking this C—O bond. The groups 
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Hydrolysis HOH + CH,CHCH, aay CH,CHCH, + HBr 
Br OH 

Isopropyl Isopropyl 
bromide alcohol 

SS 

i ZA 
Ethanolysis | C,H.OH + (CH,),C—Cl —N— (CH,),COC,H, + Cl- 

SX 

N 
+ 

Ethanol t-Butyl H 
chloride 

t I 
Acetolysis CH,COH + CH.(CH.,).,Br a CH.,,CO(CH,),CH, + HBr 

Acetic n-Butyl n-Butyl acetate 
acid bromide 

FIGURE 11-1 Solvolysis of alkyl halides (S,1) 

in question are primarily alcohols (R—OH), ethers (R—OR’), and esters 

(R—OCOR’). These compounds are frequently prepared through reactions in 

which oxygen-containing nucleophiles attack saturated carbon and displace a 

leaving group, utilizing either Sy1 or S,2 conditions. In the first, the reaction 

is often a solvolysis, in which a substrate reacts with a nucleophilic solvent 

molecule. Several examples of solvolysis reactions are found in Fig. 11-1. Alkyl 

halides are the most generally available substrates for solvolysis reactions. Use 

of water as solvent leads to alcohols, use of alcohols as solvents leads to ethers, 

and use of carboxylic acids leads to esters as products. As illustrated in the 

ethanolysis of tert-butyl chloride, a tertiary amine may be added to the reaction 

mixture. The amine neutralizes the acid produced and makes the hydrochloric 

acid unavailable for possible reverse reaction. 

The direct displacement (5,2) is usually preferable to solvolysis as a 

method for preparing alcohols, ethers, and esters. Salts of the weakly nucleo- 

philic O—H compounds are prepared by reaction with a strong base. These 

salts are dissolved, either in the parent hydroxylic compound or in some inert 

solvent. This solution of the negatively charged nucleophile (oxyanion) is then 

allowed to react with the substrate. The specific examples of such reactions 

shown in Fig. 11-2 are chosen to parallel the examples of solvolysis of Fig. 

11-1. 

Halide ions are the most commonly encountered leaving groups, but 

sulfonates (R—SO,O7) and, to a lesser extent, sulfates (HO—SO,—O- and 

RO—SO,—O_) are also employed. Elimination is an undesirable side reaction 

which usually accompanies substitution to some extent, but is most serious 

with high temperatures or with nucleophiles which are strong bases. Thus, 

sodium hydroxide is used in the preparation of alcohols which contain no 

B-hydrogens, e.g., benzyl alcohol from benzyl bromide, but otherwise hydrox- 

ides more commonly cause elimination. 
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OE H,O—C,H,OH i 
Hydroxide as = NaOH + CH,CHCH, ——“*"* _, CH,CHCH, + NaBr 
the nucleophile Ht Ae 

, =i SP nzen >. Alkoxide as (CH;),>CHO K + C,H;—Br <=. (CH;),CHO—C,H, + K Br 
the nucleophile Potassium 

isopropoxide 

Carboxylate ion ? 
II _ 

ei 7 
as the CH,CO Na + CH,(CH,),—Br <A, CH;CO(CH,);CH; + NaBr nucleophile Sodium 

acetate 

FIGURE 11-2 Nucleophilic substitution by oxyanions (5,2) 

Elimination is usually avoided by using the weaker base sodium acetate 

to give an ester first, by substitution. This is then cleaved by a hydrolysis, 

described in Chap. 12, which removes the acetyl group and leaves the alcohol. 

CH, CH, 

-OCOCH, -OH 
a! 

| HCON(CH,),° H,O 

Bra Paiae 11 
COCH, 

Inversion CH, 

+ CH,COO- 

HO H a 

The conditions used for 5,2 reactions reliably cause total inversion in 

configuration, as illustrated in the example above; the ester hydrolysis does 

not affect this configuration at the substituted carbon. When other asymmetric 

centers are present, the displacement effects an epimerization, inverting only at 

the site of substitution. 

An interesting, and occasionally useful, type of substitution involves 

molecular nitrogen as a leaving group. Primary amines react with nitrous acid 

to give diazonium salts (Sec. 12-8). Although aromatic diazonium ions are 

reasonably stable, aliphatic diazonium salts have never been isolated, pre- 

sumably because they decompose almost instantly to the parent carbonium 

ions and molecular nitrogen. Alcohols and alkenes of both rearranged and 

unrearranged structures are formed, and this multiplicity of products usually 

prevents its use as a practical reaction. Even the relatively stable aromatic 

diazonium salts undergo similar substitution to hydroxy-aromatics (phenols) 

when heated. 
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CH,CH,CH,NH, + HNO, HC, [CH, CH,CH,—N=N ci| + 2H,O 
n-Propylamine Diazonium chloride 

H,O CH,CH,CH,— =N = CH,CH,CH,OH + CH,CH= CH, 
zy 

Preparation of Ethers 

The substitution reaction is the most common route to ethers. Preparation 

of ethers by the reaction of metal alkoxides with alkyl halides, sulfates, or 

sulfonates is known as the Williamson synthesis. Since tertiary substrates 

undergo elimination virtually exclusively in their reactions with strong bases, 

tertiary ethers can be made via the Williamson synthesis only by utilizing 

tertiary alkoxides with primary or secondary substrates. 

C,H,CH,O Na + CH,—Br —> C,H,CH,OCH, + Na Br 
& eS 

C,H,CH,O Na + (CH,),C—Br —> C,H,CH,OH + CH,=C(CH,), + Na Br 
Sodium benzyloxide 

Cyclic ethers have become important commercial materials for use both 

as synthetic intermediates and as solvents. The rings are closed by a cyclization 

which is essentially the same reaction as the Williamson synthesis. Halohydrins 

(2-haloalcohols) are readily made from alkenes (Chap. 15) and cyclize with 

facility in the presence of a weak base to form epoxides. 

i = 
CH,=CH, + HOC] —> CH,—CH, ——= CH,—CH, —> CH,—CH, + Cl 

ethan) ames 
Ethylene Ethylene 

chlorohydrin oxide 
(2-chloroethanol) 

i= = 
Na OH + HOCH,CH,CH,CH,Cl —> ¢ ” ELOeeNC Gl 

Tetrahydrofuran 

Alkylation of phenols with reagents such as methyl iodide or dimethyl 

sulfate in the presence of an aqueous or alcoholic base is another example 

of the Williamson synthesis. Phenols, being more acidic than alcohols, can be 

converted to anions by aqueous base, or even by potassium carbonate in 

acetone. 

ED SS Ss Pe 
ONa + CH,~OSO,OCH, —> O—CH, + NaO.SOCH, 

Dimethyl Anisole 
sulfate (methyl phenyl 

ether) 
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Diazomethane is an interesting alkylating agent that forms methyl ethers 
(O-alkylation) with weakly acidic hydroxy compounds such as carboxylic acids, 
phenols and the enol forms of 6-diketones and £-ketoesters. The latter reaction 
is of particular interest because the ambident anions derived from B-dicarbony]l 
compounds tend to be alkylated on carbon, rather than on oxygen, in conven- 
tional Sy2 displacements. The reaction of diazomethane with acidic compounds 
probably involves C-protonation to form the methyl diazonium ion as an 

intermediate, but the latter, if formed, must be very short-lived and readily 

ionizes to CH,+ + N, for an Syl reaction. (See Fig. 10-11.) Alcohols are not 

acidic enough to protonate themselves and thus do not react with diazomethane 

spontaneously. The reaction can be carried out if a catalytic amount of non- 

nucleophilic acid is added (BF, or HBF,; HCI simply yields CH,Cl). 

io ee 
CH,CCH,CCH, == CH,CCH=CCH, _ (tautomerism) 

OH QO OF 
I | ‘ae I Co a CH,CCH=CCH, + CH,=N=N —> CH,CCH=CCH, +CH;~N=N —> 

Diazomethane ane 
CH,CCH=CCH, + N, 

o@CH,OH + CH,N, 18%, @CH,OCH, + N, 

Diazomethane, which has many uses as a research chemical, is a toxic, 

yellow, explosive gas at room temperature and is usually handled in ether 

solution. The structure of diazomethane is unusual. The molecule is linear, 

and no proper Kekulé structure can be formulated that does not involve separa- 

tion of charge although the compound itself is neutral. The cyclic isomer, 

diazirine, is also known. 

N 
+ = + ee 

CH,=N=N: —> CH,-N=N:  CHy ! 

Diazomethane Diazirine 

Preparation of Esters 

Esters are usually prepared by the reactions in Chap. 12 but may be 

prepared by: 

1 Solvolysis of halides, sulfonates, etc., in the corresponding carboxylic acid as solvent 

(Fig. 11-1) 

2 Sy2 displacement via the carboxylate anion in a polar, aprotic solvent as on page 000 

3 Electrophilic catalysis utilizing the silver salt of the carboxylic acid (Sy1) 



(CH,). CZ cH, HES eae Cn (CH,),C—CH,—OH 

OCH, 

OH 

eee He cH—CH—CH 
Ome SCH COOH Ae 

O—COCH, 

OCH, OCH, +OCH, 
YE 3 & q 

CH,CH,CH ae CH_CH, CH <=> CH,CH.CH + CH,OH 
QOCH, 

H 0| 

- OCH, 
GH. CH GHO <== =| CH.CH CH 

: c= (—CH,;OH) " . ‘OH 

OOH Of |-O- 
FIGURE 11-3 Acid-catalyzed cleavages of epoxides and ketals/acetals 

Once formed an ester may be regarded as the source of its corresponding 

alcohol by hydrolysis (R—OCOR’ —> R—OH). 
+ 

CH,CH,—Br: + Ag —> CH,CH,—Br—Ag 

CH,COO~+ CH;CH,~Br—Ag —> CH,COOCH,CH, + AgBr 

Methylation with diazomethane provides an elegant, simple, and quanti- 

tative synthesis of methyl esters. The method is very useful in synthesis on 

a small scale and in the preparation of esters that are sensitive to acids and 

bases. 

Room 

(‘coon + CH,N, ——> ( \-coocn, +N, 

Benzoic Methyl 
acid benzoate 

Reactions of Alcohols, Ethers, and Esters 

The reactions of the C—O compounds by substitution can only be effected 

in a direct manner by employing acid catalysis, so that the leaving group is 

the more stable ROH (H,O), not RO~ or HO-. These are Sy1 conditions and 

proceed best on tertiary, secondary, or conjugated substrates. The simplest and 

most common examples employ HI, HBr, and HCI to convert alcohols and ethers 

to halides. When a poorer nucleophile than X~ is used, elimination and re- 

arrangement are the more likely reactions (e.g., using HClO, or HBF,). The 
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cleavage of aryl alkyl ethers by HI is a general procedure, substitution occurring 
only at the saturated alkyl side of the ether, not the aryl. Diaryl ethers are 
inert under ordinary acidic conditions. 

HOH > [pCH OH fs (@CHs] => OCH BrP ELO * 2. 2 2 2 

o—OCH, +> ¢—OH + CHL 

Ethers are generally impervious to all but the strongest acid conditions 
(e.g., HI > 100°). Perhaps the smoothest and most useful cleavage of ethers 
is effected by the Lewis acid BBr,, at room temperature or below: 

BBr., 
—b — _ |— 

O O+ *O2 sie 

Zz B 
JEWS PS 

L Br i Bri L Br Br | 

Complex 

Br Br 

0 OH 

ae 
Br Br 

Two cases are exceptions (Fig. 11-3) to the rule of general unreactivity 

of ethers. Epoxides, being severely strained, open rapidly with mild acids 

(protonation and S,1). Of the two possible carbon sites, the one forming the 

better carbonium ion is the site of cleavage owing to its faster ionization rate. 

The angle strain in epoxides is so great that even 5,2 displacements can occur, 

opening the ring and releasing the strain. The carbon attacked is of course 

the least hindered of the two, as in any S,2 reaction, and displacement goes 

with inversion. It is therefore frequently possible to open either one of the 

epoxide C—O bonds by selection of Sy1 or Sy2 conditions. 

O) OH 

@—CH—CH, + ¢—NH, ©), ¢—CH—CH,—NH—¢ 

yeas . Nat OCH CH,OH/Ht+ at 
CH,—CH—CH,—OH aa CH, CH CH, (Sy2) : 

OH 

CH,—CH—CH,—OCH, 

The other exception is that of acetals and ketals, with two ether linkages 

sited on a single carbon. The one ether so stabilizes the carbonium ion formed 

by protonation and ionization of the other that cleavage also occurs easily with 
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mild acids, and these compounds are unstable to dilute aqueous acid even at 

room temperature. They are hydrolyzed to the parent ketone or aldehyde. 

Even though the S,2 reaction cannot be performed on alcohols or ordi- 

nary ethers themselves, alcohols at least can be first converted to derivatives 

(ROH —-+ ROZ) in which the —OH group has been transformed into a leaving 

group which is less basic and more stable than OH-. Such a group is then 

easily displaced by nucleophilic anions. 

The most common procedure is reaction with toluene- or methane- 

sulfonyl chloride to afford a sulfonate ester. This does not change the con- 

figuration at the carbon site since the reaction cleaves only the O—H, not the 

C—O bond of the alcohol. 

| on + p-CH,C,H,SO,Cl aE 
p-Toluenesulfonyl 
chloride (tosyl 

chloride, or TsCl 

050, C,H,CH, 
(—OTs) es CH,O-Na oct, 

CN 

LiAlH, 

ae, 

HOS, N(CH;); 
p-CH,C,H,SO,0- 

The other common procedure employs reaction with various phosphorus 

halides, which form an unisolated intermediate phosphorus derivative of the 

alcohol, converting the —OH toa good leaving group (—O—P) for displacement 

by halide. This may be generalized as follows and is discussed in more detail 

in Chap. 19. 

| | + 
R—OH +2-X —> [K—O P ] + Hx- —> R—X + P-products 

See 

The best reagent for creating chlorides and bromides is apparently ,PX, 

(@3P*XX-) and that for iodides (6O),P*CH,I. In the older literature PCI,, PCI, 
POCI,, and PBr, were commonly used. 

-O 

OH Br 
+ (on + am, — [J Perot 

] + 

(CH,),;C—CH,—OH + (O),PCH, I- —> (CH,),;CCH,I + $OH + CH#P(Od), 
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Thionyl chloride (SOCI,) is the other useful reagent for converting alco- 

hols to chlorides, frequently for the purpose of providing a better leaving group 

for a further displacement. The special practical appeal of this reagent is that 

all of the other products are gases. Phosgene (COCI,) may be used in the same 

way but is often avoided because of its toxicity. 

R=OH-SSOGh == R=Cl-, S0,.44HCI 

ROH COC === R= COs 4 HCl 

11-2  THIOLS AND RELATED C—S COMPOUNDS 

Sulfur compounds show greater nucleophilic reactivity than their oxygen 

analogs, and substitutions by sulfur-containing nucleophiles often occur under 

very mild conditions and give high yields. The important reagents that contain 

nucleophilic sulfur include hydrogen sulfide, bisulfide ion (HS7), bisulfite ion 

(:SO,—O7-), mercaptans (RSH and ArSH), mercaptide ions, thiocyanate ion 

(SCN-), and disulfide ion (S,~~). The common leaving groups include halide, 

sulfonate, and sulfate ions, as usual, and water (from conjugate acids of al- 

cohols). 

ee CH,SH + (CH,),CHCH,-—~Br —> CH,SCH,CH(CH,), + HBr 
Isobutyl methyl 

sulfide 

C,H.SH + ()-050,¢,H CH a ()-s-ci + p-CH,C,H,SO,H 

Thiophenol Cyclohexyl tosylate Cyclohexyl 
phenyl sulfide 

- - + 
Na S—SNa + 2CH,CH,I —> CH,CH,SSCH,CH, + 2Nal 

Ethyl disulfide 

Na SCN + (CH,),CHBr —> (CH,),CHSCN + NaBr 
Isopropyl 

thiocyanate 

Ethylene oxide is readily opened by nucleophilic sulfur compounds. The 

reaction between hydrogen sulfide and the substrate gives 2,2’-dihydroxydi- 

ethyl sulfide. The latter compound is converted, by substitution, to 2,2’- 

dichlorodiethyl sulfide, a powerful vesicant (blistering agent) known as 

“mustard gas.” 
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LS 
H,S + CH,— CH, —> HSCH.,CH,OH 

ae 2-Mercaptoethanol 

HOCH.CH.SH + CH,—CH, ——~ HOCH,CH.SCH,CH,OH 2 Ps Ne VY 2 

2,2’-Dihydroxydiethy] sulfide 
(B,f'-dihydroxydiethyl sulfide) 

2HC] + HOCH,CH,SCH,CH,OH ——> CICH,,CH,SCH,CH,Cl + 2H,O 

2,2’-Dichlorodiethyl 
sulfide 

(mustard gas) 

11-3 ALKYL HALIDES: C—X BONDS 

Alkyl Halides 

Alkyl halides are made by three principal methods: 

Nucleophilic substitution reactions with alcohols as substrates 

Addition of halides and hydrogen halides to carbon-carbon double bonds (Chap. 15) 

Photochemical chlorination of hydrocarbons as an industrial process (Chap. 20) 

Most of the methods for converting alcohols to halides were listed in the 

preceding paragraphs and may be summarized here: 

RCI: HCI, ZnCl,,t SOCI,, COCI,, o3PCl,, PCI, PCl,, POCI, 

RBr: HBr, },PBr,, PBr, 

RI: HI, (6O),P*CH,I- 

Halide ions increase both in nucleophilic reactivity and in leaving-group 

facility as the size (and polarizability) of the ions increases. Thus, while iodide 

is both an excellent nucleophile and leaving group, fluoride is weak in 

each role. Alkyl fluorides cannot usually be made by ordinary nucleophilic 

substitution and they are very unreactive to displacement. 

A classical test for the nature of saturated alkyl bromides or chlorides was 

devised from the opposite priorities of alkyl substitution in S,1 and S,2 reac- 

tions. A sample of a halide is treated with AgNO, in ethanol and another with 

Nal in acetone. If a rapid precipitate forms in the first (AgBr or AgCl), the 

halide is tertiary, while a rapid precipitate of NaBr or NaCl (insoluble in 

acetone) in the second indicates a primary halide. The first test promotes 5,1 

conditions by electrophilic catalysis with silver ion and a poor nucleophile 

(nitrate) for any competing 5,2 displacement, while the second test utilizes a 

good nucleophile (iodide) for S,2 reaction and a poor ionizing solvent to depress 

Sy1 reaction. In each test secondary halides react much more slowly, often 

requiring heating to yield a precipitate. See Prob. 10-5. 

+ZnCl, acts by electrophilic catalysis, complexing with —OH as a Lewis acid. The Lucas test for distin- 

guishing tertiary, secondary, and primary alcohols is based on the speed with which the alkyl chloride 

is seen to precipitate as a second phase (tertiary = immediate, primary = only slowly with heating). 



ee + = 

+ 
ee H,N—R + H,N: == RNH, + NH, 

pie a + t 
RNH, + RX —> R,NH, + X 

+ oe 

R,NH, + H,N: == R,NH + NH, 
Se Des 3% + = 

R,NH + ne — R,NH + X 

+ + 
R,NH + H,N: == R,N: + NH, 

_—_— a = 
R,N: WANG CaaS ce 

FIGURE 11-4 Alkylation of ammonia and amines 

11-4 AMINES AND RELATED C—N COMPOUNDS 

Alkylation of ammonia to form amines occurs in stages to form primary, 

secondary, and tertiary amines and quaternary ammonium salts. If a particular 

product is desired, it can sometimes be made to predominate by manipulation 

of the concentrations of the reactants and other reaction conditions. In each 

of the first three alkylation steps the initial products are ammonium ions, which 

are equilibrated by proton transfers with all other bases in the mixture. Since 

ammonium ions are not nucleophilic, two equivalents of nucleophile are re- 

quired for each alkylation step, as shown in Fig. 11-4. The anions, R,N:7, are 

very poor nucleophiles but very strong bases. 

Commercial synthesis of the methylamines is based upon the reaction of 

ammonia with methyl chloride. The products are separated by large-scale frac- 

tional distillation. As a matter of practical convenience, procedures that give 

mixtures of products or require rigid control of reaction conditions are usually 

avoided in the research laboratory. However, primary amines can often be easily 

made by using a large excess of ammonia. The alkylation reaction can also 

usually be stopped at the tertiary amine stage in good yield. Secondary amines 

are ordinarily made by other methods. Quaternary ammonium salts are virtually 

always made by alkylation of tertiary amines. 

BrCH,CH(OC,H;). + 2NH, —~> H,NCH,CH(OC,H;),. + NH,Br 

1,1-Diethoxy-2- 2,2-Diethoxyethylamine 
bromoethane 

CH, 
Pe ea 78 | ~ NaOH 

(CH,),.NH + BH aePs a SCE CH Gaus Br —— > 

Clo CHE H 

3-Phenylbutyl 
bromide 

CH,CHCH,CHN(CH,), 
C.H; 

Dimethyl-[3-phenylbutyl] 
amine 
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In the Gabriel synthesis, a special device is employed to allow primary 

amines to be prepared uncontaminated by more highly alkylated products. 

Phthalimide is sufficiently acidic to be converted to a potassium salt by treat- 

ment with concentrated potassium hydroxide. The phthalimide ion is a good 

nucleophile, especially in polar aprotic solvents, in which it is reasonably solu- 

ble. It is alkylated to give N-alkyl phthalimides, which cleave with aqueous 

base (Chap. 12) to give primary amines. 

O. O 

| 
ea e NK+ GHG CH ety a /NCH,CH,CH, KOH, 4 

HCONMe, T 

O O 

Potassium 
phthalimide 

COOK 

Cr ae CH,CH,CH,NH,, 

COOK 

Potassium 
phthalate 

The strained small ring compounds, ethylene oxides and B-propiolac- 

tones, react readily with ammonia and amines by an 5,2 mechanism. 

GHs— GH 
aie a 

H,N: + CH,—CH, —> H,NCH,CH,OH —°—-> 
aes i 
O Ethanolamine 

CH,—CH, 

HOCH.,CH,NHCH,CH,OH OLS (HOCH,CH,),N 

Diethanolamine Triethanolamine 

H,N + CH,—CH, —> H,NCH,CH,COOH 
ae £-Aminopropionic acid 

(f-alanine) 

Elimination reactions often become predominant in the amination of 

secondary substrates, and tertiary substrates generally give only elimination 

products. 

2NH, + CH, ae sDipkan., 
C,H; {0S0,C,H,CH,p 

NH. 
ine - + 

Se nee a CHsCH-CHCH: + p-CH;C,H,SO, NH, 

C,H; C,H; 
Major Minor 
product product 
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The azide ion is a powerful nucleophile, giving alkyl azides in nucleophilic 
substitution reactions. Azides may be reduced to primary amines with hydrogen 
and a metallic catalyst. Hydrazine is a weak nucleophile, but it will react 
satisfactorily with some primary and secondary halides. Multiple alkylation 
occurs if the alkyl halide is present in excess, and undesirable mixtures are 
obtained. 

N=N=N NH, 
KN=N=N 4+ CH,CHCOO,C,H, KS". CH,CHCOO,C.H; Soe CH,CHCOO,C,H, 

Br 

Potassium Ethyl a-bromo- Ethyl a-azido- Ethyl a-amino- 
azide propionate propionate propionate 

+ ee 
NH.NH, 4 CH,CH,CH.I — CH,CH,CH,NH,NH, I Na,CO, 

Hydrazine CH,CH,CH,NHNH, 

n-Propylhydrazine 

Nitroalkanes can often be prepared by S,2 reactions on alkyl halides with 

the ambident nitrite anion, usually as its sodium salt, but with secondary or 

tertiary halides, silver nitrite yields largely nitrite esters (R—O—N=O), by 

Syl reaction. 

O 
ay ys NS 

Na O—N=O + BrCH,COOCH, > +N—CH,COOCH, 
-O 

Methyl a-nitroacetate 

Ag O—N=O + (CH,),;C—Cl 4; (CH,),CNO, + (CH,);CONO + CH,=C(CH,), 
2-Methyl-2- tert-Butyl 
nitropropane nitrite 

(trace) 60% 

The cleavage of the C—N single bond in amines is exceedingly difficult, 

and displacements of amines or even quaternary ammonium salts are virtually 

unknown. As with —OH, however, —NH, and NH can be converted to 

derivatives which undergo substitution, but here it is much more difficult and 

the reagents used on alcohols do not suffice. 

The conversion of primary amines to transient diazonium ions was dis- 

cussed above (page 413). The cleavage of the C—N bond is certainly facile 

with stable N, as the leaving group, but the reaction commonly suffers from 

yielding an impractical welter of substitution, elimination, and rearrangement 

products, via the Sy1 ionization route. 

The diazonium group, with a C—N single bond, is also formed by pro- 

tonation of the diazo group. The diazonium ion intermediate then ionizes to 

a carbonium ion and nitrogen gas with such readiness that the diazonium salt 

cannot be isolated. 
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CH, 2N=N Hcl — 5 [cCH)-N=N] Cl- => CH.CI> NG 
Diazomethane 

O 
I cae I nt 

o@—C—CH=NEN + CH;COOH —~> [o6—C—CH,--N=EN] CH,COO- —> 

a-Diazoacetophenone O 
] 

@—C—CH,—O—COCH, + N, 

Two more practical variants have been devised, however, which lead more 

cleanly to substitution. In one the amine is converted first to an amide (page 

512) and this is treated with nitrous acid to afford an N-nitroso (-N—N=0) 

derivative (page 540) which collapses on warming to an ester and molecular 

nitrogen. In the second, the amine is allowed to react with an aryl (more stable) 

diazonium salt to yield a triazene (page 490) which can be substituted with 

a carboxylic acid. 

N=O 
I | HONO R-N-C-R’ A 

R—NH, + R’COC] —~> R—NH—C—R’ 

R—-O—C—R’ + Ny 

O 

ape eS oe ee oe oe oe oe H+ R’COOH 

R—NH, + 6—N=N: —> R-NH—-N=N—$ == RN=N—NH@ ————> 
U Tautomeric triazenes 

ee + N, + @NH, 

O 

Secondary and tertiary amines can often be cleaved by heating with BrCN. 

This converts the amine to a cyanamide, which is a better leaving group by 

virtue of resonance stabilization. 

C=N 
| 

CH,—NH—CH,$ + => |6—CH,—N7CH,—$| — 

UNE CEN’ 
pCH,—N: - + @CH,Br 

Stabilized 
cyanamide 

Phosphines are similar to amines and are readily alkylated by methyl 

and primary halides, less easily by secondary ones. Most reactions of phos- 
phorus compounds are, however, separately discussed in Chap. 19 since they 
possess a number of peculiarities which arise from the expansion of the phos- 
phorus outer electron shell. 
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+ 

@3P: + CH,CH,Br —> $,P—CH,CH, Br- 
Ethyl triphenyl 

phosphonium bromide 

11-5 DISPLACEMENT BY HYDRIDE TO C—H BONDS 

The development of the metal hydrides since 1945 has provided a number 
of reagents that can donate hydride (H:~) to a wide variety of organic com- 

pounds, among which are certain reagents capable of undergoing nucleophilic 

substitution at saturated carbon. The most commonly used hydride donor is 

lithium aluminum hydride. 

H H 
| | 

Lit EARS eh Lit HAL + HOR + ¢L 

H H 

The reagent is remarkably soluble in ether. It has been widely used in 

addition-reduction reactions (Chap. 12) and has a more limited application in 

simple nucleophilic substitution. The reagent attacks the more reactive alkyl 

halides and sulfonates and opens epoxide rings. The displacement is $,2, for 

these hydrides are strong bases. Surprisingly, sodium hydride (NaH) does not 

act in this nucleophilic manner and so is of special importance used as a base, 

reacting only with hydrogen, never at carbon. 

Synthetically, the displacement of leaving groups by LiAIH, is important 

since it serves to remove a functional group from the skeleton altogether, 

affording a hydrocarbon product. It does not react at tertiary sites and rarely 

causes elimination. All four hydrogen atoms are available as H-. Lithium 

aluminum deuteride, LiAID,, has been used to introduce deuterium into organic 

molecules. 

+ _— 

LiAIH, + 4(CH,),CHCH, CBr = 4(CH,),CH + LiAIBr, 

LiAIH, + 4CH,—CHCH, EE 4CH,CHCH, ISB SES 4CH,CHCH, 
4 OM} O H 

+ —_ 

LiAlH, + aC OTs ees aCen GCM: + LiAl(OTs), 

OCH, OCH, 

2-Methoxy-2- 
phenylethyl 

p-toluenesulfonate 

LiAID, + CoH,CHCH, sess C,HjCHCH, 
Br D 

Ethylbenzene-1-d 

+The symbol M represents any metal. The ether solution contains mixed lithium and aluminum alkoxides 

which might best be represented as LiAl(OR),. 
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11-6 FORMATION OF C—C BONDS: GENERAL 

The forging of new carbon-carbon bonds is essential in any synthesis, and the 

substitution reaction is one of the major methods. The reaction requires a 

carbanion as a nucleophile and, since these are strong bases, proceeds by 52 

displacement. When the focus of attention is on the carbanion component, 

the reaction is called an alkylation. Reference to Chap. 8 will show wide 

variations in the basicity of carbanions. The very strong bases, R:~, such as 

organolithium compounds (R—Li —> R:~ Lit) and Grignard reagents 

(R—Mg X <> R:~ Mg** X-, Chap. 12) are generally poor nucleophiles and 

rarely used for displacements. This is apparently because they too readily 

cause eliminations, acting as bases, and because the carbanion electron pair 

is too encumbered by its associated cation and solvent to act as a displacing 

nucleophile. 

The principal carbon nucleophiles used for substitution are 

= (—Nis Cyanides 

-:C=C— s Acetylides 

SOs :0:7 

| il | | 
—:C—C— <> = Enolates (Sec. 11-7) 

Although the stronger carbanions (R:~ as in RLi, etc.) are of little use 

as nucleophiles generally, in the case of displacement of strained cyclic ethers 

and epoxides they do function well, attacking at the less hindered carbon. 

Carbon chains may be extended by two or three carbon atoms by the reactions 

with ethylene oxide and trimethylene oxide. The four-membered ring in tri- 

methylene oxide is somewhat strained, but the compound behaves much more 

like an ordinary ether than does ethylene oxide. As a consequence, opening 

the larger ring by nucleophilic substitution is often a slow and difficult reaction. 

MgBr + CH,—CH, Set, bCH,CH,OMgBr +2", 6CH,CH,OH 
2-Phenylethanol 

C,H;MgBr +CH,CH, on C,H,CH,CH,CH,OH 
2 fe + 

O— CHIL 
Trimethylene 1-Pentanol 

oxide 

Cyanides (Nitriles) 

One of the most useful methods of synthesis involves use of cyanide 
ion as a nucleophile. Substitution by cyanide ion provides a method of extend- 
ing carbon chains by one unit and preserving a functional group at the end 
of the sequence. Primary halides and sulfonates are suitable substrates in such 
syntheses. Secondary compounds give poor yields of substitution products, and 
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tertiary substrates undergo only elimination reactions when treated with 
metal cyanides. Polar solvents such as ethanol, acetone, dimethyl formamide, 
acetonitrile, and nitromethane are used in order to dissolve the ionic cyanide. 

Ba ie 

CN + CH,CH,CH;CH,-CBr “°°, CH,CH,CH,CH,CN + KBr 
n=Valeronitrile 

A+ 

Ethanol 
Ele 

K CN + C,H,CH,—Cl C,H;CH,CN + KCI 
Phenyl- 

acetonitrile 

Neopentyl halides, and other substrates in which the approach to the 

functional carbon atom is sterically hindered, do not react with cyanide ion. 

cH hee 

KCN + SHC eel —— no reaction 

CH, 
Neopenty1 
chloride 

The synthesis of nitriles is important primarily because of the ease with 

which the functional group can be converted to other groups of more general 

importance. Carboxylic acids are formed by the hydrolysis of nitriles (Chap. 

13) and a number of reducing agents convert nitriles to amines. 

CH,CH,CH,CH,C=N + 2H,O [> CH,CH,CH,CH,COOH + NH,Cl 
n-Valeric acid 

te ea ae" — Ether ear LiAIH, + C5H,CH>C=N £2 | (C,H;CH,CH,N),AlLi 
H+, H,O 

2H, 
7 C,H,CH,CH,NH, 

fB-Phenylethylamine 

Acetylenes 

Acetylide ion is isoelectronic with cyanide and similarly has the anion 

stability associated with the electron pair in an sp orbital (page 317). It is more 

basic than cyanide, but both these anions have so little steric hindrance that 

displacement at carbon is relatively favored and attack on hydrogen (elimina- 

tion) less common. Acetylene and monosubstituted acetylenes are sufficiently 

acidic to be converted to metal acetylides by treatment with strong bases. 

Sodamide, prepared by dissolving sodium in liquid ammonia in the presence 

of a trace of ferric ion, is customarily used in the preparation of acetylides. 
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FeCl, NH, 
i 

+ - 

2Na + 2NH, 2Na NH, + H, 

- + 
NaNH, + RC=CH —> RC=C Na + NH, 

A sodium 
acetylide 

Frequently acetylides are made by exchange reactions with more reactive 

organometallic compounds acting as bases. 

ea ++ = 

CH, Mg Br + H_C=CR — > RC=CMgBr + CH, 

Grignard reagent 

Use of acetylide anions as nucleophiles is a versatile means of extending 

carbon chains by two or more carbon atoms. Frequently both ends of the 

acetylene molecule can be used as nucleophiles. 

-—+ 
HC=C Na + CH,CH,~Br —> CH;CH,C=CH + NaBr 

1-Butyne 

NaNH,, (CH,),CHI 
> —_. +o. CH,CH,C=CH CH,CH,C=C Na CH,CH,C=CCHCH, 

| 
CH, 

2-Methyl-3-hexyne 

The following sequence illustrates an exploitation of the difference be- 

tween bromide and chloride as leaving groups. If a symmetrical dihalo com- 

pound had been used in the first step, a considerable amount of the diacetylene 

would have been produced. 

HC=C Na + BrCH,CH,CH,Cl “ts HC=CCH,CH,CH,Cl + NaBr 
5-Chloro-1-pentyrie 

NaNH,, NH,, » NH, CICH,CH,CH,C=CH CICH,CH,CH,C=C Na ee 

CICH,CH,CH,C=CCH,CH,CH,CI 
1,8-Dichloro-4-octyne 

2KCN + CICH,CH,CH,C=CCH,CH,CH,Cl ==" 

NCCH,CH,CH,C=CCH,CH,CH, CN 
H,SO,, H,O NCCH,CH,CH,C=CCH,CH,CH,CN => 

HOOCCH,CH,CH,C=CCH,CH,CH, COOH 
5-Decynedioic acid 
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A variety of reactions can be used to convert alkyl acetylenes to a host 
of other compounds, and these are discussed in subsequent chapters, but 
mention may be made of simple catalytic hydrogenation, which can be con- 
trolled to give either cis alkenes (+1H,) or saturated chains (+2H,). 

R R 
< V. 

RC=CR +H, $4, Sc=c 2, RCH.CHLR 
ve Seed a snaee 

H H 

Cis alkene 

11-7 FORMATION OF C—C BONDS: ENOLATE ALKYLATION 

The most versatile and important alkylations are those of carbanions reso- 

nance-stabilized by adjacent electron-withdrawing groups, especially carbonyl. 

These carbanions are enolate anions and generally react by 5,2 displacement 

to afford alkylation on carbon. Simple enolates tend to be basic enough 

(pK, ~20) to promote elimination in many cases, but conjugated enolates, i.e., 

with the carbanion stabilized by two groups, are less basic (pK, = 5 to 15) 

and are excellent nucleophiles. 

The groups which stabilize adjacent carbanions, in order of their effective- 

ness, are 

O O O O 
Va | | | 

Ge eee tee eh ORS Ne omc 
O- | 

Nitro Ketone Sulfone Ester Nitrile Phenyl Alkene 

A number of representative pK, values for such compounds are shown in Table 

8-2 and offer a measure of the relative stability of these carbanions. 

When a simple ketone is treated with a strong base, the weakly acidic 

a-hydrogen is removed to form an enolate anion. 

H :O: Ne 50: 

-¢- == a e> = G_ Ce BH 

Ketone Enolate anion 
(conjugate acid) (conjugate base) 

B: —> 

The reaction is an acid-base equilibrium. For the enolate to be completely 

formed (equilibrium well to the right) bases above pK, = 20 must be used, 

the usual choices being NaH, NaHN,, LiNEt,, ¢,CNa, or f-BuOK in solvents 

like 1,2-dimethoxyethane, liquid ammonia, or dimethylformamide. 
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When a compound with two stabilizing groups on one carbon (Table 11-1) 

is used, in some instances the compounds can be converted to salts even by 

aqueous base. Most compounds in the group, notably malonic esters, 6-keto- 

esters, and B-diketones, are converted to sodium enolates by sodium alkoxides 

in alcoholic solutions. The dry salts can be isolated, but they are generally 

used directly in the solutions in which they are prepared. Even though the 

metal ions may be tightly bound to the anions as metal chelates, the chemistry 

of the compounds is usually discussed in terms of the reactions of the nucleo- 

philic enolate ions. 

O 
Holt 

C,H;,OCCHCOC,H; 

ah oO oO 
C,H.OCOC Ne OG | =. y oH; H,COOC,H, —— => | C,H; 0C=CHCOC,H,| Na 

Diethyl malonate t 

ese 
C,H;,;OCCH=COC,H, 

~ Diethyl sodiomalonate ~ C—O 

: : Hc - Mt 
Il C—O 

CH,CCHCOC,H, 1 
= Metal 

‘ chelate 

O 
l | Na OC.H | l + 

CH,CCH,COC,H, ———+> | CH,;C=CHCOC,H,; | Na 

Ethyl 
acetoacetate - 

Woe 
CH,;CCH=COC,H; 

5 Ethyl = 
sodioacetoacetate 

Enolates can be prepared directly from sodium and the dicarbonyl com- 

pounds if a trace of alcohol is added as a catalyst. Sodium ethoxide is probably 
an intermediate in the reaction. Various other stronger bases can also be used 
in making these enolates. The thallium salts are reported to give especially 
clean monoalkylation reactions; these salts are quite insoluble chelates and 

easily isolated and purified before use. 



SE@ ile7, FORMATION OF C—C BONDS: ENOLATE ALKYLATION 431 

The compounds of Table 11-1 are usually prepared by the reactions in 

Chap. 13 that yield B-dicarbonyl compounds, but some are made by substi- 
tution reactions: 

K+CN + BrCH,COOR —» NC—CH,COOR + KBr 

Na* NO,~ + BrCH,COOR —> O,N—CH,COOR + NaBr 

oSO,-Nat + BrCH,COd —> $SO,—CH,—CO@ + NaBr 

Alkylations of these various enolates proceeds at carbon when primary, 

unhindered halides (or sulfonates) are used. Secondary halides may also be 

used if their carbon chains are not branched, although the yields are not high 

since elimination reactions and O-alkylation of the ambident anions are unde- 

sired side reactions. Tertiary substrates give no C-alkylation. 

In the alkylation of simple ketones two problems of control arise. The 

first is the question of preference between one or the other of the two a-sites 

adjacent to the carbonyl. The side bearing the more acidic hydrogen is enolized 

more rapidly and will therefore be the site of alkylation. With saturated a-alkyl 

groups the order of acidity—and hence preference for enolization—is 

CH, > CH, > CH, but the differences are small and mixtures of products from 

alkylation on each side of the carbonyl are commonly observed. With any 

unsaturation to favor the enolate (by resonance) on one side, however, alkyla- 

tion proceeds on that side exclusively. 

TABLE 11-1 Complex Enolate Ions For Alkylation 

GC gine pat yr é co pat 
aoe co anion R=cd R—Ce Race 

stabilization: Y'=2’ Y=zZ’ YZ :- 

Parent compounds} to form carbanion by removal of H by bases: 

XOOR UN OCHS OCHS NO 

CH, CH, C 2 CH, CH, 
COOR COOR COOR COCH, COOR 

Malonic Cyanoacetate Acetoacetic Acetyl- Nitroacetate 
esters esters esters acetone esters 

R R R R 
S SS SS UN ps0, bo Je=o yc=0 

CH, CH, C 2 CH, CH, 

CN R’ X=0 COOR’ yE—O0 CH=O 

R’O R’ 

Malononitrile B-Ketosulfones; fb-Keto- B-Diketones B-Aldehydo- 

sulfone-esters esters ketones 

+ All compounds are shown with an “active methylene” between the two activating groups but the replacement 

of one methylene hydrogen by alky] still leaves a compound that can be converted to its enolate and alkylated. 
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O 
| io 

p—CH,—C—CH; 2S" two enolates CHil, 
t i: 1,2-dimethoxy- 

_ ethane 

é CH, o 0 

op—CH—C—CH, + ¢—CH,—C—CH,—CH, 
93% <1% 

an 
I i ee 

CH,—C—CH,—COOC,H, o> CH,—C=CH—COOC,H, “=, 
il 

Heparin i 9 
ave CH,_€—-CH-COOG.H, 

liq. NH, 

n-C,Hy 

| 70% 

es a 3. | CH, 97 0 
= | | 
CH,—C=CH—C—OC,H,| “5 CH,—C=CH—C—OC,H, 

l |e 
lagen le ee 

CH,=C—CH=C—OC,H, CH,—C—CH,—COOC,H, 
Predominant product 

In the case of highly stabilized enolates like acetoacetic ester, strong base 

(KNH,) converts the compound to a dianion which now alkylates on the less 

acidic side of the ketone because, once formed, the enolate there is more basic, 

hence more nucleophilic and reactive. 

The second problem is dialkylation at a-methylene positions. Once the 

enolate is discharged by the first alkylation, unreacted enolate can act as a base 

for rapid enolization of the monoalkylated ketone. The two enolates now 

compete for substrate, and product mixtures are formed corresponding to mono- 

and dialkylation. 

equilibrium 

Proton 

R—L 

transfer 

| 
O O O 

COR CG op Re C oR ——> 
iN Lo NO Nee ih 

cf Ce es 

Monoalkylated Dialkylated 

Dialkylation is a serious, usually unavoidable problem with simple 
ketones but with the doubly activated methylenes (Table 11-1), of lower 
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basicity, this is rarely a problem. Hence with the latter compounds it is possible 
to monoalkylate the active methylene with one substrate (R—L) and then 
alkylate a second time with a second substrate, with complete control. 

WS 

O : : 
Dialkylationt: H 

ae t-BuO- 2CH,I 

-O O 
eS CH, CH, 

O 
~ c (* = major alkylation site) 

H 

COOCH, peOOEH: 

Monoalkylations: CH, wees mac ao 

COOCH, COOCH, 

COOCH, COOCH, CH, COOCH,, 

NaH Ash C.HI WA 
CH,—CH —— CH,—C: Vase 

COOCH, COOCH,, (HE COOCH: 

Isolated 
(90%) 

This very versatile selective double alkylation of doubly activated meth- 

ylenes (Table 11-1) is a major method of building up branched-chain carbon 

skeletons. The method is often called the malonic ester or acetoacetic ester syn- 

thesis after the two most commonly used enolates. These enolates also react 

with epoxides at the less hindered carbon. An interesting variation of the 

malonic ester synthesis is used in the preparation of small rings (three, four, 

five, or six membered). The second alkylation, being internal, is now faster 

and dialkylation proceeds in one step, as expected. 

ec PSP TEE — 

Na:CH(COOC.H.), + BrCH,CH,CH, “br —“*8", BrCH,CH,CH,CH(COOC,H,), 
Trimethylene 

bromide Na OC,H, 

a es oe 

CH,—C(COOC.H.), —— Br-CH,CH,CH,C(COOC,H,), Na 

CH,—CH, 
Diethyl 1,1-cyclobutane- 

dicarboxylate 

+The lower case illustrates vinylogous enolization (Chap. 12): bond 7 electrons extend the activation 

of C—H to the y-carbon and the enolate formed is the same in each case. Such complex anions 

commonly alkylate at the center carbon of the enolate. 
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The usefulness of these alkylations would be limited, however, if it were 

not possible to simplify the complex product by certain cleavages after it had 

served its purpose in creating new carbon-carbon bonds. These cleavages are 

discussed in the next two chapters but the main examples may be introduced 

here to show the utility of these syntheses for creating carboxylic acids and 

ketones. 

R—CH,Br + -:CH(COOR’), —> R—CH,—CH(COOR), “"". 

R—CH,—CH,—COOH + 2R’0H + CO, 

COCH, 
R—CH,—Br + ~?CH a 

COOR’ 

COCH, “> R—CH,—CH,—COCH, + ROH + CO, 
R—CH,—CH ; 

COOR’ °*, R—CH,—CH,—COOH + CH,COO- + R’OH 

Two other examples may be briefly introduced. Phenols are enols but 

usually alkylate only on oxygen since alkylation on carbon must break up the 

benzene ring aromaticity in the transition state and so is relatively disfavored. 

Under certain conditions, however, C-alkylation does occur, as when a strongly 

hydrogen-bonding solvent is used to deactivate the more electronegative oxy- 

gen anion. 

an e° OH 
CH, Spontaneous GH 

CHa Fi eeeeeuieneom 

In the second example the nitrogen analogs of enols and enolates are 

employed instead. Preparation of these “enamines” (-ene + -amine = 

C—C—N) from the corresponding ketones is detailed in Chap. 12. Alkylation 

of enamines is facile but often not useful because they are ambident nucleo- 

philes and prefer N-alkylation. On the other hand the magnesium salts appar- 

ently alkylate well on carbon, probably because the magnesium and solvent 

are strongly held by the nitrogen anion and deactivate it as a nucleophilic 
center. 
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a aa INCE No I O 
N CH, CH, 
H CH,I H,O 

Fol Gael + = 
Enamine Major Minor 

CH, CH < = 3 H 
DCH—CHO {CREM c=CH-N—C(CH,), EMP, 

CH; CH, es 

O 

one . cHcl 4. = DGF-CHEN-C(CH)); easels CH,—C—CH=N—C(CH,), 
CH; CH; 

H,O+ 

cH 
CH,—C—CHO + (CH,),C—NH, 

CH, 80% 

Among these several variants and a few more to be found in Chap. 

12, we have a wide variety of control of carbon-carbon bond formation via 

enolate alkylation. The major carbon-carbon bond formations utilizing carbonyl 

groups as substrates are outlined in the next chapter, at the end of which is 

a section dealing with the use of all these procedures for synthetic purposes. 

PROBLEMS 

11-1 Write out syntheses of the following compounds, starting with the appropriate 

alkyl or aryl halides and other needed reagents. Indicate the side reactions you 

would expect, if any. 

a_ sec-Butyl alcohol g 1-[1-Naphthyl]-1- 

b Methylacetylene dimethylaminoethane 

c Propyl-benzene h n-Hexane 

d Isopropyl n-propyl ether i 1,2-Propanediol 

e fert-Butyl mercaptan j  1,3-Dimethoxybenzene (use a 

f 2-Acetoxyhexane (2-hexyl phenol as a starting material) 

acetate) k Phenylacetic acid 
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PROBLEMS 

Write out specific examples of the following reactions: 

a Two independent methods of extending a carbon chain by one carbon atom 

b Two independent methods of extending a carbon chain by two carbon atoms 

c Two independent methods of extending a carbon chain by three carbon 

atoms 

In the following synthetic sequences, the structures of the intermediates are 

omitted. What are the missing links? 

CH,—CH, 

NaNH, O——CH, SOc, KCN 
a HC=CH. _=— => 252 2s 9) 

> H,O+, heat 

+ -_ 

b CH.CH Beis > te By SE CH.CH NICH),1 
cess i ex 

Na CH. Na CH,(CH.),Br 2): c CH,(COOC,H;), >?—+5? —>? ? 

CHz CH 

d. CH. =CHCH, OM 245.4, 2 9S 5 Sh eee 
2 * 2) H,O+ 

Starting with ethyl acetoacetate or dimethyl malonate and (or) any compounds 

containing not more than four carbon atoms, write out syntheses for the fol- 

lowing compounds. 

a CH,CH,CHCOCH, d  CH,(CH.,),CH, 
CH, 

b (C,H,),CHCOOH e (CH,),CCCH, 
i 

om om 
¢  (CH,),CHCHCCH, f CH,(CH,);CHCOOH 

O 

Write the structure of all the products that might be expected from the following 

reactions. 

=— + ; 

a C,H,S Na + CH,CH=CHCH,OTs —-> 

b CH,OH + (CH,),CCH,OTs —> 

c CH,CH,CHCH, NaXO:, 
ee al = HSO; 

NH, 

d_ CH,CH,CH—CHCH, + HCI 2°, 
O 

Ce 

e AgNO, + CH,CH=CHCH,Br —> 

HC=CCH,CH,CH,COOH 
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f CH,CH,Br + CH,CH,CH,CH,Br -N?, 

g CH,N, + CH,CCH,CCH, — 

O 

Write out synthetic schemes for the following substances using any two-carbon 

compounds as the only carbon source. Organometallic carbanions such as R—Li 

may be prepared from halides, R—X + 2Li ——> R—Li + LiX, and nonsubsti- 

tution reactions briefly introduced in this chapter for their synthetic value may 

be utilized. Any molecule once made may serve in another synthesis. Also 

note that hydration of double bonds occurs as RCH=CH, + H,O —> 

RCH(OH)CH;. 

a Propionitrile n a-Methylpropionitrile 

b Methylpropionate o 3-Methyl-1-pentanol 

c 1-Butanol p 5-Methyl-1-heptyne 

d 3-Hydroxypropanoic acid q n-Hexane 

e Succinic (butanedioic) acid r 2-Methylhexane 

f Dimethyl malonate s Methylethylamine 

g Thiomethylacetic acid t n-Butylamine 

h 1-Butene u 2-Methylpentanoic acid 

i 2-Butene v 3-Methylpentanoic acid 

j Isopropyl methyl ether w 2-Aminopentane 

k Diethyl methylmalonate x CH,CH,CH, (C* is carbon-14 

1 2-Chloropropane which is available as KC!N) 

m 2-Nitropropane y 1,6-Dinitro-3-hexyne 

z 2,5-Dimethylhexanedioic 

acid 

Write down, and try to synthesize, five different molecules with five carbons 

or more and various functional groups. Use the reactions of Prob. 11-6. Aim 

for some variety in skeleton and for the fewest possible reactions. Look for 

more than one synthetic route and compare them for economy (number of 

steps). 

As a means of forming a cyclic compound, 5-bromo-1-pentyne was treated 

with several bases, such as KNH, and t-BuOK, in order to initiate cyclization 

by removal of the acetylenic hydrogen. 

a No cyclization occurred. What other reactions intervened? 

b When NaH is used, the acetylenic carbanion is formed, but no cyclization 

occurs. Consider the stereoelectronic requirements of the reaction in order 

to explain this. 
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11-9 Problem 11-8 illustrates some of the obstacles faced in efforts to make cyclic 

compounds by substitutions. What is the likelihood that these cyclizations 

will occur? Is the base used the best choice? 

4-Chloro-l-pentanol + NH, —~> O seed ;-*) 

b BrCH,CH,CH,CH(COOCH,), + -OCH, —> ? 

c BrCH,C=CCH(COOCH,), + "OCH, —> ? 

d cis- and trans-5-bromo-2-pentenyl dimethylammonium bromide + 

NaHCO, — > ? 

11-10 Account for the following observations. 

b BrCH,CH,CHBrCH,CH(COOCH,), S24, BrCH,CH,CH—C(COOCH,), 
CH, 

11-11 Devise synthetic routes to convert the following starting materials into the 

products shown. 

Starting materials Products 

AX 
a. (CH) C—_-GH- t-Butyl chloride; 1-nitro-2-methyl-2-chloropropane; 

a 3-methyl-3-propenonitrile 

ao 
b, (CH.).-CCH—~CHEH- 3-Iodo-2,2-dimethylpentane; 

e 3-bromo-2,2,4-trimethylpentane 

aN 
c C,H,CH—CH, 1-lodo-2-phenyl-2-methoxyethane; ethylbenzene 

re fe c OH 

d (CH.),C-——CHCH, (CH,),.C—CHCH, 

e CH,COCH,COOCH, 3-Methyl-5-hydroxy-2-hexanone 

11-12 a Consider the stereochemical requirements and results in the following inter- 

conversions. Fill in the necessary reagents, and draw the molecules in per- 

spective. 
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OH 
O 

Br CN 

COOH 

Se eS 
b What are the stereochemical requirements of 2-bromo-4-chlorocyclohex- 

OH 

anone which are necessary for its conversion into the following molecule? 

Show the steps in the conversion. 

OF TEN 

O 

11-13 One of the possible pentachloropropanes has an NMR spectrum with two 

peaks, a doublet at + 3.93 and a triplet at 5.48, in a ratio of 2:1, respectively. 

Which isomer is it? 

11-14 A certain alkylation reaction yielded a product with IR peaks at 5.75 and 5.85 

uw (1710 and 1740 cm~') and the NMR spectrum shown in Fig. P11-14. The 

mass spectrum showed a parent peak at m/e 186 and peaks at 171, 158, 73, 

and 43 (among others). 

8 7 6 5 4 3 2 1 o 8 

2 3 4 5 6 7 8 9 LON at 

FIGURE P11-14 
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11-15 

11-16 

a 

b 

c 

d 

PROBLEMS 

Derive a structure for the alkylation product. 

Deduce the nature of the reactants used in the alkylation. 

Write the mechanism of the alkylation reaction. 

Rationalize the observed peaks in the mass spectrum. 

Consider, as an example, the reaction between an alkyl halide and NaOH in 

a mixture of water and ethanol. Ina table, with one column for Sy2 and another 

for Syl, compare the two mechanisms with regard to: 

996 Se Gr) Teuoty ee 

Stereochemistry 

Kinetic order 

Occurrence of rearrangements 

Relative rates of CH,X, C,H;X, iso-C,H;X, t-C,HX 

Relative rates of RCI, RBr, and RI 

Effect on rate of a rise in temperature 

Effect on rate of doubling [RX] 

Effect on rate of doubling [OH] 

Effect on rate of increasing the water content of the solvent 

Effect on rate of increasing the alcohol content of the solvent 

r-1-Phenyl-1-bromo-butane may be converted to the acetate (ester) of 

1-phenyl-1-butanol either by refluxing in acetic acid (first case) or by the action 

of sodium acetate in an inert solvent such as dimethylformamide (second case). 

a Write a detailed mechanism for each procedure and draw a qualitative 

energy diagram for each one. 

What stereochemistry would you expect in the product ester in each case 

and, briefly, why? 

What effect on the rates of reaction would be observed on adding silver 

salts in the first case; or adding excess potassium acetate in the second case? 

What effect on the rate of reaction would be occasioned by use in the first 

case of (i) the p-nitrophenyl analog; (ii) the p-hydroxyphenyl analog? 

What effect on the two cases would be caused by substitution of extra 

methyls at the 1-position or the 2-position? 

If 1-phenyl-1-Butanol itself were desired (instead of the ester), could sodium 

hydroxide be used instead of sodium acetate in the second case, and what 

effect would you expect on rate, stereochemistry, and yield? 
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CARBONYL AND 
RELATED GROUPS: 
NUCLEOPHILIC 
ADDITION 
THE carbonyl group is the centerpiece of organic chemistry. Not only is it 

present itself in most of the main functional groups with more than one bond 

from carbon to heteroatom (Table 3-2), but it serves as a model for the reactions 

of all functionalities with 7 bonds between dissimilar atoms. Furthermore, its 

modes of reaction are basically simple, but they are very versatile in terms 

of synthetic utilization. In keeping with their importance, carbonyl compounds 

require two chapters of presentation, one primarily on addition reactions and 

the other on substitution, with a summary for both. However, it is important 

to appreciate that both chapters simply explore variations on a single central 

mode of reactivity which unifies all carbonyl reactions. This first chapter opens 

with a general exposition of these reactions applicable to the substance of both 

chapters. This is designed to provide an introductory overall survey and to 

focus on the simple principles which motivate all carbonyl reactivity and allow 

reliable predictions to be made. 

12-1 GENERAL CONSIDERATIONS OF CARBONYL REACTIVITY 

Carbonyl reactivity is all presaged by the electron imbalance in the 7 bond 

between carbon and a more electronegative atom, or indeed between any two 

dissimilar atoms, as illustrated in these resonance forms. 

Ng ve Sige, Ges : == Y= ye O"< a Sse or ™ Laas Jb 

Carbonyl group Related groups 

The consequences of this electron imbalance for reactivity are depicted 

in Fig. 12-1, which summarizes the possible first steps initiating almost all 

carbonyl reactions. The carbonyl! dipole can do two things in the presence of 

a nucleophile/base: 

It can enolize by attack of base on the a-hydrogen. 

It can be attacked directly by a nucleophile in a nucleophilic addition. 

In the presence of a Lewis acid (commonly H+), the negative oxygen is 

first bonded, leaving a stabilized (Ce OH <> ~C=OtH) carbonium ion 

which can then do the same two things. Since the protonated carbonyl is even 
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Et 

O- O 

Basic ¢ B: oy =I ule: ia 

conditions 3Ge ~ (Enolization) “CFA aw iG an 

| | i Nu 
H 

Enolate Carbonyl 

8h? |) SOB he +E+ (= Ht here) —Ht?* || + Ht 

oH ie. e 

CNS Aa Gap en a Lebo it Sie 
conditions i (Enolization) J (Addition) 

H i 

Enol Protonated 
carbonyl 

FIGURE 12-1 The central reactivity of carbonyl and related groups: enolization and nucleophilic 

addition 

more reactive (higher energy), weaker bases (i.e., solvent) suffice for enolization 

and weaker nucleophiles for nucleophilic addition. 

These reactions may be compared directly with those introduced in the 

preceding two chapters for groups with only a single bond to carbon, and they 

frequently occur under comparable acidic or basic conditions with comparable 

reagents. The comparison is closest with a singly bonded oxygen: 

Single bond (C—OZ) Double bond (C=O) 

| fe ~ : 
Nu: C467 (Sy2), one step Nu: Sc (Addition—basic; 

strong nucleophile), 

ae one step 
Ht 

ies ay ex - 
Nur COZ (Sy1), two steps Nu:—> /C=0 (Addition— 

acid-catalyzed), 

two steps 
Jake H+ 

¢ ah loz | (Elimination) Nu: H-=cL6 INU Eh (Enolization) 

The corresponding reactions of carbonyl groups differ generally from 

those at saturated carbon in that carbonyl reactions are reversible equilibria, 

rapidly established, whereas substitutions at saturated carbon are usually 

practically irreversible. Therefore, where we were concerned with rates in sub- 

stitution reactions, we shall now be concerned with equilibria in the reversible 

carbonyl reactions. 

Subsequent Reaction Steps 

The major first steps for carbonyl reactions are presented in Fig. 12-1, 

but often their products are reactive for some second step. Enolization was 
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6) 
x oe Product stable (or reversible to 

A" vimple addition: # ve starting carbonyl by ) 
R 

N +Nu :=Nu 

Adaion: BORE I a Bai 
elimination: Vimy a, ae ae addition o 

R R’ Ro SR Ro oR | eccondee Na 

6) Nu O 

C  Substitutio Yee é L ion: a cae: 
NG, aN 

R L R Nu 

FIGURE 12-2 Possible modes of reaction for initial addition product 

discussed in this connection in Chaps. 10 and 11, for the enol or enolate anion 

readily react further in substitution (alkylation) reactions, the enol usually 

giving O-alkylation by an S,1 mechanism, the enolate anion giving C-alkylation 

by S,2. Thus enolization produces nucleophiles, or electron donors, while the 

carbonyl group itself is an electron acceptor (at carbon). This suggests that 

enols and enolate anions may react with other carbonyl compounds—or even 

their own parents. This is indeed the case and forms the subject of much of 

these two carbonyl chapters. 

The initial product of nucleophilic addition to a carbonyl group (Fig. 12-1), 

on the other hand, is either stable itself or has three courses of action open 

to it. All three are analogous to the simple reverse reaction which reforms the 

parent carbonyl. In this reverse reaction the entered nucleophile leaves again, 

ionizing off to leave a carbonium ion (i.e., Sy1 reaction) which is stabilized 

by the electron pair on oxygen (i). Since this is a powerful stabilization it is 

equivalent to regard the nucleophile as eliminated by the oxygen electron pair 

(ii). The illustration is an acid-catalyzed example but the base-catalyzed case 

is the same without the oxygen protonated. 

| = ee 
ae OX (Nu Na. Ne y 

RR tNu RR :O: 
= | 

x | = Yespen EG 
+H? R R’ 

(ii) H-O| p Nu He Oe :Nu 

px ya 
RR ieee Ra RS 

The three courses, then, are simply the same elimination applied with 

the different possible groups leaving, i.e., —OH, Nu, or R’, and these are sum- 

marized in Fig. 12-2 and on the following page. 
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The addition product is stable. When the original carbonyl was bonded only to carbon 

and/or hydrogen (R, R’ = C, H)—ie., aldehydes and ketones—and the attached 

nucleophilic atom (Nu) has no other electron pair, the only course open to the addition 

product is the reverse reaction. The addition product is then stable if the nucleophile 

is a poor leaving group and the equilibrium favors the addition product. This is 

common with hydride and carbanion nucleophiles (Secs. 12-3, 12-4). 

T te 
C,H,—C—CH, + LiAIH, ——> ra 

H 

joe OH 
O + HCN —=> 

CN 

If the nucleophilic atom (Nu) has another electron pair (or can develop one by easy 

loss of proton) this pair can equally serve to facilitate elimination and it is then the 

—QOH (or —OH,*) which is eliminated. With oxygen nucleophiles (e.g., Nu = R—OH) 

the resultant oxonium ion adds a second nucleophile (Sec. 12-2) but with nitrogen 

and enolate nucleophiles, loss of a proton gives a stable doubly bonded product, 

discussed in Sec. 12-4. 

40 =R RO™ =OR 
+HO—R aan Ge Mareen ray ce 

RS IS 

N-Z 
I + H,N—Z os Cc 
C ZO IS 

Heo. 
R—C—CO-R’ 

CH= CO- Ros G 
linace YS 

R 

+CH;OH _, (CH,CH,CH(OCH,), + H,O 

CH,CH,CHO CH,CH,CH=N—OH + H,O 
+CH,COCH, Se CH,CH,CH=CHCOCH, + H,O 

If the starting carbonyl bears a heteroatom (R’ = N, O, S, X), as in the carboxylic 

acid class of functional groups, this can be the leaving group from the addition product. 

This results in a net effect of nucleophilic substitution at unsaturated carbon in the 

two steps. The relative facility of leaving groups parallels that in the nucleophilic 

substitution reaction at saturated carbon, discussed in the previous two chapters. 

Carbonyl substitution is discussed in Chap. 13. 

+H,O C,H;COOH + HCI 

C,H.COCI C,H,COOC,H, + HCI 
CH.,NH,, as C,Hj;CONHCH, + CH,NH,*CI- 
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It should be noted that the nucleophilic substitution here is mechanistically 

different from that at saturated carbon since with carbonyl substitution, addi- 

tion to the C—O double bond is the first step, not direct substitution. Direct 

substitution (e.g., 5,2) on double-bonded sites has rarely been observed either 

in O=C—L or C=C—L compounds. The latter compounds (leaving group on 

alkene) do not undergo substitution by the carbonyl two-step route either, since 

the alkene is not polarized for an initial addition. Substituents on alkenes or 

aromatic rings are virtually never substituted by nucleophiles. 

Finally, the enolization step of Fig. 12-1 suggests that other a bonds 

besides those to hydrogen may be broken in the same way to supply electrons 

to the electron deficiency of the carbonyl carbon. We shall encounter examples 

of such reactions in the sections to come. If the bond broken at the a-position 

is a single bond the reaction is a fragmentation; if it is double, it is a vinylogous 

enolization,t or vinylogous (or conjugate), addition. The latter cases are those 

of the conjugated unsaturated ketone, acid, ester, etc. The mechanism is 

fundamentally the same but the reactivity at the double bond is somewhat 

diminished. 

Fragmentation: 

Vinylogous enolization: 

Vinylogous addition: 

ae (ne ql 7-“C“_C— Basic Z a Coe: 

vO: ss ply :OH 

AN] Acidic Nae As 
Le Om eee: AU Ae Te 

s(@)8 IOv= 

Cy i | 
HCC =, Cae CeGe 

EO: Sass Take OF 

Hoe Cees = Acidic . =C-C=C 

Nu: O:- 
Re : | 

all Basic Nit G = Ge! 

a | 

Nu B(O)8 ——s ake OH 
Ee Ol Acidic | | 
Lee Nu—C ee 

+A vinylogous reaction or a vinylogous site of reactivity is one in which the same reaction can occur 

at the B-carbon of a double bond conjugated to the reaction site. An unsaturated ketone is a vinylog 

of a ketone: 

S iG . - 0 —s poy O 
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Examples of these processes are indicated here and discussed in Secs. 

12-6, 13-5, 13-6, and 13-8. 

O O 
S| l 

Fragmentation: CH G=CH,— OHS CH,COCH, + CO, 

t 
Conjugate addition: | CH,=CH—C—C,H, +#%; Nc—CH,—CH,—CO—C,H, 

In all of these fundamental reactions we see a complete formal parallel 

between modes of carbonyl reaction with base (nucleophile) and with acid, 

the latter modes simply operating, with the same mechanisms, on the conjugate 

acids (protonated carbonyls) corresponding to the former. It is true of many 

carbonyl reactions, in fact, that they may proceed to the same products under 

either acidic or basic conditions. 

PROBLEM 12-1 

Write two specific examples that seem reasonable to illustrate each of the gener- 

alized reactions in this section. Wherever possible, show the steps involved in 

both acidic and basic catalysis of the example. 

Stereochemistry 

Like substitutions at saturated carbon, carbonyl reactions have stereo- 

electronic requirements, but they appear to be less critical. Carbonyl! reactions 

occur in the z-electron plane, hence perpendicular to the molecular plane. In 

addition reactions the nucleophile approaches carbon in the z-electron plane 

so as to maximize the developing overlap of its own electron-pair orbital with 

the electron-deficient 7 orbital over the carbonyl carbon. In enolization the 

aC—H bond should roughly parallel the carbonyl 7 orbital, so that the orbitals 

may best overlap sideways to yield the enol or enolate anion. 
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The stereochemistry of addition reactions may be considered since they 
generate a new asymmetric carbon from the carbonyl group. When no other 
asymmetric atoms are present in the molecule, the addition occurs equally well 
from either side and yields a racemic mixture. When other asymmetry is 
present in the molecule, this will influence which side of the carbonyl z orbital 
is more accessible (less hindered) and mixtures will result which are often not 

readily predictable. Carbonyl substitution reactions, on the other hand, involve 

no asymmetry in the product and hence no stereochemical problem; they yield 

only one product. 

Enolization serves to racemize an asymmetric a-carbon to carbonyl since 

the enol has no asymmetry. The most stable configuration at the a-carbon will 

result, from equilibration by enolization. 

Acid O-(H) 
or 

base 

(CH,)3C (CH,),C CH, 

H CH, H 

Less stable epimer equilibrated Enolate anion O 
(or enol) 

CH, 
(CH,),C 

H H 

More stable epimer isolated 

Related Functional Groups 

Although carbonyl groups are the most studied examples of these reac- 

tions, other functional groups with 7 bonds between dissimilar atoms react 

in a similar way in most cases and these are collected in Fig. 12-3 together 

with their enolic analogs. 

It represents a very important simplification for us to recognize that all 

of these different functions react in the same fashion as carbonyl groups and their 

corresponding enols. This is apparent in the collection of general classes of car- 

bonyl reactions summarized in Fig. 12-4. 

The reactivity of the parent group is always electron-accepting, the enolic 

form electron-donating. Only the relevant forms for basic media are shown 

in Fig. 12-3—the conjugate acids of each constitute the parallel functions for 

reaction in acidic media. All of these also show vinylogous enolization and 

addition when conjugated to double bonds. In the succeeding discussion a 

section (12-8) is devoted to addition reactions of these functional groups, but 

in the main their activity as enolates is not separately discussed since all of 

these simply represent stabilized carbanions and act as carbanion nucleophiles 

no matter which group stabilizes the carbanion. 
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Group (e~ acceptor) “Enolate’’ (e~ donator) 

H = 

_c-yff (General) on fy — ae 

H 

—c-cL6 (Carbonyl) Shes os Se eae (Enolate) 

H _ 

—«-CEN-R (Imine) —@LCEN=R — sini ean 

H R R R 
| 

ova ve +/ 

(C= Liv asenn tLe EN ss aa (Enamine) 
R’ 10n R’ R’ 

H _ 

Sen ele (Nitrile) sees > Sb gan 

H 
+ v\ + 1s + 

(CN Nic (Diazonium ion) noon eae = oh (Diazo compound) 

H _— 

Seah (Nitroso) —Cin=6:- <3 Nee (Oxime anion) 

i f6:- “O ae Sie x Vim 
eA (Nitro) ees —- —C—NG 

ie 7\e (ee ype 
:O:- Ce 

He-Or :O:- 70% 
Key Ly] = ll 

lite (Sulfonyl)t Fe at ee PES, Sri 

il 
:O: :O: :O: 

+The sulfonyl group often acts like carbonyl but its enolic form is not strictly parallel since the “enol’’ 

double bond here is not a 7 bond, as in the other cases, but a more complex bond involving d orbitals on 

sulfur. The two forms may also be written as follows: 

HO: 4 Qt O- 

. ot aii C co. c=5t 

| 
:O:- :O:- :O:- 

FIGURE 12-3 Related functional groups and their enolic forms 
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Addition 

oe OH 
GH{CH.CHe >> CH.CH.CH 

; aN CN 

OH O 
Lae: Gh $—CH,—C=N —2> @—CH,—C=NH S o@—CH,—C—NH, 

Addition-elimination 

| ie fp toe 
CH C-cH. eS CH;—CXCH, AS CH,—C—CH,— CH= 

© 
O O- cOH 
] f eS 

CH,—C—CH=CH—¢ <2 <CH® CH,—C=CH—CH—® 

Vinylogous or conjugate addition 

Et,NH + CH,CH*-C=N —> Et,N—CH,— CH,—CN 
Os CH(COOCH,), O- 

~:CH(COOCH.), CH,—CH=CH>C— CH, —SHCOOC , CH,—CH CH=G=CH 3 

CH(COOCH,), 

CH.— CH—CH-—CO_Ci- 

Substitution 

| 
CHCl CH. -O- CH. € “OCH cl- 

ee a 

o@—SO,—Cl + CH,CH,—O- — > @—SO,—O—CH,CH, 

Acylation 

O ek pole mee rs 
I -OCH, = | nu 

CH,—C—OCH, =™5= CH,—C—OCH, ape 
O 
| 

= C=CH)= ©-OCH. OCH, 

| BE. + (CH.,CO),O 
GE Cs OH C= CH 

CH,—C—CH,—C—CH, + CH,COOH 

FIGURE 12-4 Examples of carbonyl reactivity (enolization reactions and their reverse are noted 

with ©) 
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It is interesting to consider all the possible cases of the general function meeting 

“enolization” requirements. These may be created by substituting C, N, and 

O for X, Y, and Z in the general case below in all possible ways and include 

some nominally inorganic compounds like hydrazoic acid (HN;) and cyanic 

acid (HNCO). There are many combinations possible and something is known 

about almost all of them although some are unstable and cannot be isolated. 

H 
| ae = 
X—Y=Z Hs ye General 

i 
R-N—C=O 2s, R—-N—C=0 Amide 

ie 
R—N—N=O seecee eh R=N_—N=0 Unstable N-nitroso —> 

H diazo-oxide 

| = 

R—N—N=N—R’ ——~ R—N—N=N—R’ Triazine 

R—N—N=N —— > R—N—N=N Azide 

Relative Reactivities of Carbonyl Groups 

Three dominant influences control the reactivity of carbonyl groups, and 

more or less equally for both initial addition or enolization. These factors are 

summarized for common substrate types in Fig. 12-5. 

Resonance of adjacent p- or z-electron pairs stabilizes the carbonyl and makes it less 

reactive. The order is generally the same as that observed for resonance shifts of infrared 

absorption maxima of carbonyls (Table 7-5) and for the same reasons. 

Inductive effects due to polar substituents on adjacent carbons make the carbonyl more 

reactive owing to unfavorable dipole-dipole repulsions (i.e., the presence of two adjacent 

partial positive charges). This repulsion is lost on addition or enolization. 

aa pis pe ON a aS 

Steric effects: bulky groups adjacent to C=O cause more steric strain in the addition 

product than in the parent carbonyl and reduce reactivity toward addition, though they 

have little effect on enolization. 

Aldehydes are more reactive than ketones largely because of the last two 

factors. 
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t t 1 1 
R—C— > ( Ve lee Ri¢ \¢ 

t 1 1 { I 
R—C—Cl, R-C—H > R—C—R’ > R—C—O-R’ > R—C—NR; 

? I i 
@—C—H > ¢—C—CH, >> ¢—C—C(CH,); 

Decreasing reactivity 

FIGURE 12-5 Relative reactivity of carbonyl groups 

Ketones can offer a choice of enolization in two directions. The more 

resonance-stabilized enol or enolate is always preferred. In saturated cases, 

where this is not a factor: in base the enolate from the less substituted side 

is favored; in acid the more substituted enol is preferred. 

O- OH 
| OH- Ht | 

CH,CH,C=CH, ——— CH,CH,COCH, ——— CH CH=CCH, 

Preferred Preferred 
enolate enol 

PROBLEM 12-2 

In each of the following molecules, write the product expected from reaction 

with one equivalent of cyanide ion. 

a CH,COCH,CH,CHO e m-Acetylbenzoyl chloride 

b C,H,COCH,CH,COCH, f Methyl m-acetylbenzoate 

O 
CH, 

c BCH. 
CH, 

(CH;).N 
O O 
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12-2. NUCLEOPHILIC ADDITION WITH HETEROATOMS (N, O, S, X) 

Nucleophilic addition to carbonyl groups, as summarized in Fig. 12-1, can occur 

in general with the same set of nucleophiles considered in previous chapters. 

The reaction is reversible and occurs in basic media, or in acidic media which 

allow the existence of the free nucleophile (solvents and weak bases). 

Halohydrins and Dihalides 

Hydrogen halides add reversibly to aldehydes and ketones to give 

1,1-halohydrins. These products cannot be isolated in pure form, because 

equilibrium is established too rapidly and the adducts reverse on isolation. 

+ 

z ae Ie 
CH CCH. nCl.———_ CL_ CCH. a ——— Sa Oe 

cl 
2-Chloro-2-propanol 

In alcohol solutions, a-haloethers are formed from 1,1-halohydrins by 

nucleophilic substitution reactions. Since equilibrium here can be established 

rapidly only in the presence of acid, a-haloethers may be isolated after the 

acid catalyst is neutralized, thus stopping the reverse reaction. 

BOuI OH, A 

cl Cl 

H 

a 7 iL 

Cl a-Chloromethyl ether 
89% 

Aldehydes and ketones can be converted into gem-dihalidest by treatment 

with reagents such as phosphorus pentachloride or tribromide. The reactions 

probably involve addition of the halogen reagents to the carbonyl group, fol- 

lowed by a nucleophilic substitution reaction by halide ion. 

tgem-, from gemini (twins), signifies two substituents on the same carbon. 
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Cl Cl 
| E, | PCIE CH a ee = | CH,;CH,CCH, | —> CH,CH,CCH, + POC], 

(PCI#CI-) ‘Orc, ve ra | 
Ethyl methyl (Not isolated) 2,2-Dichloro- 

ketone butane 
50% 

cl 

PCI; + (CH;),CHCH,CHO —- | (CH,),CHCH,CHOPCI,) —, 
3-Methylbutyr- (Not isolated) 

aldehyde 

(CH,),CHCH,CHCL, + POCI 
1,1-Dichloro-3- 
methylbutane 

34% 

3 

The dihalides can be hydrolyzed to regenerate aldehydes or ketones or 

submitted to base-catalyzed elimination reactions to give vinyl halides and 

acetylenes (Chap. 14). 

H,O + @CHCI, 2, gCHO + 2HCI 
Benzal Benzaldehyde 
chloride 

CH,CH,CHO 288, CH,CH,CHBr, 

Acetals, Ketals, and Hydrates 

Addition of water or alcohols to aldehydes and ketones is similarly revers- 

ible and acid-catalyzed. The full sequence of events is outlined stepwise in 

Fig. 12-6. The initial addition products (hemiacetals, hemiketals, gem-diols) are 

unstable, the equilibria generally favoring the parent ketone or aldehyde.+ With 

alcohols the subsequent steps are completely analogous to the first two, pro- 

tonation of the —OH allowing it to ionize as in an Sy1 reaction, the carbonium 

ion being stabilized by the electrons on the adjacent oxygen (and being com- 

pletely analogous to the original protonated carbonyl) for addition of a second 

alcohol molecule. The stabilization of the carbonium ion ensures a rapid rate 

for the ionization and for establishment of the equilibrium. The following 

examples show the overall reaction in particular cases. 

. JG 
CHI CH- CHO! © HOH —— CH,CH,CH +H,O 

OC.H, 

O 
ONO ‘ “S 

4 H O +H,O 

HO-— 

Ethylene Cyclic 
glycol ketal 

+ Cyclic hemiacetals and hemiketals are exceptions, as discussed on page 355. 
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2s 
EN <————— ma ee vege 

R’ Rez R’ R” 7 Me & 

, R” 

Protonated carbonyl x 

sak JOR 
eS 

R’ R” 

& 
" YY Hemiketal 

HO+ OR Hemiacetal (R’ =H) 
Neen gem-Diol (hydrate, R=H) 

ES Poe ans 
RTA 

SY 8G 

Ost 
ss 04 

ae FOF 

C CE 
a a 

R’ R” R’ \R” 

x 
Stabilized carbonium ion ux : 

.O, % H 

| 
RO tO—R 

NO fies 

ae 
R’ R” 

NX 
ays se 

eV eR 
AS 

R’ R” 

Ketal 
Acetal (R’=H) 

FIGURE 12-6 Formation of ketals and acetals 

Only when the carbonyl compound is heavily substituted with electron- 

withdrawing groups are the gem-diols isolable. The stability of such diols is 

probably due to unfavorable dipole-dipole repulsion in the parent carbonyl 

compounds. Such hydrates are rare. 

Ge 30 
Sete clISc—c@_ + H,O —> Cl,CCH(OH), 

Cl “a Chloral hydrate 

ren 

O O 
OH 

O + H,O — 

OH 
O O 

Triketoindane Ninhydrin 
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Other carbonyl compounds are extensively converted to gem-diols in water 
solution, but attempts to isolate the diols fail because they are rapidly de- 
hydrated during isolation. An example is formalin, the solution of 40% formal- 
dehyde in water, which is used to preserve biological specimens. The amount 
of free formaldehyde in solution is almost undetectably small, but the diol 

cannot be isolated in an anhydrous condition. 

OH 

H,C=O + H,O — HC 

OH 

Formaldehyde Methanediol 

Equilibrium between carbonyl compounds and acetals or ketals is rapidly 

established under acidic conditions. The substitution step is specifically acid- 

catalyzed. The diethers can be isolated by making the solution neutral or 

alkaline. Since the ether linkage resists attack by nucleophilic reagents under 

basic conditions, acetals and ketals are useful as protective groups in synthesis. 

A polyfunctional aldehyde or ketone is first converted to an acetal or a ketal. 

Reactions requiring basic conditions that would destroy the carbonyl function 

may then be safely carried out on another group in the molecule. Finally, the 

original carbonyl group is regenerated by hydrolysis of the acetal (ketal) group 

with dilute aqueous acid. Cyclic ketals from ethylene glycol, as in the example 

above, are often used synthetically for this purpose, commonly to prevent 

undesired enolization of a ketone when basic conditions are employed for some 

reaction elsewhere in the molecule. 

CH,=CHCHO + HC(OC,H,), “#“*°:, CcH,=CHCH(OC,H,), + HCOOC,H, 
Acrolein Ethyl ortho- Acetal Acrolein diethyl 

formate exchange acetal 
73% 

Br, + CH,=CHCH(OC,H,), Bromine addition . BCH CHBrCH(OC,H;), 

2NaOH + BrCH,CHBrCH(OC,H,), 2m™ntion , CH=CCH(OC,H,), + 2NaBr + 2H,O 

CH=CCH(OC,H;), + H,O 2s CH=CCHO + 2C,H,OH 
Propiol- 
aldehyde 

The above equations illustrate the use of ethyl orthoformate as a reagent 

for acetal synthesis under anhydrous conditions. This common procedure is 

an acetal exchange and involves the same mechanisms as in Fig. 12-6. Am- 

monium nitrate is used as a weakly acidic catalyst in the exchange reaction. 

Cyclic hemiacetals and acetals are formed from 1,4- and 1,5-hydroxy- 

aldehydes and hydroxyketones, usually spontaneously. Ring formation of this 

type is common in carbohydrate chemistry (Secs. 25-3 and 27-3). 
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CH.CH,CH. 
ee ae CHOH ©H:0H_, CHOCH, 

HO HC=O oO” HCl oO” 
es) 

4-Hydroxybutanal 2-Hydroxytetra- 2-Methoxytetrahydrofuran 
hydrofuran 

(a cyclic hemiacetal) 

A rough idea of the equilibrium position between these derivatives and the 

parent carbonyl can be obtained from consideration of bond energies: 

RL RK son 
X=0 + R-O—H == fr 

H H O—R 

Bonds broken Bonds made 

C=O +176 kcal/mole C—O — 86 kcal/mole 

O—-H +111 C—O — 86 

B= SL O—H —111 

SS a WEE 

AE = +4 kcal/mole 

The value of 4 kcal/mole favors the ketone slightly at equilibrium as is usually 

observed with the hydration of ketones. However, with values of AE so close 

to zero and other factors like entropy not considered, we can only say that 

the equilibrium does not favor either substance significantly, except in cyclic 

cases, in which the cyclized forms is generally favored (page 355). Ordinary 

ketals are formed by using an excess of an anhydrous alcohol with a catalytic 

amount of added acid, and the reverse reaction, hydrolysis to the carbony}, 

is easily effected by warming in aqueous acids. In each case the excess of one 

reagent (ROH or H.O) forces the equilibrium one way by the law of mass 

action. 

Addition Compounds with Sulfur and Nitrogen 

Thiols react even more rapidly than alcohols with aldehydes and ketones 

to give thioacetals and thioketals. 

SC,H; 
Dry HCl 

2C,H;SH + C,H;CH,COCH, == C,H;CH,CCH, 

SC,H. 
Benzyl methyl 1-Phenyl-2,2-diethyl- 

ketone mercaptopropane 

Aldehydes and ketones, such as acetone and cyclohexanone, which are 

not branched near the functional group add bisulfite ions in aqueous solution 

to form bisulfite addition compounds. These products are a-hydroxysulfonates, 

which can be crystallized as sodium salts. 
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Os O OH 

mee a CH,CH,CH — CH,CH,CHSO,OH —— CH,CH,CH—SO, 

O Bisulfite adduct of 
propionaldehyde 

OH 

Na HSO, + CH,COCH,CH, —> CHCCH,CH, 
SO, Na 

Carbonyl compounds are easily regenerated from their bisulfite addition 

compounds by treatment with either acid or base. 

Ht 
OH ir +50, 

OH- = 
H,O + SO, —— 

Aldehydes and ketones also add primary amines, secondary amines, and 

ammonia. The adducts, like gem-diols, are usually too labile to be isolated. 

Ammonia addition is typical of reactions involving uncharged nucleophiles. 

The neutral reactants first combine to give a charged intermediate that requires 

a proton shift to complete the addition. 

aL wile a | 
H,Ni+ Sc=O —. SAN See Oh dP) ork 

While such addition compounds are rarely stable themselves, they do 

easily eliminate water to form imines (R,C—N—R’), and their enolic counter- 

parts, enamines, as discussed in Sec. 12-5. 

PROBLEM 12-3 

Show preparations of each of the following from carbonyl compounds. 

O 
a CoH, \ d C,H.CH,CCI,CH, 

O 

OH : CHCl 

b CH,CH,CH,CSO,H C CLS 

CH l 
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12-3 HYDRIDE DONORS AS NUCLEOPHILES 

Metal Hydrides 

Lithium aluminum hydride (LiAIH,) serves as a hydride donor toward 

electron-deficient groups, mainly the carbonyl family. All four hydrogen atoms 

are available as negative hydrogen or hydride anion (H:~). Metal (Li, Al) oxides 

are first produced from carbonyls and LiAIH,, and these are hydrolyzed, when 

reaction is finished, to form alcohols, using dilute aqueous or alcoholic acid. 

Anhydrous ethers are commonly used as solvents for the reaction. The reaction 

constitutes a reduction of doubly bonded carbonyls to singly bonded alcohols 

and is the most important method of effecting this conversion. Unlike most 

other carbonyl reactions hydride addition is essentially irreversible owing to 

the high energy of the reagent. Enolization caused by hydride acting as a base 

is slower than carbonyl attack and almost never observed. 

LiAIH, + 6CHO ——> ($CH,0),AILi “2C!, 4@CH,OH + AICI, + LiCl 
Lithium Benzaldehyde 

aluminum 

hydride 

C,H, CHCG Hee = GH CHGHC Hy aa I 653) EOF Gro. l SD. 

HO O HO OH 

Benzoin Hydrobenzoin 
(1,2-diphenylethyleneglycol) 

1) LiAIH, 
—___—_> 
2) H,O* 

Hydride addition may most simply be regarded as an attack of H:-. 

However, sodium hydride (NatH:~) does not reduce carbonyls and it is pre- 

sumed that the released AIH, acts as a Lewis acid to complex the carbonyl 

initially (E*+ in Fig. 12-1) for hydride attack. The reaction is often viewed as 

a concerted one in which the H:~ attacks carbon as the oxygen is complexing 

with the released AIH;: 

70 — AIH, O--AlH O—AIH, 
HET OH Co 

Transition state 

Lithium aluminum hydride attacks all the many functional groups containing 
carbonyls as well as the related functions of Fig. 12-3. Reductions of these other 
functional groups are discussed in later sections (12-8 and 13-7) and also in 
Chap. 18. 
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Sodium borohydride is a less vigorous and more selective reagent than 
lithium aluminum hydride, although it acts in the same way. The former 
reduces aldehydes and ketones but does not react with esters, amides, nitriles, 
or nitro compounds under ordinary conditions. Water and alcohols may even 
be used as solvents for sodium borohydride reductions whereas they react 
vigorously with lithium aluminum hydride (yielding H,). 

CH;CCH,CH,COOC,H; See CH,CHCH,CH,COOC,H, 
3 

O OH 

Ethyl 4-ketopentanoate Ethyl 4-hydroxypentanoate 

NaBH, NCCH,CH, CHO pce NCCH,CH,CH,OH 
=} 3 

3-Cyano- 4-Hydroxybutyronitrile 
propionaldehyde 

A number of partially substituted hydrides [e.g., LiAl(OR),H] have been 

used for special purposes in carbonyl reduction, and diborane (B,H, == 2BH,) 

reduces carbonyls as well as carbon-carbon double bonds. The latter is taken 

up as an electrophile in Chap. 15, and the various capabilities of all these 

hydride-donor reducing agents are explored further and summarized in the 

chapter on reduction (Sec. 18-6). 

In converting an unsymmetrical ketone to a secondary alcohol these hydrides 

create a new asymmetric center. It is therefore of interest to inquire into the 

stereochemistry of this reduction. There are two opposed factors at work, 

however, which usually make prediction of the stereochemical result uncertain 

and very often result in mixtures of epimers. The first of these is steric hin- 

drance favoring approach of the reagent from one side or another of the car- 

bonyl. The second is steric hindrance in the developing product, which favors 

the more stable product. The mixture of epimeric alcohols which results in 

any given case will depend on the predominance of either this steric-approach 

control or product-development control in the transition state. If the transition 

state more closely resembles starting materials, steric-approach control pre- 

dominates, but if it is more similar to the products, then product-development 

control is ascendant. In most cases mixtures are formed and in cyclohexanones 

the more stable equatorial alcohol usually predominates. In many cases pre- 

diction is risky since the position of the transition state on the (horizontal) 

reaction coordinate in the free-energy diagram cannot be accurately assessed. 

OH H 
\ 0 

: H OH 
1) LiAIH, oc 

(Et,0) 
2) H,OF 

10% 90% 

4-ter!-Butylcyclohexanone Equatorial approach favored Eguatorial product favored 
(steric approach control) (product development control) 
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Hydride Transfer from Carbon 

Aldehydes that have no a-hydrogen for enolization disproportionate in the 

presence of strong base, giving equal amounts of the corresponding alcohol 

and carboxylic acid (Cannizzaro reaction). One molecule of aldehyde acts as a 

hydride donor and another functions as an acceptor. 

O o- 
= | -OH | 

RCHO + HO == R—C—H R-C—H 
OH O- 

@O t 
Hat ees REG OLR CHO 

RK OH 

R—-CH,—O + H,O —_> R—-CH;_OH + OH 

° et 
. 

2(CH,),CCHO + NaOH —> (CH,),CCH,OH + (CH,),CCO, Na 
Trimethyl- 2,2-Dimethyl-1- Sodium pivalate 

acetaldehyde propanol 

Ketones and aromatic aldehydes react with ammonium formate at high 

temperatures to give primary amines (Leuckart reaction). The first step is proba- 

bly a condensation of ammonia with the carbonyl compound to produce an 

imine (Sec. 12-5). Formate ion then serves as a hydride donor and reduces 

the imine to an amine. 

AS + Nit. Yoon, SS =H Ow. > C=O + NH; 22> °C=NH 

\ & | 
Nc ScStn, — co, + H—C—NH, vai y 2 2 : 

‘, - + 

C)H,CCH,CH; JHCONH,“s CoH ,CHCH,CH, 

NH, 

Propiophenone 1-Phenyl-1-propylamine 
(ethyl phenyl 

ketone) 

Metal salts of primary and secondary alcohols can also transfer hydride 

to carbonyl groups of aldehydes and ketones. Aluminum is the metal most 

commonly used (Meerwein-Ponndorf reduction). 

O O 
XS SS NN va 
CHO|-AlctC—O=— CB Al (ocn Gas A OGHG Zz yi J: Sk Ue < 

H) (0 H 
\ Cc p> 

aN mai 

2 
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Since metal alkoxides undergo rapid acid-base exchange with their corre- 

sponding alcohols, the alcohol may be used as the source of hydrogen in the 
presence of a catalytic amount of aluminum alkoxide. Isopropanol and alumi- 
num isopropoxide are frequently used. Reactions can be forced to high con- 

version by continuous removal, via distillation, of the resultant acetone from 

the isopropanol. 

R R 
=o + CH,CHCH, \CHOH + CH,COCH, 

R R Acetone 
OM (distill) 

CH,COCH,CH,CH,Br + (CH,),CHOH A'OGH rs , 
5-Bromo-2-pentanone 

Se auteGEUBE + CH,COCH, 

OH 

5-Bromo-2-pentanol 

(CH,),CHOH + CH,CH=CHCHO S10C:Hr)s 
Crotonaldehyde CH,CH=CH CH,OH ae CH,COCH, 

Crotyl alcohol 

The same reaction in reverse becomes a preparative method for oxidation 

of secondary alcohols to ketones if a large excess of acetone is used as a 

hydride-acceptor (Oppenauer oxidation). Aluminum tert-butoxide is then usually 

employed as the catalyst in Oppenauer oxidations. Cyclohexanone and benzo- 

quinone have also been used as hydrogen acceptors in order to allow reactions 

to be run at temperatures above the boiling point of acetone. 

Cree ech 

OH + CH,COCH, AVOSs#H)s, 
CH, 

a-Ionol 

CH,_ _CH, 
CH=CHCOCH, 

es 

CH, OH 
a-lonone 

80% 

OH O ° ring 

! C,H, C,H; 
ic ‘ Ss Al(OC,H,-1); CJ a 

O OH 

2-Ethylcyclohexanol Benzoquinone 2-Ethylcyclo- Hydroquinone 
hexanone 

76% 
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Both Ponndorf reductions and Oppenauer oxidations are particularly 

useful with polyfunctional molecules containing sensitive groups that are 

destroyed by the conditions of many other oxidations and reductions (Chap. 

18). 

PROBLEM 12-4 

Fill in the missing blanks. 

a 4-Cyano-2-pentanone + NaBH, —— ? 

b 1-Chloro-3-pentanone + NaBH, —— ? _LiAIH, Se? 

H. 

c C,H,CH=CHCOCH, + ? —> C,H;CH=CHCHOHCH, = ? 

d CH,CH=CCHO + On == 

asl 

. (mo + AI[OCH(CH;).], es +? 

f (C,H;CH,),CO + 2 —> 1,3-diphenyl-2-propylamine 

PROBLEM 12-5 

Explain with structures and curved arrows the fate of benzoquinone used in an 

Oppenauer oxidation 

o{ ro 
Benzoquinone 

12-4 CARBANION ADDITIONS; ORGANOMETALLIC REAGENTS 

Carbanions were discussed in Secs. 11-6 and 11-7 as important nucleophiles 

for carbon-carbon bond formation by substitution. The same carbanion re- 

agents may attack ketones and aldehydes to form new skeletal bonds by 

nucleophilic addition. 

Cyanides and Acetylides 

Hydrogen cyanide addition to aldehydes and many of the more reactive 

ketones is catalyzed by traces of base. Need for a basic catalyst indicates that 

it is cyanide ion which makes the first attack on the substrate. 

The a-hydroxynitriles produced in the reaction are commonly known as 

cyanohydrins. They can be converted to a-hydroxy acids by hydrolysis of the 

nitrile and are dehydrated to form a,B-unsaturated nitriles, acids, and acid deriva- 
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tives. One of the commercial syntheses of methyl methacrylate, which polym- 

erizes (Chap. 25) to form a transparent plastic known as Plexiglas or Lucite, 

is based upon the cyanohydrin reaction of acetone. 

HONe? GH CH CHO 2s en, CiHsCH,CHCN 
OH 

Phenylacetaldehyde 2-Hydroxy-3-phenylpropionitrile 
67% 

vat CH, 

HEN Ss Cre COCH eee es CH,CCH, CHLOM, HS; . CH,—CCOOCH, 
CN 

Acetone Methyl methacrylate 
cyanohydrin 90% 

78% 

Reactivity of carbonyl compounds in cyanohydrin formation has been 

studied carefully, and is controlled by the three factors discussed on page 450. 

Most aldehydes react to give high conversions to products, although benzal- 

dehyde reacts much more slowly than most aliphatic aldehydes. However, 

p-dimethylaminobenzaldehyde does not form a cyanohydrin because resonance 

interaction between the amino and carbonyl groups stabilizes the carbonyl and 

so disfavors the equilibrium to cyanohydrin. Steric hindrance is shown clearly 

by the comparison of acetophenone and t-butyl phenyl ketone. Under condi- 

tions that give 91% conversion of the methyl ketone, the t-butyl ketone gives 

only 46% of the addition compound. 

Acetylene salts (R—C==C:~ M?) similarly add to ketones and aldehydes. 

Here the carbanion is more-basic (and so higher in energy) than cyanide so 

that the equilibrium always strongly favors the addition products. The reaction 

is essentially irreversible in practice. One of the antiovulation hormones used 

in birth-control pills is synthesized by this reaction. 

2CH,O + HC=CH ““—, HOCH,C=CCH,OH 
2-Butyne-1,4-diol 

92% 

LiC=CH 
os \ 

HO HO 

Ethinyl estradiol 
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Grignard and Related Reagents 

Alkyl- and arylmagnesium halides (Grignard reagents) and organolithium 

compounds are decidedly nucleophilic and are very widely used in synthetic 

procedures. Although the compounds are not really ionized, much of their 

chemistry is easily predicted by regarding them as carbanion donors. While 

rarely useful in nucleophilic substitution at saturated carbon, they attack virtu- 

ally all carbonyl groups with ease. They do not, however, generally attack 

carbon-carbon double bonds. 

= + t+ = —- ++ - 
R-Li <> R: Li R—MgBr <—> R: MgBr 

Alkyllithium Grignard reagent 

Many methods have been developed for making magnesium and lithium 

compounds, but the most general is to treat an organic halide with a metal. 

Ethers are unique as solvents for preparation and use of the reagents. The ethers 

complex with empty orbitals on the magnesium and stabilize the combination. 

Et Et 
S06 

c 

CH, + Mg S2:0CH> . CH Mgl HC = Me =I 
Methylmagnesium : 

iodide O 

GON 
| Et Eta) 

CH,CH,CH,CH,Cl + 2Li £2s0G8s , CH,CH,CH,CH,Li + LiCl 
n-Butyllithium 

C,H,Cl + Mg —°2--, C,H, MgCl 
Phenylmagnesium 

chloride 

Lithium and magnesium compounds are very reactive and must be pro- 

tected carefully from the atmosphere, because they react with oxygen, carbon 

dioxide, and water vapor. Since these carbanion derivatives are also strong 

bases, they readily react with weakly acidic hydrogens such as —OH and even 

NH, forming the conjugate base (alkoxides, etc.) and a hydrocarbon derived 

from the carbanion derivative. 

R—MgxX + R’—OH —> RH + R’—O- Mg*+ x- 

{This reaction represents a useful alternative mode to LiAIH, for removing halide from a carbon skeleton 
and is more general since Grignard reagents are formed from almost any halide, which contains no 
other active functional group. 

H,O Reet aE R—MgX > R-H +4 Mg(OH)X 
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Consequently, organometallic compounds cannot be used in hydroxylic 
solvents. Organometallics react with most other functional groups by addition 
or substitution; therefore, halides that contain a second functional group cannot usually 

be converted to stable organometallic derivatives. The only groups compatible with 

organometallic formation are the tertiary amines, ethers, alkenes, aromatic 

rings, and a few inert halides. Since a carbonyl group cannot be present in 

a Grignard reagent, ketones and aldehydes are commonly converted to cyclic 

ketals (acetals) as protecting groups to render them safe for Grignard formation, 

feel OO O. 0 
Cle (CH) ,COCH, = <= Cl(CH,),_C CH, — =) "CIMe(CH,), = CCH, 

Ht 

The preparation of these organometallics can also be carried out by an acid-base 

reaction, sometimes called metalation in this context, in which a more basic 

carbanion is used to remove a proton from a more acidic hydrocarbon. Such 

reactions afford the best measure of the relative acidities of hydrocarbons. 

Grignard reagents are not sufficiently reactive to function well in most 

metalation reactions, probably because the carbanion is so strongly bound to 

the magnesium: 

Cie CH Nae 2s CH_Nas. CH; 
Ethyl sodium Phenyl sodium 

GH Nad CH GH, "==, @H.CH,Na. CH, 
Phenyl sodium Benzyl sodium 

C,H;CH,Na + (C,H;),>CH, —~» (C,H;),>CHNa + C,H; H3 

Benzyl sodium Diphenylmethyl 
sodium 

(C,H,),CHNa + (C,H;),;C H —> (C,H,),;C Na + (C,H;),C H2 

Diphenylmethyl Triphenylmethy| 
sodium sodium 

The above reactions reflect the sequence of hydrocarbon acidities (Table 8-2): 

Ar,CH > Ar,CH, > ArCH, > ArH > RH. Comparisons of the reactivity of 

metal alkyls indicate the following stability order: primary > secondary > 

tertiary. Terminal acetylenes, in which the hydrogen is bound by an sp orbital, 

are so acidic that the compounds are easily metalated by Grignard reagents. 

CH,C=CH + CH,;MgBr —> CH,C=CMgBr + CH, 

In the metalation (or metal-hydrogen exchange) above, the acid-base mecha- 

nism required nucleophilic attack on hydrogen. An analogous reaction 

(metal-halide exchange) can be used with equal facility and involves nucleo- 

philic attack on halide instead of acidic hydrogen: 

Re one eRe eR’ 

Ree XR RX oR’ 
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The same requirement that the product carbanion be lower in energy (less basic, 

lower pK,) than the starting carbanion prevails in each reaction: 

yee ee Br Li 

eae S A 
CH,CH,CH,Li + ——> CH,CH,CH,Br + 

Va = 

a-Bromonaphthalene a-Naphthyllithium 

Grignard reagents and organolithium compounds add to carbonyl com- 

pounds to produce metal alkoxides, which, on hydrolysis, give alcohols. For- 

maldehyde gives primary alcohols, other aldehydes give secondary alcohols, 

and ketones give tertiary alcohols. The reaction provides one of the most 

versatile and reliable methods for constructing branched carbon skeletons. 

(CHE) CHC H MEE Tntiaee a0 =, (CH;),.CHCH,CH,OMgBr gH OE 

(CH;),CHCH,CH,OH 

Isoamyl alcohol 

C,H.MgBr + CH,CH,CHO YE", C,H,CHCH,CH; 
2) H,Ot | 

OH 

1-Phenyl-1-propanol 

oH 
= 1) Ether ae 

E == —— ‘ = CH,C=CMgBr + CH:CCH Soi apaie? (CHa).CC=CCH, 
O 2-Methyl-3-pentyn-2-ol 

OH 
CH,MgBr sit O 1) Ether 

2) NH,Cl, H,O CH, 

1-Methylceyclohexanol 

if faa HO. CH=CH, 

1) O 

me a 2) NHC, HO” 4 1, Tho 

There is a very close parallel in reactivity and mechanism of reaction 

between metal hydrides and organometallics. Except that one acts to deliver 

hydride and the other a carbanion, they may conveniently be regarded as 

closely similar reagents. The organometallic reagents also react with carbonyl 

compounds other than ketones and aldehydes, as discussed later (Secs. 12-8 

and 13-2). 

Side reactions sometimes occur with sterically hindered ketones as sub- 

strates. These are viewed as involving cyclic mechanisms. 
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Enolization: 

| 
RMgX + CH,;CH,CC(CH;), —> 

H 

say OMex OP lcucomiee 
C 

CH,CH=CC(CH,), + RH 

Reduction: rR 

0 Neg 
all I RF S\ 

Samo. RGR =s 

H 

Ye MpX| ——> R,C—OMgx ES poe C 

H 

Coordination of a metal atom with the carbonyl oxygen, shown above 

in the reduction reaction, is undoubtedly also involved in the simple addition 

reaction since an important feature of Grignard attack is complexation of the 

very electronegative carbonyl oxygen with the magnesium atom. In general, 

low reaction temperatures and substitution of lithium compounds for Grignard 

reagents favor addition in preference to enolization and reduction. Steric hin- 

drance in either the carbonyl compound or the metallic reagent decreases yields 

of addition product. 

(CH,),CLi + (CH),CCOC(CH,), Hh", 
Hexamethylacetone 

[(CH,),C],;COLi + [(CH,),C],CHOLi + (CH,),C=CH, 29> 

[(CH;);C];COH + [(CH;),;C],CHOH 
Tri-t-butyl- Di-t-butylcarbinol 
carbinol 
81% 

Grignard and lithium reagents cannot be made from compounds that 

contain reactive functional groups such as carbonyl, ester, amide, and many 

others. However, zinc compounds are less reactive, and zinc reagents can be 

prepared from a-haloesters and added to aldehydes and ketones. This is called 

the Reformatsky reaction, and the carbanion of the organometallic reagent is 

here an enolate, as it is a to carbonyl. 

7 RICH COUGH) "> Brzn CH, COOG MH, =o > 
Zinc enolate 

OZnBr H 

(CH.),CCH,COOC,H, 4% (CH,),CCH,COOC,H, 
Ethyl 3-methyl-3-hydroxybutyrate 
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PROBLEM 12-6 

Utilizing as starting materials ketones or aldehydes of fewer carbons, write 

syntheses of the following compounds. 

—e (from a chloroketone) a 3-Pentanol f a O 

b 1-Pentyn-3-ol g 2-Hexyn-1,4-diol 

c 1-Pentanol h Propylbenzene 

d t-Butyl bromide i Benzyl chloride 

e 2-Methyl-2-hydroxy- j (1-Hydroxycyclobutyl)-propionic 

butanonitrile acid methyl ester 

12-5 ADDITION ELIMINATION; THE ALDOL CONDENSATION 

Addition to carbonyl initially affords a hydroxyl group. In cases of simple 

addition this alcohol represents the product. When the added nucleophilic 

group bears an adjacent electron pair—or can easily lose a proton to get one— 

this serves to eliminate the hydroxyl, i.e., assist its ionization and removal. 

In the cases where the nucleophile is oxygen, this leads to an oxonium ion 

(COR — =c=OR) which must add a second nucleophile (ROH), as in 

Sec. 12-2. When it is nitrogen or carbon, it can be stabilized by loss of a proton 

to form a new z bond which replaces the original C=O z bond. The net reaction 

is then loss of water. Reactions in which two components combine with loss 

of water (or simple alcohols) are called condensations. 

Ht: 

HO.) OR ve RO. OR ee ce ROH < Ye 

aN Va. Jo ++#H,0 

Ht. Rs 
HO. ) (NHR as NR 

+Nu: se ye —H+t 

aS OR — C =Hs CG +H,0 

Imines 

? | I Ht, ail x 
HO. c—C— HO.) (¢—c— Caos 

a enol se ee ye ae HO 

Condensations with Nitrogen Compounds 

Compounds bearing a primary amino group (Z—NH,) react with al- 

dehydes and ketones to replace the carbonyl oxygen by nitrogen 

(_ G=0 > ~C=N—Z + H,O). The major condensations are these, all pro- 

ceeding by the same general mechanism (Fig. 12-7): 
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H 
Lae ea ay —NH, +\c+0 — Sime =e satel Ni ¢O-H ; 

H H 
wee fe —_ oe Be 

No at OHS! Tee a, H,O 

FIGURE 12-7 General path for replacement of carbonyl by imino 

R,C=O + 

H,N—OH (hydroxylamine) —-> R,C—N—OH (oximes) 

H,N—NH, (hydrazine) —> R,C—N—NH, 
(hydrazones) 

H,N—NHR’ (substituted hydrazines) —-> R,C—N—NHR’ 

H,N—NHCONH, (semicarbazide) —~ R,C—N—NHCONH, (semicarbazones) 

H,N—R’ (primary amines) —~ R,C—N—R’ (imines) 

The products of such reactions are usually sharp-melting solids, useful 

for the characterization of their parent aldehydes or ketones. 

CH,CCH, 4 NH,OH Weak base , (Cy,),C=NOH + H,0 

O Hydroxyl- Acetoxime 
amine (an oxime) 

2 
CAEUCOV GEL, su veae Nie inl by eae SE CoHsC-NNHCH, + H,O 

CH, 

Acetophenone Phenylhydrazine Acetophenone 
phenylhydrazone 

NO, 

NHNH,, HCl C:H:OH, 1,0, 
CH,=CHCHO + O.N 

Acrolein 2,4-Dinitrophenyl- 
hydrazine 

CH,=CHCH=NNHC,H,(NO,), + H,0 
2,4-Dinitrophenylhydrazone 

of acrolein 

Zo 0 S ZNNHCONH, 
COOK, C,H,OH 3 , NH,NHCNH, zea 3 

Semicarbazide Cyclohexanone 
semicarbazone 

It is difficult to prepare hydrazones from hydrazine, because the former 

tend to react a second time, giving azines. 
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CH,CHO 
CH,CHO + NH,NH, —~> CH,CH=NNH, —*——> CH,CH=NN=CHCH, 

Acetaldehyde Acetaldehyde 
hydrazone azine 

All condensations of carbonyl groups with nitrogen compounds are acid- 

catalyzed. Catalysis by strong acids is not very effective, however, because of 

protonation of the nucleophiles to form inactive derivatives of the ammonium 

ion. 

+ + 
R,C=O + H == R,C=OH 

+ + 
NH,OH + H == NH,OH 

Inactive 
hydroxyl- 

ammonium ion 

These reactions illustrate general acid catalysis. In a general acid-catalyzed 

reaction, the rate is dependent on the concentration of all acid species in the solution 

rather than on just the hydrogen-ion concentration. In the formation of oximes, 

and possibly for many other condensation reactions, dehydration of the inter- 

mediate adduct is the rate-determining step. The following mechanism accounts 

for the general acid catalysis. 

OH 
R60 <HNOn R,C_-NHOH 

OH ; OH, 
R,C—NHOH + H —= R,C—NHOH 

OH, 
q 2 

R,CRNOH 4:8 —> R,C=NOH + H,0 + HB 
aS 
H 

General acid-catalyzed reactions can be strongly catalyzed by massive concen- 

trations of weak acids, such as acetic acid, which do not tie up large amounts 

of the nucleophile. Formation of oximes is also base-catalyzed. This fact is readily 

accommodated by a mechanism involving an elimination of the neutral addi- 

tion compound. 

R,C-qN—OH+ :OH ——> R,C=NOH + HO + H,O 

ipa 

Regeneration of an aldehyde or a ketone from an oxime, a semicarbazone, 

or a hydrazone by direct hydrolysis is difficult, because the equilibrium con- 

stants favor the condensation products very strongly. 

SS C=O +NH,Z == (C=NZ+H,O Kis large 
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Recovery of a carbonyl compound can be accomplished by equilibrating 

the derivative with a reactive carbonyl compound, such as pyruvic acid, and 

in this way achieving an exchange reaction yielding the more stable free ketone. 

NNHC,H,; O 

I H.O+ 
(CH, COOH = = + CH,CCOOH 

CH, CH; NNHC,H; 

3-Methyl- Pyruvic 
cyclohexanone acid 

phenylhydrazone 

In contrast to oximes, hydrazones, and semicarbazones, unhindered 

imines are difficult to isolate and readily hydrolyzed. 

H,O + C,H;CH=NC,H, —> C,H,CHO + C,H,NH, 

The Aldol Condensation 

An important reaction for carbon-carbon bond formation occurs when 

an enol (or enolate) of one carbonyl compound adds to the carbonyl of an 

aldehyde or ketone. This fundamental condensation is used under various 

names which relate to the choice of carbonyl components, but is illustrated 

first with the original aldol example. All variations on this condensation may 

conveniently be included in the name aldol condensation. 

Aldehydes undergo self-condensation reactions when treated with cata- 

lytic amounts of aqueous base. The basic catalyst removes a proton from the 

a-position of one molecule, and the resulting enolate ion then adds to the 

carbonyl group of a second molecule. The hydroxy-aldehyde formed from 

acetaldehyde was originally named aldol and gives its name to the general 

reaction. 

e ? 
CH,CHO + HO —|:CH,CH <> CH,=CH| + H,O 

aif T ei a 
CH,CH + :CH,CH ASH", CH,CHCH,CH 22 CH,CHCH,CH + HO 

Aldol 

Aldols (aldehyde-alcohol) may be dehydrated either by heating the basic 

reaction mixture or by a separate, acid-catalyzed reaction. This is the elimina- 

tion step and is very facile since the proton adjacent to —OH is a to the carbonyl 

and readily removed. Dehydration usually occurs under conditions required 

for the condensation of unreactive aldehydes such as sterically hindered ali- 

phatic or aromatic aldehydes. 
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Acid-catalyzed: 

H Ht ;0H 
| “CH in HON O 

CH,CHCH,CHO —> CH,—CH-CH=CH—OH CH,CH—CHCHO 

Enol Crotonaldehyde 

Base-catalyzed: 

OH 

CH \CHCH, CHO == cH siren —; CH,CH=CHCHO 
Enolate ion Crotonaldehyde 

Crossed condensations between two aldehydes that both have a-hydrogens 

give complex reaction mixtures and are not used for synthesis. However, an 

excess of an aldehyde that has no a-hydrogen (such as benzaldehyde or formal- 

dehyde) can serve as a substrate for a second enolizable aldehyde. Acrolein 

can be made by carrying out the condensation of 1 mole of formaldehyde with 

one of acetaldehyde at a high enough temperature to effect dehydration of the 

intermediate aldol, but with base catalysis in solution successive additions occur 

with no elimination. 

Sodium 

CH,O + CH,CHO a [HOCH,CH,CHO] —> CH,=CHCHO 
Acrolein 

75% 

3CH,O + CH,CHO “02, (yOCH,),CCHO 

An aldehyde that bears no a-hydrogen may also be condensed with a 

ketone or an ester that can enolize. The conditions are too mild to allow attack 

on the less reactive ketone or ester carbonyl in competition with the aldehyde 

carbonyl. 

10% NaOH 
> C,H,CHO + CH,COCH, C,H,;CH=CHCOCH, 

Benzalacetone 

NaOC,H., 0° 
> C,H,CHO + CH,COOC,H, C,H,;CH=CHCOOC,H. 

Ethyl cinnamate 

For both electronic and steric reasons, ketones are less reactive than 

aldehydes. Acetone undergoes self-condensation, giving diacetone alcohol, but 

only a small amount of the product is formed at equilibrium. High yields of 

diacetone alcohol are obtained only by continuously cycling acetone vapor over 

a mild basic catalyst, with the small amount of product formed in each pass 

being retained as a high-boiling residue in a reservoir. 

OH 
| 

CH,CCH,COCH, 

CH, 
Diacetone alcohol 
70% by recycling 

2CH,COCH, 22s. 
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Base-catalyzed aldol cyclizations to five- and six-membered rings are 

especially favored by entropy, however, and occur with ease. 

CH, 

CH,COCH,CH,COCH, “10° 

KOH 
——— 

ey Be Lee O CH; AS OF 

Several valuable synthetic procedures are based upon condensations of 

aldehydes and ketones with enolates and similar carbanions. The elimination 

step following addition can often be suppressed by using mild basic catalysts. 

On the other hand the elimination is usually desirable since the conjugated 

unsaturated product is more stable and tends to drive the equilibria toward 

the product, thus countering and displacing other unfavorable side-reaction 

equilibria that may occur previously. 

@—CHO + @CH,CN —> sone” 
CN 

OH 

CH,CH,CH,CHO + CH,NO, KOH, CH;CH,CH,CH—CH,NO, 
71% 

CH, 

ae tO CH=C—NO 
| 4+ CH,CH,NO, cea 

3 Oc A OCH 

Pai d p 
il 
aries KOH 

CH, CH, HOH 4 ob 

be eS co XX ry i 

BE 

The key intermediate in the commercial synthesis of vitamin A is 

B-ionone, which is prepared from the natural oil, citral, via a condensation 

with acetone (the second reaction is treated in Chap. 15): 

CHO SS ae _+CH,COCH, | BF; 
| macona ; 

Citral f£-Ionone 
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A number of special cases of aldol condensations well-known through long 

usage and synthetic value are collected in the following numbered paragraphs. 

Active methylene compounds (with two carbonyls or other electron-withdrawing 

groups on methylene) react with aldehydes and many ketones in an addition-elimina- 

tion known as the Knoevenagel condensation, Here the acidity of the active methylene 

compound allows enolate formation under basic conditions so mild that self-conden- 

sation of aldehydes is rarely a hazardous side reaction. The use of both weak base 

(R,NH) and weak acid (RCOOH) together provides excellent catalysis in this reaction. 

COOC,H, COOC,H, 
@—CHO + CH, Ne OCH 

S a = TE. XQ 
COOC,H, COOC,H, 

Ethyl malonate 90% 

LN JEN 
CH,CHO + CH, NT CH,CH=C 

COOC,H, COOC,H, 
Ethyl cyanoacetate 

| 
rae 

o@—C—CH, + CH,(COOC,H;), NH,*OAc Sas? P—E=C(COOC,H,), 
CH, 

When the reaction is run in hot pyridine and cyanoacetic or malonic acid is used as 

the enol component, it loses CO, on condensing (Doebner condensation). 

COOH 

CH,CH=CHCHO + CH, ee 

COOH 

CH,CH=CHCH=CH—COOH + CO, + H,O 
30% 

The Perkin reaction employs condensation of an aromatic aldehyde with an aliphatic 

anhydride and its corresponding carboxylate salt as a preparation of cinnamic acids. 

@CHO + (CH,CO),O + CH,COO- 22° 2°, ¢—CH=CH—COOH 
Cinnamic acid 

60% 

The benzoin condensation is a remarkable self-condensation of aromatic aldehydes. 

The reaction is specifically catalyzed by cyanide ions. Three properties of the catalyst 

combine to make cyanide a unique catalyst: 

a Sufficient nucleophilic reactivity to add to a carbonyl function 

b A marked acid-strengthening effect on hydrogen atoms attached to carbon atoms 

adjacent to the —C=N function (Fig. 12-3) 

c The ability of cyanide to depart from the cyanohydrin structure in the last inter- 

mediate 
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O 
- | 

ArCHO + CN == ArCHCN 

eared oe i PBs 
ArCHCN —> | ArC—CN <> ArC=C=N| 

te e i 
ArCCN + ArCHO —> ArC—CHAr == ArC—CHAr 

CN O _ CN OH 

0) 
ArC—GHAr ==> ArC—CHAr i GN 

SCNOH O OH 
A benzoin 
(or acyloin) 

Although the reaction gives good yields with many aromatic aldehydes, it is unsuc- 

cessful with aliphatic aldehydes. Probably, competing reactions involving enolization 

of a-hydrogens cause failure with the latter compounds. 

KC 

ot ee mine 
bu reflux 

4,4’-Dimethoxybenzoin 
60% 

When the —OH group of the intermediate aldol addition product can do a facile 

internal reaction (cyclization), this will intercede and normal elimination of water will 

not occur. The Darzens synthesis involves an internal substitution following addition 

of the enolate from a-chloroesters. The intermediate ester epoxide and the epoxy-salt 

can be easily isolated. The reaction is useful for preparation of certain aldehydes and 

ketones. 

x 

CICH,COOC,H, S20@#s, NaCHCOOC,H, + C,H,OH 

a ——__ ih CH; (CI 
NaCHCOOC,H, + o=¢ Hone, g— C—CH—COOC,H; — 

se 0 
CH, CH, 
| $—C— CH—COOGH, Es cH Oye Be 
oOe ier 

CH, CH, CH, 
$—C—<CH~ c+ovH =&, g6—C=CH—O—H “es, -CH—CHO 

7 ll 
O O Enol Hydratropaldehyde 

* 55% overall 



476 ADDITION ELIMINATION; THE ALDOL CONDENSATION SEG@y 2-5 

In the Stobbe condensation, the anion from diethyl succinate adds to a ketone. The 

first adduct cyclizes by an ester-lactone interchange reaction (Sec. 13-1) that involves 

the more remote ester group and the alkoxide generated in the addition reaction. The 

five-membered lactone ring is then opened by a base-catalyzed elimination, which 

generates a free carboxyl group. The base thus generates the stable carboxylate anion, 

which renders the reaction irreversible because of its stability (low pK,): 

O 
~ l 
0 *COC.H, 

KOC,H,t = R,C=O —C,H,O- 
CH, COOC,H, === CHCOOC,H, = R,C—CHCH, a ESS 
CH,COOC.H, CH,COOC,H, COOC,H, 

Diethyl 
succinate 

O—C=O 20 C—O 
NS O- Xs rrev = ,0+*, worku RC CH, === Rc rest, Hab We are(@s a0 py Aen 

ie Beere COOC,H, 
Stable carboxylate 

COOC,H, COOC H- anion 

O2E—0 

R,C=CCH,COOH + R,C CH, 

COOC;H; Ss 
| 
COOC,H; 

Stobbe condensations have been used extensively in syntheses of polycyclic ring 

systems. Potassium f-butoxide and sodium hydride are commonly used as basic con- 

densing agents. 

C,H,OOC. _,CH,COOH 
O C 
| | 

4 CH;COOC,H,. 
2) H,O+ 

CH,COOC,H; 

a-Tetralone 90% 

7 In the Wittig reaction the carbanion is stabilized by resonance into the d orbitals of 

an adjacent phosphonium cation. The phosphorus has a special affinity for the car- 

bonyl oxygen which it removes as a phosphine oxide. (See Chap. 19.) The reaction 

is largely free from side reactions and is an especially valuable synthetic device for 

creating alkenes. 

{This is not properly an aldol condensation as the carbanion is not an enolate, but it achieves so closely 
parallel a purpose as to justify including it here. 
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; Guz a NaNH, (b aaa bP: + CH,—R "> $;P—CH,—R gO ECHR <> P=CHER 
Br Br- Wittig reagent 

“ + 

Dea ¥ Ne ag \ + = 
Sac Cc Pd, — /o-CH_R + @3P—O <> ¢,P=O 

R Triphenylphosphine oxide 

O CH, 

+ - - 

(C,H,;);3P—CH, + a —— & + (C,H,);P—O 

oS 

[(C,H;),P—CH ],CH, + 2(CH;),C=O —> 

(CH;),C=CHCH,CH=C(CH;), + (C,H,);P—O 

Summary 

The overall reaction for the aldol and related condensations may be 

generalized as follows: 

faa ae * C C 
ees TARO) EAD SECIR OF NOFA NEL ee ON NaS 

Nee R (BI base ns | R’ 7 R 

Enol ’ Substrate or Addition product Condensation 
componen acceptor (elimination 

(ou4— Choa (ketone; aldehyde) product 
Z=CN, NO,, etc.) 

The final elimination is desirable to give an unsaturated product, which is usually more 

stable; this is often spontaneous. The substrate carbonyl becomes one end of that 

double bond and its oxygen emerges as water. 

Two a-hydrogens on the enol component are required for addition-elimination. 

Elimination following addition is favored by acid or strong base and often suppressed 

with weak base catalysis. 

Use of a substrate with no a-hydrogens is preferable in reducing by-products arising 

from mixed and self-condensations. 

Use of a very acidic enol component, such as active methylene compounds, usually 

avoids any enolization of the acceptor carbonyl, even with aldehydes, and is therefore 

desirable for avoiding side reactions. These condensation products usually eliminate 

water spontaneously. 
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6 If cyclization of the —OH group in the addition product can occur the reaction takes 

a different subsequent course (Stobbe and Darzens condensations). 

7 Intramolecular aldol condensations leading to five- and six-membered rings always 

take precedence over bimolecular competition. 

PROBLEM 12-7 

Complete the equations for these transformations and indicate what added acid 

or base catalyst is needed wherever appropriate. 

a CH,CH=CHCHO + CH,(COOCH,), —> ? 

b ? —~+> (C,H;CH.),C=NOCH, 

c ? —~+ 1-phenyl-2-methyl-1-penten-3-one 

d a-Methylpropionaldehyde + cyclopentanone ——> ? 

e ? —~> (C,H;),C=C(CN)COOC,H, 

f 1,4-Cyclohexanedione + C,H;NHNH, — > ? 

? —— > 3-methyl-2-cyclopentenone ae ASO?) 

B-lonone + benzaldehyde ——> ? 

i Phenylnitromethane + acetone ——> ? 

j ?—-> CH. CH: 

CH, CH: 

k Benzaldehyde (excess) + H,NNH, —> ? 

1 ? —~+ p-methoxy cinnamic acid 

sey ata m—{ -cocton{ 

n Citral + malonic acid ——>» (monoacid) ? 

Oo 
C / \ CH, oe 

of — — >? 
COOCH: 

P ? —> C.H,C—=CCOOCH, 
CH, CH,COOH 

q Acetone + (C,H,);3P=CHCH,CH,CH=P(C,H,), —> ? 

oes cucnX cue, 

s ? —~+» CH,CH=CHCH=CHCN + CO, 
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12-6 VINYLOGOUS OR CONJUGATE ADDITION 

Carbon-carbon double bonds conjugated with carbonyls or the related groups 

of Fig. 12-3 act as vinylogs, or extensions, of carbonyl reactivity in accepting 

nucleophiles. Such conjugated double bonds may serve as substrates for 

nucleophilic addition, but ordinary isolated double bonds are unreactive. 

Nu = Nu 

—€=C-C4O'H" Normal addition _ C=C . OH 

Nu a Nu 
20260 Ht Vinylogous or eee Tautomerize 

] | | conjugate addition ] 

Ne 

—C—CH—C=0 

In vinylogous addition the initial enol formed reverts to the more stable 

ketone tautomer. 

Addition of Hydrogen Halides 

Hydrogen halides add readily to the carbon-carbon double bonds of 

a,B-unsaturated aldehydes, ketones, esters, acids, and so forth. The products 

revert to unsaturated carbonyl quite readily with base. 

- 

H + CH,=CHCCH, == | CH,=CHCCH, —> CH,CH=CCH, 
OH OH 

aN 
ci CH,“CHCCH, — CICH,CH=CCH; 

‘OH OH 
Enol of £-chloroethyl 

methyl ketone 

CICH,CH=CCH, —> CICH,CH,CCH, 
OH 

Net reaction: HCl + CH,=CHCOCH, —> CICH,CH,COCH, 

Methyl! vinyl B-Chloroethyl 
ketone methyl ketone 

67% 
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CH, CH, 
HBr + CH,=CCN —> BrCH,CHCN 

a-Methacrylo-  8-Bromoisobutyronitrile 
nitrile 72% 

O [OH | OH 

as | | CHCl, Cl 

4 cl 
O bps Jan igi 4 OH 

Benzoquinone Chlorohydroquinone 
74% 

Addition of Alcohols, Thiols, Amines, and Carboxylic Acids 

These four classes of organic compounds add readily to highly polarized 

double bonds in conjugated systems. Such additions are catalyzed by both acids 

and bases, although acid conditions are often chosen to avoid base-catalyzed 

side reactions. Acrylonitrile is widely used to cyanoethylate alcohols and 

amines. 

+ 

I io sich Ht 

CH,=CHCOCH, === |CH,=CHCOCH, <> CH,CH=COcH,| 208, 
Methyl acrylate 

I 
C,H;,OCH,CH,COCH, 

Methyl! £-ethoxypropionate 
91% 

r Ih NaOCH, (trace) - = = 
CHSH == CH, § OSC HSCH.CH COCH OTIS 
Thiophenol Methyl 6-phenyl- 

mercaptopropionate 
96% 

C,H,OH + CH,=CHCN +299, C,H.OCH,CH,CN 
Acrylonitrile B-Ethoxypropionitrile 

89% 

O OH 

\ NH 
Via: OH EE 

NH ‘Rice be 1,4-Naphthoquinone 1,4-Dihydroxy-2-anilinonaphthalene 
OH 
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Hydrides 

Hydrides almost never undergo conjugate addition. This makes it possible 

to reduce conjugated carbonyls without loss of the double bond through the 

use of hydrides, while alternatively the double bond may be selectively reduced 

by catalytic hydrogenation without disturbing the carbonyl group. 

O 
| | 

CH,—CH,—CH,—C—CH, «42. CH,—CH=CH—C—CH, NaBH, 

OH 
CH,—CH=CH—CH—CH, 

Michael Additions 

A family of conjugate additions of stabilized carbanions is known as the 

reaction, a name originally applied only to transformations 

that involved acetoacetic or malonic ester anions as nucleophiles. Michael 

reactions are catalyzed by bases such as sodium hydroxide, sodium ethoxide, 

and amines (usually piperidine). These additions have special value since they 

serve to form carbon-carbon bonds. 

aa KOH 

CN 

2-Methyl-1- 2,2-Dimethy]-3-nitropropanonitrile 
nitro-1-propene 75% 

C,H,CH=CHCOC,H, 
se CH(COOC,H,), C,H,CHCH,COC,H, 

CH(COOC,H;), 

CH,NO, + CH,CH=CHCOOC,H, G22", CH,CHCH,COOC;H, 
Caestoct 

CH,NO, 
Ethyl crotonate Ethyl 3-methyl-4-nitrobutyrate 

55% 

CH,ONa CH,(COOC,H,), + CH,CH=CHCH=CHCOOCH, —2-= 
3 

Methyl sorbate 

CH,CHCH,CH=CHCOOCH, + CH,CH=CHCHCH,COOCH, 

CH(COOC,H;). CH(COOC,H;), 
72% 8% 

CH,CH,CN 
CH,COCH, + 3CH,=CHCN ere CH,COC—CH,CH,CN 

ae CH,CH,CN 
1,1,1-Tris(2-cyanoethyl)acetone 
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“Enamines have special value in their facile conjugate additions. The 

enamine acts simply as a nitrogen enol. (See Sec. 11-7.) 

¥ Gr On EGE 
H=CH Z 

The Robinson annellation (“ring-forming”) reaction has been widely used 

for cyclohexenone synthesis; the unsaturated ketone is prepared by aldol or 

Mannich (page 487) condensation first, or the simplest available reagent, methyl 

vinyl ketone, is used. 

- EE 

“(Michael)” False 

When the a group of an a,f-unsaturated ketone is sterically 

hindered, the system is susceptible to conjugate addition reactions with hin- 

dered Grignard reagents. In ordinary unsaturated substrates, simple addition 

to the carbonyl is the rule but conjugate addition can usually be favored by 

adding copper salts which apparently break up the complex involved in the 

more rapid simple addition and allow conjugate addition to proceed instead 

by default. A cyclic intermediate is probably often involved where it is sterically 

possible: 

= “ a 

hes SaaS 

Bet 
C) @otr 

LOINC ee 

| 

+oMg — 94% Trace 

abe le 0 ie wee Z fee ee es 

+OLi ——> (Conjugate) (Simple) 
13% 69% 

Cu,Br, 

Oe. 4a Po) 
CH, 
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PROBLEM 12-8 

In attempting to make the following ketone from 2-methylcyclohexanone, other 

products were obtained. Show the route selected and the source of the trouble. 

CH, 

PROBLEM 12-9 

Show how conjugate additions may be used to create these substances. 

a O f N(CH,CH,CN), 

g 3-Methoxy-1,4-dihydroxybenzene 

O CH 
. h (C,H,),NCH=CHCOCH, 

b (CH,),.NCH,CH,CN 

c (CH,00C),CHCH,CH,COOCH, " 

d 3-Cyanocyclopentanone i O 
O 

e 3-Phenyl-3-thiophenyl-2-nitropropane j  4-Phenyl-2-pentanone 

12-7 CARBON DIOXIDE DERIVATIVES 

The functional groups which have four heteroatom bonds to carbon are a class 

which may be considered to be derivatives of carbon dioxide (O=C=O). 

Almost all of these compounds (except a few such as CCI,) contain a carbonyl 

group, or C=N or C=S of similar reactivity, and their reactions are all simply 

derived from those of the carbonyl compounds considered so far. 

These functional groups may be considered in two classes, those with 

sp hybridization at the central carbon, like carbon dioxide, and those with sp? 

hybridization like carbonic acid. The two classes are listed in Table 12-1. 

The carbon dioxide class may all be regarded as internal anhydrides (like 

P,O, or SO,). Virtually the only reaction of these compounds is simple carbonyl 

addition, which they generally undergo with great facility. Carbon dioxide is 

by far the most stable and least reactive in the left column. The additions yield 

analogs of carboxylates or enolates in base, and their conjugate acids in acid 

media. 
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a ‘ 

Nu: “I N ve N a ui: —> > |Nu Na See 

Z 

From this description it is easy to write the primary products of addition 

of water, alcohols, and amines to these compounds and in most cases the 

products are the stable derivatives listed in the second column of Table 12-1. 

They are rapidly formed at room temperature. 

TABLE 12-1 Compounds with Four Heteroatom Bonds to Carbon 

Carbon dioxide class Carbonic acid class} 

(sp hybridization) (sp? hybridization) 

it 
O=C=O carbon dioxide HO—C—OH aarbonic acid 

it 
R—N=C=O isocyanates CI—C—Cl phosgene 

it 
R—N=C=S isothiocyanates CI—C—OR chlorocarbonates 

(chloroformates) 

ze Y 
R—N=C=N—R carbodiimides 2 CI—C—NR,,_ chlorocarbamates 

Aaa 
O=C=S carbon oxysulfide | RO—C—OR’ carbonate esters 

ise] 
o 

: I 
S=C=S carbon disulfide © | RO—C—SR’ xanthate esters 

it 
(R,C=C=O ketenes) R,N—C—OR’  urethans 

(carbamates) 

R,N—C—NR3,_ ureas 

R,N—C—NRY _ guanidines 

+—NR, is taken to mean —NH,, NHR, —NRR’, —NR, 
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“a 
= O—E— — 22 ( 

Bicarbonate 

yo 

ROH + R’—N=C=O > R’—Ny—C 
SS 
OR 

Urethans 

T 
R—NH, + R’—N=C=0 — > R—NH—C—NH-—R’ 

Ureas 

H,O + R-N=C=N—R —> Sa po —> R—NH—C—NH—R 
l 

OH O 
Ureas 

al ee 
R,NH + CS; —> R,N—C 

+ ce 

Dithiocarbamates 

PROBLEM 12-10 

To each of the substances in the left-hand column of Fig. 12-2 write the products 

expected from adding each of the following. 

a Methanol 

b Aniline 

c Phenylmagnesium bromide 

With the stable CO, molecule addition occurs only with strong bases 

(HO-, RO-, R,N-) and forms a resonance-stabilized carboxylate anion. On 

acidification, however, the equilibrium is reversed and CO, gas is liberated. 

The isocyanates are formed from phosgene and arylamines or from 

several rearrangements like that of acyl azides (R—CO—N, —*>R—N=C=O), 

described in Chap. 17. They are the common precursor for urethans and often 

for ureas. 

The carbodiimides do not form stable addition products with alcohols 

and carboxylic acids. The initial adduct transforms the —OH group added into 

a good leaving group since a stable urea is formed on its removal. Carbodi- 

imides thus act as dehydrating agents and are often employed in amide and 

ester formation (pages 512 and 510): 
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Nu: > 2-0) 

R—N=C_N-R — > 
Eh 

Z—OH + R—N=C=N—R > 

t 
Nu—Z + R—NH—C—NH—R 

Ore . ; 

p—O—CH,o + (wx) C=O 

$—OH + ¢—CH,—OH 

stot )4 ((_)-n)c=0 

Ynamines (R—C=C—NR’,, Sec. 13-7) protonate very readily on carbon and 

yield quaternary intermediates, which do the same kind of dehydrative reaction 

but are more reactive. 

o—C&c-AN(cHy, HE g—cH=c=hicHy, ZHHa.cooH, 
CH.(CH,),CO—O—CO(CH,),CH, + 6CH,CON(CH,), 

Grignard reagents give addition products which are resistant to further 

attack because of the resonant anion formed. Carboxylation of Grignard re- 

agents (or alkyllithiums) is an excellent procedure for introducing the carboxyl 

group in synthesis (R—X ——» R—MgxX + CO, ——> RCOOH). The reagent is 

usually formed and poured over crushed dry ice, and the resulting carboxylic 

acid is liberated by acidification of the carboxylic salt. 

p-CH,C,H,MgBr + CO, —> p-CH,C,H,CO,MgBr 2, »-CH,C,H,COOH 
p-Toluic acid 

90% 

Aryl isocyanates add organometallic compounds very easily to form 

amides, and the others react analogously. 

I 
(CH,),CHMgCl + C,H,N=C=O Sane C,H;NHCCH(CH,), 

; Isobutyranilide 
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Lithium aluminum hydride, however, proceeds beyond addition to hydride 

substitution (cf. Sec. 13-2), CO, giving methanol and isocyanates going to 

N-methyl amines (R—NCO + LiAIH, —> RNHCH.). In each case the reaction 

follows the pattern expected for the initial addition products, formic acid and 

formamides, respectively, as discussed in Sec. 13-2. 

12-8 NUCLEOPHILIC ADDITIONS TO RELATED GROUPS 

Imines and Immonium Cations 

Of the related functions listed in Fig. 12-3, imines and immonium ions 

undergo additions quite analogous to those of carbonyls. The ions are faster, 

being more electrophilic by reason of charge, but they are exceedingly easily 

“enolized” to enamines by most bases. Hydrides reduce them to amines, as 

expected by analogy. All the imines or immonium salts are readily hydrolyzed 

to the parent ketone (aldehyde), either in aqueous acid or base. Immonium 

ions are the reactive species undergoing addition by enolates in the Mannich 

reaction. An amine (usually secondary to minimize the side reactions) is mixed 

with an aldehyde (formaldehyde has been most common) and an enolizable 

ketone. The amine and aldehyde first condense to form the immonium salt. 

Then the ketone enolate—formed in small concentration by the amine acting 

as a base on the ketone—then adds to the active immonium intermediate, 

forming a “Mannich base.” 

+ 

R—CH=O + HNR; == R—CH=NR, + OH- 

O- 

] _ Base | | | 
Coy = C— : ————————— 5 Gaui eeroee 

, R 

Mannich base 

o@—COCH, + CH,O + HN(CH,), —> ¢—COCH,CH,—N(CH,), 

An interesting use of this reaction is the synthesis of tropinone, the 

corresponding alcohol of which (tropine) is a constituent of the Belladonna 

plant. 

GHOG-—-aase= o CH, 
Ct Sy H,O; room 

2 NT = temperature O +4 2H,O 

| BLN CH; vo C (double Mannich) Bi = 

< ie Tropinone CHO ae se CH, 



488 NUCLEOPHILIC ADDITIONS TO RELATED GROUPS SEC. 12-8 

The Mannich reaction is a mild procedure for obtaining unsaturated 

ketones (usually —CO—C=CH.,) since elimination of the amine is facile: 

o—CO—CH,CH,—N(CH,), —> ¢—CO—CH=CH, + HN(CH)), 

Nitriles as Substrates 

Nitriles add water when heated with either aqueous acid or base. The 

addition products are amides, which can in turn be hydrolyzed by continued 

heating. The reaction can ordinarily be stopped at the amide stage. 

OH i 

RC=N: == [RC=NH —, RC=NH] ee CoN RC—NH, 
A nitrile An amide 

2 meee Oia ea 
HO 4 RC=N __, RC=N #20, RC=NH == RC—NH, — RCOOH + NH, 

H,O + CH,CH,CH,CN “", CH,CH,CH,CONH, 
n-Butyronitrile n-Butyramide 

Addition of some hydrogen peroxide accelerates the hydration of nitriles 

in alkaline solutions and is therefore usually the method of choice for mild 

hydrolysis. 

CN CONH, 

CH, CH, 
H,O,, H,O ae 2Vs, NaOH 

2-Methy]l- 2-Methylbenzamide 
benzonitrile 92% 
(o-tolunitrile) 

Nitriles also add alcohols in anhydrous alcoholic solutions of hydrogen 

chloride. The products are salts of imino ethers. These salts are readily hydro- 

lyzed to esters by refluxing in aqueous solutions. 

HCl 

C,H,OH + CH,(CH,),CN —> CH,(CH,),COC,H, °->, 
H.N Cl 

+ -_ 

CH,(CH,);,COOC,H,, fi NH,Cl 

Ethyl valerate 
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Lithium aluminum hydride adds to nitriles to give imines, which add 
again to yield primary amines (R—C=N > [R—CH=NH] —~ R—CH, 
NH.). 

LiAIH, H,O CH;CH,CH,CN > -2°, CH,CH,CH,CH,NH, 
Butyronitrile n-Butylamine 

In a completely analogous fashion, but much more sluggishly, Grignard 

reagents add to nitriles yielding an imine anion as its magnesium salt. This 

is transformed to a ketone on hydrolysis. 

N-Mg*+X- 0 
R-C=NeaR MgX ===> R-C=R’ HO RG’ 

oMgBr + cH{)-cH,cH,CN — 

cH< CH,CH,—C— Hs cH {cH cH,-¢-0 
O NMgBr 

1-Pheny]-3-p-tolyl-1-propanone 70% 

Unsaturated nitriles are excellent substrates for vinylogous addition (page 

480). 

Diazonium Ions, Diazoketones, and Azides 

Closely related to the triply bonded nitrile is the much less stable and 

more reactive diazonium cation (R—N=N:) which can only be isolated when 

attached to a benzene ring. The same group appears as in the charged reso- 

nance form of certain neutral diazo compounds such as a-diazoketones and 

azides. In all contexts it is capable of acting as substrate for nucleophiles 

(Nu: + :N=N—Z —> Nu—N=N—z). When attention is focused upon car- 

bon as electrophile in these reactions, the diazonium salt is regarded as an 

electrophilic reagent. 
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O + I sows 

(New: 4-07 ane — N=N—SO,—O- Na* 
| 

Cl O 

Benzenediazonium Sodium Sodium benzenediazonium sulfonate 

chloride sulfite 

+cnn, —( N=N—NH—C,H, 

A triazene (page 424) 

XOOC,H, <OH /C90CH Tautomerism 

‘COCH COCH, 
H /COOC.H, 
N—N=C 

COCH, 
A phenylhydrazone 

| + = O 

o—C—CH=N=N: | os = a 

t + ro, -—- ©—-C_CH_-N_-N—-E@, 

é | | + 
o—C=CH—NEN: 
a-Diazoacetophenone O- 

| Si aa 
o—C=CH—N=N—Po, 

A phosphorazine 

Diazonium ions may also lose nitrogen by a simple substitution reaction 

(R-N=N —+ R+ +N, +N", R—Nu), discussed for aromatic diazonium ions 

in Sec. 13-9 and for protonated (aliphatic) diazo compounds in Sec. 11-4, or 

by spontaneous extrusion of that stable molecule from an addition product. 

ee = ] 

o@—N—N=N—P¢, —N—Po, 
— 

oe an oe + ay ar N, 

o-N=NN-Bo,| — |o-N=Po, 

Nitro Groups 

The nitro group is very stable and resistant to direct addition although 

very potent in stabilizing adjacent anions (readily enolized). Accordingly, it 

is very active in conjugate addition, acting to stabilize the immediate carbanion 

product. 
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O a ZO O- Y | Y, | 
Nu ie €SCN + Ss No GaGUNG — Nu C= c=Ne 

ae vex bel Yer ices oO 

The resistance to direct addition is probably involved with the resonance 

stabilization in the nitro group which is isoelectronic with the unreactive car- 

boxylate anion: 

ee ek ys ye 
=e —— INS Co —— mc 

a O O- O 

Both are reduced by lithium aluminum hydride, however. The initial reaction 

is a nucleophilic addition of hydride in each case, and the product from the 

nitro group is a primary amine (—NO, ——» —NH,). Aromatic nitro groups, 

however, often give mixed and more complex products with hydrides, but all 

nitro groups are smoothly reduced to primary amines by catalytic hydrogena- 

tion. 

The aliphatic nitro compounds (with a-hydrogen) exhibit a unique character 

in that protonation of the enolate form gives the aci-nitro group, a tautomer 

which can be isolated in many cases, and this “enol” grouping is amphoterically 

reactive, being able either to accept or deliver electrons: 

x Vo On 
/-N oe poe =— po ¢ 

O- O- O- 

Nitro aci-Nitro 

a an 
aci-Nitro as nucleophile: poo 

OH 

OH 
S 4 

aci-Nitro as electrophile: Nig => )CENt 
O- 

Most of our discussion centers around the “enolate” form (aci-nitro anion) as 

a stabilized carbanion acting as nucleophile but the aci-nitro form can also be 

a nucleophile acceptor, reacting with water for example to give ketones or acids. 
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= +/ ; 
(CH,),CHNO, S208, | (CH,),C—NO, <—> (CH,),C=NU pene NOs 
2-Nitropropane J 

OH OH OH 
ye (CH,).C=NC ut (CH,),C—NC 22. (Ghai N 
O On] OH OH 

An aci-nitro compound 

(CH,),C=O + 4N,O + 3H,O 

CH,CH,CH,NO, <2 #204, CH,CH,CH—NC sata 
1-Nitropropane ae OH 

CH,CH,C=NOH +10, CH,CH,COOH + NH,OH 
OH 

In some cases the group may serve in both capacities so that the study of 

aliphatic nitro compounds, while rich in complexity, has not been pursued 

extensively. 

PROBLEM 12-11 

Synthesize each of the following from benzyl cyanide, C,H;CH,CN 

a 1-Phenyl-2-butanone 

b £-Phenylethylamine 

c C,H,CH,C(OCH,C,H;)=NH,* 

d Phenylacetamide 

e 2,3-Diphenyl-4-nitro-pentanonitrile 

f a-Phenylglutarimide 

g #-Phenylpropionaldehyde 
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Carbon-Carbon Multiple Bonds 

Nucleophiles in general do not add to simple alkenes except when they 
are conjugated to the groups of Fig. 12-3 and so act for those groups as 
vinylogous substrates (Sec. 12-6). 

Alkynes are much more reactive toward nucleophiles than are alkenes, 
a fact utilized in the preparation of certain vinyl ethers and vinyl thioethers. 
The reaction assumes a predominately trans steric course, and addition pro- 
ceeds in that orientation which serves best to stabilize the initial vinyl carbanion 

formed on addition (Nu: + —C=C— — + Nu—C=C—). 
| 

tee H aC yore NaSC,H,CH,-p + CH,C=CCH, #40", a 
CH; SC,H,CH.,-p 

2-p-Tolylmercapto-trans- 
2-butene 

65% 

H C,H.O + = -OH \ VA a NaOC,H; + ¢C=CH =#80",~ ea, not recut 
o OC,H, Oo” 
cis-S-Ethoxystyrene 

75% 

PROBLEMS 

Mechanism Problems. In a number of problems we must attempt to deduce the 

mechanistic pathway taken by certain known compounds which yielded unusual or 

unexpected products under standard reaction conditions. In considering these problems 

the following questions will help to find a likely mechanism. In most such problems 

the route taken by the molecules consists of a number of reaction steps. The proper 

use of the curved-arrow convention for electron movements is of great assistance in 

solving such problems. 

Is the overall molecular change an isomerization, or the change expected for the 

conditions used (e.g., A + B — H,O, etc.)? If not, the problem may involve an un- 

expected oxidation or reduction and so be more difficult. 

What bonds are broken and what bonds are formed, on the basis of the given structures 

of starting material and product? Carbon-carbon bonds are of central importance in 

these considerations. 

What are the expected initial reactions considering the reactive functions present? The 

carbons which nucleophiles can attack and the protons which bases can abstract, in 

initial reversible reactions, must all be examined. One of these should be the first 

step in the actual case. With carbonyl reactions, consider reverse reactions also since 

carbonyl reactions are reversible. Thus, reverse aldol and Michael reactions may serve 

to break carbon-carbon bonds. 
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aoe of molecule O CHI 

CH,OH -H,O 
KOH (catalyst) 

CH, H 

cH, CHE CH: HC " 

_CH,OH -H,0 . ,0H -H,O 

KOH “KOH (catalyst) 

O 

N—C,H, SSE, [ -cH=Ncut 
ee 

12-12 Write specific examples of the following. 

a Meerwein-Ponndorf reaction. 

An acid-catalyzed condensation reaction. 

A Michael reaction involving nitromethane. 

A crossed Cannizzaro reaction. 

Vinylogous enolization. 

The synthesis of a secondary alcohol by a Grignard reaction. 

@amnmnoeanae An equilibrium reaction driven to completion by continuous removal of 

one of the products. Explain. 

h A stable hydrate of an aldehyde. Explain the factors which make the sub- 

strate stable. 

i Three addition reactions to a carbon-nitrogen triple bond. 

j Conjugate addition. 

k A reaction that increases the length of the carbon chain by three atoms. 

12-13 Explain the following facts: 

a Ethyl pyruvate CH,COCOOC,H; forms a ketal more readily than acetone. 

If one attempts to carbonate a Grignard reagent by passing a stream of 

carbon dioxide through an ether solution of the reagent, alcohols, rather 

than carboxylic acids, are produced. 
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12-14 

12-15 

12-16 

12-17 

c An elimination reaction usually accompanies the Perkin reaction. 

d Ethyl acetoacetate and Grignard reagents bubble when mixed, but working 

up the reaction leads to recovery of ethyl acetoacetate. 

How do you account for the fact that conjugate addition to quinones is more 

facile than to ordinary a,f-unsaturated ketones? 

The following ester is formed in good yield when formaldehyde, acetone and 

ethyl acetoacetate are allowed to react with weak bases. Explain the steps in 

this conversion with structures. 

COOC,H, 

CH, 

O 

The following interconversion can be carried out in two steps. What are they? 

Oe 

Indicate the products expected from treatment of each of these three aldehydes 

O 

with the reagents listed: m-chlorobenzaldehyde, phenylacetaldehyde, a-methyl- 

cinnamaldehyde (2-methyl-3-phenyl-propenal). 

a NaBH, le (One 

b KOH 1 Ethyl acetoacetate/triethylamine 

c C,H;OH/H* m HSCH,CH.SH/BF; 

d Dry HCl ne CH-C=C3= Na” 

e LiAlH, o CICH,COOCH, /OCH,~ 

f CH,NO,/OH- p Cyanoacetic acid/pyridine 

Cyclohexanone/OH- q Phenylhydrazine 

h CH,Mgl r Aluminum isopropoxide/isopropanol 

i Hot ammonium formate s_ Ethyl orthoformate/Ht 

j CH,CH=P(C,H,); 
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12-18 

12-19 

12-20 

PROBLEMS 

Utilizing only one- or two-carbon compounds as carbon sources, devise syn- 

theses of the following substances. Make a particular compound or intermediate 

only once in the problem set. 

a (CH,),CHOH j CH,CH=CHCH,OH 

b CH,CH,CH,CH,OH =k (CH,),C=CHCHCH=C(CH)), 

c (CH,),CHCH,NH, OH 

di CH CHGG,H) CH,CCH,CH, 

e (CH,),CCOOH l i i 

OH GH cH, 

f CH,CH,CONH, m CH,CHCICH,COOH 

CH,COOC,H, n NH,CH,COOH 

h CH,SCH,CH,CN 0 (CH,),NHCH,CH,CN Cl 

i CH,CHCH,COOC,H, 
OH 

Indicate the best reaction for forming the multiple bonds in each case below. 

a CH,=C(CH,CH,CH,), CH, CH, 
d 

aa cHy S cH 
b 

OcH, COOCH, 

c 2-Methyl-2-pentenal 
COOH 

f C,H,CH=N—N=CHC,H, 

Indicate the mechanistic steps in the reaction of benzaldehyde with an appro- 

priate substance to yield the following amino-lactam. 
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12-21 The first two steps in a synthesis of the male hormone, androsterone, are shown 

12-22 

12-23 

below. Show what reagents were used and the mechanism in each. 

OCH, OCH, 

OCH, 

CH, CEs 

af Coe ow 
O O O 

Write out syntheses of the following compounds, starting with materials one 

can buy such as acetophenone, benzaldehyde, acrylonitrile, nitromethane, 

acetone, ethyl acetate, bromobenzene, acetaldehyde, and cyclohexanone. 

CH Tr 8 

a C,H,;CH=CHCH=CHCH,OH d C,H,CHCH,CH,COOH 

b amos e CH;,0CH,CH,COC,H-; 

OH OH f C,H,CH,CH,CH,CH,OH 
Hint: Gri iti (Hin oenare additions can be HO(CH,),OH 

used with hydroxy ketones if an 

excess of the reagent is used.) h CE) ac (CH) CH: 

H H OH 
c CH,CHCHCH, 

l i CH,CHO 
C,H; 

Account for the following transformations with stepwise mechanisms. 

a (+)-4-Methyl-3-hexanone, benzaldehyde, and alkali give a racemic product. 

b (+)-4-Methyl-3-hexanone with formaldehyde-diethylamine gives two 

racemic products. 

c 3-Cyclohexenone is partially converted to an isomer with alkali or acid. 

Which of the two isomers do you expect to predominate in the finally 

isolated mixture? 

d Benzaldehyde and acrylonitrile with KOH yield, among other products, 

3-phenyl-2-hydroxymethyl-acrylonitrile. 

e Another reaction product in part d is C,,H,,.N.O with the same UV spec- 

trum. 

OH 

CHO CHO OH 
CN- 

CHO CHO OH 

OH 
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12-24 

12-25 

12-26 

12-27 

PROBLEMS 

g Amino-acetone and dimethyl acetylenedicarboxylate yield 

OH cH, 2 is 

Ne COCEHE 
H 

h 2-Hydroxycyclohexanone easily forms a dimer with no carbonyl absorption 

in the IR spectrum. 

Account for these observations. 

a 5-Ketoheptanal, unlike most simple aliphatic aldehydes, gives but one 

product in good yield when treated with alkali. 

b Biacetyl (2,3-butanedione) forms 2,5-dimethylphenol under a variety of mild 

conditions. What is the role of aromatic stabilization in this conversion? 

Show the steps in the mechanism. 

Write out the mechanistic steps in the formation of an acetal with ethyl ortho- 

formate in acids: 

R—CHO + HC(OC,H,), > R—CH(OC,H;), + HCOOC,H, 
Ethyl orthoformate 

An unknown ketone, CgH,)O., was treated with O-methyl-hydroxylamine to 

form a derivative showing in the NMR spectrum two doublets of two protons 

each at 7 2.42 and 3.13 and three singlets of three protons each at 7 6.03, 6.14, 

and 7.82. 

A compound, CoH,,O, with a UV spectrum showing a strong maximum (log 

€ > 4) at 227 nm, exhibited the NMR spectrum illustrated in Fig. P12-27. Write 

a reaction for its synthesis. 

7 6 5 4 3 2D 1 0 86 

(3) 

(8) 

TMS 
(1) 

(1) 
(1) 

3 4 5 6 / 8 9 10 T 

FIGURE P-12-27 
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12-28 

12-29 

2 

On dissolving a certain ketone in concentrated aqueous ammonia one observes 

warming, and soon a rapid growth of crystals descends from the solution. These 

crystals (C[;H,NO,) show in the NMR three singlets, at + 5.47 (1H), 6.38 (3H), 

and 8.08 (3H), as well as a broad signal at about 7 4 (2H) which disappears 

with D,O. The crystals, fairly insoluble in water, dissolve easily in aqueous 

acid and soon revert therein to the starting ketone. What are the structures? 

Two aldehydes (A and B) are allowed to react under catalysis with potassium 

cyanide. One of the several products formed (C) is isolated by chromatography 

and found to contain an alcohol group, by IR. This substance (C) is treated 

with thionyl chloride and the chlorine-containing residue reduced with zinc, 

replacing Cl by H. The product (D) shows a parent peak in the mass spectrum 

at m/e 226 and the NMR spectrum is shown in Fig. P12-29. Derive structures 

for all four substances and write a mechanism for the first reaction showing 

the other expected products, besides C. 

7 6 5 4 3 2 il OURO 

| TMS 

3 4 i) 6 ue & g LOM a: 

FIGURE P-12-29 

12-30 If levulinic acid (4-oxo-pentanoic acid) is slowly distilled, two products are 

formed, both of which show parent peaks in the mass spectrum at m/e 98. 

(The acid provides some acid catalysis by itself.) The IR spectrum of each shows 

one strong peak, at 5.70 p, (1750 cm7?) in one, 5.55 p, (1800 cm~') in the other. 

The former exhibits four NMR peaks in a ratio of 1:1:1:3 (reading upfield); 

the latter has only three (3:2:1). What are the structures and what mechanistic 

pathway accounts for their formation? What differences might you expect in 

their UV spectra? 
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CARBONYL AND 
RELATED GROUPS: 
NUCLEOPHILIC 
SUBSTITUTION 
THE reactions of carbonyl compounds in this chapter take up the second major 

reaction indicated in the preamble to the previous chapter—nucleophilic sub- 

stitution at unsaturated carbon. This two-stage reaction is recapitulated in Fig. 

13-1. The intermediate addition compounds usually have only a transient 

existence and have not been isolated. Basic conditions are implicit in Fig. 13-1, 

but the reaction works equally well in many cases under acidic conditions 

(initial protonation of carbonyl). 

13-1 THE CARBOXYLIC ACID FAMILY 

It is clear that compounds of the type R—CO—L, where L is a heteroatom and 

leaving group, are all potentially interconvertible by the substitution reaction 

and therefore are conveniently regarded as a unified family of compounds. It 

is common to designate the parent compound as the carboxylic acid and the 

others as its derivatives. Arranged in order of decreasing activity the main 

members are listed in Table 13-1. The decreasing reactivity order is a function 

of increased resonance with carbonyl and decreasing leaving group activity. 

This order may be roughly correlated with the carbonyl absorptions in the 

infrared spectra (page 476) and with the order of decreasing stability (increasing 

pK,) of the leaving group anions, L:~ = Cl", OCOR’, Od, OR, NR,, O--. 

The conditions for substitution are similar to those for substitution at 

saturated carbon but without the complication of elimination. They may be 

carried out in acid or base as appropriate, and in general products must be 

formed from starting compounds which lie above them in the reactivity order 

(Table 13-1). Hence acid chlorides are the most common precursors for pre- 

paring the others. 

When the focus of attention is on the nucleophile, substitution at satu- 

rated carbon is called alkylation. Substitution at carbonyl is called acylation. 

FIGURE 13-1 Nucleophilic substitution at unsaturated carbon 

Z *Z Z 

Nu: a tied G weed :L i et real => as aes — oe 

Z = heteroatom such as O, N, or S 
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Carboxylic acid derivatives are made by acylating heteroatoms (e.g., —OH, —SH 

NH) while acylation at carbon is an important device for carbon-carbon bond 

formation and is usually applied to enolate nucleophiles. 

Acid Halides 

Acid chlorides are the only important compounds in which halogen is 

attached directly to a carbonyl group. Acid bromides and acid iodides may 

be prepared, but they are less stable and have no properties that make them 

superior to acid chlorides for any known chemical purpose. Since all acid 

halides are highly reactive, their principal use is as reagents for introduction 

of acyl groups in the course of syntheses. 

Acids and their salts are the only common starting materials for the 

synthesis of acid chlorides, and several reagents are utilized as sources of 

nucleophilic chloride. All the reagents form intermediate reactive derivatives 

so that the leaving group in the substitution is not —OH but a derivative 

thereof. These are the same reagents used to convert alcohols to saturated 

chlorides (list on page 420). 

O 

CH,C—OH + SOCI, ——> CH,COSOCI —~> 

Thionyl = 
chloride > ? ? 

CH,C-<~O—S--Cl —> CH,CCl + SO, + € 

O O 
I hen I f I 

(CH,),CCOH + PCl; ——> (CH,),CC—OPCI, Roe? (CH,),CCCI + POCI, 

Pivalic acid ‘ Pivaloyl 
chloride 

O O O 
I > I I 

CH,CH,CH,COH + PCI, —““> CH,CH,CH,COPC], —> CH,CH,CH,CCI + (POCI 

TABLE 13-1 The Carboxyl Family of Functional Groups 

R—CO—Cl Acid (acyl) chlorides 

R—CO—SR’ Thiol esters 

= R—CO—OCOR’ Acid anhydrides 
g Re CO Wo . 
@ R—CO—OR’ sters 

£ Re CO OH Carboxylic acids 

o R’(H) 
3 fo 
a R—CO—N Amides 

v R’’(H) 

R—CO—O- Carboxylate anions 
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Each reagent has its unique characteristics. Thionyl chloride is often the 
reagent of choice for laboratory preparations, because the only by-products, 
SO, and HCI, are volatile. 

Hydrogen chloride cannot be used as a reagent in acid chloride prepara- 

tions because of the unfavorable equilibrium relationship 

R—COOH + HCl —= R—COCI + H,O 

Anhydrides 

Anhydrides are made by displacing chloride from an acid chloride by 

a carboxylate ion or by heating an acid with an acidic dehydrating agent, such 

as phosphorus pentoxide or acetic anhydride. Acetic anhydride is a convenient 

reagent, since the by-product, acetic acid, can be removed continuously by 

distillation to force high conversion in this reversible reaction. 

CH,(CH,),COOH + CH.(CH,),COCc] 2*"*, [CH,(CH,).CO],O + HCI 
Heptanoic acid Heptanoyl Heptanoic anhydride 

chloride 

Excess (CH,CO),O (CH,CO),0 + 2C,H,COOH (C,H,CO),O + 2CH,COOH 
Benzoic Distill 

anhydride out 
74% 

Mixed anhydrides are also known, but they are usually of little impor- 

tance. Although formic anhydride has never been prepared, mixed anhydrides 

that involve a formyl! group are known and used. Cyclic anhydrides containing 

five- and six-membered rings form particularly easily, in many cases simply 

by heating the parent dibasic acid and driving off the water formed. This is 

self-acid-catalyzed and favored by being cyclic. 

O O O 
Ya Wa Wa 

GHC. qipexes CHC 
~ S ee SS 

ys | ye ee ye 
CHC CHC GH 

S N \ So So O 
Succinic Maleic Glutaric 
anhydride anhydride anhydride 

i 1 COOH Cy aa ce 

COOH me 7 

O O 
Phthalic Phthalic 

acid anhydride 
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Carboxylic Acids 

All the derivatives of carboxylic acids may be hydrolyzed under one or 

another set of conditions. Aliphatic acid chlorides and anhydrides usually react 

so rapidly with water that they must be protected from atmospheric moisture 

during storage. 

O 
Ih Fum CH,CCl + H,O ———> CH,COOH + HCl 

on 
CH,COCCH; + H,O 

Room temperature 

Exothermic 2CH3;COOH 

The mechanism of acid chloride hydrolysis is typical. The first step, a 

nucleophilic addition to a polarized carbonyl group, is followed by elimination of 

hydrogen chloride. 

19} ey ‘OH 

C,H,CCl + H,O: —> CoH,C—Cl — CoH,C—Cl eaCle 

‘OH, :OH 
+ e ee 

>OH :O: 
¢ _Ht | ss 

Cae —— C,H;C—OH 
*OH 

The intermediate adduct, C,H;C(OH),CI, is an orthoacid chloride, a species 

that has never been isolated. Loss of chloride ion from the intermediate is rapid 

because a stable cation (which is actually the conjugate acid of benzoic acid) 

is formed. 

Esters are hydrolyzed to carboxylic acids when heated with catalytic 

amounts of acid in aqueous solution. The reaction is reversible. In many simple 

cases, equilibrium constants are about unity. If a large excess of water is used, 

hydrolysis may be made essentially quantitative. On the other hand, if water 

is removed by slow distillation, the reaction can be used to convert an acid 

and an alcohol to an ester (Fischer esterification). The steps are outlined in Fig. 

13-2. 

Esters can also be transformed into acids by an Sy1 reaction, in which 

the protonated ester becomes a leaving group. This is common with esters of 

tertiary alcohols. 

Ht 

f Aa ae OH pou ek ; 
OC CH OO ne Gre aa Cl-C—CH, 

CH, O CH, CH, 
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OH OH OH 
| + H+ | H+ | 

RateOh: ———- RG i Reggae 

OR’ OR’ HOR’ 

(None of the intermediates 
| can be isolated) | 

*OH +OH 
Wa Ye 

REG + H,0 R-C’ + ROH vA 
© a Va 

eo) se 

x + 
ss 

x + 
——s ——— 

(i 
rN =) YS a 

i 
BEN 

S 

ove a6 

Ester Acid 

FIGURE 13-2 Acid-catalyzed hydrolysis and esterification 

Normal hydrolysis (Fig. 13-2) is by far the more common, proceeding 

faster than S,1 substitution in all cases except those in which the alcohol moiety 

of the ester is tertiary or otherwise stabilizing for a carbonium ion. The Sy1 

mechanism proceeds by alkyl-oxygen cleavage and normal hydrolysis by acyl- 

oxygen cleavage. The difference in mechanism was demonstrated by the use 

of an isotopic oxygen (O}%) tracer: O18 initially in the alcohol is found after 

hydrolysis either in the acid or the alcohol, according to the mechanism. 

O O 
| lh + I 

$—C—Cl + HO%—CH, —> ¢—C—O'8—CH, 72°", ¢—C—OH + HO"®—CH, 

I I F 
@—C—Cl + HO%—C(CH,),; —> ¢—C—O*—C(CH,), a 

O 
| 

@—C—O8H + HO—C(CH;), 

Alkali also accelerates hydrolysis, but an equivalent amount of base must 

be used, since the acidic product is converted to carboxylate ions. This forma- 

tion of the low-energy (low pK,,) carboxylate anion from the initial less stable 

hydroxide ion drives the equilibrium to the right in this instance and makes 

the reaction essentially irreversible. Alkaline hydrolysis of esters is sometimes 

termed saponification from the special case of soap manufacture by alkali treat- 

ment of natural fatty esters. 
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Oo 0) O 
| a | | = Irrev. | = ROH 

Re—ORZ | Obe——— B Cae ae —— RCOH + OR’ —> RCO- + 

OH 

+ — ly = + 

CH,COOC,H, + Na OH “208, CH,CO, Na + C,H,OH 
100% 

(by titration) 

] 
CH,OCR 

CH,OH RCO,- 
ae CHOH TT R'CO, -t oNat l eS 

CHOCR’ +3Na OH 
100° 

| CH,OH RCO, 
| 

CH,OCR” 
A fat; R, R’, and Glycerol Soaps 

R” are long- 100% 
chain saturated 
and unsaturated 

alkyl groups 

The reactivity of esters in hydrolysis or of acids in esterification is con- 

trolled by the necessity of passing through an intermediate with a tetrahedral 

carbon atom in the functional group. If a carbonyl group is surrounded by 

bulky groups, hydrolysis may become very slow. 

CH, 
CH.CH, 

3 H CH,COOH ‘cHCOOH ous 
9 COOH CH,CH, CH, 

H 

al 0.0004 Too slow to measure 

Relative rates of acid-catalyzed 
esterification with ethanol 

Conjugated esters lose a certain amount of resonance energy when con- 

verted to addition products and are consequently less reactive than their satu- 

rated analogs. Alkaline hydrolysis, but not acid-catalyzed esterification or 

hydrolysis, is very sensitive to inductive effects of polar substituents. Trifluoro- 

acetates, which are very easily hydrolyzed, illustrate the effect. In the ester, 

the dipoles of the carboxyl and trifluoromethyl groups repel each other. In 

the transition state for hydrolysis, the negative charge is stabilized by charge- 

dipole interaction (a case of B + C in Fig. 9-7). 

ce ——> = 

O = O 
Ue HOD) So ee —C,H,O- 

FCC. Fast at room” F3C ox OH aa F,CCOOH 
OG{H- temperature OC,H; 
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Sterically hindered aromatic acids and esters may be interconverted by 

the Newman procedure. All acids and esters act as bases and are protonated 

by concentrated sulfuric acid, but steric hindrance promotes further ionization 

and produces less hindered acyl cations instead of normal conjugate acids. 

Normal protonation: 

pp: pou JOH 

CHC. Hoo Oe — CHC. — GHC HSO, 

O—H OH O 

Further ionization: 

CH, ) GHe CH, 

yO —H,O + ee + 

CH: C4 = NGL © C=O: <_,; CH, C=O: 

GOH, 
GH: 4 GH CH, 

Mesitoic acid (protonated) 

The —C=O:+ group is linear and has essentially the same z orbitals as 

nitriles or acetylenes. When attached to an unsaturated system, charge is highly 

delocalized, much more than in the corresponding carboxylic acid. The ioniza- 

tion of mesitoic acid relieves steric strain. Esters of hindered acids produce 

acyl cations by analogous reactions. If a sulfuric acid solution containing acyl 

cations is diluted with excess water or alcohol, the cations are captured imme- 

diately. Since the method is not applicable to unhindered acids and esters, it 

is an example of steric acceleration of a reaction. 

CH, 

ond )-c00k 

CH, Conc. H,SO, 

GH: 

cH COOC,H, = <> wah HE Se 
>CH; COOH 

3 CH, 

re CH, 
CH, aaa CH 3 

CH. x Dilution 

3 with eer COOC,H,; 
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Although not formed in acid from normal esters, acyl cations may be 

prepared from acyl halides and have occasionally been isolated with a non- 

nucleophilic anion. 

O 
I 

CH,—C—F + BF, —= CH,—C=O+ BF,- 

The following example of stepwise saponification demonstrates variation 

in ester reactivity. The aliphatic ester group is hydrolyzed readily. The other 

two carboxyl functions are both conjugated and sterically hindered, but under 

forcing conditions the less hindered of the two is selectively attacked. The third 

could probably be cleaved with sodium hydroxide in a high-boiling solvent 

such as ethylene glycol. 

CH,COOCH, CH,COOH 
COOCH, COOCH, 

KOH, CH,OH 1) 40% NaOH 

3 min, reflux 2 1 min, 95° 

HO OH HO OH A Ss 
COOCH, COOCH, 

oe CH,COOH 
COOCH, 

HO OH 
COOH 

80% 

Lactones are cyclic esters and hence are much favored over hydroxy-acid 

in the acidic hydrolysis equilibrium (Fig. 13-2) as long as they are five- or 

six-membered rings. The more substituted the lactone ring the more readily 

it forms, the more difficult its hydrolysis. All lactones may be hydrolyzed in 

base to hydroxy-carboxylates, but on acidification the (five- or six-membered) 

lactone is often spontaneously reformed. 

Carboxylic Esters 

Direct esterification of an acid with an alcohol was discussed above, 

because of the intimate relationship with ester hydrolysis. Useful ester syn- 

theses by substitution reactions were treated in Sec. 11-1. However, the most 

general laboratory procedures for esterification involve acylation of alcohols by 
acid derivatives. Acid chlorides and anhydrides are usually used for the purpose. 
The most convenient procedure for converting small samples of acids to esters 
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involves intermediate formation of an acid chloride. Aryl esters constitute a 
prime example, since they cannot be made by direct esterification of phenols, 
owing to unfavorable equilibrium constants. Even acid chlorides derived from 
highly hindered acids are converted to esters easily. A base like pyridine is 
used to neutralize the HCl formed. 

O 
] I I AE 

(CH,),CCOH 22°, (cH,),Ccccl S#8°", (CH,),CCOC,H, + C1 
| ~ 80% SNF 

we Ht Cl 
Pyridine 

A common application of the procedure is the conversion of alcohols to 

characteristic solid derivatives. A sample of the alcohol to be identified is heated 

with an excess of an acid chloride such as benzoyl chloride, p-nitrobenzoyl 

chloride, or 3,5-dinitrobenzoyl chloride. Excess acid halide is removed by treat- 

ment with aqueous base. 

O 

( )rcH.08 : coc! 23> ( prcxot 

O,N NO, 

Benzyl alcohol Benzyl gore ies aaa 

mp —15 

Acetic anhydride is often used to esterify alcohols. Tertiary amines cata- 

lyze the reactions and probably act by converting the anhydrides to transient 

acyl-ammonium ions. Acetylation by heating in acetic anhydride/pyridine is 

common practice. 

O 
JX [ENO : 

N + (CH,CO),0 —= N—CCH, + CH,CO, 

Pyridine 

OH Hers CH Co a (\-oten, + HN i 

Phenyl acetate 

Cyclic anhydrides, such as phthalic anhydride, react easily with alcohols, 

giving half-esters. An interesting application of the reaction is the conversion 

of racemic alcohols to acidic derivatives, which may be resolved into enan- 

tiomers by means of optically active bases. After the diastereomeric salts have 

been purified by recrystallization, the optically active alcohols may be recovered 

by hydrolysis of the active esters. 



O O CH, 
I COCHC,H,; 
NX Brucinet 

C,H,,;CHOHCH, + Pp —7 ——— 

T COOH 

O 

Racemic Phthalic 2-Octyl hydrogen phthalate 
2-octanol anhydride (1-methylheptyl 

hydrogen phthalate) 

Brucine d-2-octyl phthalate + brucine /-2-octyl phthalate 

Brucine salts, separated by 
fractional recrystallization 

Brucine d-2-octyl phthalate HC! . brucine HCl + d-2-octyl hydrogen phthalate 

O CH, 

COCHC,H,, pLC NOUS CO,Na : 
+ CH,CHOHC,H,, 

COOH CO,Na 

d-2-Octyl hydrogen phthalate Sodium phthalate d-2-Octanol 

Various condensing agents may be used to cause rapid esterification of 

alcohols by acids without prior conversion of acid to acid chloride. Mixed 

anhydrides usually form first and serve as substrates in the acylation step. 

Trifluoroacetic anhydride is particularly effective, and carbodiimides (Sec. 12-7) 

have been much used recently, especially in biochemistry. The carbodiimides 

often serve to esterify even in neutral aqueous solution. 

it 
OH OC(CH.,),,CH, 

(CF,CO),O CH,(CH),,COOH + eee le 
Palmitic acid B-Naphthol B-Naphthyl palmitate 

OH ( -nacan-{ 

+ @COOH > 
Dicyclohexy] 
carbodiimide 

Transesterification, or ester interchange, occurs when an ester is heated with 

an alcohol in the presence of acids or bases. The reaction is useful for the 

+Brucine is an optically active, naturally occurring amine. 
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preparation of esters derived from insoluble acids. The mechanism is com- 
pletely analogous to hydrolysis-esterification (Fig. 13-2). Internal transesterifi- 

cation converts y- and $-hydroxy-esters to lactones spontaneously with mild 

acidic or basic catalysis, in just the same manner as the corresponding 

hydroxy-acids,{ cf. the second step of the Stobbe condensation (page 476). 

COOC,H. COOC,H,-n 

2 n-C,H,OH p-CH,C,H,SO.,H atk 2C,H;OH tT 

COOC,H, COOC,H,-n 
Diethyl Di-n-butyl (Removed by 

terephthalate terephthalate distillation) 

[_ )-coocn, + @—CH,OH aor [ >-coo—cris + CH,OH? 

Sulfur Derivatives of Acids 

Thiol acids and thiol esters are made by various nucleophilic substitution 

reactions as illustrated below. 

HS + acylating agent (RCO—L) —— thiol acid (R—CO—SH) 

O 
el | 

H,S + CH,COCCH, —> CH,CSH + CH,COOH 
Thiolacetic 

acid 

Mercaptan (R—SH) + acylating agent (R’;CO—L) ——> thiol acid ester (R’;CO—S—R) 

O 
te | 

CH.SH + CH,coci D2“, cu,dscn, + pyridine - HCI 
Methyl 

thiolacetate 

+OF course in some cases a rigid skeleton disallows closure of a five- or six-membered lactone from 

the hydroxy-acid or ester; 1,3- and 1,4-trans-substituted cyclohexanes are examples. 

H 

OH oF 

COOH(R) GR 
on ester) 

H 

1,2-trans 

H 
H OH - 

je (Ht) 
O but | Zi SEES —><> no lactone 

H7/ 
O Yee 

H 1,3-trans 
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Amides 

Amides are prepared by acylation of ammonia or amines with acid chlo- 

rides, anhydrides, esters, or acids. The reaction with acids is of limited interest, 

since pyrolysis of ammonium salts is required and is a poor practical reaction. 

Anhydrides and acid chlorides react violently with ammonia unless the reac- 

tions are moderated by cooling, dilution, or slow mixing of the reactants. 

Reaction with esters is generally very slow. The following preparations are 

typical. As with esterification a common acylating procedure for amide forma- 

tion employs acid chlorides or anhydrides in pyridine. 

Il lh 
(CH;C),O + (CH;).NH —— CH,CN(CH;), + CH,COOH 

N,N-Dimethyl- 
acetamide 

B 
(C,H,),CHCOCI + NH, ————> (C,H.),CHCONH, + [(C,H.),CHCO],NH 

Diethylacetyl Diethylacetamide bis-Diethyl- 
chloride 91% acetimide 

0 

XS COOC,H,; SA CONH—CH,@ 

| a oCH,NH, 4 ce + C,H;OH 
ZA 

N 
ZA 

N 

Ethyl nicotinate N-Benzyl nicotinamide 

The following example demonstrates the selective reaction of an anhy- 

dride group in preference to an ester group. 

O O 

one COOH —O—COC,H; CONH, 

I 
+) Cl COG Ha—== oles 

COOC,H, COOC,H, COOC,H, 
Ethyl Ethyl! (Not isolated) 

bicyclo[2,2,2]- chloroformate 
octane-1,4-dicarboxylate 

As with acylation of alcohols, direct one-step conversion of amine and 

carboxylic acid to amide may be achieved by initial activation of the acid so 

that the —OH becomes a better leaving group. Carbodiimides again have been 

widely used, especially in forming the amide bonds of peptides from amino 

acid derivatives (Chap. 25). 
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(oe 
G O} Se ese pe cOOH Nise CH CO@E = 

CH, CH, 

Be eat ee ee COOEL 

CH, CH.¢ 

Lactams are cyclic amides and completely analogous to lactones in being 

highly favored and usually spontaneously formed, when five- or six-membered, 

from appropriate amino acids or esters. 

CH,COOH(R) CH) 
H, Sco Lone) 
ou a od ye 

NO, NH, N~‘o_ (ROH) 
H 

Cannot be isolated Lactam 

Cyclic anhydrides are easily converted to cyclic imides, although it is 

usually necessary to isolate the intermediate half-amides. 

T T 
C COOH C 

Ces CT oe NH + H,O 

T CONH, i 

O 

Phthalic Phthalamic Phthalimide 

anhydride acid 

Amides are much harder to hydrolyze to acids than esters are. Pro- 

longed heating under reflux with strong aqueous acid or base is required to 

effect cleavage, and even moderately hindered compounds are inert toward 

hydrolysis for all practical purposes. Simple primary amides are often hydro- 

lyzable in the mildest manner by treatment with nitrous acid. This serves to 

convert —NH, to —N,*+ as with aliphatic amines (page 413). Amides rather 

than acids may be produced in high yield from nitriles by hydrolysis (page 

488). 

C,H;CH,CONH, —_ C,H,CH,COOH 
erlux 

Phenylacetamide 80% 
Phenylacetic acid 

HNO, H,O [C,H,CH,CO—N,*] 
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Treatment of reactive acylating agents such as acid chlorides, anhydrides, 

and even esters with hydroxylamine produces hydroxamic acids. The latter 

are usually not isolated but are converted to derivatives or isolated as salts. 

Hydroxamic acids are easily detected in solution because they form deeply 

colored complexes with ferric ions. Active acylating agents are often charac- 

terized by conversion to hydroxamic acids. 

| 
CH.(CH,),C—NH—OH 

OH 
| 

CH,(CH,),COOC,H, + NH,OH ——> CH,(CH,),C=N—OH 2s, 
Ethyl valerate Valerohydroxamic 

acid 

H 
iA 

N—O 
Vi S 

CH,(CH,),C. Fe 
Oo— 

3 

A ferric hydroxamate 
chelate (purple) 

Hydrazides, acylhydrazines, and azides are formed by the acylation of 

hydrazine and metal azides. Acyl azides may also be prepared by oxidation 

of hydrazides with nitrous acid. 

CH,COOC,H, + NH,NH, — 
Hydrazine 

? | ° | CH,—C—NH—NH, S&COOGHS, cH,—C—NH—NH—C—CH, 
Acetohydrazide N,N’-Diacetylhydrazine 

NON 

O 
ee ae ee 

CH,COCI fl. NaN; Benzene. CH,C—N=N=N: 

Acetyl azide 

Nitriles may be regarded as part of the carboxylic acid family since they 
are hydrolyzable to amides (Sec. 12-8) and have similar reactivity.+ Primary 

} Nitriles may be regarded as amides in which the single nitrogen serves the function of both oxygen and 

pe 

nitrogen in amides: R—-C andR—C=N. Addition reactions of nitriles (Sec. 12-8) are thus analogous 
NH, 

to substitution reactions of amides. 
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or PCI; .) y 

R’CO OH : 

R—C—OCOR 

le || |\R’ OH | 
> R= COR 

(H*) O 
H,O | Ht 

- lie RCO = y 
H*/H,O 

A O A 

L L L NH, i 
——>> RG —NH, 

ewe es SOCI, 
2 = or 

Oe Pcl, 
| OCNSO, Cl iS 

O 
= a . Se OME ee ae 

FIGURE 13-3 Interconversions of carboxyl derivatives (order of reactivity top to bottom, most 
reactive at top) 

amides are also converted into nitriles by the same series of dehydrating agents 

that convert acids to acid chlorides (SOCI,, PCI, POCI,, etc.). An analogous 

mechanism is at work. 

6) 
I I _é 

R—C—OH + SOCI, —nbosa|—s —> R—C_Cl + SO, + HCI 
Acid 

— 

le L Wo. 
—C=0 —= R—C_OH + SOCI, — onde 
Amide 

ig =HCl 
R=C=Cl qagrinacn  t 002 Hel 

+ Most acidic electrophiles attack the ambident nucleophile of the amide group at the more electro- 

negative oxygen instead of nitrogen, analogous to the behavior of Sy1 alkylation (Fig. 10-11): 

ots a ae 

ee alk Oe ee \ \t 
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Carboxylic acids may be converted directly to nitriles by the interesting 

conversion shown below which makes use of commercially available chloro- 

sulfonylisocyanate. 

R—COOH + O=C=N—SO,cI —£2:5 R—CO—NH—so,cl 42% 

RCN + Et,;NH+CISO,- 

The interrelating reactions of the carboxylic acid family are united in Fig. 13-3. 

PROBLEM 13-1 

Write the products of the following transformations. 

Succinic anhydride + methanol 

Benzoyl chloride + dibenzylamine 

Benzoyl chloride + tribenzylamine in methanol 

Sodium benzoate + phosphorus pentachloride 

o-Aminophenylacetic acid heated 

Propionamide +4 thionyl chloride 

N-Methylbutyramide + phosphorus pentachloride 

lap fer) der @Y fey Gy fee i) cis-4-Hydroxycyclohexane-carboxylic acid + dicyclohexylcarbodiimide 

Benzoic acetic anhydride + isopropyl! alcohol eo 

Ethyl heptanoate + benzyl alcohol boiled with a trace of sulfuric acid 

_— Hydroxylamine + y-butyrolactone (y-hydroxybutyric acid lactone) 

1 Tetrabutylammonium azide + phenylacetyl chloride 

m 2-Acetoxy-2-pentene + hot ethanol 

PROBLEM 13-2 

Fill in the missing compounds in this synthetic scheme. 

O O 

CH,OH 2 2 ? SD CHOH, 7 SOC» CH;NH, 2? Nan 
room 3 

temp. 

O O 

CH,OH/H+ 
heat 

COOH CN 
? ff NH, 
ass — — +> a strong base, C;H.N, 

COOH CN 
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13-2. SUBSTITUTION BY HYDRIDES AND 

ORGANOMETALLIC CARBANIONS 

Reactions of Carboxylic Derivatives with Hydrides and Organometallics 

The normal reaction of carboxylic acid derivatives with hydrides and 

Grignard and alkylithium reagents is one of substitution followed by addition. These 

reagents may be considered together since they are all high-energy, irreversible 

nucleophiles of comparable reactivity and complex structure which must be 

used in aprotic solvents. They differ mainly in delivering H:~ or R:~ as nucleo- 

phile. Each reacts, as noted above, by substitution first but the carbonyl product 

so formed is then attacked again. The net result, with all but amides and nitriles 

is to form an alcohol. Hydrides yield primary alcohols and organometallics yield 

tertiary alcohols with two attached groups (R’) the same. 

O 
‘ Il LiAIH 

General reaction: R—C—X(OR) => RCH —OH | + X-(OR5) 
(42H:-) : 
R/MgX R 
Pe 
ORL ~R—-C—OH 

(+ 2R’:7) | 
R’ 

- + 

I (Mabe 
CH,MgBr + CH,CH,COCH, > CH, :CHC—CH, ee 

SOCH, 

1 OMgBr vu 

CH,CH,CCH, "8" CH,CH, CCH, eHO=s GH.CH, CCH, 

CH; CH, 
2-Methyl-2-butanol 
(tert-amyl alcohol) 

- + 
C,H,COOH + LiAIH, —> C,H,CO,Li + H, + AIH, 

Benzoic 
acid AIH, | 

(OAIH, 

CH. COL ORE G.HCH arian C,H;CH,OH 
Benzyl 

H alcohol 

| ah 
2 C,H; MgBr + CH,CH,CCI ee CH,CH,C(C,H;)» 

1,1-Diphenyl-1-propanol 

oH ot 
C,H,CHCOOC,H, — oF C,H,CHCH,OH + C,H,OH 

Ethyl 2-phenyl- 2-Phenylpropanol 
propanoate 



518 SUBSTITUTION BY HYDRIDES AND CARBANIONS SEC. 13-2 

Lactones behave just like open-chain esters and undergo ring opening 

to give diols. 

H,C—CH, 

2CH,CH,MgBr + H,C. © 1) Ether 

O 
HO >),C(CH.CH.). So 2) NHC (CH,); ! 2 3)e 

OH 

y-Butyrolactone 4-Ethyl-1,4-hexanediol 

HuC—CH, 
\ 

H,C C 
LiAIH, 

aE 7 
OOo 

HOCH,CH,CH,CH,OH 
1,4-butanediol 

The amides are rarely used with Grignard reagents; they tend to be slow 

to react and to stop with the substitution step. With LiAIH,, however, amides, 

lactams, and nitriles are all reduced without substitution to afford amines 

(C=O —-> CH.,); this constitutes an important synthesis of amines. 

O 

General reaction: R—-C_NH, AES R—GH-_= NH, 

R=G=N : : 

O 
ee pees R=CH,_-N=R’ 

R’ R’ 

2CH,CH,CH,CN 4H, (cH,CH,CH,CH,N), Alli <5? 2CH,CH,CH,CH,NH, 
Butyronitrile 3 n-Butylamine 

OLi 
(CH,),CHCON(CH,), A, (CH,),CHEN(CH,), a (CH,),CHCH,N(CH,), 

H 
N,N-Dimethyl- Dimethylisobutylamine 
isobutyramide 

Aldehydes by Substitution with Hydride 

Aldehydes are not regarded as belonging to the carboxylic acid family 
since a reduction (+2H) is required to prepare them from carboxy] derivatives. 
This reduction, however, can be carried out by nucleophilic substitution, with 
hydride ion as nucleophile, and this leads to a variety of aldehyde syntheses. 
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Preparation of aldehydes by reduction with metal hydrides involves rather 

delicate balancing of reactivities because of the great ease with which aldehydes 

are themselves reduced to alcohols by hydride addition. The use of a very 

reactive acylating agent, such as an acid chloride as substrate, coupled with 

the sterically hindered lithium tri-t-butoxyaluminum hydride as a hydride 

donor gives good results. The relatively unreactive reducing agent selects the 

more reactive acid chloride and leaves the desired aldehyde intact. Reduction 

of acyl imidazoles is comparable but much more successful in practice; the 

imidazole ring is a good leaving group (resonance stabilization of Na): Lithium 

triethoxyaluminum hydride has been successful in reduction of nitriles and 

disubstituted amides to aldehydes. The reaction in this case probably stops 

at the intermediate addition salt and is only finally completed on aqueous 

workup of the reaction. 

rt 
ce Ey 

=O M—H + R>C—X —>M + R— 

CH,,0CH,CH,OCH, PEE EY SL ES Si LiAIH(OC,Hy-1), + CgH,COCI C,H,CHO + LiCl + Al(OC,H,-4)s 
Lithium tri-tert- Aluminum 
butoxyaluminum tri-tert-butoxide 

hydride 

tes CH, 

2 H,Ot LiAIH(OC,H,), + CsH;CON(CH,). —2 > | C,H, CH—NCH, | 2", 
Lithium tri- N,N-Dimethyl 

ethoxyaluminum phenylbenzamide 
hydride 

Re Fis 

C,H;CH—NCH, | ——> C,H,;CHO + HN(CH:;), 

1 LiAIH, + (CH,),CHCO—N._N —> (CH,),CHCHO + HNN 

Isobutyryl imidazole Isobutyraldehyde Imidazole 

Among other methods for reduction of carboxylic acid derivatives to 

aldehydes are the Rosenmund hydrogenation of acid chlorides and the McFadyen- 

Stevens decomposition of sulfonhydrazides (aromatic aldehydes only). 
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Rosenmund reduction: 

O 
Il 

cue \-C-a oO] ¢ py cuo-{ _)—cHo 4 HCl 

p-Anisoyl chloride p-Anisaldehyde 

81% 

t ? 
O eal CH 

eee Ol, CH,—C OCH, —> CH, ae 2 
CHC ) | C—OCH, 

O 

McFadyen-Stevens reaction: 

C,H,COCI 4 NH,NH, —, C,H,CONHNH, SsHs°:0' 
Benzoylhydrazide 

90% 

C,H,CO—NH—NH—S0,¢,H, HOCH:CHOR , 
i 2 (Na.COz 160° 

1-Benzoyl-2-benzene- - 
sulfonylhydrazide 

O 

-C,H,80.- Ire Meer 
Cs5H;C-NZNH90,C,H; pam G a oeeeteiS C,H. Ca N—NH —>> C,H; 

70% 

Ketones by Substitution with Carbanion Organometallics 

Although Grignard reagents and alkyllithium compounds react with acyl 

halides and esters to give ketones initially, the ketones thus formed then react 

rapidly with the organometallic reagent, and tertiary alcohols are obtained. If 

equimolar quantities of reagents are employed, mixtures of starting material, 

ketone, and tertiary alcohol are produced and the reaction is not synthetically 

valuable for ketone preparation. 

Three methods allow ketones to be prepared satisfactorily by substitution 

at unsaturated carbon. In the first, the lithium salt of a carboxylic acid is treated 

with an organolithium reagent. The initial adduct does not decompose to 

produce ketone until the reaction mixture is treated with water. 

CH, CH, OLi CH,O 
CsH5Li + CoHs¢—COdLi ne ep PLoS CoHs¢—C— CoH + 2LiOH 

C,H; C,H; OLi (Os Ie 

65% 
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The second method involves the reaction of Grignard or alkyl lithium 
reagents with nitriles or amides. The reason for success here is the same as 
that in the previous procedure, i.e., formation of an intermediate complex. The 
reactions are much slower than most Grignard reactions, and the yields vary 
considerably with the nature of the substrate. However, it is often possible 
to accelerate Grignard reactions greatly by admixture of a dipolar aprotic 
solvent, especially hexamethylphosphoramide [(CH;),N],PO, which apparently 

gives the reagent more free carbanion character. The reaction of organolithium 

compounds with dimethylformamide produces aldehydes (RLi + HCONMe, 

= hk CHO), 

OMgBr 

2CH,MgBr + (CH,),CHCH,CNH, ea (CH,),CHCH,CNHMgBr suet 
CH, 

O 
(CH,),CHCH,CCH, 
4-Methyl-2-pentanone 

60% 

NMegBr O 
CN 

omer (J ao se. 

In a third method, a Grignard reagent is converted to an organocadmium 

reagent with cadmium chloride. Alkyl- and arylcadmium compounds are much 

less reactive than their Grignard or organolithium counterparts, and although 

they react with acyl halides, they fail to react rapidly with the initially produced 

ketone. The method is limited by the fact that only aryl- and primary alkyl- 

cadmium are stable enough for practical use. 

Benzene 
2C,H; MgBr + CdCl, a (C,H;).Cd + MgBr, + MgCl, 

2(C,H,),Cd + 2 <> c—cl—> 2< C—C;H, + CaCl, 
O O 

Cyclobutyl phenyl 
ketone, 40% 

PROBLEM 13-3 

Write the products of reaction of (i) excess lithium aluminum hydride and (ii) 

excess ethylmagnesium iodide on the following. 

a Ethyl phenylacetate c y-Butyrolactone 

b 6-Ketononanoic acid chloride d N-Phenylbutyramide 
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13-3 ACYLATION OF CARBON 

Acylation of carbon ranks as one of the most important synthetic procedures 

in organic chemistry. The reaction is that of an acylating agent (acid chloride, 

anhydride, or ester) with an enolate anion (basic media) or enol (acidic media) 

as nucleophile, the enolate anion being the most usual choice. 

Ester Condensations 

Aliphatic esters that have at least two a-hydrogens undergo self-conden- 

sation (Claisen ester condensation) to form £-ketoesters. The classical synthesis 

of ethyl acetoacetate is a prctotype for the group of reactions. 

2CH,COOC,H, “ON, CH,CO—CH,COOC,H, + C,H,OH 
Ethyl acetoacetate 
(acetoacetic ester) 

75% 

The reaction is analogous to base-catalyzed aldol condensations (Sec. 

12-5). Esters are less acidic for enolization than aldehydes and ketones (because 

of resonance stabilization in the ester group), but ethoxide ions are sufficiently 

basic to convert a small amount of ethyl acetate to an enolate ion in a rapid 

equilibrium. Attack of the enolate on an ester molecule is then a typical 

nucleophilic substitution reaction. 

O : pp. 
CH,C CHC 

OC.H, OC,H, 

| CHO > | + C,H,OH 

jG: Oo 
CH,C CH,=C 

\t 

OCH: OC,H, 

go i ce I 
CH,—C <~ -#?CH,—C—OC;H; —=> CH,—C—CH,—C—OC,H, —> 

OC,H; SOc,H, 

O 
I I 

CH,—C—CH,—C—OC,H, + C,H,O~ 

One equivalent of sodium ethoxide is consumed, because the $-ketoester 
formed is acidic enough to neutralize ethoxide ion. 
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aoe 
CH3;C—CH—COC,H; 

O O O 
| | i = | CH,C—CH;—COGH, + CH.0 — |CH,C=CH—COGH, | + C,H.0H 

o 9 
CH3,C—CH—COC,H, 

After condensation is completed, the sodium salt of the £-ketoester is 

neutralized by addition of mineral acid. Formation of the salt or anion (con- 

jugate base) of the 6-ketoester is critical for the success of the condensation. 

The equilibrium constant for the condensation reaction itself is small; but 

equilibrium is displaced in favor of the product by subsequent conversion to 

the B-ketoester enolate anion since this is more stable than the initial alkoxide 

base (see Table 8-2). 

The situation is analogous to substitution of RO- and HO™ on esters. 

Alkoxide ions simply set up an ester exchange equilibrium, not especially 

favoring products. With hydroxide ion, however, the product in equilibrium 

is carboxylic acid which can react with base to form a much more stable 

carboxylate anion and so displace the equilibrium to the right (toward prod- 

ucts). 

R—COOR’ + R”’O- == R—COOR’” + R’O- 

R—COOR’ + HO- == R—COOH + R’O- 5 R—COO- + R’OH 

Need for an acidic hydrogen in the product (and hence two a-hydrogens 

in the original enol component) is demonstrated by the behavior of ethyl 

isobutyrate, which does not undergo condensation in the presence of sodium 

ethoxide. However, this and other esters with only a single a-hydrogen will 

condense in the presence of either very strong bases or bases that react irre- 

versibly because the second product of the acid-base reaction escapes as a gas. 

(C,H,),CNa AN (C,H.),CH 

(CH,),CHCOOC,H, +|NaNH, —> (CH,),C=COC,H, + |NH, 

NaH H, 

(CH,),C -COOC,H, + (CH,),CHCOOC,H, — 

ee ; 
(CH), CHC—C—COOC;H; + C,H,0 

CH, 
Ethyl 2,2,4-trimethyl- 

3-ketopentanoate 
60% 
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In the last example, the driving force for condensation is provided by 

formation of ethoxide ion, the weakest and most stable base in the system. 

The general Claisen condensation involves an ester with an a-methylene 

which acts as enol component and a second ester to act as substrate for the 

substitution: 

ie ie 

R—CooR’ + CH,—Coor’ —2*, R—CO—C—COoR’ + 2R’‘OH 
Substrate or Enol B-Keto-ester 

acceptor component enolate anion 

Crossed condensations between two different esters with a-methylenes 

are not ordinarily of synthetic value, because a mixture of the four possible 

keto esters is produced. However, an ester having no a-hydrogen but possess- 

ing high carbonyl reactivity can often be condensed with a second ester in 

good yield. The common acceptors with no a-hydrogens are these esters: 

FOO 

HCOOR COOR RO—CO—OR 6 —COOR 

Formates Oxalates Carbonates Benzoates 

COOC.H COCOOC,H,, 
Pra 

booc.y, + CHsCH.COOC.H, 2 CH,CHCOOC,H, + C,H,OH 

Diethyl Ethyl Diethyl a-keto- 

oxalate propionate B-methylsuccinate 
70% 

O 
I C,H,ONa C,H,OCOC,H, + C,H,CH,COOC,H, =", C,H,CH(COOC,H,), + C,H;OH 

Diethyl Ethyl Diethyl 
carbonate phenylacetate phenylmalonate 

65% 

HCOOC,H, + CH,COOC,H, 2%, HCOCH,COOC,H, + C,H;OH 

Even when a mixed ester condensation cannot be carried out, desired 

ketoesters can often be made by acylation of enolate ions with acid chlorides. 

Enolates must be preformed by treatment of an ester with a strong base, such 

as triphenylmethylsodium, sodium hydride, or sodamide. An acid chloride is 
then added to the enolate and the reaction is essentially irreversible. 

(CgH,);CNa 
rs 

E 
(CH,),CHCOOC,H, : 

ther (CH),€ =Coog Hi eesscOce 
Na* 

(CEOs + NatCl- 

COOC,H; 

Ethyl dimethyl- 
benzoyl acetate 

79% 
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Acylation of Other Carbanions 

Enolate ions from ketones and nitriles serve as nucleophiles in useful 
substitutions on esters and acid chlorides. Because of their high aptitude for 
self-condensation, aldehydes are not used in this manner. Condensation of an 
ester with a ketone is a classic method for the preparation of 1,3-diketones. 
As before, the driving force for the reaction is usually the formation of the 
final conjugated and stabilized enolate anion of the 1,3-dicarbonyl compound. 

CHGNe = CH,CN == CH,=C=N | se SOO. 
er 

CH,CH,CO—CH.CN 

-Ketovaleronitrile 

(propionylacetonitrile) 

CH,COCH,Ccooc,H, “8OC#s:, cy,COCHCOOC,H, SesSHOO"" 

CH,;CO—CH—COOC,H, 

C.H-CH.CO 

3-Carbethoxy-1- 
phenyl-2,4-pentanedione 

I 
(CH,),CHCOOC,H, + CH,CCH(CH,), ““““, (CH,),CHCOCH,COCH(CH,), 

Ethyl isobutyrate Isopropyl methyl Diisobutyrylmethane 

ketone 70% 

AL ° ° qo LL ee cuOey Lm mye kaecH 
& RACOOC, He eOc ts. im Tens Cc + C,H,OH 

2-Formy]l- 2-Hydroxymethylene 
cyclohexanone cyclohexanone 

All B-dicarbonyl compounds are somewhat enolic (Sec. 8-9), but their 

structures are generally represented by diketo formulas, although formyl 

ketones are sometimes named by reference to their enol structures. a-Formyl- 

ketones are essentially 100% enolic and are often named as a-hydroxy- 

methylene-ketones. The hydroxyl groups in these enolized B-dicarbonyl com- 

pounds are strongly hydrogen-bonded to the keto group when sterically possi- 

ble. 

Since enolization of saturated ketones proceeds to the less substituted 

side, Claisen condensations usually occur there by preference in cases with 

choice (page 000). 

Application of the Claisen condensation to a diester of a six- or seven- 

carbon diacid or to an appropriate ketoester is called a Dieckmann reaction. 

This is a cyclization reaction and, being reversible, can usually be used only to 

form rings of five to seven members. 
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| ee id 
— rae — we — Sah pa 

Keto Enol 

| | - + - 
RC—L + E == RC—L—E > RC=O + L—E 

Electrophile 
(Lewis acid) 

as 

a On Rn ACE aa oF _ H+ 

—c=c— + RC=0— eRe Uk ne C—C—CR 

FIGURE 13-4 Acid-catalyzed acylation 

I 
COOCH, ae OO0CH:; 

2 CH; CH) COOCH, = SiON 2 
fee! cy er CH,—CH, / : 2 

x 80% 
Dimethyl glutarate 

ile COOR 6, 
==) 

SS CH, CH, 

Acylation of Enamines 

A good -diketone synthesis utilizes the nucleophilic character of ena- 
mines. The reaction is especially useful since, unlike the Claisen condensation, 
the acylating agent can possess an a-methylene without creating by-products 
from cross- or self-condensations. 

H 

O 
I 
C—CH, eS 

=Cls H+ CH, Upaek 
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Acid-catalyzed Acylation 

The general course of acid-catalyzed acylation reactions at carbon is 
outlined in Fig. 13-4. The reaction is used much less than the base-catalyzed 
examples. Unsymmetrical saturated ketones frequently give products in acid- 
catalyzed condensations that are different from those formed under basic con- 
ditions since the enol is formed predominantly on the more substituted side, 
in contrast to the enolate ion. 

CH,CH,COCH, + (CH,CO),0 2, CH,CO—CHCOCH, 

CH, 
3-Methylacetylacetone 

(3-Methylpentane-2,4-dione) 
30% 

CH,CH,COCH, + CH,COOC,H, 0", CH,CH,COCH,—COCH, 
Propionylacetone 

60% 

Enols are sufficiently nucleophilic to be acylated by very reactive sub- 

strates such as anhydride-boron trifluoride addition compounds. 

° Fast with ot 

CH CCH CH) =) CH,. C= CHCH, 
ee + -_ 

(OH QO — G—BF, 
| 

CH,C=CHCH, + CH,—C-“O*CCH, ——> 
iS ease eee 

Guo 
eal - eee 

CH,CCHCCH, + CH;CO,BF, —> CH,CCHCCH, + CH,COOH + BF, 
CH, CH, 

Acylation of enol esters is a strictly analogous reaction. 

OCCH, O-C—CH, 1 OG=CH, 

¢—C=CH, + (CH,CO),0 25 |¢—C—CH,—COCH,| ——————> 

¢—CO—CH,—COCH, 
Benzoylacetone 

68% 

Related Condensations 

The Thorpe reaction involves nucleophilic addition to cyano groups. The 

reaction is best considered in conjunction with the Claisen ester condensation, 

since the two reactions accomplish essentially the same synthetic objectives 

and operate by basically similar mechanisms. Highly hindered bases are used 

to catalyze Thorpe reactions, in order to favor proton abstraction in preference 
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to addition of the base to nitrile groups. The reaction produces imino-nitriles, 

which are usually hydrolyzed to ketonitriles before products are isolated. The 

only extensive application of the reaction has been in syntheses of cyclic 

ketones (Sec. 13-4), similar to the Dieckmann condensation. 

C,H,CH,CN IS eye SE
S C,H-CHCN CoHsCH,CEN , 

N Li NH 
CyHsCH,C—CHCN 40 . C,H;CH,C—CHCN 

CoH, CARL 
80% 

1-70% 

Pyrolysis of heavy metal salts of carboxylic acids produces ketones. One 

carboxyl group is converted to a carbonyl group, and the other is lost as carbon 

dioxide (carbonate). Although acetone was first discovered as a product of the 

pyrolysis of calcium salts, the method is now seldom used except for synthesis 

of cyclic ketones. It is mechanistically analogous to the ester condensations. 

350° 
(CH,COO),Ca —» CH,COCH, + CaCO; 

C.H,CH,COOH + CH,COOH “Cert, C.H,CH,COCH, + CO, 
‘ 60% 

HOOC(CH,),COOH BatQH)e 300° , > + BaCO, 

O 

The acyloin condensation results from treatment of an ester or a diester 

with sodium. The reaction is carried out in an aprotic solvent, such as ether 
or a high-boiling hydrocarbon. Acyloin condensations have been used with 
spectacular results in the synthesis of cyclic compounds, considered in the next 
section. The reaction is not, however, analogous to the foregoing reactions and 

is discussed as a reduction in Chap. 18. 
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(0: 0: 

Na*+ RCOR’ eee RC—OR’ Bie NG 

A radical 
anion 

for COL 0: O: 
| oie I 2 

he ORSE = RO = CR == RE=CR 42k’ 

Sor’ SOR’ 

Se de mm gon 
RCS CRE INan = 5 RC-=CR 4ONa > RC=CR ——= RC_CHR 

An acyloin 

PROBLEM 13-4 

Write the expected products in each case when the substances shown are treated 

with sodium ethoxide. 

Ethyl propionate. 

Ethyl 2-methylpentanoate. 

Ethyl 3-methylpentanoate. 

Ethyl cyanoacetate. 

2-Methylcyclohexanone and ethyl formate. 

Acetophenone and ethy! isobutyrate. 

Diethyl glutarate (pentanedioate). 

aso "Oo ao & Pf Ethyl cyclobutylacetate and ethyl carbonate. 

Ethyl benzoate and y-butyrolactone. vate 

The three monomethyl heptandioic acid diethyl esters. Show that two of these 
— 

give one product each and the other yields two products. Show the stereo- 

chemistry of all products. 

13-4 CARBONYL CYCLIZATION REACTIONS 

Four reactions that effect cyclization of difunctional aliphatic molecules have 

been presented in this chapter. Another, the intramolecular aldol condensation, 

was discussed in the previous chapter. Much attention has been centered on 

development of cyclization reactions for both practical and theoretical purposes. 

Alicyclic ring systems are very common in natural products, and dozens of 

syntheses of five- and six-membered rings are used for these compounds. 

Interest in synthesis of larger rings was stimulated by the discovery by Ruzicka 

in 1926 that the active principles in two exotic perfume bases, musk and civet, 
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are large-ring ketones. The Himalayan musk deer and the African civet cat 

produce the compounds, but not in sufficient quantity to satiate the world-wide 

demands for perfume ingredients. As a consequence, methods were developed 

for the synthesis of large-ring ketones. 

} GH -H, 
CH ee CH= GED 
cs A LH)» © = (CH) ;.— 

Civetone Muscone 

The net conclusions of studies of cyclization reactions are as follows: 

Three- and four-membered rings are not produced in high yields in any intramolecular 

condensation reaction (i.e., equilibrium reaction). 

Five-, six-, and seven-membered rings are very easily made by almost any condensation 

reaction. 

The yield of cyclization product drops sharply with the rings in the C,-C,, range, with 

a minimum at C,o. 

Yields again increase and become more or less constant at about C,; or Cy¢. 

Development of theories to account for the above observations has been 

slow but interesting. At the present time, the results are attributed to a combi- 

nation of internal-angle strains and the steric interactions between nonbonded 

groups attached to the rings (Secs. 6-3 to 6-6). The conclusions can be sum- 

marized as follows: 

The small rings, C; and C,, are badly strained. Condensation reactions, which are 

for the most part reversible, do not produce them in appreciable yield, because the 

equilibrium constants for cyclization are too small. There is evidence for the rapid 

passage of materials through intermediate cyclic C, stages in the course of some 

condensations. Three- and four-membered rings must be made by internal alkylation 

and addition reactions that are essentially irreversible. 

C, and C, rings are formed rapidly (perhaps not as rapidly as C,) and are stable when 

formed. 

The stability of large rings favors their formation, but the rates of formation fall off. 

The most important factor in this decrease in rate is the improbability of finding the 

two ends of a randomly coiled chain close together. In all cases, cyclization competes 

with intermolecular condensation to form polymeric materials. 

Nw aaG ere sf 

e A 

Polymerization 

k D 

}: NL @ ZOLA N SS NALS EN ENIN ANC OS ON 
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The minimum yield at C,, in the medium rings is apparently caused by the steric 

strain between nonbonded hydrogens as well as the poor torsional strain which char- 

acterizes these rings (page 196). 

Various techniques have been developed to overcome unfavorable com- 

petition with intermolecular reactions in the synthesis of medium and large 

rings. The first success with the pyrolysis of salts of divalent metals is probably 

due to the fact that some cyclic salt structures are formed in the solid mixture, 

thus bringing two functional ends together. 

Ae 

ae: ++ 

ce OM 
Hi 

C 
SS ‘o 

Success with the Thorpe cyclization is due to the choice of a reaction 

that can be run at very high dilution in homogeneous solutions. The inter- 

molecular reaction of a cyano carbanion is bimolecular, so that the rate of 

polymerization depends upon the concentration of both the anion and the 

dinitrile. 

Rate of polymerization = k,[RCHCN][RCN] 

On the other hand, the rate of cyclization is first-order and unimolecular. 

Rate of cyclization = k,[RCHCN] 

Therefore, the ratio of the two reaction rates depends on the concentration of 

the nitrile, and cyclization is favored by high dilution (low [RCN]). 

Rate of cyclization ke 

Rate of polymerization —_k,[RCN] 

Despite the success of the high-dilution technique, a dramatic improve- 

ment was made with the cyclic acyloin condensation. The reaction occurs in 

a dilute layer of ester molecules adsorbed on the surface of sodium metal. Not 

all surface reactions simulate high-dilution conditions, but in the present case, 

the ester is only weakly adsorbed on the surface. As a result, ester molecules 

are too far apart to permit intermolecular coupling to compete with cyclization. 

Yields in the cyclic acyloin condensation fall to a minimum at C,,, but the 

minimum is a respectable 60%. Large rings, such as C,,, can be made in almost 

quantitative yield. 

COOCH, 

CH 1) Na,C,H,CH, ( Ce oaks 

(ett) 2) CH,COOH a CHOW 
COOCH, 

Dimethyl Sebacoin 
sebacate 60% 
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PROBLEM 13-5 

In each case below a three- or a five-membered ring product is possible, starting 

with base-catalyzed enolization of the ketone. Each case proceeds exclusively 

to only one product; one case gives a three- and one a five-membered ring. 

Account for this behavior and show what the products are. 

Br 
| 

CH,CHCH,CH,COCH,CH, or CH,COCH,CH,COOCH, with NaOCH, 

13-5 CLEAVAGE OF £-DICARBONYL COMPOUNDS 

The £-dicarbonyl and related compounds prepared by these acylations are of 

course just those which prove so useful synthetically for alkylations (Sec. 11-7) 

and aldol condensations (Sec. 12-5). They are made even more versatile for 

synthetic use in that they may be hydrolytically cleaved again by alkali. Their 

cleavages are mechanistically the reverse of their formation. 

Form © ®) 

—C + CH= = OH Gres \ 
| | | Cleave: | 

= OH 

In the formation of B-dicarbonyl molecules the equilibrium is shifted to 

the right by the formation of the stable enolate of the 6-dicarbonyl product. 

In cleavage by alkali the equilibrium is shifted the other way by formation 

of the even more stable carboxylate anion. The £-dicarbonyl compounds with 

no a-hydrogen have no competitive possible enolization and so cleave much 

| | 
CH,—C=CH—C—CH, 

"\% O 
ie et | GE ° 

OH O 
I 

CH;—C + CH,COCH, 
O- 

faster in base and may also be cleaved by alkoxides (RO-). The cleavage may 

be regarded as a nucleophilic substitution by hydroxide, with enolate as the 

leaving group. A comparable substitution at saturated carbon does not occur. 

The cleavage of a-acylcyclohexanones and a-acylcyclopentanones occurs 

at the ring ketone generally and allows a useful synthesis of long-chain acids. 
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O 

CH; a CH,CO(CH,);COOH + 
A 

64% 30% 

Of the two possible carbonyls the hydroxide attacks the more reactive 

(or less hindered). In $-ketoesters like acetoacetic esters, it is therefore the 

ketone which is the site of attack since it is more reactive than ester. Weak 

base or acid hydrolysis on the other hand simply hydrolyzes the ester instead 

of cleaving between the two carbonyls. This represents a useful alternative as 

noted in the next section but summarized here. 

[(CH,—COOC,H,] « 
Bee GH COOAFaI te ees: 
shee CH,CH,CH, 

GH =GOOn , CH-OH 

CH,CH,CH, 
Base Acid 

CH,CO~CH~COOC,H, 
H,O+ =CHe H _4 

CH,CH,CH, ( = 

CH,CO—CH, + CO; 
CH,CH,CH, 

PROBLEM 13-6 

Use methyl acetoacetate, dimethyl malonate, or methyl cyanoacetate as starting 

materials for these syntheses, as well as any other compounds required. 

a 3-Phenyl-2-methylpropionitrile 

b Cyclopentanecarboxylic acid 

c 2-Methylpentylamine 

d 3-Ethyl-2-pentanol 

e 2-Methylcyclopentanone 

PROBLEM 13-7 

Cleavages of a-disubstituted B-diketones with alkali are much faster than those 

of a-monosubstituted $-diketones. Explain. 
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13-6 CARBONIC ACID DERIVATIVES AND DECARBOXYLATION 

Compounds with four heteroatom bonds to a single sp” carbon may be classed 

as derivatives of carbonic acid and are listed in Table 12-2. These derivatives 

undergo nucleophilic substitution, closely following the carboxylic acid family 

in mode and order of reactivity (Tables 12-2 and 13-1). In these compounds 

with two heteroatom substituents on the carbonyl the more reactive one is 

substituted first. 

I uss | 
@—CH,—OH + COCI, —> ¢—CH,—O—C—c] 2N&, ¢—CcH,-O—C—NH—@ 

O 
| I 

(CH.),N—C—Cl + HO—CH,CH, —> (CH;),N—C—O—CH,CH, 

Phosgene (COCI,) is therefore the primary precursor for most of these 

compounds. The compound carbonyl diimidazole acts in a completely analo- 

gous way but is preferable in giving cleaner reactions and not producing a strong 

acid (HCI) in the reaction, as well as lacking the toxicity of phosgene. 

7 ie si CH,CH,C—OH + i] =. 
Carbonyl 

diimidazole ? ? JN /=N 

CH.CH,—C—O-C—N | i HN, _| 
2CO: oat —s 

O O 
CH,CH, zpos —OCH, vay | ioe <CH,OH_ cucu.-en | 

LiAIH, a, 
CH,CH,CHO + HN | 

Grignard reagents and bonis react as expected from analogy with 

carboxylic acid derivatives. 

fe) O 
] LiAIH, | —H,O $—NH—C—OCH, —G, fi |@—NH—C—H | —> |¢—NH—CH,—OH| 2°, 
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Decarboxylation 

The carboxyl group may be regarded as an addition product of CO, with 

a carbanion. Accordingly, in certain circumstances CO, may be lost from car- 

boxyl compounds by the reverse reaction, which is called decarboxylation. This 

is an elimination reaction and is thermodynamically favored by the very low 

energy of carbon dioxide. Decarboxylation can occur if a moderately good 

electron-acceptor exists next to the carboxyl. 

O 
| | 

THC*XO= Hs 7:- 1 C—O 4 At 

Carbamic acids (R,N—COOH) and _half-esters of carbonic acid 

(RO—CO—OH) exist only as their salts, the free acids readily losing carbon 

dioxide and forming amines and alcohols, respectively. The salts are stable 

since decarboxylation must release anions, RO~ or R,N~, which are less stable 

than RO—CO,~ or R,N—CO,-. 

In true carboxylic acids decarboxylation can occur when the adjacent 

carbon skeleton contains a good electron acceptor. The most usual case is that 

of malonic or B-ketoacids. The B-carbonyl accepts the electrons from the bond 

to COOH which is breaking. This occurs on warming the acid and proceeds 

by a cyclic mechanism where this is sterically feasible. The initial enol formed 

immediately reverts to the more stable ketone tautomer. 

SS OH O O 
O O mS I I 
| a 6 oo == ¢ velop 

< < y 
ZCI Cw Ne No CH 

C O | | 

The reaction also occurs in warm acidic media and is the basis for an 

alternative cleavage of acetoacetic esters (page 533). The ester group in these 

compounds is the first to hydrolyze in aqueous acid, and the resultant /- 

ketoacid then decarboxylates. Malonic esters similarly hydrolyze and decar- 

boxylate, malonic acid itself losing carbon dioxide at 50°. 

+ This decarboxylation may be regarded as a fragmentation reaction as described in Sec. 12-1, in which 

a bond to the a-carbon of a carbonyl is broken, analogous to the breaking of an a C—H bond. 

H+C+C— 

O O. O 
: S : oy BS eee 
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O 
I H,O+ | 3158) 

Clas Cy GH COOCH stare til co sana aie Oe ci 
CH,CH, CH,CH, 

T 
CH,—C—CH,CH,CH, 

COOCH, 3 COOH 
es Lee oS as COOH 

COOCH, + COOH 

Even in highly enolic compounds like the aromatic phenols, the enol can 

first ketonize in a highly unfavorable equilibrium, which is, however, adequate 

to provide a ketone for decarboxylation. Supplying their own acid catalysts, 

o- and p-hydroxybenzoic acids decarboxylate on heating to the melting point. 

(O~ OH 

6a 67 6a A > £0 
COOH neh 

Salicylic acid O 

Other groups which promote decarboxylation are adjacent three- 

membered rings, which relieve angle strain by opening, and £,y-double bonds. 

When a,f-unsaturated acids can isomerize to £,y via enolization, they also 

decarboxylate. Cyclic mechanisms again probably predominate in all these 

decarboxylations unless prevented by structural restrictions. 

ai Mite) OH 
va | WARN Ht ; | 

¢—CH-.CH-C*O+H ——> |¢—CH=CH]} —> $—CH,—CHO (cf. page 475) 
temp. 

Ook, Joke ae CH, CH, 

> eee ae + CO, 
Sc iP 
oo 

O 

if 
Ht van C—O-H CH: 

oe eG al + CO, 

OH 
+ | + 

CH,CH=CHCOOH =~ CH,=CH—CH=C—OH 2. 

H° 9 | 
CH,=-CH—CH,7-C-,OH —> CH,CH=CH, + CO, 
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PROBLEM 13-8 

Rank these substances in an order of increasing ease of decarboxylation. 

OH O 
oo hot HO COOH 

HO 
OH 

COOH CO} _-COOH 
C [ N 

OH 

13-7 NUCLEOPHILIC SUBSTITUTION IN RELATED 

UNSATURATED GROUPS 

The list of related functional groups in Fig. 12-3 is adaptable to substitution 

as well as simple addition when a leaving group is attached. The possibilities 

are summarized in Fig. 13-5. Each family of derivatives (with various groups 

L) is characterized by a parent compound, often an inorganic acid, just as in 

the carboxylic acid family. Similarly, the derivatives in each family are in 

principle interconvertible like the acyl derivatives of Sec. 13-1, but in practice 

this has not been explored so deeply and other special reactions of the family 

may intervene. The principal interconversions are surveyed here. 

Imino Compounds 

The imino-ethers and -chlorides, corresponding to esters and acyl chlo- 

rides, are comparably reactive, more so in acid owing to protonation of nitrogen, 

less in base since the C=N dipole is less pronounced than C=O (nitrogen less 

electronegative). 

N—R’ N—R’ N—R’ 

Yin Ye oe 
R—C R—C —C 

aS os s 
Cl O—R’" NR,” 

Imino-chlorides Imino-ethers Amidines 

Both derivatives are usually hydrolyzed readily to amides simply with water, 

unless stabilized by conjugation. The imino-ethers are commonly prepared by 

addition of alcohols to nitriles (page 488) or by O-alkylation of amides (page 

395) both in anhydrous acid media. 
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eO Pp 

Nu: + Ree —> Rec Carboxylic acid family 
SS xX 

L Nu 

==” —R’” 

tons Te eee 
R—C —> RoC Imino derivatives 

=o Nu 

cNR; IS 

Roc eo Ree Immonium derivatives 

L Nu 

O 
Cy | 

ue eae —— R—§—Nu Sulfonic acid family 
] 
O O 

GP va 
NG — ice Nitrous acid family 

SX ~ 
L Nu 

CeO 
= Y = YA 
O-NC == O-NT Nitric acid family 

L Nu 

as 20 A 
N=cC—L —> N=C—Nu Cyanogen derivatives 

R—C=C_1 > R—C=C—Nu Alkyne derivatives 

FIGURE 13-5 Nucleophilic substitution in unsaturated functional group 

The imino-chlorides arise from attack of PCI, and similar dehydrative 

chlorides on N-substituted amides. (Primary amides simply dehydrate to ni- 

triles by this mechanism.) The reaction is generally an attack on oxygen by 

the electrophile, followed by nucleophilic substitution with chloride ion, as 

discussed for the reactions of amides in Sec. 13-1. 

O—PCl, cl 
PGE 

C= NM dee ON be Nee rOCn 
H H —Ht Cl 

ci- cr | 
o—C—=N—¢ 

The immonium chlorides and ethers are even more reactive and rarely 

isolated. The amidines, however, are unusually resistant to substitution owing 

to their very high resonance stabilization. The immonium ion here has extra 

stability in that the positive charge can be equally distributed between two 

like atoms, like the carboxylate anion or guanidinium ion (Fig. 8-1). 

es an ts oe 
NH TNH NH, Vie Va oe Oe 2 yee 

KG IC K=(C == IKC 
X \ S \ 
NH, NH, NH, NH+ 

Amidine Amidinium ion 
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Sulfonic Acid Derivatives 

This family is closest to the carboxylic acid family in the simple parallel- 
ism of its derivatives and interconversion reactions. In general the comparable 
interconversions here are slower than those of acyl derivatives. Special reactions 
peculiar to sulfonic acid derivatives (and caused by d orbital availability on 
sulfur) are discussed in Chap. 19. 

R—SO,—Cl R—SO,—OH R—SO,—OR' R—SO,—NH, (—NHR’, NR,’) 

Sulfonyl Sulfonic acids Sulfonic esters Sulfonamides 
chlorides (alkyl sulfonates) 

The use of sulfonyl chlorides (usually p-toluenesulfonyl = “tosyl,” and 

methanesulfonyl = ““mesyl”) in pyridine to convert alcohols to sulfonic esters 

is a simple sulfonation, analogous to acylation with carboxylic acid chlorides 

in pyridine. It is primarily used to convert alcohols to good leaving groups 

for aliphatic substitutions (page 396). The same sulfonation of amides yields 

the nonbasic sulfonamides, analogous to amide formation. 

CH soll" + Ho | eG cH.—S0-0-{ 

Methanesulfony] Cyclopentanol Cyclopentyl methanesulfonate 
chloride 

Pyridi 
cu \-so.c + H,N—CcH,—¢ cu )-s0.-NH—chd 

p-Toluenesulfonyl chloride Benzylamine N-Benzyl p-toluenesulfonamide 

The sulfonyl chlorides and sulfonic esters hydrolyze in acid or base to 

sulfonic acids (R—SO,—OH) but more slowly than acyl chlorides and esters. 

On the other hand aliphatic substitution is facile (alkyl-oxygen cleavage with 

sulfonate leaving group) and hence is usually the predominant course of hy- 

drolysis with aliphatic sulfonic esters. Sulfonamides are very stable to hydroly- 

sis, often requiring vigorous conditions such as hot concentrated hydriodic 

acid for success. 

Nitric and Nitrous Acid Derivatives 

Substitution occurs in these compounds in a manner quite analogous to 

that in acyl derivatives, but since the reaction involves substitution at nitrogen 

instead of carbon, it is common to regard these compounds as electrophilic 

reagents, focusing instead upon the nucleophilic carbon with which they react. 

In this connection they appear again in Chap. 16, but it is still valuable to 

see here some of their reactions which closely parallel those of acylating agents. 

Nitrous acid derivatives are shown here. The comparable nitric acid derivatives 

are much less commonly encountered. 
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| =O ae eee aes 

Cl OH OR N 
oN 

R R’ 

Nitrosyl Nitrous Nitrites N-Nitroso 
chloride acid (nitrite esters) compounds 

Treatment of primary or secondary amines with nitrous acid (or nitrosyl 

chloride in pyridine, or nitrites) affords the N-nitroso derivative as the first step. 

These are reasonably stable compounds when formed from secondary amines. 

The primary N-nitroso compound, however, immediately tautomerizes and 

dehydrates to a diazonium ion since it retains a hydrogen on nitrogen to make 

this possible. 

Ht 

OH 

NH+ N=O —> N—N=O 

Piperidine N-Nitrosopiperidine 

H Ne 

on ee EA —H,O 
ArNH,+ HON=O —> Ar+N—N—OH SSS Ar NH—N=O a 

Ma | Elimination Tautomerization 

H 
es Ht ArN=NOH Ht —> Ar—N=N:+ H,O 

As has been mentioned previously (page 413), aliphatic diazonium ions 

are unstable. Solutions of aromatic diazonium salts can be preserved reasonably 

well at 0°, but they are hydrolyzed to phenols on warming (page 546). Aryl 

diazonium salts with nonnucleophilic ions such as fluoroborate (BF,-) can be 

isolated as ordinary salts. 

Nitrosation of enols and enolates is comparable to their acylation and may 

be carried out on ketones or esters with either acidic or basic catalysis. The 

C-nitroso compounds with an a-hydrogen always tautomerize preferentially 

to their enolic tautomers (Table 12-3), the oximes. The oximes are more stable 

since bonds between heteroatoms are always weak (Table 2-2), and the oxime 

has only one such bond while nitroso has two. 

T oe 
$= C= CH, CHaes (CH CHCH. GH 0 N= On a er Gia — 

or 

Na OEt 

ipa eae 
O O C=C CHE 

C,H,O—N=O + AS dl 
Via 

OH 
O O 
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Triple-bonded Substrates 

Cyanogen derivatives (L—C=N) belong formally to the carbon dioxide 

class, having four heteroatom bonds to carbon. The only common example 

is cyanogen bromide (Br—C=N) which is attacked by amines to replace the 

bromine. The products are cyanamides with a large measure of resonance 

stabilization. Tertiary amines are cleaved (von Braun reaction), forming first a 

quaternary cyanamide which is in turn displaced (in an S,2 reaction probably) 

by bromide ion. The displacement is favored by release of the cyanamide 

resonance not present in the quaternary intermediate. Reaction of cyanogen 

derivatives with enolates has seldom been examined, but eneamines react to 

place —CN on carbon. 

GH, CH; 
$—NHCH, + BrCN —> ¢—N>-C=N: <> $—N=C=N 

Phenyl-methyl-cyanamide 

CH; CH; 

BrCN 
> 

Haloacetylenes undergo substitution with nucleophiles like RS~ and R,N- 

since acetylenes are subject to nucleophilic addition, the initial reaction. Vinyl 

halides (—C=C—x) are not subject to addition, and so not to substitution, unless 

conjugated with electron-withdrawing (carbonyl type) functional groups 

(Sec. 13-8). In the acetylenes, the order of leaving groups is F > Cl > Br, the 

reverse of their activity in substitutions at saturated carbon. (See also Sec. 13-8.) 

Acetylene ethers also undergo substitution. 

o¢—C=C—Cl1 + Lit N(CH;), —> #—C=C—N(CH;), + Lit Cl- 

An ynamine (87%) 

F—C=C—Cl + Lit N(C,H;)2 —> (C:H;)2 N—C=C—Cl + Lit F- 

C,H;—C=C—OC,H; = eis N(C3H,)» ae C,H;—C=C—N(C;H;)s Sia brie “OC.H; 

The amino-acetylenes, or ynamines, are very reactive compounds, espe- 

cially for dehydrations (Sec. 12-7), and are currently being actively studied, 

as is the whole field of alkyne chemistry, about which we have until recently 

known far less than about other common functional groups. 
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Addition 

O Nu OH 
| H+ S A 

Normal Nu ea C 
os yoo 

wail eee 
Vinylogous Nu: + el aie Blea 

Substitution 

O Nu O Nu 
| we 

Normal Nu:+ C — Cc SS CO+:L 
gN aN Vi 
R L R L R 

O L O- 

| | | 
Vinylogous Nu: + jak im? Riel ealieek —7 Perce Sans 

FIGURE 13-6 Vinylogous substitution in unsaturated ketones 

13-8 VINYLOGOUS SUBSTITUTION 

If «,B-unsaturated ketones and analogous compounds undergo addition to the 

double bond by reason of its vinylogous extension of the electron deficiency 

of the carbonyl carbon, then we should also expect similar addition followed 

by elimination to result in the overall substitution of 6-substituents on a,f- 

unsaturated ketones. This analogy (or vinylogy) is outlined in Fig. 13-6 and 

is in fact a facile reaction. A second mole of nucleophile could then add to 

the double bond, but this is uncommon with oxygen and nitrogen nucleophiles 

because the double-bond reactivity is lowered by the resonance in the initial 

substitution product. 

OCH, O d—NH O 

| | +¢NH, | 
CH,—_C—CH— C— CH, ~sppae CH;— C=CH— C— CH, 

Cl ry OGH; 
OGH,; 

¢=C=CH—CenNe > ¢—C—CH—C=N 

COOCH, O 
Vee NH.OH os 

Ss ae 
COOCH; CH= C 

ne 
COOCH, 

The /-chloro compounds useful for this reaction may often be prepared 
by treating the B-keto analog with PCI,, which presumably attacks the enol 
or causes enolization by attack on the keto oxygen directly. 
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q O OPCl, O 

cH, —C—-cH-C_ 0c, CH,;— ee ern 

H 

if Enolization a ay 

OH Cl O 

Bere c ocr, | ory eegre Dey ai) Clam aml el 

The same vinylogous nucleophilic substitution reaction may be extended 

to aromatic compounds with strong electron-withdrawing substituents and a 

leaving group in the ortho or para position. Nitro groups are particularly effec- 

tive, and picryl chloride is as reactive as a carboxylic acid chloride. 

Cl OH O 

O.N NO, eye O,N NO, HOE O.N NO, 

yaya H,O 

NO, NO, NO, 

Picryl chloride Picric acid 
(2,4,6-trinitrochlorobenzene) 

Activation by nitro groups is due to their ability to absorb the negative 

charge brought into the molecule by the entering nucleophile, which initially 

performs the same conjugate addition reaction as in the previous examples. 

In a few cases the intermediate has been isolated. 

NO, 

we 

cl 

é pa 

NO, NO, NO, ‘NC NO, 

B1- O-2- BF" | Ho cl HO~ ~Cl HO~ ~Ccl HO a Og 

Intermediate 

Other strong nucleophiles such as sodium alkoxide or primary and sec- 

ondary amines also react readily with aryl halides that contain nitro groups 

in the ortho or para positions. When nitro groups are present in both positions, 

weaker nucleophiles such as aniline can be used. Yields are ordinarily high. 
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Cl OCH, 

— + 100° 
CH,ONa + c —— 

NO, NO, 

Cl NHCH, 
NO, NO, 

C.H;OH 

CH;NH, + =e cm 
0 

Cl NG NHC,H; 

NO, 

C;H;NH, + aa 
Ce 

NO, NO, 

N-Phenyl-2,4-dinitroaniline 
98% 

The order of reactivity of halides as leaving groups in aromatic nucleo- 

philic substitution reactions is usually F > Cl > Br > IL. Clearly, the factors that 

govern reactivity in nucleophilic substitution at unsaturated carbon are quite 

different from those observed for nucleophilic substitution at saturated carbon 

(page 397).t Unlike reactions at saturated centers, polarizability has relatively 

little influence on the reactivity of nucleophiles and leaving groups in substitution 

at unsaturated centers. 

The superiority of fluoride over the heavier halides as a leaving group 

has led to the use of 2,4-dinitrofluorobenzene as a specific means for character- 

ization of primary and secondary amines. A particularly valuable application 

lies in marking the terminal units of proteins and polypeptides (Chap. 25). 

The peptide is treated with DNFB (dinitrofluorobenzene), and the product is 

hydrolyzed to cleave the amide linkages which bind the amino acid units 

together in the peptide. Isolation and identification of the amino acid fragment 

bearing the dinitrophenyl group indicate the N-terminal unit of the peptide. 

tIf the rate-determining step is formation of the intermediate, rather than its collapse, then of course 

the “leaving” facility of the halide is inconsequential for its bond is not broken. 
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F 

NO, 

CH,CHCONHCH,CONHCHCONH :- - - 2 

NH, ne 

C;H; 
Peptide or protein 

CH;CHCONHCH,CONHCHCONH - - - 1:0" 4 

| | 2) Neutralize 

NH CH, 
NO 

< C,H; 

NO, 

i nel + NH,CH,COOH + NH,CHCOOH + NH: : - 

NH Amino acids CH, 

NO, 

13-9 OTHER AROMATIC NUCLEOPHILIC SUBSTITUTIONS 

In other aromatic cases in which a potential leaving group on the benzene ring 

is not activated for vinylogous substitution, the attack of nucleophiles is very 

sluggish as it always is in direct displacement at alkene (sp”) carbons. Many 

apparent substitutions in fact proceed by initial elimination to benzyne fol- 

lowed by readdition to the transient triple bond, and these reactions are dis- 

cussed in the next chapter as eliminations. 

B 

Direct 

Very difficult substitution 

B 

: H 
Elimination ee a 

(— HX) ee i 
Addition 

Benzyne 
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Nucleophilic Substitution of Aryl Diazonium Salts 

Simple substitution can apparently occur with an exceptional leaving 

group like the diazonium ion, which irreversibly vacates as stable molecular 

nitrogen (N,). The detailed mechanism is not clear here, however, since copper 

ion catalysis is common and this often implies free-radical mechanisms. 

Aryl diazonium salts are prepared at low temperatures from aromatic 

amines, sodium nitrite, and acids in either aqueous solutions or mixtures of 

water and organic solvents (Sec. 13-7). 

When the associated anion is a nucleophile the salts can be isolated only 

with great care and are often explosive when dry, but with nonnucleophilic 

anions like tetrafluoroborate (BF,~) they are usually quite stable and easily 

prepared. 

Diazonium salts undergo solvolytic reactions when warmed in hydroxylic 

solvents, and presumably a very short-lived aryl cation is an intermediate in 

the reaction (6—N,* —> $+ + N,). If other nucleophilic anions (either added 

or from starting salt) are present, the substance formed by coupling of the 

carbonium ion and the anion arises as by-product. 

I OH 

HCl, NaNO, fe 

Benzenediazonium 
chloride 

CH; CH; + CH, 

NH, N, OH 

NO 4 Ad N bp labtslOye H,O a 2 : +N,+H 

0° 30° 

CH; CH; CH; 

p-Xylidine p-Xylenol 

(2,5-dimethylaniline) 70% 

When the solvolysis is carried out in ethanol, both solvolysis and reduc- 
tion products are formed. Testimony for the reactivity of aryl cations is found 
in the fact that Ar* abstracts a hydride ion from ethanol to give acetaldehyde 
in that portion of the reaction which gives the reduction product. Better reduc- 
ing agents for aryl diazonium salts are hypophosphorous acid or sodium boro- 
hydride, both of which substitute —H for —N,*. 
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NH, N, HSO, OC,H H 

H,SO,, Nano, C,H,OH = oa ear 
0-5° oa eZ + CH,CHO + N, 

OCH, OCH, OCH, OCH; 

N, HSO, H 

H,SO,, Nano, ee i pee 
ae =e Nz 

Nae 

CH; 
ON Nerd He en Toluene 

hydrogen sulfate 

A number of other reactions involve substitution of nucleophiles for the 

nitrogen of diazonium salts. As in other substitutions of the same type, the 

yields depend very much on the exact structure of the starting material and 

on reaction conditions. 

A 

HBE,, Nano, es Dry salt 
C;H;NH, ———-—— >. C.HsN, BF, isp COHSF + N. + BE; 

Benzenediazonium Fluorobenzene 
fluoroborate 

In the Sandmeyer reaction, cuprous salts are employed as reactants in the 

decomposition of aryl diazonium salts. The anion of the cuprous salt replaces 

the nitrogen of the diazonium salt at least in a formal sense. Some of the 

reactions may involve phenyl radicals as intermediates. The transformation is 

highly versatile and useful in syntheses, since a large variety of cuprous salts 

are effective. 

CH; CH, te CH, 

NH, N,Cl Cl 

HCI, Nano, Cu,Cl, 
0° ; =r 

o-Methylaniline o-Toluenediazonium 
chloride 

NO, NO, NO, 

HBr, NaNo, Cu,Br, 
0° 

SN Se < 
NH, N.Br Br 

m-Nitroaniline m-Nitrobenzene- m-Nitrobromobenzene 

diazonium bromide 
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Cu,Cl, Cu, Br, 

Cu, (SCN)2 A BF, Salt 

CN 
$—s0,| OF < S02 o— Rhee ee EN ON 

C=CH—C=O 
H,O | 

R—NH, —=C—=C--C=0 

Dae NEN oe N Elie 

Triazenes 

Pe a eee 

o—N 

FIGURE 13-7 Reactions of aryl diazonium salts 

NH, 
+ 

2 N,Cl 

HCl, NaNO, _Cux(CN)e 
SSS SSS 

0° “KCN, 50° 

CH; 

sitet alee 
70% 

= Cu,(SCN). 
GILN Cl SCHSGN 

Benzenediazonium Phenylthiocyanate 
chloride 

Diazonium salts add amines to form triazenes and under controlled con- 

ditions react with sulfur dioxide to form the @—S bond as in sulfonic acids and 

sulfonyl chlorides. Formation of aq—C bond is generally a poor reaction unless 

it is a cyclization. Unsaturated carbonyls react at the a-position with aryldiazo- 

nium salts with copper catalysis. A range of reactions of diazonium salts is 

summarized in Fig. 13-7. 
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oe 

Np 

Nt e CH.GH ce ow ag Ke 
decor 

on{\, Sue 

Other nucleophilic substitutions on aromatic rings are few and not very 

versatile. The major substitution reactions of aromatics by far are electrophilic 
and are discussed in Chap. 16. Synthetic uses of the nucleophilic substitutions 
are incorporated there in a discussion of the practical modes of interconversion 
of aromatic compounds for synthesis. 

PROBLEM 13-9 

From chlorobenzene as the sole organic starting material with more than one 

carbon, write out syntheses of the following compounds. Don’t make any given 

intermediate any more than once. 

a C;H;F h (C,H;)oC Pees 

be Cis—Cc_GH OH OH 
I 

i (CsH;);COH 

c C,H;CHO 

d C,H;—C,H; NOH 

e C,H;CH,NH, j ess 

f, G.H-CGC.H. k C;H;CH; 

Coma 1 C,H;CH,CH,OH 

g Sa me m C3H; CH=NCsHs 

13-10 NUCLEOPHILIC ADDITIONS AND 

SUBSTITUTIONS IN SYNTHESIS 

Although the reactions of carbonyl compounds are simple in principle, the 

several variations and combinations that are possible offer a considerable 

number of possibilities for practical synthetic use. It is appropriate now to shift 

from an emphasis on theory to one on practice, and to collect the various 

carbonyl reactions in a manner organized to show their usefulness. For this 
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purpose the alkylations of Chaps. 10 and 11 are incorporated in the present 

discussion along with carbonyl reactions. 

A general discussion of the methods of developing synthetic routes to 

specific molecular structures is offered in Chap. 23 following the presentation 

of all the major organic reactions, but it is useful to introduce the subject here 

since the reactions presented so far form the major collection of methods for 

creating carbon-carbon bonds and thus building up molecular skeletons. The 

synthesis of vitamin A in Fig. 23-1 is an excellent example of this. 

The reactions used in a synthetic sequence may be divided into reactions 

which form carbon-carbon bonds and those which interconvert functional 

groups in preparation for this. 

Carbon-Carbon Bond Formation 

The reactions explored so far (Chaps. 10 to 13) are all nucleophilic sub- 

stitutions or additions. Those useful for forming carbon-carbon bonds all in- 

volve relatively strong nucleophiles (carbanions) and so are generally reactions 

under basic conditions. Electrophilic reactions are examined in Chaps. 15 and 

16. These occur under acidic conditions wherein the reagents are strong elec- 

trophiles, usually aimed at reaction with 7 electrons. Some of these reactions 

are merely strong acid variations on the reactions of the present chapters. 

In carbon-carbon bond formation it is important to bear in mind that 

one reactant is always the nucleophile (R:~, enolate, etc.) and the other a 

substrate, electron acceptor, or electrophile (C=O, R—L, etc.). Generally in a 

synthetic plan attention is focused upon a molecular skeleton, to which are 

sequentially added small, simple units which often have only a few carbons 

and are commercially available. Hence in forming a new bond and extending 

the existing skeleton, the reactive site on the skeleton may be either the nu- 

cleophile or the substrate for an added nucleophilic reagent. 

O O 

Pa 

Synthetic ¢—CHO oo) CH.Mgl 
ee uo Ss 

Sequence (OH) 

a 

Skeleton as (Added unit New skeleton (Added unit as 
nucleophile as substrate) as substrate nucleophile) 

New 
skeleton 
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Consideration of the reactions presented so far also makes it clear that 
reactions on the skeleton can only occur at a functional-group carbon or at 
a saturated carbon « to carbonyl (as enolate). Other saturated carbons away 
from functional group sites are not activated for reaction and new bonds cannot 
usually be formed to such sites. Operations on a given molecular skeleton may 

then be divided into these reactions, which are summarized for synthetic 

purposes in the accompanying tables (13-2 to 13-4). 

Skeleton Added unit Table 

Substrate, or electrophile, Nucleophile (R:7) 13-2 

at functional group site 

(C=O or R—L) 

Nucleophile 

a At functional group site Electrophile (C=O; R—L) 13-3 

(RMegX, RLi) 

b a to carbonyl (enolate, Electrophile (C=O; R—L) 13-4 

enamine) 

The tables summarize the reactions presented so far which have major 

synthetic value. They are only general summaries and caution must be exer- 

cised in their use, for many reactions are limited by side products (i.e., elimina- 

tion), steric hindrance, and other factors which are discussed in the text. Only 

primary halides, sulfonates, and epoxides are listed for aliphatic substitution 

(Sy2) since secondary sites are less reactive or reliable and tend to eliminate 

instead. Furthermore, to maintain simplicity in the main forms, only carbonyl 

acceptors or enols are usually shown, although many reactions are possible 

using related functional groups (C=N, C=N, NO,, etc.) as acceptors or enolate 

nucleophiles. 

These tables, or their alternative presentation in Table 23-2, constitute the 

basic tools for devising synthetic routes since they summarize the principal 

modes of carbon-carbon bond formation used to build carbon skeletons. 

The main reactions are simply these: 

I io 
Alkylation: aoe + R—L — aa ors 

O On. O 
hs oie 

Acylation: —C—CH— + R—COOR’ (R—COCI]) ——> a ce 

Addition: —<— + RMgx (RLi) — > —C— 

va 
Aldol: =C_—CH, + 0=C — > —C-C=C 

| “ ess 
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TABLE 13-4 Skeleton Extension a to Carbonyl 

Electrophile 

(alkylating or 

Initial skeleton Base acylating agent) Product and comments Page 

. yD t-BuO- R—CH,X (OSO,R’) ‘C6 

7 NEt, \] 
we -NH, JC-CH,-R 432 

Zs p3C- 
| R—COOR’ eee °? 

(no a-CH,) ~ 
Enamine RCOCI ; C C—R 523 

—C= - =e Also 
ie on R=H ae [R=H ee 

—CH, R—CHO ° —C=CH—R o angue 472 
(no a-H) C=O | C=O procedure 487 

-OR’ R-COOR, Op —cH—C-R [RoE 552 
(no a-H) COOR OR 

COOR 

Ee o 

Ye) eae R—CHO *G=CHoR me 
ws (HOAc) VA 

ee — 

O O 

O R oR 
C=O oa 474 

R’ =e. R’ 

*o 

O 
Y co 

Se a ae De aes ae ng 481 

R’ —C R R’ \ Yo 

ye 

NaH is 
sore R—CH,X (OSO,R’) pH wea 433 

ao 

O 

O a NaH ey, aoe | 
Lay CH,—C. VCH CH, OOH 426 

=(C 
\ 
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Of special interest among the small units (synthons) used to extend a 
carbon skeleton are those which are bifunctional and thus allow further chain 
extension from themselves after they are added to the skeleton. These include 
the Reformatsky, Stobbe, and Darzens condensations and bifunctional Wittig 
and Grignard reagents, discussed below, as nucleophiles as well as electrophiles 
like ethylene oxide or halides (tosylates) with functions elsewhere in the 

molecule. Ethylene oxide yields lactones with malonate esters and similar 

activated ester enolates, owing to a second step of internal ester exchange. 

O 

| 
O=ae *C0GH; 

COOC,H; | | 
# XS ~OC.H; = 
CH,—CH, =F CH, es CH, CH 

cool, ve \ 

COOC,H; + C,H;O 

Interconversions of Functional Groups 

After any skeleton extension (C—C bond formation) the remaining func- 

tional groups must be transformed into those required for the next skeleton 

extension, or at the end into those required in the final product. The important 

interconversions are those of carbonyls to alcohols by hydrides (reduction) and 

the reverse oxidations, which are presented in Chap. 18. These procedures allow 

easy access to any of these functions from any other as listed in Fig. 13-8. 

Since alcohols result from addition (e.g., Grignard), these conversions are im- 

portant as are the conversions of alcohols to sulfonate esters for Sy2 displace- 

ment or to halides for Grignard or organolithium formation. 

Formation of Grignard (and organolithium) reagents is not compatible 

with most functional groups (page 465). Ethers, tertiary amines, and carbon- 

carbon multiple bonds are the main exceptions. In a synthetic scheme employ- 

ing a Grignard reagent and requiring another function in that molecule for 

later use, it is occasionally useful to protect the other function, as shown here 

for ketones (aldehydes) and halides. Wittig reagents (like Reformatsky) can 

be prepared with ester groups elsewhere in the molecule. 
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Group It Group IIt Group IIIt 

LATE, R—COCI 

R—CH,—OH < R—COOR 

[O]* R—COOH 

rit Interconversions 

in’ Fig; 13-3 
R—CHO 

LiAlH, 
R—CH,—NR, oo ee ee ee R—CONR, 

R—CH,—NH, E LiAIH, or H,/Pt R—CN 

a R 
oO * 

CH—OH eI ay 
ws LiAIH, or NaBH, /% 

R’ R’ 

R—OH ~524, R_OSO0,R’ 
Ay 

S0q, 

“. eo R—xX 

(1) “OAc; (2) “OH 

*Specific oxidation procedures [O] are presented in Chap. 19. 

tSee Table 3-2. 

FIGURE 13-8 Important interconversions of functional groups for synthesis 

O Ec O O Oo oO < 

BE tye te Kd, OHNE <— Mees Lhe th ee see 

lay Et,O 

OH OH 

Sean es ye ¢ a 

a eT a 4: 

OH 

Cl Br go- Cl Od mg CIMg Odi =o 
OG mea VS SNS > Et,O 

OH Br 

| HBr (5,1) \ | 
py oe Br + ¢OH G 

Le ee ee ye Oe ee 
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Finally, some functional groups which are needed for directing and 
orienting formation of the carbon skeleton do not appear in the final product. 
Accordingly, it is important to have ways of reducing such functional groups 
to saturated hydrocarbon. The three methods we have encountered so far are 
these: 

R’SO,Cl LiAlH, 
R—OH ——~ R—OSO,R’ ——> RH 

M H,O+ 
R—X —® R—MpX —*—> RH 

Et,O 

aS Yo 
CH—CH 

S 
Catalyst (Pd or Pt) 

—C=C— — CH,—CH,— 

Selectivity 

In polyfunctional compounds it is clear that reaction conditions chosen 

to effect a change in one function should leave the other function(s) untouched. 

In many cases this selectivity control can be subtle and difficult, but a few 

examples of broad value out of the present reactions will be helpful in synthesis 

design. 

1 Hydride reduction: NaBH, generally reduces only ketones, aldehydes, and acid chlorides, 

while LiAIH, reduces these as well as all carboxylic acid derivatives and nitro groups. 

2 Catalytic hydrogenation: carbon-carbon double and triple bonds and nitriles can be 

hydrogenated without affecting aromatic rings or carbonyls. Triple bonds may be 

hydrogenated to double bonds with ‘‘poisoned” catalysts. 

3 Carbon sites: the reactivity differences in primary, secondary, and tertiary groups which 

are discussed in Chap. 10 are adequate to allow selectivity in most cases. Tertiary 

alcohols are not esterified (acylated) under normal conditions. 

HO HO Cl 
(CH,CO),O <S HCl eee 

OCOCH, pyridine OH  (6y1) OH 

r CN 
vo 

Br Br 

4 Cyclic reactions to form five- and six-membered rings take precedence over their inter- 

molecular counterparts. 
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Carboxyl derivatives: the order of reactivity (Table 13-1) allows selectivity in substitutions 

generally among each group (e.g., page 508), except with organometallics and lithium 

aluminum hydride. 

CH, COOH | (g,- CH, -COOCH, 77.47, § CH ChLOH 
> <— | 

CH,—CONH, CH,—CONH, CH,—CH,NH, 

Ketones usually present two sides (a-positions) capable of enolization and 

selectivity here can be complex, but a few simple rules and devices arise from 

carbonyl chemistry. 

Aldol condensations with dehydration and reversible acylations (ester condensations) 

can occur only at methylene (or methyl). 

ORO; 
egoces, 

OOCH; cooch, _$CHO | 

~=OCH, 

The more acidic methylene (more stabilized carbanion) is preferred for enolization 

in base if a choice exists. 

O 
COOCH; EN COOCH; 

1) NaH ee 
2) CHI , not 

t- ete eeu al 

Alkylation of simple enolates rarely stops with the monoalkylated product. Mono- 

alkylation can usually be achieved only with £-dicarbony] enolates. 

It is possible to take advantage of these rules in two ways. To achieve 

monoalkylation on the side which preferentially acylates, the ketone is acylated 

first. The resultant $-dicarbonyl enolate is then alkylated and the added acyl 

group removed by alkaline cleavage (Sec. 13-5). Formate and oxalate esters 

are preferred for this acylation since they are very reactive for cleavage after- 

wards, To achieve alkylation on the less preferred side, the acylation is carried 

out as before on the preferred side and then rendered unreactive to alkylation 

so that only the other side of the ketone can be alkylated. Here the added 

acyl groups acts as a blocking group. 
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O 
CH, 

HCOOCH, 
—OCH, 

O 
CH; CHO CH; te CH; yy, a 

o@CH.Br —-OH 

O- d - d : ie OCH, O 
H. H H, 3. Zo 3. H; 

CH.N; ME BuO ao 
ns 

rath ae Br 

a-Methylene 
blocked 

Synthesis Design 

There is no simple set of rules for devising a synthesis of a given molecule 

nor is any single synthesis necessarily the only or the best one. Nevertheless, 

there are certain criteria which guide the design process, and these are discussed 

in more detail in Chap. 23. However, in the main a good synthesis will be 

as short as possible, will result in respectable yields of the desired product, 

and will consist of reliable reactions with a clear and single outcome. 

In general the structure of the synthetic goal is first seen as a carbon 

skeleton and dissected to see which carbon-carbon bonds should be created 

in a sequence from smaller units. The units used in the synthesis are called 

synthons, and their functionality is deduced from the nature of the bond- 

forming reactions they are required to undergo. When two reacting molecules 

contain functional groups other than those required for the reaction, it is im- 

portant that these others are not affected by the reaction conditions (or caused 

to cyclize by reaction intermediates—cf. Stobbe condensation, page 476). 

In dissecting the final skeleton it is useful to focus upon chain branching 

sites (and rings); these will be sites for C—C bond formation since simple 

starting materials and synthons are usually linear. It is then necessary to select 
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reactions from Tables 13-2, 13-3, and 13-4, which create the necessary branch- 

ing and yield products with useful functions for the next step. These steps 

are then taken in sequence in an overall plan. It is also necessary, of course, 

to develop functional groups in the several steps in such a way that they are 

convertible at the end to the functionality required in the product. The dissec- 

tion of the desired product in terms of its branching and functional groups 

allows design of the synthesis by working backward from the product. 

There are a great number of commercially available starting materials 

or synthons, discussed in Chap. 23, but for our trial purposes here the reagents 

gathered in Table 13-5 are common and should generally suffice. 

While it is true that several syntheses of a single product may often be 

about equally good (at least on paper), certain functional-group collections 

should be recognized as implying synthesis by particular reactions: 

—C— CC Unsaturated carbonyls by aldol condensations 

ii 
C B-Dicarbonyl compounds from ester condensation 

Vo eS (C- acylation) 
CH 
| 

O O 
lt? 3 ae ls 

(Ca GA Goa Ga 1,5-Dicarbonyl compounds by Michael addition 

ESOT | Tertiary alcohols from ketones by organometallics 

R; from esters by organometallics 
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As an example, the ketone below (“Goal”) is recognized as an aldol 
product of 2-methyl-3-pentanone and benzaldehyde: 

O O 

NN Last Neon 

Y ——— ¢—CHO + | 
CH; CH; ( OES CH; CH; 

Goal 2-Methyl-3-penatone 

This will be the last step in the synthesis. Benzaldehyde is an acceptable and 

available synthon, and the reaction shows no problems of selectivity or side 

reactions (no a-H in @CHO, no choice of a-methylene in ketone). Synthesis 

of the 2-methyl-3-pentanone may be considered next and should be formed 

by creation of one of the bonds to the carbonyl, i.e., by Grignard attack on 

nitrile, or on aldehyde followed by oxidation of the secondary alcohol. Any 

of the necessary starting materials are now included in Table 13-5. 

O 
MeB NC ee ca Ee CH, gBr CH, 

$f MgBr —— | ie ——— + 
CH, CH: CH; CH; 3 CH, 

[O] 

OH 
CHO MegBr CHO CH, 

CH, | CH; ys 
>—MgBr —> — =e 

crn AEs eon wer: CH, CH, 
3 

Dissection of a desired product skeleton can be conveniently annotated 

as in the next example, in which successive C—C bond formations are num- 

bered (backwards from the goal). The synthetic conception derives from the 

basic recognition of 1,5-oriented ketones, suggesting a Michael addition. 

TABLE 13-5 Some Standard Synthetic Starting Materials (R = H, CH;, C,H;) 

Monofunctional: Any stable compound with four carbons or less; also 

cyclohexanone and cyclopentanone 

Bifunctional: CH,COCH,COOR ¢—COOR XCH,COOR 

© 
CH,(COOR), ¢—CHO Cf, cH, 

CH,COCH,COCH, o—Br CHOCOOR 

CNCH,COOR COOR CH,=CHCOCH, 

ROOC(CH,),_,COOR Waren? CH,=CHCN 
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4 : CH. 
Dissection. 2 

O 

-OCH, © 
Derived synthesis: ¢COOCH, + CH;COOCH; ———~> COOCH, 

A 

cH,oco, 9 Z 
OCH, Ne CH. H,O 

2CH;CH, COOCH, Es a 3 A ? 

=O; 

CH; —CH,OH 
B 

O CHO O 

oH __Mannich NH 3 3 
4 

CH, one CH, 

éE 

O O O O 

Michael EON H,ot+ go 

A+ C — — ---}--- Sa 

1 CH;0CO- CH; ae CH, 

—CH,OH Goal 

Other syntheses of each example are also valid. In the first case, ester conden- 

sation of ethyl propionate and ethyl isobutyrate followed by acidic hydrolysis- 

decarboxylation of the £-ketoester would afford 2-methyl-3-pentanone. In 

the second case the Michael addition could proceed in reverse, using 

@COCH=CH, (from a Mannich reaction) as a substrate for Michael addition 

and £-ketoester B as the nucleophile. It is common that a number of synthetic 

routes to a given molecule are possible. 

In cases with no functionality near branched sites which need to be 

formed, a functional group must be employed and later removed. The following 

example is offered as an exercise, one dissection being shown; but other rea- 

sonable schemes may also be advanced. As a further exercise one may place 

a methyl group anywhere on the skeleton and see whether the scheme is still 

effective or needs serious modification. 



SEC. 13-11 SUMMARY OF CARBONYL REACTIONS 565 

if 

CH, 
OCH a Q O 

nes n ee NaH ae H,O+ cH, 2cHe 
2 ae / ee ae ne 2 eer? 

x CH, XCOOCH, 4 
COOCH, S Soe 

Ge 5 : He 

Br 

O 

a, H, __Hp/cat. 1 a neat ) NaBH, d 

2) Tscl 
3 LiAlH, 

13-11 SUMMARY OF CARBONYL REACTIONS 

Carbonyl compounds in general may either enolize or undergo nucleophilic 

addition. Either reaction may occur under acidic or basic conditions and, unless 

the nucleophiles are very active (high-energy) like hydrides or organometallic 

carbanions, these reactions are freely reversible. They are also usually fast. In 

these addition equilibria, with heteroatom nucleophiles or enolates (stabilized 

carbanions as nucleophiles), the most stable product is therefore formed, as 

it is in enolization equilibria which cause epimerization at an asymmetric 

a-carbon. 

If the original carbonyl is not bonded to a leaving group, i.e., in aldehydes 

and ketones, and the nucleophile offers no further electron pair, then the initial 

addition product is stable, but another electron pair on the nucleophile can 

cause the addition product to eliminate water (from the original carbonyl oxy- 

gen, protonated). The third possibility occurs when the original carbonyl is 

bonded to a leaving group (carboxylic acid derivatives), which is spontaneously 

eliminated from the addition product—causing an overall (two-step) nucle- 

ophilic substitution. These various main reactions are summarized in Fig. 13-9. 

We have now seen the three major kinds of reactions which involve attack 

of nucleophiles (bases). These may attack protons (Chap. 8), saturated carbon 

(Chaps. 10 and 11), and unsaturated carbon of the carbonyl family (Chaps. 

12 and 13). These three possible modes of nucleophile/base attack may usefully 

be compared with each other as in Fig. 13-10. This summary shows carbonyl 

reactions to be intermediate between proton removal and substitution at satu- 

rated carbon (Sy) in facility of attack by nucleophiles/bases. 
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Initial Steric No. of attached Side 
reaction Rate hindrance atoms at site reaction 

Y4 HZZ Proton transfer Fast Low 1 — 

& (acid-base) 

YF “c46 Addition Medium Medium 3 Enolization 
ri 

| 
Ve 0G capsntuten Slow High 4 Elimination 
i (Syl or Sy2) 

FIGURE 13-10 Comparative reactions of bases/nucleophiles 

The basic modes of carbonyl reactivity—enolization and addition—may 

be extended in two ways. A conjugated double bond extends the electron- 

deficiency of the carbonyl carbon to the f-carbon of the double bond by 

resonance. This extension allows the opportunity for vinylogous addition and, 

with a B-leaving group, vinylogous substitution. These reactions may be seen 

as exactly parallel to simple carbony] reactions by regarding the entire unsatu- 

rated carbonyl system as if it were a simple carbonyl. Vinylogous enolization 

to the y-carbanion is also completely analogous. 

H 

wee 6 Vinyl bonyl —C—C=C—C= inylogous carbony 
y ‘e ie i 

H 
ot oO” : 

C ae ik Simple carbonyl 
a 

ee a Con ea lat — C— C— C— C — Iny ogous enolate Tat al 1 
a on ; 
Wor O- Simple enolate 

a 

Vinylogous reactions are generally less rapid but also less freely reversible than 

simple carbonyl reactions since the f-carbon is not so electrophilic as the 

carbonyl carbon. 

The other extension of carbonyl reactivity involves other multiply bonded 

groups with a charge imbalance (—v-&) which behave analogously to the 

carbonyl group for enolization and addition (Fig. 12-3) as well as for vinylogous 

reactions. With enolization and vinylogous reactions these related groups are 

very closely parallel to carbonyl in mode and reactivity, but addition reactions 

sometimes take different courses owing to special features in the related func- 

tional group (Secs. 12-8 and 13-7). The functional groups with four heteroatoms 

to carbon—carbon dioxide and carbonic acid derivatives—usually possess car- 

bonyl groups and exhibit reactivity entirely in accord with expectation (Secs. 

12-7 and 13-6). 
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The entire schema of carbonyl reactions is of vast importance in synthesis 

and therefore the reactions are reorganized for emphasis on synthetic utility 

in Sec. 13-10. Most of the reactions considered so far invoke strongly basic 

nucleophilic reagents and the major functional groups which are inert to these 

reagents are isolated double bonds and aromatic rings, ethers, and tertiary 

amines. As 7 electrons are weak nucleophiles themselves, reagents to attack 

these functions must be strongly electrophilic and hence strongly acidic in most 

cases. These reactions are considered in Chaps. 15 to 17 following a chapter 

(14) on elimination, which serves to create double bonds, usually employing 

the nucleophilic reagents already familiar. 

PROBLEMS 

13-10 Organic syntheses are often described as proceeding from “coal, air, and water.” 

The phrase generally implies starting with the simplest, primitive inorganic 

materials, or even the elements themselves, and synthesizing complex organic 

molecules by a sequence of reactions. Thus the first examples illustrate some 

of these steps, and the later ones are more complex molecules that can be 

prepared by continuing the process. Any product once made serves as a starting 

material if required. Assume NH, and any other inorganic reagents. 

ACO en aL Cl ae OCl, m Acetone 

br Car 2Cs = n Isopropyl iodide 

CaC, eo C=CH o Diethyl malonate 

© HC=CH +H, —— p t-Butanol 

CH,—CH, 42° HOCH,CH,CI q_ Ethyl 2-isopropylacetoacetate 

d CH;0H r 3-Ethyl-3-pentanol 

e CH;COOCH; s Acrylonitrile 

f CICOOCH; t Succinonitrile 

HCOOCH,; u___¥-Butyrolactone 

CH;CHO v_ Methyl vinyl ketone 

O w_ 3-Methyl-2-cyclohexenone 

i CH,—CH, x Ethyl 2-methyl-3-ketopentanoate 

j HCN y 1,3,3-Trimethyl-cyclohexanol 

k CH;CN CH; ont 

1 C,H,OH (four ways from e, h, i, k) o 

COOCH; 



570 PROBLEMS 

13-11 Account for these observations. 

a Dipropylmaleic anhydride dissolves in alkali and is reprecipitated on acidi- 

fication. 

b y-Butyrolactone is unaffected by heating with acidic methanol. 

c Onboilinginacidic methanol, levulinic acid (4-ketopentanoic acid) forms two 

isomeric neutral compounds readily distinguished by their infrared spectra. 

d Very little a-ketoacid is formed by adding cyanide ion to an acid chloride 

and then hydrolyzing the product. 

13-12 Acetone and aqueous sodium cyanide yield a neutral compound C,H,,O, with 

IR peaks at 2.8 and 5.7 , (about 3600 and 1760 cm!) and four close NMR 

singlets in an intensity ratio of 2:3:3:3. What is the structure? 

13-13 Diketene is a useful reagent for introducing acetoacetyl groups. Account for 

this typical reaction in mechanistic terms. 

(C,H;),.NH + CH,—C—CH, CH;,COCH,CON(C;H;),» 
| | Ether 

ay room temperature 

C,H;OH+]O — Diketene CH;,COCH,COOC,H; 

The reaction has been put to more extended synthetic use as in the reactions 

shown below. Write out a detailed stepwise mechanism for each case. 

CHO << COCH; 

a Hy diketene: = 

NH, N O 
H 

COCH; 

b 2-Hydroxycyclohexanone + diketene —— 

O O 

OH OCOCH,COCH, 

c (CH3), CCH,COCH, + diketene —— (CH3),CCH,COCH,; on 
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d The product from part b on treatment with HCI/HOAc/H,O yields the 

more stable aromatic compound shown below. Considering steps such as 

enolization, ester hydrolysis, and aldol dehydration, construct a mechanism 

for this isomerization. 

COOH 

ae 
O~ “CH, 

13-14 Write equations for the following transformations: 

a Benzamide is hydrolyzed, and the acid produced is then esterified with phenol, 

trifluoroacetic anhydride being used as a condensing agent. 

b n-Butyl mercaptan is acylated with propionic anhydride. 

c Diethyl adipate is subjected to the Dieckmann condensation, and the product 

is alkylated with ethyl bromide. 

d_ n-Valeronitrile is condensed in the Thorpe reaction, and the product is con- 

verted to a ketone. 

e p-Chlorotoluene is made by a Sandmeyer reaction and then aminated by 

treatment with sodamide in liquid ammonia. 

f Methyl n-propyl ketone is converted to several characteristic derivatives. 

g Dimethyl pimelate is cyclized by the acyloin condensation. The product is 

reduced to a mixture of stereoisomeric diols, which are converted to diben- 

zoates. 

h n-Butyl methyl ketone is acetylated under acidic and basic conditions. 

i Nitromethane is acylated with p-nitrobenzoyl chloride. 

j 4-Methylcyclohexanone is recovered from its semicarbazone. 

13-15 Devise syntheses of the following compounds from the starting materials 

indicated and compounds containing no more than three carbon atoms. 

a CH;CHOHCH,CH,OH from CH;COOC,H,; 

b C,H;COCH,COCH; from C,H;Cl 

O 

CH; COOC,H; 

c from 

(Hint: The ring is opened and closed again.) 

d (CH;CO);CH 

| 
e (CH,)s;CC—CC(CH3); 
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g CH;CH,COCH(CHs), 

an 
"CI from a 

CH, pss CH; 

(Hint: The hydrogens of the aa group of the starting material are acidic.) 

O 

i from CH,—CHCN and CH;COCH, 

O 

j CH,;CH,COCH,COCH; (at least three different syntheses). 

13-16 Write mechanisms for each of the following reactions: 

HCl, C,H;OH 
a CH;COOH ————— CH;COOC,H; 

b C,H;COCI + (CH3),Cd — > C,H;COCH, 

c CH;COCI + KCN — > CH;COCN + KCl 

O CN 

Trace | | 
d 2CH,;CCN > CH;COCCH; 

of CN | 

CN 

NaOC,H, 
e CH,;,CH—CHCOOC,H; + CH;CH(COOC,;H;), ——— > CH;CHCH(COOC,H;), 

CH;CHCOOC,H; 

(A cyclobutanone 
derivate is an intermediate) 

f (CH;CO),0 + CH;COCH,COOC,H; eis (CH;CO),CHCOOC,H,; 

C(CHs3)3 

(CH;);COH + CH;COCH,COOC,H, as CH;COCHCOOC,H,, 

CH;COCH,COOC,H; + NH,OH — > CH;C—CH, 

N ¢=0 
Ve 

13-17. When chlorobenzene, labeled in the C-1 position with C!4, was treated with 

sodamide, aniline was produced labeled to an equal extent in the C-1 and C-2 

positions. Explain this result. 



PROBLEMS 573 

13-18 Using as starting materials any substance from Table 13-5, devise syntheses 

for these compounds. 

O O 

O O 

b Hooc{ 0 e (CH,),CHCOCH=CHCH,CH; 

OH cH? 

Oe + CD O 

13-19 Convert 2-methylcyclopentanone into each of the following substances, using 

any other organic materials that may be required. 

O CH; 
CH; COCOOCH; CH,CH,OH 

a ft 

O CH, 

CH; CH; Gee 

b 
§ Bross 

CH, 

O CH; 

CH; CH, CH, 

d COC,H; : Cl 

d CH,CH, 
Cl 

O 
CH; CHOCH, 

e CH; : Ge yo 

J 
CHs; 
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13-20 Convert cyclohexanone into each of the following compounds, using any other 

organic compounds that are required. 

CY. h 3 
COOCH, 

| 
b eee: i CH;CH,C(CH,);COOH 

(What stereochemistry?) O 

O O j CH, 

: (Disregard stereochemistry) 
CH, O 

is ee 

O 

O 

d CH; 

(What stereochemistry?) Bee 

13-21 Account for the following observations. 

a’ CH. COOCH; -ocu, H;,O+ 
es Ci9H,,O; see 

COOCH; 

C;H; 
O 

=O) @ir. 

O C,H; 

O 
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13-22 

13-23 

Oo, COCH, O COCH, 
Dilute OH 
Ox 

ZO CH; CH, 

C;H; 

d The product from part c, on further treatment with mild alkali, goes on to 

form 2-phenyl-3-methyl-5-hydroxybenzoic acid. Consider the first step to 

be a reversible addition of water to the double bond, i.e., the reverse of 

the dehydrative second step of the aldol condensation. Then examine the 

carbon skeleton of the desired aromatic product and see how it may be 

formed from the given carbon skeleton by carbonyl reactions such as cleav- 

age and aldol cyclization. 

e Diethyl malonate, formaldehyde, and sodium ethoxide react to form the 

following ester (A). In order to deduce the chain of events, consider that 

the anion of the malonate is the first intermediate and that a Knoevenagel 

reaction is rapid and yields a reactive, conjugated double bond. Also it is 

known that acyl-substituted malonates may be cleaved by alkoxide ions 

to form dialkyl carbonate and a stable 6-ketoester anion. The reaction is 

shown below and should be examined mechanistically to demonstrate that 

it fits the same pattern and criteria as acylation and acyl cleavages previously 

shown. 

COOC,H; 
CH; 

C,H;OCO COOC,H; | OR- 

CH;COC(COOR), ——~ 

C,H;OCO COOC,H; 

COOC,H; 
A 

CH; 

CH;COCCOOR + ROCOOR 

CH; 

Ht Lithium H+ 
f Acetone —— C,;H,,O metal C,»H,.O, Sard CH 

Mesityl oxide (Et,O) No UV 3 

UV: Xmax 238 nm : CH; CH; 
(log «€ 4.0) COCH, 

The compound 5-phenyl-6-oxo-heptanoic acid methyl ester was treated 

with methoxide in methanol with a view to obtaining a seven-membered ring 

by Dieckmann condensation. However, the isolated product was 2-acetyl-5- 

phenyl-cyclopentanone. Explain how this product may have been formed. 

When the benzoate ester of 4-hydroxycyclohexanone is treated with potassium 

t-butoxide in f-butanol, a carboxylic acid was isolated (after a work-up proce- 

dure of pouring the reaction mixture into iced aqueous acid). The rather un- 
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13-24 

13-25 

a 

PROBLEMS 

expected product was found to be $-(2-benzoylcyclopropyl)-propionic acid. Try 

to rationalize the course of this reaction. In doing this, consider that the base 

serves only to enolize, that the benzoyl group must become attached to carbon 

instead of oxygen in the product, and that the last step is one which displaces 

the carboxylate as a stable anion, thus finally consuming the base and stopping 

reaction. 

Delineate a mechanistic pathway for this observed transformation. (Hint: it is 

not necessary to invoke rearrangements.) 

O CN O COOH 

NaOH ee 
—— 

Compound A is formed by methoxide treatment of a certain ketoester. It is 

converted to compound B by ethylation with diazoethane. The NMR spectrum 

of compound B is shown in Fig. P13-25. Its mass spectrum yielded a parent 

peak at m/e 140. Derive structures for the ketoester and compounds A and 

B, and write a mechanism for each reaction. 

3 4 5 6 VE 8 9 10 7 

FIGURE P13-25 
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13-26 Rationalize the molecular events in these observed conversions. 

a CH,O CH;0 OH 

NaOH 

CH,OH 

re eet 

CH,0  O OCH, OH be, 

a O 

O 

b ae as Loe] 

CH, O” *CH; 
Diketene 

(see page 570) 

COCH; N—OH 

HNO, aL 

Ou inos OF 50 
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ELIMINATION 
REACTIONS 
14-1 INTRODUCTION 

ELIMINATION reactions are formally the reverse of addition reactions, some 

of which have been discussed in Chap. 12 (others will appear in Chap. 15). 

Elimination reactions themselves have also been introduced previously since 

they appear as competitive reactions in substitutions at saturated carbon. They 

also appear in carbonyl reactions such as the aldol condensation. The most 

common eliminations are 1,2-eliminations in which substituents on two adja- 

cent atoms are removed, leaving a 7 bond behind, as generalized in Fig. 14-1. 

The multiple bonds formed by elimination include C=C, C=C, C=N, C=N, 

C=O, C=S, and N=N, but formation of alkenes and alkynes are the most 

important uses. The two atoms in the substrate are labeled «a and £ to dis- 

tinguish them, a being the atom bearing the leaving group (L). Much less 

common are the 1,1- (or a-) eliminations in which the two substituents are 

removed from the same atom to form a highly reactive, electron-deficient 

species (carbene) with only six electrons remaining on the atom. The main 

discussion in this chapter concerns 1,2-eliminations.t 

Of the two groups removed in the elimination, one (E) is an electrophile, 

usually a proton, and the other (L) is a leaving group just like those in nucleo- 

philic substitutions. There is a close analogy in eliminations with the substitu- 

tion reactions at saturated carbon and also with the enolization reaction of 

carbonyls and related groups. The entire collection of reactions surveyed so 

far involves attack of a nucleophile and cleavage of a heteroatom bond. The 

latter cleavage either separates the heteroatom if it is singly bonded or breaks 

a a bond in multiply bonded cases (e.g., carbonyl). The similarities in all these 

reactions are emphasized in Fig. 14-2. Eliminations represent the final family 

of these nucleophilic reactions to be discussed. 

The timing of bond-breaking (E—Y and Z—L) events in 1,2-elimination 

is not specified in Fig. 14-1 (or 14-2) but we have already seen two kinds of 

mechanism distinguished in this way, and they are summarized in Table 14-1. 

Similarly, eliminations proceed in two ways. With active nucleophiles (usually 

strong bases) elimination is a concerted reaction in which there is only one 

transition state. This is called an E2 elimination reaction since it is bimolecular, 

like S,2 substitution, its rate being dependent on both base and substrate 

concentrations. On the other hand, if ionization is the first step for a leaving 

group, the subsequent carbonium ion may either be substituted by a nucleo- 

phile (Sy1) or lose a proton to yield a double bond (E1 or unimolecular elimina- 

tion reaction). The rate should depend only on substrate (R—L) concentration, 

+1,3-Eliminations, etc., are included as cyclic substitution reactions in Chaps. 10 and 11. 
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1,2-Eliminations 

Nu: ——> E Nu—E 

General: yz <=> sa —Z 

iL ap all, 

HOn aot 
vd ee 

Alkene formation —C—C— —> CC +H,0O+F Bro 
ly x 
Br 

[f~ S=> [ie 

NS Snipes 
CcC—C  C— Cee I Bribie 
Peary an wes 

Br 

HOm la 
Sea 

Alkyne formation =C eC Ones 
ke eRe 

Br 

asi < + 

Carbonyl formation oy O EGO; (ou, > C=O+ H,Ot + [CrO,] + H,O 
Ve 

1,1-(a-) Elimination 

H <— OR 

b i : (C ——— ve + ROH + Cl 

FIGURE 14-1 Elimination reactions 

since the initial carbonium-ion formation is rate-determining, and it should 

be the same for substitution or elimination. As with substitutions, a fair range 

of rate dependence is observed between the two extremes for elimination 

reactions, but it is convenient to discuss the two mechanisms, E1 and E2, as 

if they were clearly separated, just as we did for substitutions in Chap. 10. 

Accordingly, our discussion will deal with the following effects on elimi- 

nation reactions, similar to our discussion of effects on substitutions. 

Direction of elimination (choice of hydrogens yields different double bonds) 

Stereoelectronic requirements and stereospecificity 

Relative activity of nucleophiles and leaving groups 

Competition with substitution 
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L L 
SS 4 x lg 

Singly bonded C= C 
groups ENS Z| 

Heys Ho 
Nu Nu 

Elimination Substitution 

O O 
“I < if 

Multiply bonded Ce Ca 
groups Vee 7 || | 

H es H ee 

Nu Nu 

Enolization Addition 

FIGURE 14-2 Similarities in nucleophilic reactions 

The primary synthetic value of elimination reactions is their provision of the 

main routes to double and triple bonds between carbon atoms. 

The 1,1-eliminations produce very reactive neutral carbenes (R,C:) or 

nitrenes (RN:). These are electron-deficient species and instantly attack any 

available electron source (hence they are electrophiles). They are too reactive 

to be isolated and are always generated in the presence of the substrate needed 

for reaction. For this reason, in Chap. 15 they are primarily treated as electro- 

philic additions. Carbenes and nitrenes may also accept internal electrons, thus 

causing rearrangement and these cases are found in Chap. 17. The most com- 

monly used carbene is dichlorocarbene (Cl,C:) which arises by attack of base 

(-OH, t-BuO-, etc.) on chloroform: 

HCCI, + “OR ama {[~:CC].] Saree :CCl, —+- Cl- 

Dichlorocarbene 

TABLE 14-1 Summary of Nucleophilic Reaction Mechanism Types 

One-step Two-step 

Concerted Rate-determining ionization 

Bimolecular Unimolecular 

Single transition state Two transition states 

Usually basic Usually acidic 

Sy2 substitution Syl substitution 

Enolization in base Enolization in acid 

Carbonyl addition Carbonyl addition 

E2 elimination E1 elimination 
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In a similar reaction, N-haloamides react with strong base to give nitrenes 

which rearrange. 

—OH R t 
RCO Nib rZCOLN SAITeng CRISES C= CENTER 

(Nitrene) 

PROBLEM 14-1 

Using 4-chloro- and 5-chloro-2-hexanones as examples, describe base-catalyzed 

1,2- and 1,3-eliminations in terms of orbital changes, mechanism, kinetics and 

relative rates, and stereoelectronic requirements. Note the differences in the two 

reactions and consider why 1,3-eliminations are not specially discussed in the 

present chapter. 

PROBLEM 14-2 

The elimination reaction has already been invoked as an intimate part of the 

mechanisms of a number of carbonyl reactions. Write the elimination step in 

five different reactions, selecting a specific molecule to exemplify. 

14-2. ALKENES BY ELIMINATIONS WITH PROTON LOSS 

The most widely studied and synthetically useful eliminations are those which 

form alkenes by loss of proton and leaving group (cf. first example in Fig. 14-1). 

The base-catalyzed (E2) elimination is more commonly used since it exhibits 

more specific requirements and so is more predictable in terms of products. 

Bases in the amine class and stronger (higher pK,,) cause elimination reactions 

with substrates that have a reactive leaving group and a £-hydrogen. In general, 

the elimination reaction is favored by 

High reaction temperatures 

Increase of the basic strength of the nucleophile 

Increase of steric hindrance in the substrate or base 

Attachment of electron-withdrawing substituents to C, increases the acidity 

of the proton to be removed and accelerates elimination very greatly. 

Bases used in elimination reactions include R,N, CH,CO,~, HO-, RO-, 

H,N-, and R,N-. The reactivity of bases in elimination reactions parallels their 

basicity in proton-transfer reactions (Table 8-2). As a consequence, low-basicity 

nucleophiles such as RS~, which owe much of their reactivity to high polariza- 

bility, tend to bring about substitution rather than elimination. Very strong 

bases, such as H,N7, give elimination predominantly, even with primary sub- 

strates. Some of the trends are illustrated by the following examples. 
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The leaving groups include all those involved in nucleophilic substitutions 

(Table 10-2), such as CI, Br-, I”, RSO,~, RCO,-, R,N, R,P, R,S, and others such 

as ROT and enolate ions. Variation in the reactivity of leaving groups is qualita- 

tively the same as in nucleophilic substitution; reactivity increases with in- 

creasing polarizability and decreasing basicity of the group. (See Table 10-7.) 

Substitution Elimination 
Pa: C,H;OH, 55° 

C,H;O Na + CH,CH,Br eee nina CH;CH,OCH,CH, + CH,—=CH, 

90% 10% 

ees C,H;OH, 55° 
C,H;O Na af See omg Sr eis (CH;), CHOC,H; =F CH,—CHCH, 

Br 21% 79% 
ae te C,H;OH, 55° 

C,H;O Na ar (CH;),CBr CRE CH,—C(CHs). 

100% 

= oP ae C,H;OH, 45° 
C,H;O Na Se C.H;S(CH,), We CHS) C,H;OC,H; sp CH,—CH, 

. 88% 12% 
elas Fs C,H,OH, 64° 

C,H;O Na ata C.H;S(CH3). Gee C,H;OC,H; ota CH,—=CH, 

85% 15% 

ie oe C.H,OH, 80% 
|| + CH,CHCH, a as aaa | 

SS SS = 
N Br +N Br 

CH(CH,), 
~ 100% 

Eliminations with halide } and sulfonate ions as leaving groups are usually 

encountered as side reactions in nucleophilic substitution. Synthetically, dehy- 

drohalogenationj is carried out with strong bases which are not very nucleo- 

philic at carbon, such as NH,~, R,N-, t-BuO-, or often OH, in order to suppress 

substitution. Primary halides are more readily substituted, but elimination is 

common with secondary sites and is the only course with tertiary halides. 

Sulfonates are somewhat more prone to undergo substitution than elimination. 

NaOH, C,H;OH 
CICH,CH, C1) ————*>_ CH,=CHCl 

Reflux 
Vinyl chloride 

Pyridine 
beer Sov ede are CH;CH=CHCOOH 

Br Crotonic acid 

NaOH, C,H;OH 2 _NaOH, C:H;OH , o OL Cl 
Reflux 

+ Halide eliminations (—HX) are often called dehydrohalogenation reactions. 

Cl 
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H O NO, 
am 'B L | ay. S a 2 

=—-C—C=NO; > C—C—NO, <> —C¥C=N Co +L 
ial —BH bl Ce eee pe 
L L L O 

“Enolate’”’ anion (Fig. 12-3) 

FIGURE 14-3 Stepwise /-elimination 

An interesting halide elimination is found in the preparation of ketenes 

from acid chlorides. 

Eth ate = 

(CsH)2CHCOCI + (CH,CH,CH,);N: ——“5 (CsH,),C=C=O + (CH,CH,CH,),NH Cl 

Diphenylacetyl chloride Diphenylketene 

Elimination rather than substitution is the rule, even at primary carbon, 

when the leaving group is positively charged onium ion such as quaternary 

ammonium salts [e.g., R—N*+(CH;),] or sulfonium salts [e.g., R—St+t(CHs).]. 

Pyrolysis of quaternary ammonium hydroxides leads to elimination if B-hydro- 

gens are available, the hydroxide acting as the base for the elimination. This 

is called the Hofmann elimination. The hydroxides are usually prepared by 

adding silver oxide to an aqueous solution of a quaternary ammonium halide 

or by passing the quaternary halide through a hydroxide ion-exchange resin. 

The mixture is then heated to distill off the water. Continued heating of the 

residue causes elimination to occur. The reaction has been much used in the 

stepwise degradation of naturally occurring amines in the course of structure 

determination. Amines to be degraded in this manner are first quaternized by 

alkylation with methyl iodide. 

= : + ° CH;I 700 On La N N N N 
H ates wIN PUR 

CH; CH; CH; CH; H3C CH; 

Piperidine N,N-Dimethy]l- 
piperidinium 

iodine 

fe 7 480, (ee! Pee ali Lyin 
N(CHs)3 N(CHS); 
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Elimination reactions of $-substituted esters, acids, ketones, aldehydes, 
and nitro compounds are called -eliminations and are very rapid. The electron- 
withdrawing groups have strong acid-strengthening effects on the a-proton, 
which is removed by bases during the reaction. The reactions may be formu- 
lated as involving anionic intermediates (Fig. 14-3), although it is doubtful that 
such intermediates are always involved. 

Even leaving groups such as amino, hydroxyl, and enolate ions, which 

are not ordinarily lost in either normal nucleophilic eliminations or substitu- 

tions, leave readily in B-elimination. These reactions are the reverse of conju- 

gate additions to a,f-unsaturated systems (Sec. 12-6). The first example is an 

elimination of a Mannich base (page 487), and the dehydration in the aldol 

condensation is another example (Sec. 12-5). The B-eliminations, especially of 

B—OH or —OR, are also facile under acid conditions, via the enol. The 

B-elimination of carbon, in the form of the enolate carbanion, is a reverse 

Michael reaction. Such reactions can sometimes be brought about by vigorous 

heating with dry potassium carbonate, but rarely occur under ordinary reaction 

conditions. 

NaOH 
C,H;COCH,CH—N aA C,H;COCH= CH, aR C 

N 
H 

B-Piperidinopropiophenone Phenyl vinyl ketone Piperidine 
(a Mannich base) 

ae Pyridi 

ie TGHN ue eae 
“(GHN) sH;N) 

PROBLEM 14-3 

Using projection formulas, show why a trans double bond is produced in the 

aldol condensation of benzaldehyde and acetone. 

Stereochemistry 

Most £2 reactions appear to be stereospecific. To achieve maximum 

overlap in the developing bond orbitals, the orbitals must all lie in one plane 

and the two groups eliminated (e.g., H and X) must be trans to each other across 

the central bond which becomes the z bond. This arrangement of groups is 

called trans antiparallel or trans periplanar. The relation to Sy2 substitution may 

be seen here, for in both reactions the leaving group is displaced from the 

backside, either by external nucleophile in 5,2, or by released bond electrons 

(to E, or H) in E2. 
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Nu: 

E2 elimination 
Nu—E 

Soe 
+ or 

) 
Nu—H 

R, | R,y 
ee 
v 

Nu: ——> E(H) 

Ri | Ry E2 elimination 
Nu—E 

ae 
of or 

ih Nu—H 

R, Da Te fy 

L 
qt orbital 

The process is known as trans elimination, with the term trans referring 

to the orientation of the leaving groups in the substrate at the time of reaction, 

and not to the configuration of the alkene product. Elimination is facile when the 

molecule can rotate so as to allow trans elimination and will be fastest for cases 

in which large groups (R,, R,, etc.) are not forced together on one side in the 

required conformation, as with the large phenyls in the example below. The 

projection notation allows a clear view of the stereoelectronic requirements. 

Br CH; r CH, CH |p dQ _GithOH Noac” + H,04 5; 
Uae. on awe ae | Io slower oA > < 3 
al et H p b 

One diastereomer cis-a-Methylstilbene 
of 1-bromo-1,2- 
diphenylpropane 

Br CH (Br CH; db 

ee oe eS ee ea 
va <= le? SH faster sine. 4 A 

¢H H HO H ‘ b H 
ae 
Other diastereomer trans-a-Methylstilbene 

of 1-bromo-1,2- 

diphenylpropane 

This orientation rule, when applied to cyclohexane derivatives means that 

both leaving groups must be in or be able to enter axial positions for a facile 

elimination (trans-diaxial orientation). The preference is shown by the diastere- 

omeric 4-f-butylcyclohexyl p-toluenesulfonates, in which the bulky t-butyl 

group always assumes an equatorial position, locking the ring in a single 

conformation. The cis isomer, in which the tosylate group is axial, undergoes 
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bimolecular elimination very easily. Under the same reaction conditions, the 

trans isomer undergoes no bimolecular reaction, even in the presence of strong 

base. 

(OTs H 

H ~~OTs 

(CH,)3C La) (CH,).C H 
| 

H H H H 

cis-4-Butylcyclohexyl tosylate trans-4-Butylcyclohexyl tosylate 
(undergoes E2 reaction with 0.02 M C,H;ONa (undergoes only solvolytic elimination, E1, and 

in C,H;OH at 75°) solvolysis with 0.02 M C,H;ONa in C,H;OH at 75' 

When the leaving group is axial but has no trans, axial 6-hydrogen, or 

when a rigid ring prevents the trans-periplanar arrangement, no E2 elimination 

occurs or else it is excessively slow. The first instance is provided by the 

eliminations of menthyl chlorides (related to the natural product, menthol, the 

corresponding alcohol) shown in Fig. 14-4. Elimination only occurs where a 

trans-diaxial orientation is possible, giving two products in one case (neo- 

menthyl) but only one in the other (menthyl). The corresponding diastere- 

omeric menthyltrimethylammonium hydroxides show parallel behavior. 

Similarly, the (conformationally rigid) epimeric chlorohydrins below 

either eliminate (to an enol) or undergo internal 5,2 displacement (epoxide 

formation) depending on trans-diaxial orientation of the reacting groups. 

cl i 
—OH 

— —> 
HO 7 

H CH; HO CH; 

2 CH, 

cl 
—OH 
——— 

H 
| 
OH CH, 0 CH; 
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CH(CH;), H 

+ CH, H 

H 

Menthyl chloride EtOp | 100% 
(slower) 

CH(CHs3), H 

CH; H 

(CH) CH= H 
H CH, 

2-Menthene 

EtOm™ |) 25% 

CH(CHs), H 
Cl CH, 

H 

H Cl 

B (CH;),CH H H H 

a CH; 
Neomenthyl chloride 

(faster) 

EtOs | 75% 

H 

: CH; 

(CH;),CH H 

3-Menthene 

FIGURE 14-4 Stereochemistry and direction of elimination in menthyl chlorides 

SEC 14-2 
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The rigid epimers shown below, however, cannot become trans periplanar 
and are very unreactive to base. 

This strong stereoelectronic requirement for E2 elimination is useful for 

product prediction but is also strong evidence for the concerted nature of the 

reaction, along with the second-order kinetics commonly observed. An alternate 

mechanism (nonconcerted) would involve prior deprotonation to a carbanion 

before the actual elimination step. This is unlikely because of the very weak 

acidity of these carbon acids to the bases which cause elimination. 

It should be pointed out that the necessary orbital overlap for concerted 

elimination can be geometrically achieved if the two groups are cis and coplanar 

(dihedral angle of 0° instead of 180°). A few such cases are known, but trans- 

periplanar elimination appears to be the general rule. 

Direction of Elimination 

Unsymmetrical secondary and tertiary substrates give mixtures of elimi- 

nation products, as long as the necessary protons on the 6-carbons can become 

trans periplanar. An example is provided by neomenthy] chloride in Fig. 14-4. 

Two empirical rules govern the direction of elimination: 

The Saytzeff rule: Neutral substrates (halides and sulfonates) yield predominantly the 

most substituted alkene; the predominance is often only moderate. 

The Hofmann rule: Charged substrates (quaternary ammonium and sulfonium salts) 

yield predominantly the least substituted alkene; the predominance here is strong. 

The mechanistic reasons for these rules are certainly complex and subtle 

and have not yet been properly unraveled, but they must involve steric factors 

(base and substrate) in the transition state, relative stabilities of the developing 

alkenes, and solvation and interaction of both base and leaving group. 
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C,H,OH 
C.H;O Na + Sa NS sie i 

Br 

CH; 

CH;CH—CHCH; SF CH;,CH,CH—CH, = CH;CH,CHOC,H,; 

4 parts 1 part 

(CH;);CO K+ Be aoc — => CH,CH,CH=CHCH; + CH;CH,CH,CH=CH, 

Br 3 parts 1 part 

CH, 

(cH). CH.CH, OH ——> CH,—CH, + (CH,),C=CH, 
CH, 99% 1% 

= 0° 
CH,CH,CHCH, OH ——> CH,;CH=CHCH, + CH;CH,CH=CH, 

+N ay cis-2-Butene 3% 1-Butene 
(CHs)s trans-2-Butene 2% 95% 

CH,CH,CHCH, OC,H, —~ CH,CH=CHCH, + CH,CH,CH=CH, 

7S(CH,); 26% 74% 

Resonance stabilization for the developing double bond facilitates the 

elimination and dominates the product choice. 

Ne 
= 150° 

CoH,CH.CH.—NCH.CH, Oli > .C H-CH=CHa GH =CH, 
4 Styrene 0.4% 

on 93% 

7 

4 
5 

3 

1 

° 2 

A'[2.2.1]Bicycloheptene A'[3.3.1]Bicyclononene 
(has never been prepared) (known, but strained and 

relatively unstable) 

Elimination reactions designed to produce double bonds to the bridgehead 

atoms in bridged bicyclic systems (like the ones above) are either entirely 

unsuccessful or very slow. The A!?[2.2.1|bicycloheptenet system has never 

been prepared. This failure is due to the fact that a rigid ring system requires 

an acute twist from the coplanar configuration required for strong 7 bonding 

between the bridgehead and adjacent carbons. The smallest ring system that 

has been prepared with a bridgehead double bond is A!7[3.3.1]bicyclononene. 

jIn the names of alkenes, A is sometimes used as a prefix in conjunction with numbers (superscripts) 

which indicate the position of the double bond in the carbon chain. 
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The failure of reactions to produce compounds with double bonds at a bridge- 

head position is known as Bredt’s rule. This double-bond twisting also accounts 

for the inability of ketones to enolize to an a-carbon which is a bridgehead, 

as well as the instability of bridgehead amides in which the resonance form 

with a C—N double bond violates Bredt’s rule. 

PROBLEM 14-4 

Account for the following observations. 

a Threeisomers of bromocyclohexanol, ontreatment with strong bases, give three 

separate major products (one each), an allylic alcohol, a ketone, and an epoxide. 

b In part a, if the starting bromocyclohexanols are all optically active, what will 

the products be? 

c The methyl ester of 2-bromo-3-hydroxycyclohexanecarboxylic acid readily 

eliminates HBr in mild bases, but the lactone does not. 

d Treatment of 4-bromo-2-hexanone with aqueous KCN affords C,H,.N,O with 

IR bands at 2.8 and 4.5 1, (about 3600 and 2900 cm—’). 

O 

e is basic but is not. 
NH 

N O 

*N(CHS); 

f CH,;CHCHCOCH, gives the more substituted alkene on treatment with base. 

CH; 

PROBLEM 14-5 

Indicate the primary product in each transformation and explain the basis for 

your choice. Discuss the likelihood of cis or trans products. 

a C,H,CH,CHCICH, + KOH 

b C,H,;CH,CHCICH,CH, + KOH 

c C,H;CHBrCH,C,H, + C,H;OK 

d Exhaustive methylation and Hofmann elimination of 3-amino-3-methylhexane 

e Exhaustive methylation and Hofmann elimination of 3-ethylamino-3-ethyl- 

hexane 

f Two diastereomers of 2-bromo-1-ethylcyclohexane + potassium t-butoxide 

g All diastereomers of 2-bromo-1,3-diethylcyclohexane heated with triethyla- 

mine 
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Solvolytic Elimination Reaction (F1) 

Carbonium ions formed in solvolysis reactions often undergo elimination 

reactions as well as nucleophilic substitution, as shown in Fig. 14-5. The slow 

step in the reaction is the formation of the carbonium ion, and the term EF1, 

which is applied to the transformation, refers to the monomolecular character 

of the rate-determining first stage of the reaction. 

Since the same types of carbonium ions intervene in both the F1 and 

Syl reactions (Chap. 10), the general reactivity relationships apply to both 

transformations. 

Competition between elimination and substitution is determined largely 

by the basicity of the solvent and the reactivity of nucleophiles present in 

solution. For example, solvolysis in pyridine, a basic solvent, usually gives a 

good deal of elimination, and solvolysis in the presence of thiosulfate (S,0,~~) 

or azide (N,-) ions usually leads to capture of the carbonium ion to form a 

substitution product. Branching at the £-carbon atom increases the amount 

of elimination, as does raising the reaction temperature. 

As demonstrated in the example below, E1 reactions tend to give pre- 

dominantly the most highly substituted ethylene (Saytzeff rule). Since the 

leaving group is not involved in the product-determining steps, the product 

distribution in E1 reactions is approximately the same for halides, sulfonates, 

ammonium ions, and sulfonium ions. 

sie 
C,H;OH 

= Cero: 

CH. C.H;,OH + 3 
even iiey een CH;CH,C(CHs)» 66% 

Br 

27% 

= CH,CH,C=CH, 

7% 

80% C,H,OH, 20% H,O 
(CH;),;CBr =: 65° > CH,—C(CHs), aia (CH;);COH =e (CH;);COC,H; 

36% 64% 

+ 80% C,H;OH, 20% H,O 
(CH3)3CS(CHs)>. > CH,—C(CHs), 

36% 

+ (CH3;);COH + (CH;);COC,H; + (CH3).S 

64% 

The E1 reactions with halides and sulfonates is little used for preparative 
purposes, because of the undesirable complexity of the product mixtures. 
However, a reaction very commonly used in synthesis of alkenes is the acid- 
catalyzed dehydration of alcohols. Reaction conditions vary widely, depending 
on the reactivity of the substrate. The role of acid catalysts is the same as in 



SEC. 14-2. ALKENES BY ELIMINATIONS WITH PROTON LOSS 593 

—Ht 

C=C Elimination 
fo 

| dus 
Te — Substitution 

H Nu 

FIGURE 14-5 The relationship between F1 and 5,1 reactions 

acid-catalyzed nucleophilic substitution reactions of alcohols and ethers. Acids 

incorporating poor nucleophiles are of course preferred for elimination. The 

overall reactivity relationships in dehydration reactions are those expected from 

carbonium-ion reactions. 

Conc. H,SO, 
CH,CH, OH a CH,—CH, 

OH 

H,PO, Se 
—_> 
Continuous a H,O 

distillation 

85% 

OH OI 

| I{trace) —HOI 

CH; CH; 

t-Amyl alcohol 

CH;C—CHCH, + CH,—=CCH,CH; + HI 

CH; CH; + HOI 

15% 
85% : H,O + I, 

A carbonium ion formed in the course of E1/S,1 reactions can also re- 

arrange especially if a more stable ion can be formed by the migration of a 

group from an adjacent atom (Chap. 17). 

OH 
H,SO, iA CH; migration 

——————__—_—_> 

t-Butylmethylcarbinol 

+ be 
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The t-butyl group undergoes elimination especially easily since it forms 

a stable tertiary carbonium ion. This has been put to use in several synthetic 

contexts. t-Butyl esters yield carboxylic acids by elimination (alkyl-oxygen 

cleavage, cf. page 505) under relatively mild acidic (nonhydrolytic) conditions. 

Hence these esters can be cleaved without affecting other, normal esters and 

are useful variants in ester reactions (Chaps. 12, 13). 

on CH; 
Va Ht Vie 

R—C—O—C(CH;); ——> RCOOH + Se 

CH, 

CN 
| Michael 

CH;—CH + CH,—CH—COOC,H, ———> 
addition 

COOC(CH;); 

GN 

CH-=c— GH cH co0G@ ies 
(trace) 

COOC(CH;); - 

i ye 

CH;CHCH,CH,COOC,H; + uaa + CO, 

In a similar vein, t-butyl-urethans decompose rapidly to amines on dis- 

solving in trifluoroacetic acid. The initial E1 elimination to isobutylene is fol- 

lowed by decarboxylation of the carbamic acid (R—NHCOOH). This “t+ 

butyloxycarbonyl” group is widely used in peptide synthesis for temporary 

protection of amino groups (Sec. 25-4): 

I CF,COOH 
CH Oar COs ris ao miles a 

CH; 
CH, 

ve 
CH,;,0—CO—CH—NH, + CO, + ae 

Use is also made of the technique in a modified Gabriel synthesis of primary 
amines: 

a Sy2 
R—CH,—xX + Na’ :N(COO—+-Bu), —“> R—CH,—N(COO—1-Bu), palin 

Jel! 

RCH,NH,*CI- + 2CO, + 2CH,—C(CH;), 
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Thermal Eliminations 

In certain eliminations the leaving group also acts as the base, internally 

attacking the proton in a cyclic mechanism which proceeds in concerted fashion 

and yields cis elimination. The groups must be oriented cis coplanar; they cannot 

reach if they are trans periplanar. Although cis coplanar they still lie all in 

one plane for maximum overlap of breaking and forming bond orbitals. The 

reaction is carried out simply by heating the substrate alone, with no added 

base, i.e., a pyrolysis or thermolysis reaction. 

In the Chugaev reaction, xanthate esters (R—O—CS—S—R’; Table 12-2) 

are pyrolyzed at 140 to 200°. As in nearly all elimination reactions, unsym- 

metrical substrates give mixtures of products, although there is a tendency for 

the more highly substituted ethylenes to predominate. 

aot I|_ + 
OH OK OCs K 

CH,I | cs. 

ie 

O—C 

NN 180° 
(CH;),C—CH ies —-—- (CH,),CCH—CH, + [CH;SCSH] —— 

S\ elimination I 

H,C—H 

Xanthate ester 

CH,SH + COS 

CH, Ve CH; 

80° C,H;CHCHCH, ——> C,H;C=CHCH, + C,H;CHCH=CH, 

OCS,CH; 50% 35% 

Xanthate pyrolysis is typical of a large number of internal (cyclic) cis 

elimination reactions of esters, thioesters, carbamates, etc. The group can be 

represented by the following general formulation: 

| 
SECS A  A=O,S,orN 

ec Se Sow i a 
H CNS C=C +HB—C B= Ors 
ve Re LS we Z=R, Ar, SR, OR, NHG,H,, or Cl 
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Pyrolysis of acetate esters, which requires temperatures of 200 to 500°, 

has been much used in olefin synthesis, because the starting materials are 

readily prepared. Although there have been reports of highly selective reactions 

that give the least substituted olefin, the commoner experience is that the 

abstraction of various 6-hydrogen atoms is nearly a random process. Since the 

reactions are often carried out by passing the vapor of the ester through a hot 

tube packed with glass helices or beads, it is possible that subtle changes in 

the surface of the packing material will have a profound influence on the 

selectivity of the reaction. 

CH; CH; CH; H 

500° oS x 
CH, CH .CHCH, ——=> ==C ar (CE + CH;CH,CH+—CH, 

we NS 7 Ss 
CCH, H H H CH; 

CH, NS CH, CH, 

y + 4 

Che GH. CH: 

Cis- Nee Dimethyleyclopen ty 
acetate 

trans-1,2- Prete elopen ty 
acetate 

Suen 4. fa es 

eli CH, 

Pyrolysis of amine oxides affords an elegant alkene synthesis. The reaction 

occurs at relatively low temperatures but, as usual, gives mixtures when the 

elimination can take two alternative paths, unless there is a pronounced stereo- 

chemical advantage for some particular route. The mechanism is probably a 

cyclic, concerted cis elimination in every case, however: 
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H,O,, CH;0H P CH,CH GHeH 54 GH CH CHCH. => 
N(CHs), N—CH; 

sec-Butyldimethylamine ee CH = 3 

597 

CH;CH+=CHCH,; + CH;CH,CH=CH, + (CH;), NOH 
21% trans 67% 
12% cis 

2 /CHs 
eee 

) 
Cyclooctyl- cis-Cyclooctene 

dimethylamine 81% 
oxide 

AIRS + (CH,),N—OH 

Compare with: 

+ 

N(CH); 
= H 

— 120° \ OH ——> 
ee) ae 

H 

Cyclooctyl- trans-Cyclooctene 
trimethylammonium 60% 

hydroxide 

+ 40% cis isomer 

Pyrolysis of sulfoxides (R,St—O-) provides an elimination reaction that at low 

temperature follows a predominantly cis steric course also but becomes stereo- 

chemically indiscriminate at higher temperatures. 

PROBLEM 14-6 

Select the best procedure to perform the following transformations. 

a Dehydration of a primary alcohol to avoid rearrangement (two ways). 

b Conversion of a nitrile to a terminal olefin. 

c Elimination of an amine without hydrolysis of other functional groups (e.g., 

esters). 

d Chain extension of primary halides, R—X, to RCH,COOH without hydrolytic 

conditions. 



598 ALKENES BY OTHER ELIMINATIONS SEC. 14-3 

14-3 ALKENES BY OTHER ELIMINATIONS 

Dehalogenation 

Eliminations can occur by similar mechanism with other atoms than 

hydrogen being removed by the attacking nucleophile (base). Iodide ion causes 

elimination of 1,2-dihalides in a concerted trans elimination entirely analogous 

to the E2 mechanism described above. The reaction is stereospecific; elimina- 

tions that appear to be cis may occur as a consequence of halide exchange (Sy2) 

reactions that give trans compounds. Similarly 1,2-diols may be converted to 

disulfonates and eliminated by iodide, probably also by initial displacement. 

+ 1 Bite 

H 
D8 r 

trans-1,2-Dibromocyclohexane 

_K1, CH; OH | CH, OH 

=n 

cis-1,2-Dibromocyclohexane trans-1- cond 
2-iodocyclohexane 

Reactive metals also remove halogens from 1,2-dihalides and cause similar 

elimination reactions with related compounds, such as halohydrins or their 

esters and 1,2-haloethers. Zinc is generally used in preparative work, although 

other metals effect the same reaction. Grignard and lithium reagents cannot 

be made from 1,2-dihalides because of this reaction. As in E2 reactions, elimi- 

nation occurs preferentially in a trans fashion, but the metals appear to be 

less selective since cis 1,2-halohydrins eliminate almost as easily as trans. 

CHa. VA Acetone Ss Yo 
Cc—C SS e_E + ZnBr, 

eo Vee 
(a Br CH; CH; CH; 

Zn 
threo-2,3-Dibromobutane cis-2-Butene 

H Br H CH, 
CHa Y Acetone XS 

Ce SS Ce + ZnBr, 

la \. CH, Ve. 
Br CH; H 

Zn 
erythro-2,3-Dibromobutane trans-2-Butene 
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CH; 
| Zn, (CH;)>CHCH,OH 

aoc ee CH CH CH—CiGH); 
Br CH, 

Eth 
Mg + BrCH,CH,Br ———> MgBr, + CH,=CH, 

A reaction which bears a close mechanistic resemblance (related as elimi- 

nation to enolization) is the zinc reduction of a-haloketones, as well as other 

a leaving groups (—OR, —OCOR, etc.). The procedure creates the zinc enolate, 

which may be used in subsequent reaction for alkylations or other nucleophilic 

reactions, the Reformatsky reaction (page 467) being one example. 

ee 

ES sae rs + Znt+OH Br— 

co) Nou, wy) N\ H, 

Br 

O O- 
| Zn: | 
C == G Zntt 

AOS oN 
$ ee Onmae CH, 

Br Br 

Decarboxylative Elimination 

Salts of B-haloacids may undergo decarboxylation with elimination. Like 

other decarboxylations (Sec. 13-6) this represents loss of CO, in place of proton 

in the normal elimination. The reaction usually occurs with di-a-substituted 

acids, in which no proton is available for normal /-elimination. 

m2 
BrCH,CCOOH Bee CH CLC =>. CH =_C(CH,)) 2 Bi CO, 

“ti, Yo CH; CH; 

KOH, A 
ye ie tas —— C,H;CH=CHBr + KBr + K,CO, 

Br Br 
Cinnamic acid 8-Bromostyrene 
dibromide 
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Fragmentations 

In decarboxylative elimination a carbon-carbon bond (C—COO-) is 

broken in the elimination reaction, so that this may be described as a fragmen- 

tation reaction, since the carbon skeleton as a whole is cleaved. The decarboxy- 

lation reactions of £-ketoacids, epoxy-acids, cyclopropane acids, and unsatu- 

rated acids (Sec. 13-6) may also be viewed as eliminations, since they form 

double bonds, or as fragmentations, since they cleave the carbon skeleton. 

A few other fragmentation reactions are also known, fitting a general 

pattern with the leaving group y to the atom bearing the electron pair. 

AR Gp 27. — > A=—B + C=p +L 

as in 
mi: i ~ A 
i fovbg —>- O0=C + C&C +:Br 

d | | a aS 

ef Bee, ae il 
-6. ia Lo = O=c + C=c “ce 

al i ye a 

‘< Ves & a 
Pree eral Wa ece => 0=C +c ~HO 

Feral aaa oo 

ee S Ze 
ait Lea N oe hee ae 

These reactions are not common, since carbon-carbon bond cleavage is 

disfavored (lack of polarity), and usually more ordinary substitutions or elimi- 

nations occur under the conditions employed. The second example below 

illustrates the trans-periplanar orientation of the two groups (colored bonds) 

required in the central elimination reaction. 

CH, 
H,SO, ‘3 

(CH3)2CC(CH3)2C(CH3).. ———> (CH3),C—C—C(CH;), — > 

| | ue zl a 
OH OH A H—O CH, 

2,3,3,4-Tetramethyl- 
2,4-pentanediol 

(CH;),.C—=O =F (CH;).C—C(CHs), 
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Phosphine Eliminations 

Phosphines (R;P:) and phosphites [(RO),P:] show a strong tendency to 

react by bonding to oxygens (and sulfurs) since the phosphorus-oxygen (and 

phosphorus-sulfur) bond is very strong, as in R,P+—O7 and (RO),P+—O-. This 

may be seen in the second, or elimination, step of the Wittig reaction (page 

476). Phosphines remove the oxygen from amine oxides by direct attack on 

oxygen. They also convert epoxides into their corresponding alkenes by oxygen 

removal but in this case the process is not a direct attack on oxygen but is 

several steps, initiated by phosphine attack on carbon. 

eS = 
¢—CH—CH—CH, + :P¢, —~ ¢—CH—CH—CH, + ¢,P+0 

A synthetically useful elimination of 1,2-diols to alkenes involves phos- 

phine (or phosphite) treatment of a cyclic thiocarbonate of the diol. Cyclic cis 

diols yield cis alkenes and trans diols yield trans alkenes. In this way the very 

reactive trans-cycloheptene could be observed briefly before it decomposed. 

OH cs 

GSen ee 
OH — = O =~ ¢ \ FiCOME aeRS 

OH EeSGle 
oe eam DLOctucts 

OH 

trans-Cycloheptene 

PROBLEM 14-7 

Write specific examples of the following descriptions. 

a Anelimination of asaturated dibromo compound with zinc to give a conjugated 

diene 

An alkene formed in base with loss of CO, 

A saturated lactone giving an unsaturated acid with zinc 

A saturated monoalcohol yielding formaldehyde and an olefin 

onan & A cyclohexylamine which fragments to an acyclic salt hydrolyzable to an 

aldehyde 

f An epimer of e which does not fragment - 
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PROBLEM 14-8 

The reverse aldol (retroaldol) reaction and the reverse Michael reaction are 

fragmentation reactions. Show how they parallel the fragmentation reactions 

discussed above in terms of conditions, mechanism, etc. The reverse Michael 

reaction commonly requires high temperatures as well as base, as in the case 

of compound A heated to 450° with K,CO, and distilled. Explain, and show 

the products. 

14-4 OTHER DOUBLE BONDS (C=N; C=O) BY ELIMINATION 

Application of the same principle of elimination to form heteroatom multiple 

bonds allows two possibilities owing to the asymmetry of the C=Z bond: the 

leaving group may initially be bonded to carbon or to heteroatom, as shown 

in Fig. 14-6. 

The first of these will be recognized as the reverse of carbonyl addition 

(of L: + C=Z; Chap. 12) and is found in the addition-elimination reactions 

discussed in Secs. 12-2 and 12-5. The second type is discussed here. It is 

characterized by attachment of a leaving group to the heteroatom, i.e., by a 

bond between two heteroatoms. Such bonds are relatively unstable (Table 2-2) 

and often undergo elimination as soon as they are formed. All of these reactions 

involve oxidation and are generalized as the addition of a reagent, as electrophile, 

to the heteroatom and its leaving with the electron-pair as a leaving group 

(i.e., nucleophile). The reagent is thus reduced. This generalization is discussed 

further in the chapter (18) on oxidation, but a few examples are offered here. 

XS N+ SS Ss 
H—C—Z —— C—Z —> C7 -:L~ += HB 

ye we 

Tertiary amines can be converted to immonium salts by reaction with 

mercuric acetate, the first step apparently being formation of an N—Hg bond, 

from which mercury acts as a leaving group. 

H f 
H+ 

ae Hg(OAc), —> x — Ct) at (HgOAc), 

N N N; 

Hg. “OAc 

MS 
OAc 
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Double bonds Triple bonds 
H | H 

| 
L S L 

C=Z + :L ee (O— Ni one 
H le H 

L L 

(Z =N, O, S) 

FIGURE 14-6 Two modes of elimination from unsymmetrical bonds 

Primary and secondary alcohols are treated with chromic acid to give 

aldehydes and ketones, respectively. With secondary alcohols the reaction 

affords high yields, whereas with primary alcohols the aldehyde produced 

is subject to further oxidation to a carboxylic acid or to self-condensation 

reactions, both of which reduce the yield of aldehyde unless proper care is 

exercised. The reactions are carried out in the presence of a proton acceptor 

such as water or pyridine, and thus may be done under acidic or basic condi- 

tions. This chromic oxidation is a primary practical procedure for oxidation 

of alcohols (tertiary alcohols are inert). 

+ a=, lah) B: 
(CH;),; CHOH ar Aa lar CrO, —— eee g “=Bnt 

H 

Chromic acid Isopropyl chromate 

(CH;).C=O + [CrO,H] 
H,Cr,O, 

CH;CH,CH,OH — > CH,CH,CHO 

Removed by continuous 
distillation 

OH 
CcrO,; 

—————_ 

pyridine 

O 

The Oppenauer oxidation may also be regarded as an elimination, in 

which the leaving group is hydride (H:~) ion. The reverse reaction is thus 

hydride addition to carbonyl (Sec. 12-3), particularly as in the Meerwein- 

Ponndorf reduction (page 461). The Canizzaro reaction is another similar 

hydride transfer which constitutes an elimination (page 460). 
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| | 
C—O —C=O 

H oo 
AK(OR), —> H AI(OR), 
y <x Je 

Vsti —C—O 
Meerwein-Ponndorf reduction —~ —C=O | 

Oppenauer oxidation = 

PROBLEM 14-9 

Write simple ionic mechanisms to account for these conversions. 

a Dimethylbenzylamine + mercuric acetate —~> X H.0. benzaldehyde + ? 

1,2-Dicarbomethoxyhydrazine + lead tetraacetate ——> dimethyl azodicar- 

boxylate + ? 

c 2-Hydroxybutyric acid + lead tetraacetate ——» propionaldehyde + ? 

d Cyclopentanol + aluminum tbutoxide + acetone ——» cyclopentanone +4 ? 

e 1-Phenyl-1-butanol + chromic anhydride (CrO,) in pyridine ——> butyro- 

phenone (C,H;COC,H,) + ? 

14-5 TRIPLE BONDS BY ELIMINATION 

Alkynes 

Alkynes can be readily prepared by a number of base-initiated elimi- 

nation reactions resembling reactions that lead to alkenes. In general, somewhat 

more drastic conditions with respect to base and temperature are needed to 

produce alkynes, but the prevalence of trans elimination as a stereoelectronic 

requirement is the same. 

Treatment of vinyl halides or gem- or vic-dihalidest with strong bases 

effects eliminations, with the consequent formation of acetylenes. Nonterminal 

acetylenes are isomerized to terminal acetylenes with strong base. Therefore, 

direct synthesis by elimination is usually restricted to the terminal type or to 

structures in which rearrangement is blocked by phenyl or vinyl groups. 

} Ketones can be converted to gem-dihalides with phosphorus pentachloride (page 452). 
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CH,CH,CH,CCI,CH, + 3NaNH, ——“"> CH,CH,CH,C=CNa 22% 
—2Na = 

—2NH; 

CH;CH,CH,C=CH 

1-Pentyne 

1) NaNH, 
CH:(CH,),CBr—=CHCH, 

2) HOt 
CH;(CH,), CH,—C=CH 

C,H; CHBrCH,Br ae 
Ht 

C,H, C=CH 

Styrene dibromide Phenylacetylene 
(o) 

O = ce eRe C,H;CHBrCHBrcOOH > C,H,C=CCO, K ——> C,H,C=CCOOH 
Cinnamic acid Phenylpropiolic 
dibromide acid 

80% 

The base-catalyzed rearrangement involves allenes as intermediates. 

Rearrangement is not complete with bases such as sodium ethoxide, and 

mixtures are obtained as reaction products. The driving force for rearrangement 

to terminal acetylenes derives from the low acidity of the C=C—H group. With 

very strong bases such as sodamide, acetylide salts are formed as the most 

stable anionic end product. 

RC=C—Cu, 
= BH Baa 
B+RC=CCH, == BH+ == RCH=C=CH, == 

. An allene 

RC=C=CH, 

RCH—C=CH 
BH BS = 

| — RCH,C=CH —— RCH,C=C: + BH 

RCH—C=CH 

By combination of the synthesis of terminal acetylenes with use of acety- 

lide ions as nucleophiles in substitution reactions, nonterminal acetylenes can 

be made. Starting materials for the elimination are obtained by addition of 

halogens to double bonds (Chap. 15) or by the reaction of phosphorus penta- 

chloride with aldehydes or ketones. 

The formation of acetylenes is an E2 reaction and shows the same prefer- 

ence for trans eliminations as the corresponding olefin-producing eliminations. 



Fa st 

KOH, C,H,OH 
_—_—_—_—___"_" 

TRIPLE BONDS BY ELIMINATION 

CH;C=C CH, + CH;CH,C=CH 

SEC, 14-5 

Active metals dehalogenate 1,2-dihaloethylenes with ease. The reaction 

has little preparative value, however, because of the inaccessibility of the 

dihalides. Decarboxylative eliminations to give acetylenes are also known. Both 

reactions are facilitated if trans elimination can occur. 

= CH,C=CCH, =F ZnBr, 

=e CH;,C=CCH, te CO, =i NaBr 

CH; Br 

x ue Fast 
— 

Br CH; 
trans-2,3-Dibromo-2-butene The 

SS po 

Slow 
C=C = 

aN 
Br Br 

cis-2,3-Dibromo-2-butene 

1 
SH gees Na 

che 

Brd CH, 

Benzyne (Arynes) 

When treated with strong bases such as sodamide, aryl halides undergo 

successive elimination and addition reactions in which arynes (aromatic ynes) 

appear as discrete intermediates. These eliminations are necessarily cis copla- 

nar, not trans. The aryne intermediates are very unstable owing to the serious 

deformation of the bond angles involved (from 180 to 120°), and they readily 

undergo addition reactions. Although no arynes have been isolated, spectro- 

scopic evidence for the transient existence of benzyne has been obtained. As 

would be expected, mixtures of products are obtained from substituted halo- 
benzenes 
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5 Os 
OL NaNH, — 

Cl CH; —- NH, 

SS | NH; CH, 

NH, 

By generation of arynes through different reactions and in different media, 

a number of syntheses can be carried out. 

= gt (CH,),SO (CH,);COH HCl 
(CH;);CO K + C,H,Br ———> OC} ——= C,H.OC(CH;); Sac? 

120° 1 min 

Benzyne 

72% 
overall 

ee: a ee 
HNO, CsHe | | C;H;COOH 
> — _ 

+ 50° 
NH, N=N =CO; = 

—N; 
Anthranilic z 

acid a | O—COC,H; 

SS 

Phenyl benzoate 

Nitriles 

As with the generation of double bonds containing heteroatoms, elimi- 

nations which form nitriles can also occur by two different routes (Fig. 14-6), 

and again the first one has been seen before in the dehydration of amides with 

thionyl chloride, phosphorus pentachloride, and other electrophiles which 

attack amide oxygen and convert it to a good leaving group for elimination 

(page 515). 
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The second elimination type, as before, requires a bond between hetero- 

atoms, i.e., from N to N, O, Cl, etc. The oximes (C=N—OH) have such a bond 

and are quite stable compounds. However, any of the reagents which convert 

—OH to a good leaving group (Sec. 11-1) will readily dehydrate aldoximes 

(oximes of aldehydes) to nitriles, i.e., PCI,, SOCI,, RSO,CI, Ac,O, or strong acid. 

This reaction, when coupled with the hydrolysis of the nitrile, provides a 

reaction sequence for oxidation of an aldehyde to an acid without recourse 

to the use of strong oxidizing agents. 

NH,OH CH;CO),O C,H,CHCHO C,H,;CHCH=NOH ———°, 
—H.O —CH,COOH 

CH; CH, 

2-Phenylpropanal 2-Phenylpropanald- 
oxime 

H 

Ae, na a cea Wainig Faas —— C,H;CHCN + CH;COOH 

CH, O CH; 

2-Phenylpropanaldoxime 2-Phenylpropionitrile 
acetate 

(CH;,CO),.O 
CH;CH,CH, CH=NOH ——~— CH,;CH;CH,CN 

n-Butyraldoxime n-Butyronitrile 

The oximes also exhibit the expected decarboxylative fragmentation when 

bonded to carboxyl. Thus, the oximes of a-ketoacids readily fragment on 

heating to yield nitriles: 

O 
| 

NH,OH ex A 
¢—CH.—F— COOH sata #—CHs—€) \9 > CH CN Cone a 

<a 

OH 

PROBLEMS 

14-10 Write the products of the following transformations. 

A F. 
a o-Chlorotoluene + t--BuOK —> products oes 2? 

b_ Di-t-butyl-a-ketoglutarate + NH,OH ——> A a Bap 2 

c Di-t-butyl-a-ketosuccinate + NH,OCH, —> A a eOHs Basten 
A 

d Benzaldehyde + NH,OH —> A 2. p42 
A 

Se ai — hydrocarbon + ? 

P(C5H5); 



PROBLEMS 609 

14-11 

14-12 

14-13 

NaNH, 
f 1-Bromo-1-cyclododecene ——> ? 

NaNH, 
g 1-Bromo-1-cyclohexene — ? 

NaNH, 
h 2-Bromo-2-hexene ———> ? 

: NaNH, 
i 2,3-Dibromohexane ———> ? 

: ; A 
j Dimethyl malonate sodium salt + 4-iodotoluene —> ? 

Write out 10 base-catalyzed olefin-forming eliminations, each of which leads 

to a different olefin and in which the same combination of base and leaving 

groups is never employed. 

Indicate the major olefinic products of each of the following reactions, and 

state the reasons for your choices. 

C,H;O 5 CH,CH,CHiC(CH)) ssioitas 
Br g Br (CH;);COK 

Ag,O 
b CH,CH.CH,C(CH)) ete H 

(CH,)NI 
i id, A . CH,CH,CHCH, Acetic acid 

C,H;OK 

OTs h Be aa 

(CH,);NI CH; 
Aceti id, A 

A CHICH GHCH. = 
+ = CH, 

(CH3),N—O 3 H,SO, ie x i (CsH;)2¢—C—C(CH,), 
e C,H;CH,CHCH, — | 

OH CH, OH 

H 

f CH, CH; (CH,);COK 
N 2 5 

oo 

CH; ici ; 

Write out formulas for the following conversions. Note the useful reaction of 

bromine with double bonds discussed in the next chapter. 

~ Ve 
ec—€ IF Br, <> C—C 

es VA AS 
Br Br 

Propionaldehyde and other organic materials to pure 2-butene 

Propionaldehyde and other organic materials to 2-methyl-2-butene 

n-Butanol to 1-butyne 

Benzophenone [(C,H;),CO] and other materials to 1,1-diphenyl-1-butene a 0 FTF BF 
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Stilbene to a-bromostilbene (1-bromo-1,2-diphenyl-ethene) 

o-Methoxychlorobenzene to m-methoxyaniline 

Methyl-n-propyl ketone to n-propylacetylene 

Acetaldehyde to crotononitrile 

Propionic acid to propionitrile (without using CISO,NCO) 

Bromobenzene and other materials to benzylphenyl ether 

1,6-Heptadiene from 1,3-dibromopropane and other materials 

Benzylphenylcarbinol to diphenylacetylene 

1,4-Pentadiene from piperidine [(CH,);NH] 

1,1-Dimethoxypentane to 1-hexyne 

Cycloheptanone to cycloheptene 

Acetophenone and other materials to 3-phenyl-1-butene 

1-Hexyne from 3-hexene 

Cyclohexanone from 1-butylcyclohexanol 

Diphenylacetylene from 2,3-diphenylpropenoic acid 

1-Octyne from 4-octyne 

14-14 Deduce the structures of the following compounds, and write out the trans- 

formation involved. 

a A compound when treated with acid gave 1 mole of benzaldehyde and 1 

mole of a-methylstilbene. 

b A compound when heated with base gave 1 mole of carbon dioxide and 

Cc 

1 mole of 1-methylcyclohexene 

A compound when treated with acid gave 2 moles of acetic acid and 1 mole 

of 3,5-dimethylphenol. 

14-15 With three-dimensional formulas, work out the probable steric course of the 

following reaction for each of the two diastereomeric starting materials. 

CH; Br CH; 
| Base 

C,H;C— CHC,H; =a C;H;C—=CHC,H; ate CH,O =F HBr 

HOCH, 

14-16 Suggest mechanisms to explain the following transformations: 

a 

b 

Cl 
H Cl 

NaOH (7 
—_ 

ag 

H Cl 

Eee. 
Z 

ahd omer = 2C;H;CH=CH, + ZnBr, 

Br Br 
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14-17 

14-18 

14-19 

14-20 

With three-dimensional structures to show stereochemistry trace the following 

transformations: 

H you CH: OTs 
CHj xc C CH;C,H,SO,Cl Br- 

a OS — SS EEEEEEEEEEEEeEA 

Va C,H; Pyridine oe Geb S 8, Acetone 

C,H; H 

CH; Br CH 
(CH,);COK b CH.CH= CHC Hy =" @H Cache Hy => 

CH; i. 

NaOC,H; 
GH.C— CHGH, — GHC= CCH, 

Br Br Br 

With three-dimensional formulas, write out the structures for one enantiomer 

of each of the four racemates of 

re 

C;H;—CH—CH—C,H, 
“O—$—CH; 

An unknown compound, C,H,,0,, showed IR bands at 2.8 and 5.8 1 (3600, 

1710 cm~!) and no intense UV absorption above 200 nm. On heating with 

thionyl chloride it produced two isomers, C,H,,O, the major one with an 

intense UV maximum at 258 nm, the minor one with an intense band at 220 

nm. Write structures for the three compounds. 

When acetophenone is treated with conc. H,SO, the sulfate of the aromatic 

pyrilium salt is formed. 

g 

Za 

é- SQ-~$ 
+ 

At first it was believed that the other product must be methane because of 

the net stoichiometry implicit in the simplest reaction. No methane was found, 

however. A more sophisticated view of the mechanism implied that the other 

product must be 2-phenylpropene (or the products formed from it in sulfuric 

acid). Demonstrate that this fits a revised stoichiometry and then examine the 

mechanism, first linking all the necessary acetophenones by aldol reactions, 

with or without dehydrations, as required. What is the key step in creating 

the correct carbon skeletons? 
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14-21 Account for the following reaction, and show how the stereochemistry in the 

starting material is important to the reaction by drawing it in perspective. 

{> 

14-22 Delineate a mechanism for the following reaction. Would you expect it to 

proceed the same way on the epoxide of 3-cyclohexenone? 

CHI OH : 9 
——~ — 4-cycloheptene-1-carboxylic acid 

Write a stereochemically correct structure for the product in this reaction and 14-23 

show a mechanism for the reaction. 

COOH 
oH ag 

A 
—~, C,H. SF CO, 

H’ MH 

14-24 Predict the major elimination product from the following reactions. 

2 CH,CH.CH.CH.C(CH)) = 
Br 

CH,—OH 
7 H,SO, 

<4 CH: 
CH; OH 

re 
Cc CH;CH;CHCH, a 

*N(CH;); OH7 
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ELECTROPHILIC 
ADDITIONS TO 
MULTIPLE BONDS 
IN the reactions considered so far the carbon skeleton of interest has generally 

acted as an electron-deficient (electrophilic) substrate, R®+—L*-, C'+=O8-, 

for attack by nucleophilic reagents. In Chaps. 15 and 16 we shall change focus 

and examine strong electrophilic reagents acting on a mild electron source in 

the carbon skeleton of interest. The electron source here is primarily the very 

weakly basic (nucleophilic) 7 electrons of the double and triple bond. These 

are inactive except to strong electrophilic reagents, and are not generally 

attacked by nucleophiles. 

Many electrophilic reactions are only mechanistic variations on reactions 

we have seen already, but are initiated by a high-energy electrophile rather 

than a nucleophile. While most of the nucleophilic reagents and conditions 

examined so far have been strongly basic, the electrophilic reactions are usually 

acidic, and the proton (H*) is of course a common and powerful electrophile. 

After initial attack of the electrophile, the intermediate carbonium ion formed 

has two courses open to it: addition of weak nucleophile (as in 5,1) or loss 

of proton. Thus the two electrophilic reactions are addition and substitution, 

respectively. 

| E 

Fae in 1110n 

cc ee ae Nu 
Ye XN | 

—yt ~ YA 
tae? «ACESS 
Substitution je MK 

Electrophilic reagents are characterized by an atom with an incomplete 

outer electron shell (usually six electrons only and an empty orbital) and a 

desire to acquire two electrons, as from a z bond, to fill this shell. Such con- 

figurations are listed for the common atoms in Fig. 15-1 (cf. Fig. 2-3) and include 

both positive (cf. Ht) and neutral (cf. BF,) species. Since these configurations 

are intrinsically unstable, they are of course very reactive and in many cases 

do not commonly exist in the form listed but must be created as transient, 

high-energy species in the reaction mixture. The major electrophiles{ are listed 

in Fig. 15-1 and discussed in detail in these two chapters. 

+Some possible species are not useful electrophilic reagents since they combine with themselves too 

easily (oxygen atom) or rearrange internally (R=Osn)! 
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+ + + + 
Ht i 5 Ve 40 — 2X: 

Carbonium 
ion 

cn N= :O: 

Carbene Nitrene Oxygen 
Examples: atom 

Ht BF, Various; NOt BF,— *OH XG 

sions) BH; see text (NO—OR/H?*) from XOH 

aids NO,* BF, RCO—O>OH 
(HNO;/H*) 

:N—SO,R 

FIGURE 15-1 Electronic configurations in electrophiles 

The present chapter deals with electrophilic additions, the next with 

electrophilic substitutions. Addition is generally the reaction of simple double 

and triple bonds, while substitution is characteristic of aromatic rings. The large 

resonance energy of the aromatic z-electron cycle makes these electrophilic 

reactions more difficult (larger AFt) and also encourages substitution over 

addition, since proton loss from the intermediate carbonium ion regenerates 

the resonance-stabilized aromatic system. 

Electrophilic substitution is generally a substitution for hydrogen, which 

leaves as Ht, in contrast to nucleophilic substitutions, in which leaving groups 

are negative. Alternatively stated, the group substituted in nucleophilic substi- 

tution leaves with its original bonding pair of electrons, while in electrophilic 

substitution it leaves without that electron pair. 

15-1 DIRECTION AND STEREOCHEMISTRY OF ADDITION 

The various reagents to be discussed for electrophilic addition to alkenes 

act by a single mechanism and so a general introduction can serve for them 

all. Furthermore, the mechanism is both a simple and a reasonable one and 

can practically be discerned by a consideration of the stereoelectronic necessi- 

ties. These in turn make three kinds of predictions about the orientation of 

substituents, which are usually valid in practice. 

1 The geometrical orientation of the two added substituents to each other and the rest 

of the molecule 

2 The choice of which of the two double-bond carbons is ultimately bonded to the 

electrophilic atom (E) and which to the secondary nucleophile (Nu) in unsymmetrical 

double bonds 

3 The side of the double bond which is attacked by the electrophile. 
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Since the six atomic nuclei involved in a double bond are all coplanar 

and the 7 orbital is perpendicular to this plane on both sides, we expect 

approach of an electrophilic atom to be perpendicular also as its empty orbital 

comes in for bonding overlap with the z orbital. This initial overlap is often 

called a 7 complex, and may or may not be an actual intermediate on the 

free-energy diagram. 

Initial 7 complex formed by 
attack of 7 electrons on vacant 

orbital of an electrophile, E 

Most of the electrophiles of Fig. 15-1 have another pair of electrons on 

the electrophilic atom and so may form a true three-membered ring. This may 

be only a reactive intermediate as with halogens (X+) or it may be the final 

product, as with carbenes and nitrenes. The proton electrophile has no other 

electrons and so full bonding in a three-membered ring intermediate is not 

possible with Ht. 

°X: 2X: 
ae ae SONS BHT 

+ :X C—C —= C—C 

x Jay ~S 
Nu 

aes Product 

x R, 
C 

OS 7 | 
ar KEL =A C—C 

\ 

Product 

Orientation of Added Substituents 

The 7 complex or three-membered ring intermediate is now roughly 

above the original molecular plane of the double bond, and so must be opened 

by approach of a nucleophile from below that plane. This amounts to a 

displacement, exactly analogous to that for opening opoxides (page 417) and 

creates an initial addition product with the nucleophile oriented trans periplanar 

to the electrophilic atom. 
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E 
R R 

ES Ys a Ri ux ®3 Ri 4 | Rs sed me 3 

G=€E —> C—C =(C 
ye ~ Va x “ae ye | \R 

R, Ry Ry» Ry Ry Ry R, Nu 4 

Most stable 
carbonium ion 

T 

IE AS / 

R ; Ni 
ey a ee re 

TONG 
Nu Ry 

Trans-addition 
product 

T E E 

} . Ry Rs 

R, R, ros oe 

R R. i a 2 Re ANE 

. eit ce Ry R; Ry 
Nu Nu 

FIGURE 15-2 Steps in electrophilic addition 

This overall mechanism is called trans addition to the double bond and 

is depicted in several views in Fig. 15-2. The overall hybridization change of 

the two original sp? carbons is to fold one dawn to its sp? configuration and 

the other up, resulting in a final staggered conformation about the two carbons, 

as the projection formulas most clearly indicate. 

Trans addition is the common experience in additions to double bonds. 

It is of course a pathway which is exactly the reverse of the elimination reaction 

requiring trans periplanar substituents to form a double bond (page 585). The 

stereoelectronic requirements are the same for reaction in either direction. 

Eliminations, however, are usually base-initiated while additions commonly 

proceed under acidic conditions. 

Position of Added Substituents 

There remains the question of which of the two double-bond carbons 

is chosen for attack of the nucleophile, for with unsymmetrical double bonds 

two products are possible in principle (Fig. 15-2). We encountered this choice 

before with the opening of epoxides, and the choice was made on the basis 

of whether the substitution occurred by direct displacement (5,2; basic condi- 

tions) or by initial ionization of the protonated epoxide (S,1; acidic conditions). 

The acidic conditions of electrophilic addition imply only the latter course and 

indeed this is observed quite generally. 

Hence we may envision the primary bond-breaking in the three- 

membered-ring intermediate (or 7 complex) as occurring at the carbon yielding 

the more stable carbonium ion, followed directly by nucleophilic attack from below. 

The transition state, then, has a lot of carbonium ion character and so the route 
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More hindered side 

R 

R 
Nu 

Nu: 
> 

+ 

E E 
Trans-diaxial 

addition 

Less hindered side 

FIGURE 15-3 Trans addition to cyclohexenes 

via the more stable carbonium ion is the energetically preferred one. This is 

also indicated in Fig. 15-2 and will be apparent in the examples of subsequent 

sections. The mechanistic course of opening the three-membered intermediate 

or 7 complex here is precisely the same as that in Sy1 opening of epoxides. 

Relative stability of carbonium ions was discussed in Chap. 10. 

Steric Hindrance and Cyclic Olefins 

Since the substituents on a double bond are all in one plane, it is unlikely 

in an acyclic molecule that they could induce any preference for electrophilic 

attack from above or below that plane. In cyclic molecules, however, substitu- 

ents can sterically hinder reagent approach from one side, especially if they 

are axial. Double bonds in six-membered rings (cyclohexenes) exhibit a 

molecular plane which is roughly parallel with the plane of the ring so that 

the 7 orbitals are then perpendicular to it and hence parallel to the axial 

substituents. An axial substituent larger than hydrogen—such as methyl—will 

then sterically hinder approach of the electrophile on its side of the ring, and 

the attack will occur preferentially from the opposite, less hindered side.t This 

is shown in Fig. 15-3. 

Attack of the nucleophile on the three-membered intermediate (or 7 

complex) now has no choice and must approach from the hindered side for 

backside displacement, giving a product which is trans diaxial. It is a general 

observation with cyclohexenes that they yield trans-diaxial substituents on 

electrophilic addition (or epoxide opening). However, unless the ring is con- 

formationally rigid it may undergo a subsequent conformational change to the 

other chair form in which the trans substituents have become diequatorial. 

+ In contrast to this steric effect, however, hydrogen bonding by an axial —OH to the incoming electrophile 

has been observed in some cases to direct attack on the same side of the ring as the axial —OH. 
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R 

E 
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A ay 

Nu Nu 
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E + 
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=. (diaxial) (diequatorial) 
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2 Nu: ——— ss = E 

B 
I 

Nu Nu 

Initial boat Final chair 
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II Il 

Route A is favored 

Cod 
I ll 

FIGURE 15-4 Choice of routes in cyclohexene addition 

In the mechanism shown the two added substituents in cyclohexene addition 

must complete the addition in a trans-periplanar orientation, but it is not 

necessarily clear from this that they must become trans diaxial on a chair 

cyclohexane. In the diagrams of Fig. 15-4 attack on the initial three-membered 

intermediate is examined at both possible carbons. In each case, of course, 

inversion of the carbon attacked by the nucleophile must occur. Each situation 

results in a trans-periplanar arrangement of the added substituents, but one 

(A) results in a chair and the other (B) a boat conformation. Since the latter is 

less stable, the transition state leading to it is also less stable (higher energy) 

and so relatively disfavored. Each initial product must undergo a subsequent 

conformational change to a more stable form with the added groups still trans, 

but diequatorial on chair rings. However, it is the transition to the initial product 

which determines the favored route, and route A, to an initial chair ring with 

diaxial substituents, is thus the pathway which is virtually always observed. 

(Cie 

L-Trans 
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PROBLEM 15-1 

a When trans-1-phenyl-1-octene is brominated, two asymmetric centers are 

formed. Two diastereomers are possible; are they both formed? Are the 

products optically active? Explain. 

b Discuss the stereochemical result of brominating optically active cis- and 

trans-2-pentene-4-ol. 

c Discuss the stereochemical result of brominating optically active cis- and 

trans-4-bromo-2-pentene. (It will be useful to draw these in projection for 

clarification; be careful to show the correct stereochemistry.) 

d Similarly discuss the bromination of optically active r-4-t-butyl-1-cyclo- 

hexene, drawing the stereoisomers involved in perspective with the correct 

absolute stereochemistry. 

Relative Rates 

Electrophilic attack on a double bond implies the availability of an elec- 

tron pair in the 7 orbital. Hence it is reasonable that if that electron density 

is somewhat diluted by resonance with an electron-withdrawing group the rate 

of attack will be lowered. Conversely substituents on the double bond which 

can donate electrons to it increase the rate. More specifically, if substituents 

can stabilize the carbonium ion which develops in the transition state, they 

lower the activation energy and increase the rate (they also determine which 

carbon ultimately bears the positive charge). Similarly, electron-withdrawing 

substituents raise the transition-state energy by destabilizing the developing 

carbonium ion, and they decrease the rate. 

Electron-donating Electron-withdrawing 

(Rate increase) (Rate decrease) 

R,N— (enamine) —NO, 

RO— (enol ether) CO 

C—E— —CN 

o— —S0;— 
Re 

These effects are of course the same ones that we have seen before for 

stabilizing and destabilizing positive charge (cf. Sy1 reaction). A double bond 

stabilized by —OH is the familiar enol, and its attack on an electrophile like 

the carbonyl has already been treated in the acid-catalyzed carbonyl reactions 

of Chaps. 12 and 13. Electron-withdrawing groups on double bonds confer 

on them the receptivity to nucleophilic attack treated in conjugate additions (Sec. 

12-6), but make them either very sluggish or even quite unreactive to most 

of the electrophilic reagents treated in this chapter. 

Alkenes are much more susceptible to electrophilic attack than alkynes, 

which react slowly or not at all with many reagents that readily attack carbon- 

carbon double bonds. The z electrons are much more tightly bound in the 
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carbon-carbon triple than in the double bond. The shorter distance between 

nuclei in the triple bond allows better p-orbital overlap and makes the 7 

electrons less available to electrophilic reagents. 

Summary 

The mechanism of electrophilic addition is generally straightforward and 

in accord with our theoretical expectations. The stereoelectronic requirements 

are critical enough usually that only one product is formed, and we may predict 

that product with four rules: 

Attack of electrophile proceeds from the less hindered side of the molecular plane of the 

double bond and perpendicular to it. 

The added substituents in the initial product are oriented trans periplanar to each other 

(trans diaxial in cyclohexane products).t 

The carbon of the original double bond which can form the better carbonium ion receives 

the nucleophile.+ 

Electron-donating groups enhance the rate; electron-withdrawing groups reduce it. The 

range of rates is very large among these groups. 

RN > RO> C=C >¢>R>H>SO,, CN > CO > NO, 

Decreasing rate —~ 

15-2. ALKYL HALIDES FROM ADDITIONS 

Both halogen halides and halogens add readily to alkenes; in the former case 

the electrophile is H*, in the latter X*+ (X, acting as X+ X-). Examples of both 

reactions are shown; these usually proceed in a short time at room temperature. 

In the case of hypohalous acids, X—OH, the active electrophile is also Xt. 

{In saturated cyclohexanes, rule 2 usually predominates over rule 3 when conflicting results are predicted: 

OH 

Brt 
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Hydrogen halide addition (E+ = H*): 

Acetic acid HBr + CH,CH,CH=CH, ————> aya ean 
Br 

sec-Butyl bromide 
0% 

@ . HCl 

HCl) (CH.),C—CH, ————> _(CH,).Cc1 
tert-Butyl chloride 

100% 

Halogen and hypohalous acid addition (E = X*): 

Br, =F CH,—CH, cae BrCH,CH,Br 

Ethylene dibromide 
100% (by titration) 

CHCL; 
Br, salie CH,—CHCH, Br eae BrCH,CHBrCH,Br 

1,2,3-Tribromopropane 
98% 

CH; CH, CH, CH, CH, CH, 
ak f- aa PP 

Cl, + a ——- ee + Cl--C—C--H 

H H Cl H H Cl 

cis-2-Butene (+)2,3-Dichlorobutane 

ce H CH; CH; 

Cl, ate C=C — H---C—C.---H 

vf NX 
H CH; Cl Cl 

trans-2-Butene meso-2,3-Dichlorobutane 
61% 

HgCl, 

(cle GH) G=CH == - (CH CCH] 

Cl 

Iodine 2-Chloro-1-iodo- 
monochloride 2-methylpropane 67% 

HOC] + CH;CH—C(CH;), — > CH;CH—C(CHs3), 

Cl OH 

2-Methyl-2-butene 3-Chloro-2-methyl-2-butanol 

621 

Addition of hydrogen halides to alkenes has some preparative values in 

the conversion of unsaturated natural products and petroleum alkenes to 

halides. The reaction is not often used in synthesis, since the best synthetic 

route to most olefins leads through alcohols, which can be converted directly 

to halides by substitution reactions. If a synthetic sequence leads to a primary 

alcohol, dehydration (page 592) to the corresponding olefin may precede con- 

version to the nonterminal halide. 
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Conc. HCl 
CH;CH,CH, CH,CH,Cl 

CH;CH,CH, CH,CH,OH 

HCl 
CH; CH,CH, CH=CH, Ks 

CH;CH,CH, CHCH, 

Cl 

The above examples illustrate the points made in the last section con- 

cerning the direction of additions. Markownikoff’s rule, which was first stated 

on empirical grounds in 1871, predicts the direction of addition to alkenes. 

The rule simply states that in the addition of HX to a double bond the hydrogen 

becomes attached to that carbon atom which already bears the largest number 

of hydrogen atoms. This rule is of course only another statement of rule 3 

in the last section, which was derived from modern theory. It is safer to apply 

it by considering carbonium ion stability than numbers of hydrogens, however. 

w Ge) 
CH;CH=CH, (Se alee 

t 
X—H X—H 

Addition of hydrogen halides to conjugated systems of carbon-carbon 

double bonds is very rapid because of the stability of the intermediate stabilized 

carbonium ions. When the system is a diene, the intermediate allylic cation 

usually reacts with halide ion at both positive centers to give a mixture of 

products. With benzylic cations, however, the nucleophile adds only to the 

aliphatic a-carbon and does not disrupt the aromatic ring resonance. 

+ 
— 

H + CH,—CH—CH=CH, —> [CH,CH—CH=CH, <> CH,CH=CH—¢CH,] —9S 

Methylvinylcarbiny]l Crotyl chloride 
chloride 

Ht cls (chee, Paes | x: ( \-cx CICH; ast 

1-Phenyl 
Styrene (ce CH; Sinica 

+ 

| Two more 
structures 
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In the common addition of hydrogen halides (usually HCI and HBr) the 
proton is the electrophile and first forms a protonium ion as a 7 complex which 
is in turn attacked from behind by halide ion, at the better carbonium ion 

site. 

CH; “i 

H—Br CH; 
~ SW 

p l i 
Br 

vA x 
H+ + C=C — c—¢ <> C — C=C 

LEE S, Ve 
Ht 

SS Va Va 
or SoC = 

aatEN ya 
H 

Different representations of protonium ion 

aN 

Bret cers euces 
she 0 Ss 
H H 

In the reaction of bromine with alkenes, the first step is the transfer of 

a halogen cation to the hydrocarbon and a cyclic bromonium ion is formed. 

Attack of bromide ion on a bromonium ion occurs with inversion of configura- 

tion giving trans addition of Br, as specified in the last section. Nucleophilic 

attack on unsymmetrical bromonium ions also occurs at that carbon atom which 

is best able to support a positive charge (most highly substituted position in 

saturated molecules). Chlorine acts in analogous fashion, but iodine does not 

add since it is a weak electrophile and the sterically crowded diiodide product 

is not favored in the equilibrium. 

+ 

ey Pe ee CH 
Br7-Br + CH,=-C(CH3), —~ CH,—C ae yee BN 

CH; Br 

Halogens give products of both 1,2- and 1,4-addition with conjugated 

dienes. However, 1,2-addition predominates since it arises from the best car- 

bonium ion site in the allylic resonant ion. 
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Br, + CH,—CHCH=CH, —— 

+ 

Br 

US 
CH,—CHCH+=CH, + Br 

See 

or er Sea eee + BrCH,CH=CHCH,Br 
+ 

eS SSS 

BrCH,CH----CH---CH, + Br— Br 

Other nucleophiles may complete the addition. Dilute solutions of halo- 

eel 
gens in water attack alkenes with the formation of halohydrins Satire Gas ED: 

| 

The reaction is one of initial halogen attack to form the halonium ion, which 

then captures solvent water. Dihalides are usually formed as by-products, less 

so when preformed hypohalous acids, HOX, are used as reagents. 

OH 

H,O H 
> 

H 
H 

H Cl 

Cl, + a a trans-2-Chlorocyclohexanol 

H cClIt i 

Cle H 

H 

Cl 

trans-1,2-Dichlorocyclohexane 

An alternative and preferable method of adding the elements of HOX 

or ZOX to an olefin is through the use of compounds, other than molecular 

halogen, which are positive halogen donors. The N-haloamides have been used 

for this purpose, the solvent providing nucleophile (HO, ROH, RCOOH). Alter- 

natively, halogen is used with the silver salt of a carboxylic acid so that halide 

ion is removed from nucleophilic competition as insoluble silver halide. (See 

page 398.) 
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O 
H 

CH RG Glacial 

l 2 SS N—Br acetic 

Le We acid 

No H 

N-Bromosuccinimide 

H O OCOCH, 

Va 
r ‘e Cx x CH,COOH a 

CH=co 
H rt Ne H 

Br 

trans-2-Bromocyclohexyl 
acetate 

Since hypohalous acids are unsymmetrical and the halogen is the electro- 

phile, the —OH will be found bonded to the better carbonium ion site of the 

original double bond. An example which shows the effects of the orientation 

rules in the last section would be the following. 

N-Bromosuccinimide 
EA SEE he Ee EEE 

in 

CH,OH 

CH;O 

CH;0H 
SSS 

| Brt 
Br 
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CH;COOH 
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FIGURE 15-5 Competition in alkene addition 

PROBLEM 15-2 

Write the products of the following transformations. Show the stereochemistry and 

conformation of the products in two different ways for each case. 

trans-1-Phenyl-propene + Br, 

trans-1-Phenyl-propene + HBr 

trans-1-Phenyl-butene + HOCI 

1,3-Butadiene + HOBr 

2-Methoxy-2-butene + dry HCI 

2-Methoxy-2-butene + Br,/H,O 

4-Butylcyclohexene + Br, 

=o roan om p 1-Bromo-1-ethyl-2-cyclohexene 

+ Br, 

PROBLEM 15-3 

i 1-Bromo-1-ethyl-2-cyclohexene 

+ HOCI 

j  1,3,3-Trimethyl-cyclohexene + 

N-bromosuccinimide in acetic 

acid 

k 2,3,3-Trimethyl-cyclohexene + 

N-bromosuccinimide in 

methanol 

Show the predominant product of chlorinating these dienes, with one mole of Cl,. 

a 3-Methoxy-2,5-heptadiene e An equimolar mixture of 2-cyclohexenone 

3-Ethyl-2,5-heptadiene b 

c 2,6-Heptadienoic 

d Allyl acrylate 

acid 

and cyclopentene 

1-Cyclohexenyl-1-cyclobutene 

N-vinyl-3-hexenoamide 
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15-3 HYDRATION TO ALCOHOLS AND RELATED COMPOUNDS 

Virtually all hydroxylic compounds can be added to alkenes under acidic 
conditions. Hydration (addition of water) is a very important process, used 
commercially for preparation of alcohols from petroleum by-products. The 
synthesis of esters, especially t-alkyl carboxylates, frequently utilizes this re- 
action, as does the synthesis of diethyl ether by the addition of water and 
ethanol to ethylene. Conditions required to effect the transformations vary 

considerably with alkene structure. 

H,SO, 
H,O ae CH,—CH, a CH;CH,OH 

H,SO, CH;—CH, 
H,O si Chis —CH> incase [CH;CH,OH] a ee (CH;CH,),O 

Diethyl ether 

Dil. H,SO, 
H,O + CH;=C(CHs), eran (CH;);COH 

O 
BE, I 

Cl,CCOOH + CH.=C(CH,), — Cl,CC—O— C(CH,), 
Butyl trichloroacetate 

0% 

The reactions are proton-initiated (or BF.) and therefore follow Markow- 

nikoff’s rule. Since capture of the intermediate carbonium ion (or protonium 

ion depending on the system) is a matter of competition among the various 

nucleophiles in the system, hydrogen halides cannot be used as catalysts when 

the object is to add a molecule of a weakly nucleophilic hydroxylic solvent. 

Sulfuric acid produces only weakly nucleophilic bisulfate ions, which are not 

good competitors. In any case, acid sulfates formed as intermediates are readily 

solvolyzed. Figure 15-5 shows the competition for capture of carbonium ions 

in an acidic solution of an alkene. 

Hydration of alkynes produces carbonyl compounds. The reaction is 

catalyzed by mercuric salts, which are known to form complexes with acety- 

lenes. Mercuric ion is probably the active electrophile here. The formal similar- 

ity to alkene hydration may be illusory, but the overall consequences are exactly 

those expected from normal hydration, followed by tautomerization of the 

resulting enol. 

H,SO, 
H,O + C,H;C=CH ae ee aa a5 a 

OH 

Phenylacetylene a-Phenylvinyl Acetophenone 
alcohol 

Coupling of acetylene hydration with acetylene alkylation. (page 428) 

provides an interesting method for extending carbon chains to give products 

with nonterminal functional groups. 
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2 — CH,(CH,);B HgSO, HG=CH a HHC= OG GE (CH). G=CH > CH,(CH,)6CH, 
HO ‘ O 

72% n-Hexyl methyl ketone 
91% 

Hydration of the products of condensation of acetylenes with carbonyl 

compounds is also an excellent synthetic procedure. 

CH, CH; 

NaNH, H,SO, I 

Anhydrous HgSO, 
ether OH H,O H 

3-Hydroxy-3-methyl- 
2-pentanone 

Addition of carboxylic acids to acetylenes leads to alkenyl esters, a versa- 

tile class of compound. Vinyl esters undergo polymerization (Sec. 25-1), and 

all alkenyl esters may be further modified by a host of reactions. 

BF,, HgO 
> CH;COOH + CH=CH CH,=CH—OCOCH, 

Vinyl acetate 

BF,, HgO 
CH; COOH + CH;(CH,),;C=CH —“—*> CH,(CH,),;C=CH, 

OCOCH, 
31% 

Spontaneous Br, CH,(CH,);C=CH, —> | CH,(CH,),CBrCH,Br 

OCOCH, OCOCH, 

[ CHB | 

CH;(CH,); ih Br —> CH;(CHy)s; CCH,Br ar CH, ae 

0) a é 
C—CH 1-Bromo-2-hexanone 

67% 
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Epoxides and Diols 

Conversion of an alkene to an epoxide may be readily effected by oxida- 

tion with percarboxylic acids (“peracids,” RCO—O—OH). The reaction shows 

those variations in reactivity with varying alkene structure which are charac- 

teristic of electrophilic addition. Substitution of alkyl or alkoxyl groups for 

vinyl hydrogens increases substrate reactivity. Peracids that have been investi- 

gated fall into the reactivity series CF,CO,H > HCO,H > CH,CO,H > 

C,H;CO;H. The peracid itself is reduced to carboxylic acid in the reaction. 

Since carboxylic acids can open oxide rings by nucleophilic substitution re- 

actions, an insoluble weak base is often added to the reaction mixture to 

neutralize the carboxylic acid formed. Many useful products can be made by 

opening the three-membered rings of epoxides in a subsequent step with 

various nucleophilic reagents, or by strong acid catalysis. 

CH,Cl,, NaH,PO, 

CH,=CHCOOC.H, + CF;CO,H ———=—> CH.—CHCOOGH, 

O 

Ethyl acrylate Ethyl glycidate 
80% 

CH, 

C,H;CO;H, CHCl; 
pee wee Ve al ee 

CH, 

OH 

CH; 
HO, H.SO, 
ed 

CH; 
CH, | 

OH 

trans-1,2-Dimethyl 

soa cyclohexane-1,2-diol 

CH; 60% 

H 
O 

1,2-Dimethylcyclohexene 3 Se CH; 
oxide [Bigle eee 
50% 

CH; 

OH 

trans-1,2 -Dimethylcyclohexanol 
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In asymmetric cyclic systems, the epoxide is produced on the less hindered 

side. The epoxide on the opposite side may be produced in two steps by forming 

the halohydrin (or its acetate) first, then treating it with alkali to form the 

epoxide by internal displacement. 

CH, 

Less hindered 
side for I* 

I, 
AgOCOCH, 

0° 

CH, 

CH,;COO 

—-OH 
oo 

i 2 
H H 

H I 

Hydroxylation (diol production) of a double bond via epoxide formation 

and hydrolysis results in a trans diol. A cis diol can be obtained (on the more 

hindered side) by reaction with silver acetate and bromine in hot wet acetic 

acid, in which neighboring group participation (Sec. 10-4) of the acetoxy group 

displaces the original nucleophilic bromine and the intermediate cyclic cation 

is destroyed by addition of water. Saponification of the product monoacetate 

produces a cis diol. 
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in CH, — 

ae 
| 
O A 

— 
ease Sueekk Se 
CH,COOH 

Me Br | 

O CH, O CH, 

| Me 
Va H,0 ‘SOH 

— 
—> 

Br_ 

CH; 

TT 
O 

OH 

cis-Diol 
monoacetate 

PROBLEM 15-4 

Synthesize the following compounds from appropriate hydrocarbons. 

1-Methoxy-1-phenyl-propane 

1-Acetoxy-1-phenyl-1-propene 

3-Methyl-3-hydroxy-2-hexanone (from 1-pentyne) 

Cyclohexene epoxide 

4-t-Butyl-1,2-cyclohexanediol (all trans) 

A cis 1,2-diol from cis-1-methyl-4-t-butyl-2-cyclohexene 

meso-2,3-Butanediol 

Both epoxides from [2.2.1]bicycloheptene. (Hint: The less hindered side of the me GQe ER 1G: Os 1 ot 

double bond is cis to the methylene bridge.) 

PROBLEM 15-5 

The compound below yields three different glycols. Which one is formed in each 

of the following transformations? 

H 

CH; 
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a (1) C,H; 

b (1) CH,COOAg/I, (2) heat/glacial acetic acid (3) "OH 

c (1) OsO, (2) hydrolysis 

d (1) CH,COOAg/I, (2) heat/aqueous acetic acid (3) "OH 

(1) N-Bromosuccinimide/HOAc (2) "OH (3) H,O* 

H.CO,H (2) H,O+* 

15-4 OTHER TRANS ADDITIONS 

Hydrocarbons 

Addition of one double bond to another can be accomplished if one is 

protonated by an acid and no other active nucleophile is present to compete 

with the sluggish nucleophilicity of a second olefin. In practice, sulfuric acid 

or BF, are often used. The reaction is widely used for polymerization, but can 

only be stopped after the first addition if it is a cyclization since this is so 

much faster than the intermolecular polymerization and so easily controlled. 

These additions in certain cyclization cases have been shown to have the 

expected trans orientation. 

Cyclization: 

CH; CH; 

NA 
C CH=CHCOCH, 

Ug va Ht+(H,SO,) 
H T° eee 

5 C 

eee es 
2 3 

CH, CH; CH, CH; 

NU 
¢ CH=CHCOCH, ae CHCOCH, : 

HC cH — H¢ a — 

H.C C H,C ct 

ELE eS MSE AUR 
CH, CH, CH, CH, 

CHa CH. CH; CH, 
CH==CHCOCH, H+=CHCOCH, 

+ 

CH; 
B-lonone a-Ionone 

CH; 
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High polymerization: 

BF;, trace H,O 
SS C;H;CH= AER once 6H;CH=CH, (H*BF,OHD (CHCH,),, 

CoHs 
Styrene Polystyrene 

Alkylation and Acylation of Alkenes 

In the presence of Lewis acids, alkenes can be alkylated or acylated with 

alkyl or acyl halides, respectively. The catalyst functions by polarizing and 

perhaps ionizing the alkylating or acylating agent. Because of the ability of 

strong Lewis acids to isomerize any but the simplest alkenes (Sec. 17-4), appli- 

cation of these reactions to rational organic synthesis is severely limited. 

Acylation is, however, widely used in electrophilic substitution on aromatic 

rings (Chap. 16). 

AICI, 
C,H,COC] ——» [¢C,H,CcC=6 AICL,) 2 

+ — 

C;,H;COCH,CH, AICL, —~> C,H,;COCH,CH,CI + AICI, 

8-Chloroethyl ethyl ketone 
45% 

SnCl, 
(CH3)3CCl + CH,»=CH, ae (CH;)3CCH,CH,Cl 

Nitro and Related Compounds 

The introduction of nitro groups (nitration) into organic compounds is 

of primary importance when applied to aromatic compounds but of limited 

practical use for alkene additions. Although concentrated nitric acid reacts 

readily with alkenes, the products are usually mixtures. Like other nitrating 

agents, concentrated nitric acid produces the electrophilic nitronium ion NO,* 

by complex ionization (Sec. 16-3). 

_Ht 

2 (CH;),C—=C(NO,)CH3 
CH, 

Conc. HNO, Cee 
(CH;)>C=CHCH, ener (erie (CH;),C-——CHCH 

NO, ONO.NO, 

(CH3),C— CHCH; 

HO NO, 

Addition of nitrosyl chloride (NOCI) to olefins has been used to char- 

acterize alkenes and, occasionally, for specialized preparative purposes; the 

nitrosyl group (—~N=O) is the electrophile. 
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NOCI (from N=O N—OH 

-C;H,,ONO + HCI 

(cH) :C=cncn eee (CH,).C—CHCH, aes (CH).C—CCH, 

Cl Cl 

Trimethylethylene 
nitroso chloride 

30% 

Organomercury Compounds 

Alkenes undergo electrophilic addition reactions with mercuric acetate, 

a process referred to as an oxymercuration reaction. The transformation is usually 

carried out in an alcohol as solvent, and an alkoxyl mercurial is produced. The 

product is usually isolated as trans-alkoxyalkylmercury halide. 

Hg(OCOCH;), + 1) CH,OH 

2) NaCl 

ie 

H 

H HgCl 
CH;O0 

OCH; H 

80% 

15-5 CIS ADDITIONS 

Epoxidation by peracids necessarily forms a cis adduct, the epoxide. The addi- 

tions of carbenes and nitrenes are also cis, since they represent merely the 

first step of normal electrophilic addition—the formation of a three-membered 

ring, which in these cases is a stable product and does not proceed further. 

However, if two atoms in an electrophilic molecule can both attack together, 

this molecule can settle down on the 7 orbital of the double bond and form 

two bonds to its two carbons from the same side, affording cis addition. The 

ring size in the intermediate (or transition state) must then be a reasonable 

one for optimum orbital overlap and little orbital- or bond-angle strain. 
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Such reagents include osmium tetroxide (OsO,) and permanganate ion 

(MnO,-) for cis hydroxylation, ozone (O,) for ozonolysis (page 87), and boron 

hydrides (cf. BH) for hydroboration. Catalytic hydrogenation involves cis addi- 

tion of hydrogen from the surface of the metal catalyst and is discussed in 

the chapter on reductions (Sec. 18-5). Cis addition even occurs with other 

olefins and unsaturated functional groups which act by merging their 7 elec- 

trons with those of the substrate under the influence of heat or light energy 

and no other catalysis. These latter reactions make up a class called cyclo- 

addition reactions, which are described in Chap. 21. 

Cis Hydroxylation 

Both osmium tetroxide and permanganate ion attack alkenes readily, the 

electrophilic center being the central metal atom which accepts extra electrons 

and is thus reduced. 

O 

Nes 
Os 

OH OH 

OsO, ve \ H,O | | 
O O [OsO,] + —C——C— 
BS VA AS 
—C C= 

we bo NN Cis diol 
——(i 

\ : Se 

ro OH OH 

Min 7 | | 
aes Eg izes [MnO,] + —C——C— 

aS Ve as IN 
—C—C— : 
WA N Cis diol 

Because of its expense and toxicity, osmium tetroxide is used only in 

the synthesis of fine chemicals, such as pharmaceuticals, and for degradative 

studies. To conserve the reagent, it is sometimes used only in minor catalytic 

amounts, with hydrogen peroxide available to reoxidize osmium in its lower 

valence states to OsO,. The reaction 1s valued since it is mild, quantitative, 

and highly specific for cis hydroxylation on the less hindered side of the olefin. 

CH:(CH,), (CH,); COOH CH;(CH:); (CH,); COOH 

en 010, mare 
ye ie Ny room ee ie 

H H temperature H H 

Oleic acid £ 2 

erythro-9,10-Dihydroxystearic acid 

Permanganate is very rarely used for this purpose since, unless conditions 

are very carefully controlled, it reacts further with the initial diol product to 

cleave the carbon-carbon bond. 
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Ozonolysis (Ozonization) 

Cleavage of alkenes with ozone is a very useful degradative procedure. 

This potent reagent breaks both carbon-carbon bonds with the formation of 

cyclic peroxides known as ozonides. Decomposition of the ozonide produces 

carbonyl groups at the carbons initially doubly bonded. Ozonides themselves 

are usually not isolated because of their explosive character. In addition to 

degradative uses, ozonolysis has been used synthetically for preparation of 

aldehydes and ketones from alkenes. 

The electrophilic character of ozone is derived from the fact that each 

of the three oxygen atoms has a considerable affinity for electrons. 

Ozone resonance structures 

The mechanism of ozonide formation involves a number of discrete 

stages, starting with cis addition of O, to the alkene. 

:O O 
ete, Vy. y) i 

6=0: + C=C — eae ==> bale ee ===> we <r 

Be ee /]osI\ dll ( Ae 
:Q: :0—O +O: :0O—O: 

A \ 
‘0: :O- Ozonide 

If the original double bond bore two carbon substituents on either of 

its carbons, that carbon becomes a ketone after decomposing the ozonide. If 

there were hydrogen on either of the carbons, reductive decomposition of the 

ozonide would yield an aldehyde but oxidative decomposition would yield a 

carboxylic acid. Reductive decomposition may be achieved by adding triphen- 

ylphosphine ((,P:), which takes up the third oxygen as the oxide (6,P—O-) 
or by the use of zinc and water. Oxidative decomposition usually occurs on 

simple hydrolysis but is assured by adding H,O,. 

R 

H,, Pd ‘S 
poo C=O 

or 

Ke ys Ke O R' a H 
tf ! 

GG O; . Ea 4 _ | o3P Aldehyde ve 

NS 7 EO ie ONS 1O——G 
H R H o-—O R SS 

BS R’ 

HO; =O Ketone 

Za 
OH 
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CHAGH)) CH=CH(CH,) COOH 
Oleic acid 

O—O 
Z. NS H,, Pd 

An ozonide Nonanal Azeleic half-aldehyde 

CHO 
H,,Pd 

CHO 

fel 0; ice Adipaldehyde | — | oc J 
CH,Cl, =O a 

H,0, COOH 

COOH 

Adipic acid 

Hydroboration 

Boron hydrides (BH;, RBH,, R,BH) act as electrophiles because of the 

vacant orbital on boron (Fig. 15-1). When they attack olefins, however, the 

hydrogen is bonded cis to the boron. The initial attack on boron proceeds 

in a direction that leaves the more stable carbonium ion, and it is to this site 

that the hydrogen bonds in a cis fashion. This may be understood by viewing 

the reaction stepwise. 

ve 
io Ha — 5 ye 

H—B H B- 

CH, NS CH, CH, TS 
~ ~ 

c=CH, — C—CH, — #C—CH, 
Va va fe 

CH; CH, CH, 

Borane, BH;, is unknown since it dimerizes to diborane, B,H,, but this 

substance undergoes additions as if it were BH,. Diborane is prepared from 

sodium borohydride and boron trifluoride. 

3NaBH, + 4BF, —~ 2(BH,),) + 3NaBF, 

Diborane 

Addition of BH, to RCH=CH, yields R—CH,—CH,—BH,, which acts on 

a second mole in the same way until a trialkylborane, (RCH,CH,).B, is formed. 

The addition occurs exclusively in the direction indicated, which is that pre- 

dicted by Markownikoff’s rule for attachment of boron as the initial electrophile. 
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With the more highly substituted alkenes, di- and even monoalkylboranes 

can be isolated. The fact that the hydroboration reaction slows down with 

hindered olefins indicates the influence of steric effects. An example of the 

use of steric effects for synthetic purposes involves bis-3-methyl-2-butylborane 

itself as a reagent for addition to less hindered olefins: 

CH, 
| 

(BH,), + 4CH,;C=CHCH, — > 2(CH,CHCH),BH 
| 
CH; CH; 

bis-(1,2-Dimethylpropyl) 
borane, or 

bis-3- methyl-2-butylborane 

The reagent can discriminate between two differently hindered double bonds in 

the same molecule. 

CH; 

CH=CH, CH,,CH,B(CHCHCH,), 
CH; | CH, 

CH; 

Much of the synthetic utility of the hydroboration reaction is derived 

from the fact that the alkylboranes can be converted to either alcohols or 

alkanes by treatment with hydrogen peroxide or acetic acid, respectively. Thus, 

a method is available for preparing alcohols from alkenes by non-Markownikoff 

addition, the reverse orientation from simple acid-catalyzed hydration. Halides 

and amines may also be obtained in this powerful procedure, discussed at 

greater length on page 711. 

CH,0(CH,CH,O),CH,; 
6CHAGH.) CH=CH) BH) 

CH,COOH 

H,O+F H,O, ; 
[CH;(CH2)4];B ———> CH,(CH — CH,(CH,),OB— ——> 

| 
im inca 
S 
ue OH 

CH,(CH,),OH 

The overall cis stereochemical course of the alkene to alcohol reaction 

is illustrated by the conversion of cis- and trans-2-p-anisyl-2-butenes to dia- 
stereomeric alcohols. 
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ora ba CH; CH; 

1) BH, Hey éa@ ee. meee Mela 
ZA DENS, (oS 

p-CH;0C,H, H p-CH3;0C,H, H 

cis-2-p-Anisyl-2-butene threo-3-p-Anisyl-2-butanol 
72% 

CH pi CH. H 
BH, H = ye OH 

c=c ena a sai er eee 
2) H,O, YE N 

p-CH;0C,H, CH; p-CH;0C,H, CH; 

trans-2-p-Anisyl-2-butene erythro-3-p-Anisyl-2-butanol 

Acetylenes undergo the hydroboration reaction faster than alkenes, and 

the products of addition may be readily converted to a variety of compounds. 

By using stoichiometric amounts, the reaction can be stopped at the vinylborane 

stage, and the vinylborane can be treated with a proton donor to give overall 

cis addition of the elements of hydrogen to the carbon-carbon triple bond. 

Alternatively, peroxide oxidation yields a ketone or aldehyde at the site of 

boron attachment. 

CH3(CH,)»2 CH,CH; 
NY ae 

CH,(CH,),C=CCH,CH, C=C 
s(CH,),C= 23 9) CH,COOH Daa 

H H 

98% 

io H,O, 

CGN IM Ista UNS le Ti SES ID mee —— CH,(CH,),CHO 

CH, (=R,BH) H BR, 88% 

1) BH, 

When heated to high temperatures, the alkylboron compounds regenerate 

alkenes reversibly. This allows migration of boron along a chain and ultimately 

the least substituted, least hindered terminal alkylboron compound predomi- 

nates. This reaction greatly broadens the synthetic scope of the hydroboration 

reaction. 
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CH; CH. CH,OH 

1) BH, 
Ss 

2) 160° in CH,;0(CH,CH,O),.CH3; 

1) BH; 
CH,(CH,)3;C=C(CH,);CH; 2) 160° in CH,O(CH,CH,O),CH, - HO(CH,),,»OH 

3) H,O, 

Carbene Additions 

A number of reactions involve highly reactive divalent carbon compounds 

(carbenes) as transient intermediates. These species are electrically neutral, are 

bound to only two substituents, and possess two unshared electrons. The most 

useful carbene reaction is addition to the carbon-carbon double bond to give 

cyclopropane and its derivatives. Classification of this electron-deficient carbon 

as an electrophile is somewhat arbitrary, since in the overall reaction the two 

unshared electrons of the carbene and the two a electrons of the alkene are 

converted into two sigma bonds. However, the electron-deficient nature of the 

carbene (Fig. 15-1) causes it to seek 7 electrons like any other electrophile. 

NS he aS iG 
=C; + C=C »-==>, C—C 

| eS io 
Cc 

wo 

Carbene Cyclopropane 

In the addition reaction, carbenes are usually generated (by base, Fig. 

14-1) in the presence of the appropriate alkene. The substituents of the carbene 

usually dictate the choice of the reaction employed for its production. Examples 

of carbenes that have been employed in addition reactions are listed. 

Examples of substituted carbenes: 

‘CH, CCl, =CBr, <CCICH. <CHC) <C(@y, =<CHCOOC TH: 

Methylene itself (:CH,) is produced by irradiation of diazomethane 

(CH,N,, page 415) with ultraviolet light. Similarly, ethyl diazoacetate and 

diphenyldiazomethane give the corresponding carbenes on photolysis. The 

halocarbenes are produced by base-catalyzed 1,1-elimination reactions in sys- 

tems unable to undergo the more usual 1,2-elimination reaction. 
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SS 

— hv cHatan > cow, 28 Ke ae iy 
see: 

Norcaradiene Cycloheptatriene 
(not isolated) 

— hv C,H,OOCCH=N=N + aan lon 

Phenanthrene 

HOC(CH,); Phe —KCl C) Cl 
KOC(CH3)3 + HCCl, ———————>._ K CCl, ——> __ :CCl, —————> 

1,1-elimination Cl 

59% 

—25° 
n-C,HoLi + CH,Cl, =+- (CH3),C—C(CHs), ac Ne ee ar n-C,H jo =F LiCl 

CHCl 

Additions of carbenes to cis and trans olefins are stereospecific and give 

products of cis addition. A carbenelike reaction that is also stereospecific 

involves the reaction of methylene diiodide with zinc-copper couple in the 

presence of an alkene to give a three-membered ring. 

CH; CH: C,H; C,H, 

oo ra ZnCu 

Cea go St NN Ether 

H H H H 

cis-3-Hexene cis-1,2-Diethylcyclopropane 

C,H; H C,H; H 

SS ve ZnCu 
CHI, + =C i 

A ~ Ether 

H C,H; H C,H; 

trans-3-Hexene trans-1,2-Diethylcyclopropane 

The highly strained cyclopropene ring system has been synthesized by 

addition of methylene to dimethylacetylene. Cyclopropene itself has been 

synthesized by a different route and is very unstable. 
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hv 
CH,N, + CH,C=CCH, —~> CH,C=CCH, + N, 

we 
CH, 

1,2-Dimethylcyclopropene 

Nitrene Additions 

Additions of nitrenes have been very little investigated, since the most 

easily formed nitrenes (R—CO—N:) undergo rearrangement, not addition (page 

704). Sulfonyl nitrenes are formed, just like carbenes from diazo compounds, 

by heating sulfonyl azides. 

C) + $80,N=N=N —> [¢80.N] — [paso 

Benzenesulfonyl azide 

PROBLEM 15-6 

Show the products, and relative stereochemistry where relevant, in the following 

examples. 

1-Methylcyclopentene + BH, followed by H,O,/OH™ 

4-t-Butyl-1-cyclohexene + B,H, followed by *NH,0SO.— 

1-Methylcyclopentene + O, followed by H,O, 

C,H;C=CCH.C,H, + BH, followed by HOAc 

p-CH,O0C,H,C=CC,H, + BH, followed by H,O, 

1-Methylcyclopentene + HCCI, + t-BuOK 

Compound in Prob. 15-5 + BH, followed by H,O,/OH- 

Compound in Prob. 15-5 + CHI, + Zn-Cu sma BO an & Pp 

15-6 ADDITIONS AND ELIMINATIONS IN SYNTHESIS 

Additions are most commonly used in synthesis to convert an alkene to another 

function. Eliminations are mechanistically the reverse and serve to form alkenes 

in synthesis. Because of their similarity in mechanism and stereoelectronic 

requirements, the two reactions can now be reviewed together with the focus 

on the chief procedures commonly employed in synthetic practice. 
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Creation of Double Bonds 

The chief methods in practical use for introducing carbon-carbon double 
bonds in synthesis are listed below. 

Strong basic Loss of: 

conditions (E2): _—HX or —HOTs from halides and alcohols (via tosylates) 

—NR, from amines (via quaternary ammonium salts—Hofmann 

elimination 

Strong acidic 

conditions (E1): _—H,O from alcohols at good carbonium ion sites 

Pyrolysis: —HOAc from alcohols (via acetates) 

—COS, —CH.SH from alcohols (via xanthates) 

—R,NOH from amines (via tertiary amine oxides) 

Although the first category results in trans elimination and the third in 

cis elimination, none of these methods except the Hofmann elimination affords 

a high selectivity as to the direction of elimination. Even in rigid cyclic systems, 

while the eliminating groups must be trans (diaxial) or cis, respectively, there 

may still be two directions of elimination. 

In the first category the base must be a strong one which is also a poor 

nucleophile, in order to suppress competition from the substitution reaction. 

In the acid-catalyzed reactions, similarly, it is useful to employ an acid em- 

bodying a poor nucleophile. Alcohols eliminate best if they are tertiary, allylic 

or benzylic, and carbon-skeleton rearrangement (Secs. 17-1 and 17-2) is always 

a potential side reaction. 

Eliminations of f-substituents from carbonyls (or other analogously 

enolizable groups) is always very facile and occurs with almost any heteroatom 

substituent, under mild acidic or basic conditions. 

There are two procedures which are highly selective for creating a double 

bond at a single location. One is the elimination of vicinal substituents (—X, 

—OTs) with iodine or (—X + —OH, —OR, —OZ) with zinc. The other is the 

Wittig reaction (page 476) in which the double bond is created by addition 

of carbon units at a ketone or aldehyde site. 

Reactions of Double Bonds 

The major reagents used to add to double bonds (without cleaving the 

carbon skeleton as in ozonolysis) are the following: 

HX —2"% monohalides 

H,O/Ht tans, monoalcohols 

BH, Cs, monoalcohols, halides, and amines (from initial borane) 



644 PROBLEMS 

X, 1225; dihalides 

N-Bromosuccinimide 7"%> halohydrins and their ethers or esters 

RCO;H ©*> epoxides, trans diols 

OsO, Gs, Gis diols 

Carbenes “> cyclopropanes 

The additions are cis or trans as discussed in the text and noted above. 

The active electrophile attacks from the less hindered side of the double bond. 

In trans additions the subsequent nucleophile, in a two-step reaction, then 

becomes attached at the better carbonium ion site, or in cyclohexenes, such 

as to afford trans-diaxial products. A simple rigid and hindered cyclohexene 

is offered as a sample in Fig. 15-6 to summarize the possible variations in alkene 

addition. 

Carbon-carbon bonds are rarely formed by reaction with alkenes, except 

in the case of carbene addition. Epoxides can be attacked by carbanions to 

achieve carbon-carbon bond formation. Certain rearrangements of organobo- 

ranes also serve this purpose, but these reactions are new and their synthetic 

value has not yet been fully assessed. 

PROBLEMS 

15-7 Write equations for the reactions of 2-methyl-1,3-butadiene with each of the 

following reagents. 

a Br, g D, in the presence of finely divided 

platinum 
b HCl 

© Ic h A trace of concentrated H,SO, 

dO, with (C,H;)sP pO 
j A dilute solution of bromine in 

e C,H;CO.H (one equivalent) 
methanol 

f HBr 
k C,H,;COCI + AICI, at —50° 

15-8 Devise syntheses of the following compounds, utilizing the starting materials 

indicated and compounds containing no more than three carbon atoms. Do 

not repeat the preparation of a given intermediate within the problem set. 

CHOH 
ve 

a ee from CH;(CH,);CH=CH(CH,),;COOH 

CHOH 



“Wi 

Et 

(Less hindered 
side) 
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H OH 

1) BH, a 

FIGURE 15-6 Summary of stereochemical control:in additions to hindered cyclohexenes 

2) H,0, 

OAc 
1) A/HOAc + HO 

ns 
AgOA gUAC ne 

LL I Q i 

Zn 
——<—<—<—<——— 

OH OH 
O 

N-Bromo- SOE! H,O+ 
pee Ee ——— pe 

succinimide HBr 

+H,0 

(CH3).SO Br 

b3P/A 
< 

RCO;H 
=x 

Zn —OH 
Pa ee 

a HBr 

OH O 

OsO, 

OH OH 

Cis 
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15-9 

15-10 

PROBLEMS 

b (CH;),>CHCH,COOH from CH;COCH; 

b db 

c from DO 

CH; 

d_ trans-1,2-Cyclohexanediol from cyclohexanone 

e 2-Heptanone and heptanal from 1-heptyne 

f Acetylcycloheptane from cycloheptanone 

CH, H 
Ye 

8 =C from methylacetylene 
ae ~ 
CN COOCH; 

h_ cis-Stilbene from trans-stilbene 

The natural compound, terrein, is synthesized by certain microorganisms. 

Terrein is optically active and its absolute stereochemistry was quickly and 

elegantly determined by conversion to the diacetate with acetic anhydride/ 

pyridine, followed by ozonolysis with a peroxide workup. (Note: a-Ketoacids 

are cleaved to acids by peroxide.) The experiment yielded (+ /)-tartaric acid 

diacetate (Fig. 6-22). How does this determine the absolute configuration in 

terrein, and what is it? 

O 

l 
CH; OH 

OH 
Terrein 

Show synthetic sequences for converting 1-methyl-1-cyclohexene into each of 

the following compounds. 

COCH, 
a 

CH; 

CH; 
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OH 

CH; 

CH, 

C.H; 

CH,—=CH(CH,),COOH 

15-11 With three-dimensional formulas, trace the following reactions: 

a Compound A was converted to the oxide of its N,N-dimethyl derivative, 

which was pyrolyzed and the product treated with a mixture of hydrogen 

peroxide and osmium tetroxide. 

on H. NH, 

Dead 
ve OH 

C,H; CH, 

Cyclopentene was treated with perbenzoic acid, and the product was reduced 

with lithium aluminum hydride. The resulting substance was converted to 

a tosylate, and the tosylate was heated with aqueous alkali. 

Dimethylacetylene was reduced with 1 mole of hydrogen over a partially 

poisoned palladium catalyst. The product reacted with hypochlorous acid, 

and the resulting compound, when treated with base, gave 1,2-dimethyl- 

ethylene oxide. 

15-12 Write equations for the following reactions, which serve to establish a structure 

for compound A: 

Br, 

C,Hip —> C,H Bry 
vat 

aA 

B 

C 

D 

O; 
— CH,O + C;H;O; 

B 

H,Cr,O. 

— = CHO: 
& 

150° 
=? C,H,O; =F CO, 

D 

ASS CHO; (could be resolved) 
Ig 
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15-13 Some of the following reactions cannot be carried out; some are possible under 

conditions other than those indicated; others are reasonable as written. Indicate 

the category into which each falls, and supply proper conditions where neces- 

sary. 

HCl, Pt 
a CE GH — GH tee See 

Cl 

OH 
B a Big Sone HS Ok H,SO, ‘ Gis Tp, Conc. CH,Br 

BF,, NaOCH, 

ifoaipicle lene 

oT 
O——€@ 

COOH Nn- EsOmosuccmumide 9 CH, 

e 

Br 

Br,, CH,OH 
f (CH;),;C=CHCH, t————— (CH;),CCHBrCH, 

OCH, 

15-14 a 2-Cyclohexene-1-carboxylic acid reacts with bromine to form a neutral 

monobromo compound A [IR 5.65 , (1770 cm~')]. This compound is exceed- 

ingly resistant to treatment with hot triethylamine or quinoline as well as 

to iodide ion in dimethylformamide. However, in alkali it very rapidly yields 

an acidic, bromine-free compound B. Explain. 

b Compound B in mildly acidic aqueous solution yields a dihydroxy-acid C, 

which cannot be dehydrated to a lactone. Explain. 

c 3-Cyclohexene-1-carboxylic acid reacts analogously with bromine, forming 

an isomer of A which readily loses HBr to yield a single compound on 

treatment with hot triethylamine or quinoline. Explain the difference. 



PROBLEMS 649 

15-15 

15-16 

15-17 

Enol ethers are very reactive in aqueous acid. Benzene rings bearing alkoxyl 

substituents are often usefully converted to cyclohexenones by lithium reduc- 

tion to enol ethers (Chap. 18) and hydrolysis. Show the mechanism for hy- 

drolysis of dihydro-anisole to a compound with A,,,,, 227 nm. 

OCH; OCH; 

Anisole Dihydroanisole 

Complete the blanks below to appreciate two other useful synthetic tools 

applying enol ethers. 

C,H;Li R,CO H,O0+* 

a CICH,OCH, + P(C.H;)) —> A ———> B ——> C —— D 

O O 
aNG . 30+ . EE ae ee ee (GA Onkee nm) 

Assign a structure to the following product. 

CH, Foor 
Br, CCH. CCH (GH). CH.O.Br 

4 | 
CH, C;H; 

(Insoluble in HCO; ) 



J 

a be —_- gin 
‘ a - ~ _ 

: 

a 

er Te a 
‘s 

—_—  _-f 



CHAPTER SIXTEEN 651 

ELECTROPHILIC 
SUBSTITUTION; 
AROMATIC 
COMPOUNDS 
AROMATIC compounds dominated the early study of organic chemistry, largely 

because their resonance energy offered extra stability against strong, primitive 

reagents. Fuming nitric and sulfuric acids often give clean reactions with aro- 

matic compounds. The central reaction of aromatic compounds is that of elec- 

trophilic substitution, and this substitution of other groups for hydrogens on 

aromatic rings was the center of intense study in the nineteenth century. Much 

of this arose in the search for a rationale for the special stability of the benzene 

ring (Sec. 5-5). 

In the present century the first reaction mechanism to receive extensive 

study was that of aromatic (electrophilic) substitution, examined in a number 

of laboratories as early as the 1920’s. The salient observation in need of expla- 

nation was that a substituent A already present on a benzene ring directed the 

position of substitution of a second added group B. Of the three possible 

isomeric positions, ortho, meta, and para, available to a substituting group B, 

some initial substituents A were found to direct substitution primarily to the 

ortho and para positions, others mainly to the meta location. 

A 

Ortho 

Meta 

Para 

As we shall see, the reagents used for aromatic substitution are all strong 

electrophiles seeking the electrons in the aromatic 7-electron cycle. As we saw 

in Chap. 5, another substituent already attached to the ring usually interacts 

strongly with that z-electron cycle by delocalization (resonance) and this is 

certain to have effects on the entering electrophile. 

The actual electrophilic atom in the reagent, the one which bonds to the 

ring, can be carbon, nitrogen, sulfur, or halogen, and a section is devoted to 

each in the subsequent discussion so that we may see how the possible aromatic 
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ring substituents may be created by electrophilic substitution. Following this 

is a section devoted to their various interconversions which allow an apprecia- 

tion of all the synthetic methods available for making the many possible sub- 

stituted aromatic compounds. 

The single unified mechanism which serves for all aromatic electrophilic 

substitutions is presented first, however, in generalized form. It follows easily 

from the previous discussion of electrophilic reactions in Chap. 15 and serves 

admirably to explain both the rate and orientation of substitution. 

The first task of the nineteenth-century chemist was to determine which struc- 

tural isomers were formed when he added a second substituent to an already 

substituted benzene. Without spectroscopic aids he needed a procedure for 

identifying ortho, meta, and para products. The method of Korner offered a 

very elegant use of structural logic. In this method a disubstituted benzene, 

which must be ortho, meta, or para, is identified by carrying out a further 

substitution reaction and determining how many trisubstituted isomers are 

formed, as shown in the accompanying table. 

A A A 

A 

A 

A 

Ortho Meta Para 

Thus it is rigorously logical that only the ortho isomer can form just two 

products, the meta, three, and the para, one. Each is therefore identified by 

the number of products it forms. 

16-1 THE MECHANISM OF ELECTROPHILIC SUBSTITUTION 

The cyclic 7 orbital of the benzene ring is the electron source sought by the 
reagent electrophile. Just as in electrophilic addition to alkenes this attack forms 
a carbonium ion as an intermediate, although with the benzene ring this is 
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Alkenes (addition) 

eo fe | Nu: | | | 
E+ C=C — E—C—Ct — E—C—C—Nu 
oN (et | 

Aromatic compounds (substitution) 
ah 

+; Nu: 

= SS SS 
H E H E H E E 

FIGURE 16-1 Reactions of electrophilic reagents with alkenes and aromatic compounds 

a doubly conjugated cyclohexadienyl ion. Instead of undergoing nucleophile 

addition next, as with alkenes, this ion loses a proton to the nucleophile (as 

base) and so reverts to a stable aromatic z-electron cycle, now substituted with 

the electrophilic group E. This course of reaction is shown and contrasted with 

electrophilic additions in Fig. 16-1. Under special conditions, free of nucle- 

ophiles/bases, these cyclohexadienyl cations have actually been isolated. 

TABLE 16-1 Substituent Effects on Rates of Substitution 

Orientation of 

Order of decreasing rate Electronic effect substitution 
eee seer eee ee  —————————————= 

=NRe NH. =O —O: 
iP 1 Resonance donation 

—NHCOR, —OR, —OCOR 

—Ar 

Activating —R Donation Ortho, para 

—H (Standard of comparison) 

6 Resonance donation with 

gsc ENOHNe inductive withdrawal 

+ + 
PN Revie Roe Ne Inductive withdrawal 

—C=O, —C=N, —SO,, —NO, Resonance withdrawal ge 

(Fig. 12-3) 
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E+ 
—_——> 

[ oe OR +OR | OR :OR G an 

jee 

<—_ ——— —— aS 

+ 

ae t 

Ha 6 H E H E H E E 
We = Para 

ie oe of +.. R 

:OR :OR C H H 
Sb —Ht+ 

h Ortho Ce < < oy “ 

en: E 

[ -OR :OR :OR 

Meta me —Ht+ a 

5 H <~+H+ lal <== Se 

Ss 
+ ‘ E 

= Meta 

FIGURE 16-2 Effect of an alkoxyl group in an electrophilic substitution reaction 

Reaction Rates 

The rate of aromatic substitution will be less than that of electrophilic 

attack on alkenes since the benzene resonance energy is destroyed in the first, 

rate-determining step to the carbonium ion.t As a consequence electrophilic 

substitution in benzene is slower, or requires stronger electrophiles, than addi- 

tion to simple alkenes. (See Fig. 9-7A.) As with alkenes we may expect the 

rate to be enhanced by electron-donating groups, either through resonance or 

(less) by alkyl groups through their combined inductive and hyperconjugation 

effects. These are all called activating groups. 

Similarly, electron withdrawal by resonance or inductive (dipole) inter- 

action retards the rate (deactivating groups). Common substituents are listed 

in a rough order of rate in Table 16-1, which shows the expected predominance 

of resonance over inductive effects encountered also in acids and bases 

(Chap. 8). 

+The intermediate cyclohexadienyl cation is resonance-stabilized relative to a simple carbonium ion 

but this stabilization is not nearly as much as that conferred on the original benzene ring by its six 

cyclic 7 electrons (~40 kcal/mole). 

Ortho 
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(meta or para) 

Reaction coordinate Reaction coordinate 

FIGURE 16-3 Free-energy diagrams for aromatic electrophilic substitution 

Orientation of Substitution 

The central test of the effect of an existing ring substituent on the position 

of electrophile attack is to compare the ability of that substituent to stabilize 

or destabilize the three transition states leading to ortho, meta, and para 

substitution, respectively. The favored orientation of attack will then be the 

one with the lowest activation energy (AFt). As usual, we cannot assess the 

transition state directly, but must examine the high-energy cyclohexadienyl 

cation intermediate as a close model for the transition state, which it resembles 

in energy and geometry. 

The procedure may be illustrated with an alkoxyl substituent, as in Fig. 

16-2, in which the important resonance forms stabilizing the cationic inter- 

mediate are written out for each of the three possible reaction courses. The 

unshared pair on oxygen can help delocalize the positive charge only in the 

ortho and para substitutions, which therefore have four instead of only three 

important resonance forms and more stabilization. This results in a lower- 

energy transition state for ortho and para than for meta substitution and thus 

favors ortho and para over meta products. 

The free-energy diagrams for substitution of benzene and alkoxybenzene 

are shown in Fig. 16-3. In the first a rough representation of the transition 

states is drawn as well as a depiction of the cyclohexadienyl cation with its 

five-carbon z-electron system shown with dots instead of three resonance forms. 

Only para and meta substitution paths are shown for alkoxybenzene; ortho 
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2 * Be ~ a o | Ne NS NO, 

ae oe ae 2 
L Al) 

Ortho 
ie = Ol 

BC re 

Ne KZ 

E+ Qi a s —Ht 
SSS _ Se 

J 

s = Para 

é O O O O 
Se 
N N N NO, 

ps o. — CY <— a, flee 2 

a H H H 
1 si] 

Meta 

FIGURE 16-4 Effect of a nitro group on electrophilic substitution 

is like para, with possibly a slightly higher-energy transition state due to some 

steric crowding between adjacent substitutions. 

Electron-withdrawing substituents deactivate aromatic nuclei, the effect 

being smallest at the meta position. Figure 16-4 shows the principal resonance 

structures of the intermediate ions that could be formed by electrophilic attack 

on nitrobenzene. Attack at the ortho and para positions places part of the 

positive charge adjacent to the electron-withdrawing substituent group. This 

arrangement gives rise to electrostatic repulsions and destabilization larger than 

those involved in meta attack. The structures in question are labeled A and 

B in Fig. 16-4. 

A further barrier to attack on nitrobenzene is that formation of the inter- 

mediate cation requires sacrifice of some of the resonance energy of the sub- 

strate. The interaction between the substituent and the ring removes z electrons 

from the ring. Since electrophilic substitution also withdraws electrons from 

the ring, interaction between the ring and the nitro group must be decreased 

in the transition state for substitution. The overall effect is that nitrobenzene 

shows a slow substitution rate and yields primarily meta substitution products, 

rather by default since these are disfavored least. 
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Other substituents may be analyzed in the same way and the resultant 
orientations they impose on substitution are listed in Table 16-1. With elec- 
tron-donating groups the sites of substitution are rapidly identified by use of 

the arrow convention for electron donation in the starting material. 

cOR GOR 

The effects of halogens as substituents were long considered anomalous. 

Chloro-, bromo-, and iodobenzene are less reactive than benzene itself but give 

predominantly ortho and para substitution. Fluorobenzene orients ortho-para 

and is about equal in reactivity to benzene. Most of the other groups that orient 

ortho-para activate aromatic rings. The curious effect of the halogens arises 

from the interplay between inductive effects and weak resonance effects. 

Halobenzenes have dipole moments with halogen negative, but the moments 

are smaller than those of aliphatic halides. An oversimplified explanation of 

the effect attributes the result to partial compensation of the polarity of the 

C—x o bonds by some resonance feedback of nonbonding halogen p electrons 

by z bonding, qualitatively just as in the alkoxybenzenes (Fig. 16-2). However, 

except for fluorine, the larger halogens form poor 7 bonds (Sec. 19-1) and so 

exhibit little resonance stabilization. The z-electron feedback is greatest if 

attack occurs at the ortho and para positions (as with alkoxy substituents), and 

this effect provides preferential attack at those positions. However, the un- 

favorable electrostatic interaction between the polar C—X bond and the positive 

charge is still sufficient to make the halobenzenes less reactive than benzene 

itself. Although the duality of effects makes the phenomenon of ortho-para 

orientation by deactivating groups understandable, there is no a priori basis 

for prediction of the actual balance of effects. 

With more than one substituent, the more activating substituent usually 

controls the site of substitution, and steric hindrance usually disfavors ortho 

over para and particularly disfavors substitution between two meta substituents. 

The major positions of substitution are illustrated by the following examples. 

NHCOCH, 

SieWowses 
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Polynuclear aromatic compounds are more reactive than benzene deriva- 

tives. Such a result would be expected from consideration of the extensive 

delocalization of electrons in the cations formed by adding electrophiles to 

polynuclear systems. Naphthalenes almost always react in the a-position since 

aromatic resonance in the other ring is less damaged in the intermediate. 

EK. oH E. A E. /H 

ie S| te —— > <<, es 

— 
+ 

E H E H E H 

+ —Ht+ 

a —> RAE 

+ 

Quantitatively, relative reactivities and orienting influences in aromatic 

substitutions vary considerably from one reaction to another. Toluene is about 

200 times as reactive as benzene to bromination in acetic acid solution but 

only 30 times as reactive in nitration in nitromethane solution. The reasons 

for such variations are not reflected in the simplified discussion presented. Error 

arises in treating a reaction intermediate as though it were actually the transition 

state in the rate-determining step of the substitution. While the transition states 

are probably similar to the intermediates, they are not identical with them. 

In the actual transition states, the extent to which 7z electrons have been 

withdrawn from the aromatic systems probably varies with the nature of the 

incoming reagent and even with the solvent. 

PROBLEM 16-1 

Place the following compounds in order of decreasing rate of halogenation and 

draw the structure of the primary monohalo derivative formed. 

OH OH OH OH OH 

ei : Cl Cl CH; a Br NO, 

NO, CH, 

16-2 HALOGENATION; ARYL HALIDES 

Halogenation is one of the most useful methods for introduction of substituents 
in an aromatic system. Reactive substrates are substituted very readily, as 
shown by the following: 
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NH, NH, 

Br Br 

100% 

With less reactive substrates, Lewis acid catalysts of varying activity are 

used to accelerate reactions. The function of the catalysts is to complex with, 

and polarize, the halogen, rendering it a better electrophile. 
+ = 

X, + FeX, == X Fex, 

ee Es 

X, + AIX, —= X AIX, 

Lewis acid catalysis is used even with alkylbenzenes to allow a more 

favorable competition between electrophilic substitution, which gives nuclear 

attack, and free-radical halogenation, which results in side-chain attack (Chap. 

19). In reactions that provide mixtures of compounds, as in the chlorination 

of toluene, the pure components are sometimes hard to isolate. 

CS cael ae 

2 NO, 

3g Br, AIBr; 
ee 

“Br 

96% 

C= 

The above examples demonstrate that direct halogenation is not a feasible 

way to produce all isomers of a given di- or polysubstituted benzene. Various 

artifices are employed to produce derivatives that cannot be formed by direct 

introduction of a second substituent. Sometimes different compounds are 

formed by simply reversing the order of substitution. For example, o- and 

p-nitrohalobenzenes are formed by nitration of halobenzenes, since the halo- 
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gens orient ortho-para. Such a procedure would not suffice for the production 

of an m-halotoluene, since both halogen and methyl orient ortho-para. 

HNO, Xo, cat. 
es 

ve HNO, 

NO, 

PROBLEM 16-2 

Phenol will react under forcing conditions with excess bromine to form a neutral 

compound, C,H,Br,O. On the basis of the mechanism of electrophilic substitu- 

tion what formula(s) might be written for this compound? What UV spectrum is 

expected for it? 

16-3 NITRATION; ARYL-NITROGEN BONDS 

Nitration of aromatic compounds provides the first step in the synthesis of 

a large number of substances. Polynitro compounds themselves are used as 

high explosives (TNT is 1,3,5-trinitrotoluene). Reduction of nitro groups leads 

to a variety of functional groups (Chap. 18), the most important of which is 

the amino group. Reduction to amines converts a strongly deactivating meta- 

directing substituent into a powerful ortho-para orienting group. Since the 

Sandmeyer and related reactions permit replacement of the amino group with 

many other groups, a synthesis of virtually any polysubstituted aromatic com- 

pound can be based upon nitration as a first or early step. 

HNO, + ArH —=> ArNO, + H,O 

Conditions for the nitration reaction vary greatly with the reactivity of 

the aromatic substrate. The nitration mixture required for introduction of a 

second nitro group into benzene (concentrated nitric and sulfuric acids as 95°) 

would provide an uncontrollably exothermic reaction with phenol. Nearly all 

nitrations involve electrophilic attack by the nitronium ion, NO,+.t Conse- 

quently, reactions can be regulated by controlling the concentration of nitro- 

nium ion in solution. In 95% sulfuric acid, the ionization of dissolved nitric 

acid is complete. 

} The reactive salt, NO,*+BF,—, is available commercially and serves to nitrate aromatics, as expected. 
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H,SO, + HONO, — = H,ONO, + HSO, 

H,ONO, —= H,O+ NO, 

H,O + H,SO, —= H,0+ HSO, 

2H,SO, + HNO, ——= H,0 + NO, + 2HSO, 

In concentrated nitric acid, a small amount of NO,* is present, and even 

less is formed in solutions of nitric acid in solvents such as acetic acid, acetic 

anhydride, and nitromethane. By these means, nitration can also be controlled 

to yield only mononitration products or else dinitro (or trinitro), as desired. 

NO, NO, NO, NO, 

NO. 
HNO,, H,SO, HNO,, H,SO, 4 
oo oe 

60° ey 

NO, 

NO, 

88% 7% 1% 

CH; 

HNO,, H,SO, _HNO,, H2SQ, H,SO, 
6 

40° ee 
(mild) (medium) 

NO, 

CH, CH; 

NO, HNO, O.NNO NO, 
95% H,SO, 
> 

90° 
(strong) 

NO, NO, 

Trinitrotoluene 
(TNT) 

NH, NH, NH, NH, 

NO, O.N NO. 
HNO;, CH,COOH en HNO,, CH,COOH s 2 

(very mild) (stronger) 

| 
NO, NO, 

Picramide 
(low yield) 
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Compare 

NH, NH; NH; NH, 

_HNO,, H2S0, H,SO, (NO,*) —OH 

Song NO, NO, 

ee NHCOCH, NHCOCH, 

(CH, _(CHsCO),0 | _HNO:, CH,COOH 

TF see 

NO, 

COOH COOH COOH 

Conc. HNO; HNO;, H,SO, 

100° (stronger) 

(strong) NO, O.N NO, 

80% 60% 

DES 16-3 

Nitration, as well as other electrophilic substitutions, is subject to steric 

hindrance, and substitution ortho to a large group may become difficult, as 

illustrated by the isomer distribution in the mononitration of alkyl benzenes. 

CH,CH; CH(CH:;), C(CH3); 

Sn cy" ay ae 

39% 53% 82% 

Other nitrogen electrophiles are not so active and so require more activa- 

tion in the aromatic substrate. Nitrous acid and other nitroso electrophiles (see 

Sec. 13-7) deliver o- and p-nitroso groups to phenols and aromatic tertiary 

amines. The same activated substrates will attack the aryl diazonium ion to 

form brightly colored azo compounds used commercially as azo dyes. The second 

reaction, with 6-naphthol, is used as a test for diazonium compound. 

N(CH)» N(CH;), 

HNO, 
Ste or ==> 

RONO/Ht 

NO 

p-Nitrosodimethylaniline 

_—N— C,H; 

OH OH 
+ CsHsNot Cl- 
> 

+NatOH— 
(to form phenolate anion) 

B-Naphthol Azo compound 
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PROBLEM 16-3 

Nitration of styrene, CJH;CH=CH,, affords three (mononitro) isomers. What 

are they? 

PROBLEM 16-4 

Write the product(s) of mononitration of each of the following and explain the 

orientation you expect. 

a_ m-Cresol (m-hydroxytoluene) 

b m-Cyanophenol 

c o-Chlorophenol 

O 

d O 
N 
H 

e p-Nitroacetanilide 

(p-O, NC,H,NHCOCH,) 

PROBLEM 16-5 

a Show why nitration of naphthalene goes exclusively at the a-position. 

b What products would you expect from mononitration of a-naphthol(1- 

hydroxynaphthalene)? of B-naphthol? 

16-4 SULFONATION; ARYL-SULFUR BONDS 

Sulfonation is one of the most important aromatic substitution reactions not 

only because of the intrinsic value of the sulfonic acids produced but also 

because sulfonic acids can be converted to many important derivatives. 

ArH 4 H{SO;,—— At_S0.H - H,O 

The reactive electrophile in sulfonation is either SO, or SO,Ht, species 

present in fuming sulfuric acid, the reagent generally used in sulfonation. In 

the following equations, the yield data in boldface type show isomer distribution 

rather than isolable yields. 
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SO3H 

C1 100% H,SO, o 
ee 

Benzenesulfonic acid 

Cl Gl! 

7 SO,, H,SO, - 
i 

| 
SO;H 

p-Chlorobenzenesulfonic acid 
100% 

CH; CH; CH; CH; 

SO;H 

100 % H,SO, af ue 
o° 

SO.H 

SO;H 
62% 32% 6% 

Since sulfonation is reversible, sulfonic acid groups are removed if the 

acids are heated with aqueous sulfuric acid of only 50 to 60% concentration, 

for this is merely a proton-donating medium. Because of the powerful meta- 

directing influence of the sulfonic acid function, sulfonic acid groups are often 

introduced for blocking and orienting purposes. After other substituents have 

been introduced, the sulfonate group is removed by hydrolysis in strong acid, 

replacing —SO.H by —H. 

NHCOCH,; NHCOCH, NHCOCH, 

sa 
SO,, H.SO, HNO, 60% H,SO, eee ect a SIS SEES 

SO;H SO;H 

NH, 

O.N NO, 

+ CH;COOH 

H 

The reversibility of the reaction is also demonstrated by a tendency for 

initially formed products to revert to more stable isomers at high temperatures. 
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SO,H 

x S 

SSS 

Naphthalene-a-sulfonic acid 
5% SO,, H.SO, 

SO,, H,SO, 
160° 

SO3;H 
160° 

85% 

Rapid formation of the a-isomer in the sulfonation of naphthalene reflects 
the greater stabilization of the intermediate carbonium ion. However, the a- 
sulfonic acid group is sterically hindered by the hydrogen in the 8- (or peri) 
position. The unhindered f-isomer is the more stable of the two compounds. 

H SO;H 

peri-Steric hindrance 

Disulfonation is very slow, because of the strong electron-withdrawing 

influence of SO.H, and requires forcing conditions. Note the extensive rever- 

sion to the stable para isomer under the vigorous conditions in the following 

example. 

SO;H SO;H 

SO;, H,SO, 
ee ey at 

245° 
SO;H 

SO;H 

75% 25% 

Sulfonic acids are useful as cheap strong acids that are more soluble than 

strong mineral acids in organic solvents. Another important use is in dyes and 

detergents, which are frequently water-soluble salts of sulfonic acids. 

Sulfonyl chlorides can be made directly by treatment of aromatics with 

chlorosulfonic acid or by treatment of sulfonic acids with PCI,, etc. (Sec. 19-6). 

In the former instance sulfonation probably occurs first and is followed by 

conversion of the sulfonic acid to the acid chloride by reaction with excess 

reagent. As is true in most electrophilic substitutions, the actual reagent is 

produced by a complex initial ionization reaction. 
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2CISO,0OH —= HCl+HOSO, + CISO, 
Chlorosulfonic 

acid 

HOSO, + ArH —> ArSO,0OH + H 

ArSO,OH + CISO,OH ——= ArSO,Cl+ H,SO, 

NHCOCH, NHCOCH,, NHCOCH, 

e C1sO,H NH, 1) Dil. H,SO, 
—_—> —-— ——— 

Reflux 

| 2) Na,CO, 

SO.Cl SO.NH, 

Acetanilide 

NH, 

a 

SS 

SO,NH, 

Sulfanilamide 

An important use of arenesulfonic acids involves their conversion to 

phenols by fusion with sodium or potassium hydroxide. This nucleophilic 

substitution at unsaturated carbon (only under very vigorous conditions) pro- 

vides one of the few methods of preparing phenols since there is no oxygen 

electrophile (like RCO,H) which is strong enough to attack benzene. 

CH; CH 

SO; Kt O-K* 
KOH 
a 1S Open 

16-5 PROTONS AS ELECTROPHILES 

Electrophilic substitution by protons can be observed in isotopic exchange 

reactions. Treatment of benzene with D,SO, results in slow exchange, and, as 

would be expected, toluene undergoes fairly rapid exchange in the ortho and 

para positions. Specific isotopic labeling of a ring is possible by this exchange 

of proton for deuterium or tritium. 

CH; CH, 

D D 
cae. ~Ht D.SO, 

A ———-> 
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A number of functional groups can be removed from aromatic nuclei 

by acid cleavage. The most important example is the previously mentioned 

hydrolysis of aromatic sulfonic acids. Arylcarboxylic acids and aryl ketones 

that have two alkyl substituents ortho to the functional groups are cleaved 

by concentrated acids. Less hindered acids and ketones do not undergo the 

reaction unless there is ortho or para activation, as with a phenolic —OH. With 

the simple sterically hindered carbonyl compounds, the hindrance probably 

forces the carbonyl groups out of the plane of the aromatic ring, thus interfering 

with the normal resonance interaction stabilizing the groups. Cleavage occurs 

easily, since electrophilic attack does not involve as much loss of resonance 

energy as would be the case with unhindered carbonyl compounds. 

ye a Bo 

Soe ee ne ~ a IN 
R R 

Q CH, 

C [ COCH, H 

CH; CH; ] CH, CH; CH, 
Conc. H,SO, 
Se ———> 

+ H,O 
+ [CH,CO] ——> CH,COOH 

COOH 

CH; CH, CH; CH, 
Conc. H,SO, 
ae an COs 

COOH OH 

A O+C0-« 
OH 

PROBLEM 16-6 

Compare the three isomers of resorcylic acid, the dihydroxybenzoic acids with 

meta hydroxyls. Rank them with respect to ease of decarboxylation in acid. (Hint: 

see page 165.) Decarboxylation in base is much more difficult; what mechanistic 

feature makes this true? Resorcinol can be carboxylated by heating with potassium 

carbonate in an atmosphere of CO,. Explain. 
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16-6 ALKYLATION AND ACYLATION 

Generation of carbonium ions, or very reactive carbonium-ion donors, in the 

presence of reactive aromatic compounds leads to the alkylation and acylation 

of the aromatic nucleus. The entire group of reactions is known as the Friedel- 

‘Crafts reaction, although the name was originally applied only to alkylations 
by alkyl halides catalyzed by aluminum chloride. All the reactions may be 

formulated in terms of carbonium-ion electrophiles, although the attacking 

electrophile may often be a highly polarized complex. 

Alkylation 

A selection of alkylation reactions is illustrated; the carbonium-ion elec- 

trophiles are generated in the several ways already seen, in Syl ionization or 

alkene protonation. 

1Cl, Ba = 
CH,Cl——> CH, AICI, 

AICl; es C,H, 
CH CH" = Cr CH AICI 

HCI (trace) 

C(CH,), 

Conc. H,SO, C;H, (CH,),COH =, (CH).C es 

CH, 

or = aes Cl my Ceo 

———- 
Peri: 

le H 
OSO,C,;H,-p 

4-Phenylbutyl 
p-toluenesulfonate 

Alkylation reactions are complicated by several factors. First, alkyl groups 

activate aromatic nuclei, so that mixtures of polyalkylated products are formed. 

This occurs because the rate of alkylation is increased by substitution of the 

first alkyl group and so the second alkylation proceeds faster than the first 

(subject to steric hindrance, however). 
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CH, 

CH,Cl, e 
Gi eae + dimethylbenzenes + trimethylbenzenes 

CH; CH, H3;Cn 7 CH; 

+ tetramethylbenzenes + AF 

CH,~ CH, H;C~ CH; 
CH, 

Relative amounts of products depend upon the ratios of reactants used 

and contact times. Toluene can be made in high yield by using a high ratio 

of benzene to methyl chloride. If four equivalents of methyl chloride are used, 

a significant yield (10%) of durene may be isolated by distillation and freezing 

of the tetramethylbenzene fraction. Since polyalkylbenzenes rearrange under 

the reaction conditions, the yield is increased to 25% by treating the liquid 

mixture of the other tetramethyl benzenes with aluminum chloride and freezing 

out more durene from the equilibrated mixture. 

CH; 

CH, CH, CH CH, 
Durene Isodurene 
mp 80° mp —24° 

Mixed xylenes.(dimethylbenzenes) and trimethylbenzenes are produced 

commercially by adjustment of alkylation conditions. Rearrangement of pri- 

mary alkylation products can be partially avoided by using very gentle reaction 

conditions. 

BE, 
i + (CH;),>CHOH nae Cl =e O 

CH(CHs). 

Rearrangement of alkyl groups have been observed to produce sym- 

trisubstituted benzenes when alkyl groups larger than methyl are introduced. 

Under equilibrating conditions, steric hindrance forces the system toward 

configurations having no two adjacent alkyl groups. 

C,H; 

C,H;Cl, AlCl, 
ee) 

LJ C,H; NC.H; 
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Rearrangement of alkyl groups may occur by way of cleavage followed 

by realkylation in a less active, meta position. Direct intramolecular transfer 

from one position to another is also believed to occur. 

Dealkylation-realk ylation: 

C(CH,) H (CH); 
A > oe re C(CH3)3 So -9 ae 

C(CH;)s C(CH;); C(CH3)3. +H+||-H+ C(CHs); 

(CH;),C—CH, 

Another undesirable feature of Friedel-Crafts alkylations is rearrangement 

of alkyl groups themselves during the reaction (Chap. 17). Low yields of n-alkyl 

derivatives may be obtained by using carefully controlled conditions, but 

usually the products obtained are those derived from the most stable carbonium 

ion having the same number of carbons as the original alkyl group. 

AICI, a = H shift 
CH;CH,CH,Cl ——> CH;CH,CH, AIC, (Chap. 17) 

CH(CHs). 

+ = CoH 
CH;CHCH; AICI, e 

Cumene 
(isopropylbenzene) 

Acylation 

The major useful reaction for creating carbon-carbon bonds to benzene 

rings is the Friedel-Crafts acylation reaction. The electrophile is an acyl cation 

(RCOt). The reaction involves the aluminum chloride-catalyzed substitution 

of an acyl group for hydrogen on an aromatic nucleus. In some cases, other 

Lewis acids and even proton acids are employed as catalysts. The acylating 

agent is usually an acid chloride or an anhydride. Certain acyl cations, such 

as CH,CO*BF,”, have actually been isolated as reactive crystalline salts. Com- 

mon solvents for the reaction include carbon disulfide, nitrobenzene, methylene 

chloride, and 1,2-dichloroethylene. 
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Spe, —— [CH,C=6 ——_ CH,C=0] AICI, 

O 

COCH; H. /COCH, 

CH,CO AICL, + Ss aS AICL, — = + HAICI, 

Acetophenone 
90% 

COCH; 

—- GH, 
(CH,;CO),.O + BF, ——> CH,CO CH;COOBF, ——> 

Since an acyl group deactivates an aromatic nucleus toward further elec- 

trophilic attack, only a single acyl group can be introduced directly into an 

aromatic nucleus. This deactivation is in contrast to the situation with alkylation 

and constitutes the reason for the synthetic value of acylation over alkylation. 

Acylation can be stopped after introduction of one group. With activating 

groups acylation can be carried out with mild conditions [cf. (CF,CO),O, 

below]. 

CO—CH, 
Zo 2 

C,H;CH,COCI + OC) aa | 1) —— 

Benzyl phenyl ketone 
83% 

CH,COCI + AICI, CICH=CHCI € \4 \-cocn, 

4-Acetylbiphenyl 

Vek eee 

AICl, 1) LiAlH, 
(CH;),;CCH,COCI] + Ss SS OC) > HOt 

87% 

OH 

CH— CH, C(CH:;); CH—CHC(CH;), 

I, 
—————> 
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CH: 

COOH ea COOCOCF| |, ae 
———— > 

(CF,COOH) 

CH,O OCH, CH,O OCH, 

O 
CH, 

ZO 
+ CF,COOH 

CH,O OCH, OCH S~ “ocH, 

Aromatic rings with meta-directing substituents are not sufficiently re- 

active to undergo ready acylation; meta-substituted ketones must frequently 

be made by indirect procedures (Sec. 16-7). 

Alkylbenzenes acylate almost exclusively in the para position. 

CH; CH; 

CH,COCI 
AICI, 

COCH; 

90% 

Cyclizations by Acylation 

Cyclization of B- and y-arylalkanoic acids (and acid chlorides) under acid 

conditions is an elegant method for synthesis of carbocyclic rings fused to 

aromatic nuclei. A multitude of reaction conditions have been investigated in 

the course of syntheses of polycyclic systems. Being internal these reactions 

proceed under milder conditions. 

Z : Gricr, COCI: at 
ne 

SS 

O 

1-Hydrindone 
90% 

Ch Liquid HF 
a 

ee or 

CH,CH,CH,COOH polyphos- 

horic acid 
P a-Tetralone 
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Je As AICI;, CS, | Conc. H,SO, s ee) 
HOOC 

O 

a-Benzoylbenzoic 
acid 
85% 

() 

O 

Anthraquinone 
100% 

Friedel-Crafts cyclizations are useful not only for synthesis of new ring 

systems but also for preparation of derivatives of common polynuclear hydro- 

carbons such as naphthalene, phenanthrene, and anthracene. Monosubstituted 

naphthalenes are nearly all made from naphthalene, but the isomer mixtures 

obtained in attempting disubstitution are often too complex for practical sepa- 

ration. Even monosubstitution of phenanthrene often gives complex mixtures. 

The structures of substitution products must be established by unambiguous 

syntheses, which usually involve cyclization. Some examples of this are pre- 

sented in Fig. 16-5, mostly as an appreciation of the variety of possibilities. 

A few reactions in Fig. 16-5 have not yet been presented and these have 

asterisks (*). 

Succinoylation of naphthalene in nitrobenzene gives a separable mixture 

of a- and B-isomers, both of which are useful in the synthesis of phenanthrene 

derivatives. 

oO 
YA 

CH,—C_ 
00, AIC, CcHsNO: 

CHC 

ee es 

Ce aes COCH,CH,COOH 

+ 
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CH La 

eee 
CH,—C HOCO HOCO 

CH3~ 5 CH; Zn-Hg, HCl CH; 1) SOCI, 
Se 

AICI, (Clemmensen*) 2) AICI, 

O 

1) (CH;),CHMgBr 

(one mole) 

Dyas Ors 

v O 

HOCO 1) H,, Pd 
cits \ SOCl, ot 1) LiAIH, 

3) AICI 2) H,O+ eZ ) 3 3 

CH(CHs), CH(CHs). 

ye 

CH,;CH —C 

So Alcl, O 
Cle rai CH, HOOC CH; 3 <GcuaLn CH; CH; 

(Less hindered 3) AICI, 

carbonyl reacts) 

O 

CH; CH, CH, CH, 

CH; CH, CH; 3 

Conc. NaOH 1) NaOH, (CH;). SO, 

H,SO, fusion 2) H,O+ 

| | 
SO;H OH OCH; 

*Reactions from Chap. 18. 

FIGURE 16-5 Syntheses of substituted naphthalenes 
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on 
H, 

_}) (CH)),CHMgBr CHMgBr eel, ae 

2) H,; no. -H, 

aus Pd, A ou: 

a 

CH(CHs)» CH(CHs)» 

1) H,, CucrO, CH, SCH 
2) H,O+ (-H,O) 

3) Pd, A C-H,)* LE 

CH a CH 
Do: AICI; Te ; 

CH,C HOOC 1) Zn-Hg, HCl* (CH. 
“A CH 7 Hs 2) SOCL,, AICI, : 

~~ 3) Se* 

CH; 

f 

\ 
OCH, O OCH, 

675 
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O 

— 
| + 

a 

I 
O 

Zn s Zn A 
1m 1a 

— 

ZA 

Naphthacene Se 

1,2-Benzanthracene 

Other Ketone Syntheses 

Phenolic ketones are often prepared by the Fries rearrangement of aryl 

esters. The reaction is an internal self-acylation. 

= + 

OCOCH, Cl,AlIO O==CCH, OAICI, OAICI, 

H 
AICI, -HCI CO aa H,O 
——. ——> ai —- 

SS 

COCH, 

OH OH 

COCH; 

+ 

COCH, 
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At low temperatures, para product predominates; at high temperatures, 
ortho isomers are the major product. Solvent variation and aluminum chloride 
concentration also affect the product distribution. 

OH 

0 1) AICI, 25° 

occH, a 
COCH, 

oe 
OH 

1) AICl, 165° Y COCH; 

bs cCHy XZ 

A variation of the Fries rearrangement is available in the Hoesch reaction. 

The process consists of substitution by the conjugate acid of a nitrile. The first 

product is an imine, which is hydrolyzed during isolation. 

ZnCl, 
RC=N+H == RC=NH 

a8 —Ht H,O 
RC=NH + ArH —— ArCR —— ArCR 

| 
NH O 

Unfortunately, yields in the Hoesch reaction are not consistently high, 

and experience indicates that a successful reaction requires a very reactive 

aromatic substrate. Monohydric phenols are usually attacked almost exclusively 

at oxygen rather than at nuclear positions. 

OH 

CH;CN, HCl 
———— 

ZnCl, 

HO OH HO OH 

ie NH, Gly COCH; 

Phloroglucinol a 2,4,6-Trihydroxy- 
; acetophenone 

87% 

& cl 
ae 

O— lier 

_CHSCN, HCI HCl nO O 

Hydrochloride of 
phenyliminoacetate 
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Aromatic Aldehydes 

Although formyl chloride (HCOCI) and formic anhydride [(HCO),O] are 

unknown compounds, the ion, HC=O+, needed for formylation can be pro- 

duced by protonation of carbon monoxide. In the presence of HCI, CO, and 

AICI,, aldehydes are produced from substrates that are ordinarily subject to 

acylation. Aldehyde synthesis is important because of the versatile reactivity 

of aldehydes in synthesis. 

:C=O + HCl + AICL, == HC=0 AICI, 

HC=O + ArH —> ArCHO 

Protonation of HCN produces a similar electrophile. For some reactions, 

direct use of the very poisonous hydrogen cyanide can be avoided by using 

hydrogen chloride and zinc cyanide, which generate hydrogen cyanide and zinc 

chloride (a mild electrophile) in the reaction flask. 

ZnCl,, HCl + 
LN re NE 

+ + H,O 
HC=NH + ArH ——> ArCH=NH, —~— ArCHO 

The aldehyde synthesis with carbon monoxide and hydrogen chloride 

is known as the Gattermann-Koch reaction and that with hydrogen cyanide as 

the Gattermann reaction. Like the Hoesch reaction, the Gattermann reaction 

requires a very reactive substrate. 

Gattermann-Koch: 

CH; CH; 

one _HCI, AICI CHO 
+ 

i. Small amount 

p-Tolualdehyde 
1% 

Gattermann: 

OH 

on HCl, _HCL, Zn(CN). , 

| OH 

CHO 

Resorcinol Resorcyl aldehyde 
95% 
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In the Vilsmeyer reaction, moderately reactive aromatic compounds are 
formylated with an active formyl derivative prepared from dimethylformamide 
and the electrophilic phosphorus oxychloride. Various other electrophiles have 
been substituted for POCI,, and other formamides have also been used. 

H H 

CH, Cl 
-( NS 

CH;N=C OPOCI, 
~ 
H 

Active electrophile 

CH; H CHs 
| +/ | = H,O 

CH;N=CHCI + ArH —> Ar NCH; OPOCI, —> 
& Ne 
OPOCI, ie 

Cl 

ArCHO + H;PO, + HCl + C;H;NHCH, 

4 CHO 
POCI, 

+ (CH;),NCHO ——> 

HO OH HO OH 

CHO 
| 
SS 

OCI, 

Gy + C,H;N(CH,)CHO —2= 
oe Pe 

9-Anthraldehyde 
4% 

Aldehydes and Ketones as Electrophiles 

Previously we have seen simple carbonium ions as electrophiles for alkyl- 

ation and the carbonyl group involved as acy] cations for acylation. Aldehydes 

and ketones also form carbonium ions useful as electrophiles. In the presence 

of strong acid, carbonyl compounds are converted to their powerfully elec- 

trophilic conjugate acids, BeOle Examples of the condensation of these 

conjugate acids with the enols of carbonyl compounds in acid-catalyzed aldol 

condensations have been encountered earlier (Chap. 12). In a completely analo- 

gous reaction, aldehydes and ketones condense with reactive aromatic nuclei. 
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~ + | + 

C—OH + ArH —~> —C—Ar+ H 

OH 

Since the products are benzyl alcohols, they are readily converted to 

carbonium ions, which may alkylate another nucleus. 

| —Ht | ArH | 
Se —C—Ar —> Ar—C—Ar 

H,O H | 

OH 

The activated nucleus is ordinarily still subject to further attack, so that 

the process generally leads to the formation of high polymers such as phenol- 

formaldehyde resins (“Bakelite”). 

OH OH 

CH; CH= 
H,SO, 

Gy Cl 1) O Bere 

OH 
| 
CH: CH, 

Bakelite structure 
(phenol-formaldehyde resin) 

If the reaction mixture contains a high concentration of a nucleophilic 

ion, such as halide when using HX as the acid, the benzyl alcohols may be 

intercepted and converted to halides. The steps include substitution to a benzyl 

alcohol, acid-catalyzed ionization, and nucleophilic substitution (Sy1) of halide 

at the benzylic carbon. The combination of formaldehyde with hydrogen chlo- 

ride introduces the —CH,Cl group, a process known as chloromethylation. 

CH, Cl 

CH; CH; 

ZnCl, 
cietd Cle CH, On + H,O 

CH, CH, 
61% 

It may be noted here that the reactions of phenols with acyl cations or 

with the conjugate acids of aldehydes or ketones are completely analogous to 

acid-catalyzed carbonyl condensations, since phenols are merely enols em- 

bedded in benzene rings. 
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+ 

Nee lL sae H C= 

| a | ‘= eit | ar —_— | ——- > 

A Pe 

Phenol 

OH *OH O 
OH 1 *OH | | H 

“A eee 
a ic — | 

Enol Aldol product 

A few reactions of phenols even occur under basic conditions, like the 

common carbonyl reactions. In the Kolbe reaction a phenolate salt is heated 

with carbon dioxide under pressure to effect carbonation (carboxylation) of 

the phenolic ring (ortho, usually). The reaction is similar to the reverse of 

decarboxylation of the anion of a B-ketoacid, and more specifically to the 

decarboxylation of o- and p-hydroxy-benzoic acids (Sec. 13-6). Polyhydric 

phenols usually give good yields in the reaction under relatively mild condi- 

tions. 

O O O 

= 
| So | f e : 

O OH 

ois H,O+ oie 

——- 

OH OH 

NaOH aq. 100° 
McQ me ee 

2) H,O+ 
OH OH 

COOH 

Resorcinol 2,4-Dihydroxybenzoic acid 
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PROBLEM 16-7 

Fill in the missing structures in this synthesis. If there is a choice of more than 

one structure, write the major one. In the first reaction write the probable struc- 

ture of the active cation which acts as the electrophile. 

<a ; AIC; Zn - Hg 
Anisole (C;H;OCH;) + succinic anhydride ———> mace 

Polyphosphoric CH;COCI NaBH, C;H;SO,Cl 
Bo -——_ —> > > EF — 

acid AICI, Pyridine 

LiAlH, BBr, Br, 
JP SS oe G =e H See C,.H,,;OBr 

PROBLEM 16-8 

a Show a procedure for converting p-cresol (p-CH,;C,H,OH) into 4-hydroxy- 

3-methyl-benzoic acid. 

b Show the steps in the mechanism by which aromatic aldehydes are produced 

directly in the reaction of aromatic substrates with Cl,CHOCH,/AICL,; use 

p-cresol as the example. What are the other products? What product might 

you expect using HCCI—NOH/AICLI.,? 

c In the Reimer-Tiemann reaction, phenols are treated with chloroform and 

alkali. In this reaction p-cresol yields two products, as shown below. Explain. 

(See page 641.) 

OH OH O 

CHO 
CHClI, ae 
—_— 
—OH 

CH, CH; CH; CHCl, 

d Inthe Pechmann reaction phenols are allowed to react with acetoacetic ester 

and acid. The product from p-cresol is shown below. How does the reaction 

proceed? 

CH, 

CH, — 

O O 
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C N O S xX 

—COOH 

Electron withdrawing 

(meta directing) 

(H]* [O]* {H]* || [O]* [H]* [O]}* SS 

Electron donating —CH,—R —NH, —OH —olt 

(ortho-para directing) | 
=e —NR, —OR —SR 

| (satd.) |\—NHCOR) \—ocor) \—scorR 

(Circled groups are those which may be introduced by electrophilic substitution.) 

*Practical interconversions are available as shown by oxidation-reduction, discussed in Chap. 18. 

FIGURE 16-6 Summary of major aromatic substituents 

16-7 SYNTHESIS OF AROMATIC COMPOUNDS 

A little reflection serves to show that all possible disubstituted benzenes cannot 

be created by electrophilic substitutions alone, despite the versatility of the 

reaction. The fullest capability in aromatic synthesis comes from combining 

electrophilic substitution with other reactions (including a few not yet presented) 

for interconverting substituents. Such reactions are reviewed here in order to 

provide a practical basis for designing syntheses of any aromatic compounds. 

The major reliable substitution reactions for synthesis provide for aryl 

attachment to the atoms C, N, S, X, but not to oxygen: 

xf X,/AIX, or FeX, 

NO,* HNO,, etc. 

SO.,Ht H,SO,-SO,; CISO3H, etc. 

RCOt RCOCI/AICI.,; (RCO),O/Lewis acids, ete. 

The major aromatic substituents are summarized in Fig. 16-6 and orga- 

nized so as to see which ones may be introduced by electrophilic substitution 

(circles), what directive influences they exert on subsequent substitutions, and 

which ones may be interconverted to the opposite directive influence. Only 

rate-deactivating substituents can be introduced by substitution since, once 

introduced, they deactivate the ring and prevent further substitution and un- 

desirable polysubstituted by-products. Hence only the circled substituents can 

be added; the others (electron-donating) must be created by functional-group 

interconversions. 

The problem of designing a synthesis for a particular polysubstituted 

aromatic compound is therefore reduced to a choice of which substituents to 
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TABLE 16-2 Interconversions of Aromatic Substituentst 

Products ——> 

Starting 
materials C N O 

ee 

Electrophilic substitution reactions 

H) ar-w +rcoci “5, | Ar-H + HNO, —> 
Ar—COR Ar—NO, 

= = 

(18) Ar—COR + HN, 2), 
Ar—NHCOR | ar—COR + R’CO,H © 

C (Fig. 16-6) Ar—COOH —> Ar—OCOR 

Ar—CON, ~~), 
Ar—NCO 

A 
AT—N,* + GaZ(CN); —— ; Ar—N,* + H,O —> 

N Ar—CN (sientes®) Ar—OH 

O 

g | Ar-SO;- + “CN = Ar—SO,- + NH, —> | Ar—SO,- + OH —"> 
Ar—CN Ar—NH, Ar—OH 

Ar—X — > Ar—MgxX 

\ 
xX | Ar—MgX + C=O — > Ar—Mgx + O, —> 

wie Ar—OH 

j Reactions discussed in subsequent chapters are included with the chapter number in parentheses. 

introduce and in what sequence. Since oxygen cannot be introduced it must 

either be present in the starting material (cf., phenol) or created from another 

substituent, as in the hydrolysis of a diazonium salt. In general, other attached 

atoms also need not be directly introduced by substitution but may often be 

placed by interconversions of other existing functional groups, as in the con- 

version of —SO,H to —OH by alkali. In Table 16-2 are listed the chief practical 

synthetic reactions used to interconvert one functional group to another on 

a benzene ring. The top row incorporates the chief electrophilic substitution 

reactions, as conversions of attached —H to various functional atoms. 

Armed with these tabular summaries we may approach any synthesis. 

The problem becomes one of choosing which function to introduce—and in- 
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S xX H 
FE 

Ar—H + SO, —> Ar—H + Xx, 4%, ar—x 

Ar—COO-Ag* + Br, “, | Ar—cooH =. 
Ar—Br + CO, H+ Ar—H 

Ar—N,* + SO, +295 
Ar—N,* + H;PO, or Ar—SO4H | ar—N,+ 4 Cu,x, —> 

a2 NaBH, —> 
Ar—N,* + Cu,(SCN), —> Ar—X one 2 Ar—H 

Ar—SCN 

Ar—SO3H + H,O+ —> 
Ar—H 

(Fig. 16-6) 
Ar—SR + H,(Ni) —> 

Ar—H 

Ar—MgxX + H,O —> 
Ar—Mgx + SO, -), Ar—H 

Ar—SO,H Ar—X + H,(Pd) —> 
Ar—H 

terconvert—first so as to provide appropriate directive influence to introduce 

the next substituent, and so forth. The major synthetic devices employed are 

the following: 

1 Conversion of meta-directing substituents to their ortho-para-directing analogs (Fig. 

16-6) in order to change the orientation of introduction of new substituents. 

2 Introduction of blocking substituents to occupy an undesired site during substitution. 

The blocking group is later removed (converted to —H, last column in Table 16-2). 

3 Introduction of extraneous activating substituents to provide correct orientation in 

substitution, followed by final removal of the activating substituents (conversion to 

—H, Table 16-2). 
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The conversion of one directive influence to another (device no. 1) is 

illustrated in this preparation of m-bromochlorobenzene, which is unavailable 

by direct substitution. 

NO, NO, NH, 

Br,, AlBr, SnCl, or other reduction NaNO,, HCl 
es Seen SSS ana os 

Br Br 
+ — 

N, Cl Cl 

Cu, Ch 

(Sandmeyer) 
Br Br 

m-Bromochloro- 
benzene 

The removal of blocking or strongly orienting groups after they have 

served their synthetic purpose (device nos. 2 and 3) is shown in two examples 

below. A number of synthetic conceptions are also invoked in the syntheses 

of naphthalene derivatives shown in Fig. 16-5. 

CH; 

_(CH,CO),0 : =e _H,80, 4. 

NH, NHCOCH, NHCOCH, 

p-Toluidine p-Acetotoluidide 

CH; 

_NaNO,, H,SO, _H,PO, 

Br 

N, HSO, 70% 

CH; 

Conc. H,SO, 5 _HNO,, H,S0, =e 50% ue 

SO,H 

CH, COOH 

NO, NO, 

K,Cr,O,, H,SO, 
SSS SSS 

The most important and versatile attached atom is nitrogen since the nitro 
group is unreactive but strongly deactivating and may be reduced smoothly 
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to amino by several methods discussed in Chap. 18. The chief methods are 

the use of catalytic hydrogenation or of metals like tin, zinc, or iron in hydro- 

chloric acid. The amino group is not only strongly ortho-para directing but 

also smoothly convertible to a diazonium salt for replacement of aryl nitrogen 

by any other attached atom (Table 16-2 and Fig. 13-7). 

AICI, Redn. 1) SOCI, 
————> ——- ———- 

Zn/HCl 2) AICI; 

OOH (Chap. 18) COOH 

COOH 
H,O 

ees =< 
H,SO, (H' or OH) 

(Chap. 17) N NH, 

H O 

Ortho-para-directing groups with both ortho and para positions free yield 

mixtures of both the ortho- and para-substituted products. These mixtures 

commonly favor the para isomer but must be separated. When the ortho 

isomer is desired, it is made either by first blocking the para position with 

a group to be removed later, or by using a cyclization reaction, which is obliged 

to yield a pure ortho attachment. 

Acylation provides aryl ketones which are useful for further extension 

of side chains by the carbonyl reactions of Chaps. 12 and 13. The other impor- 

tant attachment of aryl groups to carbon chains is the use of halogen sub- 

stituents and their conversion to aryl Grignard reagents. 

With this summary of aromatic reactions it should be possible for stu- 

dents to devise syntheses for virtually any polysubstituted aromatic molecule. 

PROBLEMS 

16-9 Show sequences of reactions that could be used to convert the following sub- 

stances to benzene. 

a 3-Chloro-4-amino-benzenesulfonic acid 

b 2,6-Dibromoacetophenone 

c t-Butylbenzene + AICI, (Explain.) 

16-10 a The Bischler-Napieralsky reaction, illustrated below, is often used for the 

synthesis of nitrogen heterocycles. Deduce a reasonable mechanism for the 

reaction. 
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b_ The Bischler-Napieralsky reaction was used in the synthesis of the natural 

compound papaverine, which is one of the constituents of opium. The 

starting material was 3,4-dimethoxybenzaldehyde. One key step was the 

formation of its cyanohydrin. Formulate the steps in this synthesis (there 

are nine reactions). 

CH,0 — 

CH,O es OCH, 

CH, OCH; 

Papaverine 

16-11 Show the parallel between the following reaction (known as the Pictet-Spengler 

reaction) and the Mannich reaction (page 487). 

HO (CH,), NHCH; 
HCl 

te ROH Oa 
NCH; 

R 

16-12 The orange pigment, fuscin, is synthesized by a species of mold, to which it 

imparts a characteristic mottled orange appearance. Reductions of various kinds 

all lead to the colorless aromatic derivative dihydrofuscin. In the structure- 

determination studies, dihydrofuscin was boiled for several hours in weakly 

alkaline aqueous solution with a slow stream of nitrogen passed through the 

solution. The nitrogen gas was then passed through a solution of 2,4-dinitro- 

phenylhydrazine which slowly yielded a yellow precipitate during the course 

of the reaction. The product isolated on acidification of the alkaline solution 

was a colorless crystalline acid, soluble in bicarbonate, with a formula 

C,;H,,O;. Formulate the reaction in mechanistic terms, and show the structures 

of the products. 

O O 

mOE 

CH re CisHigO; + ? 

O CH, 

O OH 

Fuscin Dihydrofuscin 
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16-13. The following reactions have been observed. Make a careful analysis of the 

substitution process in each case, and give an explanation of the observations. 

Example: 

NH, NH, 

HNO, 
—> + smaller amounts of 2,3- and 3,6-isomers 

NO, NO, 

NO, 

A. The nitro group weakens the basicity of the amine, so that the proton- 

ation, AYNH, —> ArNH,F, is not as extensive as with aniline. Nitration of 

the free base can take place even in acidic medium. 

B. Nitration para to amino and ortho to nitro involves conflict between 

two orienting influences. Look at the resonance description of the intermediate 

ion. 

NH, NH, NH, NH, 

——— = ————-> 

. NO, NO, NO, NO, 

I II Ill IV 

The specific help of NH, (see III) must outweigh the specific influence 

of NO, (see IV). 

a ( \-cH-cuno. a on( \—ci—cuno, 

CH(CHS), CH(CHs3), CH(CHs3), 

NO, 
b HNO;, H,SO, xe 

) eli, oy 
CH; CH; CH; 

90% Trace 

+When they are brought into conflict, the influence of an activating group virtually always outweighs 

the effect of a deactivating substituent. 
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O,H NO, SO;H SO;H 

aes a 

N(CH;)2 = N(CHs3), 

‘C)- O a can \-8 1) news 

e Attempts to use esters for Friedel-Crafts acylation, 

ArH + RCOOR’ ae ArCOR, 

always lead to a complex mixture of alkylated and acylated products. 

Br Br 

ec oe tO Gres 

Br, Br, 
—> — 

Br 

90% for the step 

NHNO, 

oad 
Phenylnitramine 

Br 

Br Br Br Br 
HNO,, H.SO, 
> + many other products 

Br Br Br Br 

Br 

Br 

P z 60% H.SO,, reflux 4 
1 ee aN OME A ObT On) 

SO,H 
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16-14 Devise suitable synthetic sequences to accomplish the following transforma- 

tions: 

CH: COOH NO, 

Br Br | 

H,CH,OH 

‘C)- 
(at least two methods including 

one that utilizes CH,—CH,) 
S82 

io} 

NO, 

SnCl, 
a (C;H;),C—CH, 

Soa 

OH OH O 

SS 

OH OH 

ie Br ion 
Br, 

Cc ———— > 

R- 
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NH, 

a 
+ BrCH,CH,CH,Cl —> | 

7 N 
i 

2 ——> C,H;CH,CH,OH 

a 

(a) D = + @ 

Ae 
| @ z 

H,SO, 
f C,H;CHO + 2C,H, ——~ (C,H;);CH 

OH OH 

CH, Cl 
Conc. HCl 

NO, NO, 

GEE age 
ZnCl, I KO 

h CH; =0CL.CCN =, CH CCC 

CH, CH, 

CH, 

CH;— CN 

CH; 

OCH, 

1 ae as eae 

NH, CH. C=0 Mix 5 
2) Add H.SO, 
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16-16 Devise syntheses of the following compounds from readily available aromatic 

and aliphatic chemicals. 

NH, COOH 

CH; HOOC COOH 

a f 

HOOC COOH 

CH; 
g 

COCH, 

OH OC;H,-n 
Cc 

Br ~~ CH; 

h 
CH,CH.C(OH)(CH;)» Re 

NO, 
i CH, (CH 5 2g 

CH,CH.Br aye) 

e ion COOH 
HOOC 

COOH 

16-17 Substitute formulas for capital letters in the following sequences: 

_CH,COCI | C;H;CHO LiAlH, 
a 2H, Pe ON ceematalin 

Z y -AICiE NaOH 

HC1,CH,O KCN H,O+ 

y3 

D 



694 PROBLEMS 

co, HCl NaOH H,O+ 
——— — > — > 

¢ CsH;C.H; AICI; Heat ae 

NaOH 1) LiAIH, 
> IE ar IE 

NaCN 2) HO 

OH 

A Zn(CN), ys (CH;).SO, B CH SH C Raney 

HCl NaOH HCl Ni 

OH 

Zn(CN), H,O 
1D). SS OE 

HCl 

OH 

NaOH (CH3),SO,4 SOcl, CH;,0C,H; 
e — A — — B — C — — DD 

CO,, A NaOH AICI, 

16-18 Provide an explanation for the following phenomena: 

ibe CH;COOH 
a a ede ks ag SSS 

CH; 

Te CH, pe 

epee a ar be Sata eae a: oF baronet 

CH, OAc CH, 

CH, CH; 

CH OCH 30 3 a H ~~ OH 

c CH 
Cain A 
| 

CH; O CH; 

C(CHs3)s C(CHs3) 

(CH3)3CCI 
d See Ss 

pica V(CH.).C C(CH,), 

C(CH3); 
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16-19 

16-20 

16-21 

Presume that the structures of the three dibromobenzenes had not been as- 

signed, although each was available in pure form and had the following physical 

properties: mp —6.9°; mp 1.8°; mp 88°. Further bromination of each isomer 

gave a number of discrete tribromobenzenes. The compound with mp —6.9° 

gave three tribromobenzene isomers, that with mp 1.8° gave two, and that with 

mp 88° gave only one. Assign structures to the three dibromobenzenes and 

to all the tribromobenzenes. Show your reasoning. 

Devise syntheses for the following aromatic compounds using benzene as the 

only aromatic starting material. Any substance once prepared may serve as 

a further starting material. Do not forget the methods in Sec. 13-9. 

a Phenol g m-Dicyanobenzene 

b_ m-Cresol h_ p-Dicyanobenzene 

c p-Cresol i a-Phenylbutyric acid 

d m-Cyano-acetanilide m-Aminobenzenesulfonic acid 

p-Aminobenzenesulfonic acid (CH;,CONHC,H,CN) 
p-Cyano-acetanilide 1,3,5-Tricyanobenzene (a) 

Epa ee loamy m-Bromobenzophenone 2-Bromo-6-chlorophenol 

(BrC,H,COC,H;) 

The major product of a certain aromatic electrophilic substitution reaction 

yielded the NMR spectrum shown in Fig. P16-21. Write the structure of the 

compound as well as the reaction involved. In order to check its structure, show 

an alternate synthesis of the substance, starting with an appropriate hydro- 

carbon. 

TMS 

FIGURE P16-21 
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CHAPTER SEVENTEEN 697 

MOLECULAR 
REARRANGEMENTS 

A vastly simplifying assumption in the study of organic chemistry is that 
reactions occur at various functional groups and leave carbon skeletons un- 
changed. However, reactions are encountered in which functional groups 
migrate within molecules and carbon skeletons are modified. The term rear- 

rangement is most commonly used to refer to the migration of a group from 

one atom to another within a molecule. 

17-1 ELECTRON-DEFICIENT SKELETAL REARRANGEMENTS 

The most important group of molecular rearrangements involves the migration 

(1,2-shift) of a group from one atom to an adjacent atom that has only six 

electrons in its valence shell and is therefore electron deficient. The molecular 

system involved may be either a cation or a neutral molecule. Examples are 

listed in Fig. 17-1. 

The migrating group never leaves the molecule. The migrating group, Z, in 

1,2-shifts may be halogen, oxygen, sulfur, nitrogen, carbon, or hydrogen, but 

by far the most important and common are carbon migrations. When group 

Z is halogen, oxygen, nitrogen, or sulfur, nonbonding electrons on Z may 

become involved in the new bond formed during migration. When Z is carbon 

or hydrogen, nonbonding electrons are not available. In spite of these differ- 

ences, systems containing both types of migrating groups enter into a similar 

spectrum of reaction mechanisms. Mechanistically similar electron-deficient 

rearrangements in which the group Z migrates farther than just to the adjacent 

atom (i.e., 1,3-shifts, 1,4-shifts, etc.) are exceedingly rare. 

In Fig. 17-2, the general mechanistic possibilities for the 1,2-shift are 

outlined. The discrete species involved in the reaction are denoted by A through 

E. In mechanism A ——> B —>» C —~> D ——= E, the starting material first 

goes to an open or classical ion. This then passes to a bridged or nonclassical 

ion, which in turn gives the rearranged open ion, which produces product. 

Halfway in the migration of Z from one atom to the next must be a geo- 

metrically symmetrical species—a bridged ion. Much attention has been de- 

voted in recent years to very subtle tests of whether this species is simply a 

transition state as the migrating group slips across from one bonding orbital 

to the next (route I on the free-energy diagram) or whether it represents a 

true intermediate, C (route II). In a number of cases the results indicate that 

this bridged ion (C) is a discrete intermediate and its tenuous existence has 

been recorded spectrally in some instances. Such an intermediate bridged ion 
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General: =n => eal Z= Migrating group 

Zi Z 

Nee FB 
ExXat ples: al ee Sa) oe ES 

+ = | 

R (Cation) R 

ie | |= | 
ah wae 

R (Carbene) L R R 

lant | = | 
Cain ae roca ——. eae 

R (Nitrene) be R R J 

eae eee lee 
BS Gack ast ae => ae 

R lz R R 3 

FIGURE 17-1 Rearrangement of electron-deficient systems 

is labeled nonclassical since the bonding of three atoms with only two electrons 

is implicit in the structure. 

Migration to Carbon 

Heretofore we have seen that, when a carbonium ion is formed by ioniza- 

tion or by protonation of a double bond, it has two choices: substitution by 

a nucleophile as in the S,1 substitution reaction; or elimination of a proton, 

as in the E1 elimination reaction. The third alternative is that of rearrangement 

to anew carbonium ion before substitution or elimination (Fig. 9.2). Rearrange- 

ments occur regularly in the course of such reactions if the intermediate car- 

bonium ions can be converted to more stable ions by 1,2-shifts of hydrogen 

atoms or of alkyl or aryl groups. 

L bee 
| al wae 

—C—C 
| Je (H) 7 
R te Aes ee, come 2 

wt —C—C C= 
pele Appia 2 as ee Gis ‘ 
G—G R %, 

vA S 2u | +Nu: AS 

R 3 gee gins 
| _yt above 

R 

In some instances, rearrangement is initiated before a carbonium ion is 

formed, and in some solvolytic reactions acceleration of rate is attributed to 
driving force supplied by the migration. In such cases the reaction takes a 



Se 

stable) 

L . Nu 

| | —L: | i | | ea +Nu: roa 
a ale => (C2 Cr Cc —S> SC SC — == 

| [sae oe Ima eal 
lL Z Z Z Z Z 

Starting Open or Bridged or Rearranged open Product 

material classical ion nonclassical ion or classical ion 
A B € D E 

FIGURE 17-2. Mechanism and energy diagram for 1,2-shifts 

concerted course and the energy diagram may show only a single transition 

state between A and D or even between A and E in Fig. 17-2. Rearrangements 

tend to be promoted by steric crowding of the migrating group in the starting 

material. The rearrangements of neopentyl compounds under conditions de- 

signed to effect substitution or electrophilic additions are representative. 

CH; ye CH, 

Cl -H,O + 
CHICCHIOH —— >" CH. CCH,ON, 6 CHC CH, ——> 

CH, CH; CH; 

Neopentyl alcohol 
Cl 

n cI- | 
CH,;CCH,CH,; aad ee 

CH; CH, 

tert-Amyl chloride 

Cl 
(CH,),CCH—CH, ——> (CH,),c—CH—CH, — 

CH, 
tert-Butylethylene 

—Ht 

(CH) CCH CH. ——._ (CH), C=C(CH)), 

CH; 

Tetramethylethylene 
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PROBLEM 17-1 

Write all the possible products which you can expect from the following situa- 

tions. If you think some product(s) should predominate, indicate which. 

a 3,3-Dimethyl-2-butanol heated with aqueous HBr 

b 3,3-Dimethyl-2-butanol heated with aqueous HBF, 

¢ 3,3-Dimethyl-2-butanol treated with concentrated sulfuric acid (small 

amounts of water are essentially fully protonated in this medium and unavail- 

able to act as nucleophiles) 

d 3-Ethyl-4-methyl-2-pentanol heated with aqueous sulfuric acid 

e 2,3-Dimethyl-2,3-butanediol treated with concentrated sulfuric acid 

Rearrangements of alcohols under acidic conditions were originally 

known as the Wagner-Meerwein rearrangement, but the term has been broadened 

to include rearrangements involving many other leaving groups. A wide variety 

of substrates and electrophilic reagents (to generate initial carbonium ions) are 

involved, all rearranging via carbonium ion routes. A number of these rear- 

rangements are used synthetically for ring enlargement or contraction. These 

reactions often have particular names, and the main ones are collected in the 

succeeding paragraphs. 

NH, (N+ ~ _HNO) i; — [ -cHo+ N, 
OH OH 

OH 
)>—CH.NH, aN )>—CH.OH a | + CH,=CHCH,CH,OH 

Cyclopropylcarbinylamine Cyclopropylearbinol Cyclobutanol Allylcearbinol 
(trace only) 

I oe NO; CH,NO, 
+ AgNO, —2> + 

Nitrocyclohexane Cyclopentylnitromethane 

Attempts to dehydrate substituted vic-diols (pinacols) usually lead to 
rearrangements with formation of ketones. This reaction is called the pinacol 
rearrangement and is favored because of the resonance stabilization of the 
rearranged ion by the attached oxygen. Because the highly branched structures 
of the products are not easily constructed by other reactions, this rearrangement 
has found interesting applications in synthesis. Pinacols themselves are made 
by reductive dimerization of ketones with bivalent metals, usually magnesium, 
under anhydrous conditions (page 777). 
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ra OH sie 
1)Eth Ht 2(CH,)2CO + Mg oa (CH,);C—C(CH,), ——> CH,— OCH) was EES 

CH, 

:OH *OH O 

| | art 
CH;—C—C(CH,), <> CH;—C—C(CH,). | ——> CH,—C—C(CH,); 

Stabilized cation Pinacolone 

Ht 

cul OH O 

[ xo _Mg, ether | ater H,SO, 

a7 

In some rearrangements the electron-deficient carbon is a carbene instead 

of a carbonium ion. These are usually created by loss of N, from a diazo group, 

C=N*=N-. In the Wolff rearrangement, a-diazoketones lose nitrogen and rear- 

range to ketenes in the presence of solid silver oxide or by irradiation with 

light. The reaction is ordinarily carried out in the presence of water or alcohols, 

which convert the ketenes to carboxylic acids or their esters. 

I G or 
R— C—CNEN — >Re i Pia» Saas Ag,O 

=Ne 

R’ R’ R’ 

Diazoketones 

oO R’ R 
igre : Pee 
C—C—R’ — |O=C—C—R’ <— O=C=C Parl cele CH—COOH 

|” | ye 
R 

R 
R R’ 

Ketenes 

The Wolff rearrangement has been incorporated in a general sequence, 

the Arndt-Eistert synthesis, in which an acid is converted to its next-higher 

homolog. 



702 ELECTRON-DEFICIENT SKELETAL REARRANGEMENTS SEC. 17-1 

COOH COclI 

- + 
Ssocl, CH,.—N=N 

————> ———_—_——— 
—HCl 

a-Naphthoic 
acid 

I 
CCHN, CH,COOH 

1) Ag.O, H,O 

2) Ht 

a-Naphthylacetic 
acid 

45% overall 

ha 1) SOCI, CH; 1) SOC1, CH; 
2) CH,N, 2) CH,N; CH CCOOH = — = =5 Gi cCH COOH C,H,CCH, CH, COOH 
3) Ag,O, H,O | 3) Ag,O, H,O 

CoH; C,H; C,H; 

2-Methyl-2- 3-Methyl-3-phenyl- 4-Methyl-4-phenyl- 
phenylbutyric acid valeric acid caproic acid 

52% 45 %o 

Diazomethane is also used in an analogous reaction that converts ketones 

to higher homologs. The process has been used for expansion of cycloalkanone 

rings. A ring closure to form ethylene oxides competes with the rearrangement 

step and often becomes the principal reaction. 

R 
~< rr! ue ate ae 

se + (CH,—N=N <> CH,=N=N] — 

R 
Diazomethane 

\ a Rearr. | 
C > R—C—CH,—R 
Oe Rs 

R CH,-_N=N 

or 

Ry JO 
Ne 
C R 
VS + Ne oS 

H,-_N= N => page 
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O O a 

CH.N, ees: 
“> + 

Cyclohexanone Cycloheptanone 15% 
3% 

CH2N» 
CH;,COCH,CH,CH, --- 

2-Pentanone 

ae. 
CH; CO(CH;);CH, + CH;CH:,COCH,CH,CH; ar CH, CCH. 

CH,CH;,CH; 

18% total 55% 

Migrations of hydrogen instead of carbon pass through the same bridged 

protonium ion or 7 complex discussed in Chap. 15 for the electrophilic addition 

of protons to double bonds. The same sequence of ions then accounts for 

double-bond protonation, F1 elimination (deprotonation), and hydrogen migra- 

tion. 

Protonium ion 

I 
SE + Ht 

It is not necessarily clear whether hydrogen migrates internally in a true 

rearrangement or is merely lost, with formation of an intermediate alkene, 

which reprotonates on the other carbon. This can, however, be tested by use 

of isotopic labels (e.g., deuterium or tritium for hydrogen). 

AIBr, + = ate =x 

CH,—CH,—CH,—Br ——> CH,—CH,—CH, AIBr, — = CH,—CH—CH, AIBr, 
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PROBLEM 17-2 

Write the major products expected from the following reactions. 

NH, 
: + HNO, in H,O 

CH; 

H. 
b * + AgBE, in CH,Cl, 

Br 

CH, 
c + AIBr, in C;H;NO, 

CH; 

d C,H;COCH(CH;), + CH.N, 

Ag,O 

PG TCH COCIEUGH Nee a 

PROBLEM 17-3 

3,4-Dimethyl-pentane-2,3-diol gives predominantly one carbonyl-containing 

compound on treatment with strong acids. Discuss which product you might 

expect to be preferred, considering intermediate energies as in Fig. 17-2. 

Migration to Nitrogen 

In these rearrangements an electron-deficient nitrogen (nitrene, —N:) is 

first created by loss of a leaving group from the nitrogen atom. This can occur 

in several ways. There are several reactions which convert N-substituted amides 

to isocyanates. 

O 

lake er eel i 
R—C—N4Y ale C—N: | — O=C=N: 

q Sih ee, 
H R R 

Nitrene Isocyanates 

The Hofmann rearrangement of N-haloamides is the commonest of the 

group. The reactions are useful for conversion of carboxylic acids and their 

derivatives to amines that contain one less carbon atom than the starting 

materials. Such a procedure is synthetically useful if the amine cannot be made 

directly by a nucleophilic substitution reaction. 
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O 
NaOBr | l CH,CH,CONH, + Br, —N208"_. EN: sCH,CONH, + Br, CHCHsC (Br oS CHIGH GaN => 

N 
ISN 

H 
) 
OH 

OH 
y H,O 

CH,CH, N=C=O —— CH.CH.NHC — CH;CH,NH,+ CO, 

Ethyl isocyanate N-Ethylcarbamic acid Ethylamine 
90% 

NaOBr 
(CH;)s;CCH,CONH, ———> (CH;);CCH, NH, 

8,B-Dimethylbutyramide Neopentylamine 
94% 

COOH COOH CONH, NH, 

Br, FeBr, 1) SOCI, KOH, Br, 
———————— | ——______5 wie > 

ate 2) NH; 
Br Br Br 

m-Bromobenzamide m-Bromoaniline 
87% (last step) 

One of the most important industrial applications of the Hofmann rear- 

rangement is in the synthesis of anthranilic acid, a basic starting material for 

preparation of ortho-disubstituted benzene derivatives. 

I 1 
Cl Ni e wba COOH 

oe NH —— 

i ss 
O O 

Phthalic anhydride Phthalimide Anthranilic acid 

In the Lossen rearrangement, a salt of a hydroxamic acid or a related 

compound is decomposed in a manner strictly analogous to N-haloamide 

decomposition. Isocyanates may be isolated by reaction of the hydroxamic acid 

with thionyl chloride. The reaction is of limited synthetic value since hydrox- 

amic acids are not readily available. 

O 
NH,OH, H,0, | NaOH, A 

C,H;CHO —————> C,H; C—-NHOH ————> C,H;NH, 

Benzohydroxamic 
acid 
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The Curtius rearrangement results from the thermal decomposition of an 

acyl azide. This reaction is the strict mechanistic analog of the diazoketone 

rearrangement for carbon, above. The reaction can be carried out in inert 

solvents, which allow isolation of the isocyanates. The azides required as start- 

ing materials may be made by the substitution of acid chlorides with sodium 

azide or by the reaction of acyl hydrazides with nitrous acid. 

O 

NaN, | ae tee CHO 

Isovaleryl chloride 

(CH,),CHCH,-N=C=O 22> (CH,),CHCH,NH; 
Isobutylamine 
70% (overall) 

i HNO, 
cx0 coe, INES cxo{ _\—C—NuNH, 

Ethyl anisate Anisoylhydrazide 
95% 

I —N:; cxo{ \tn, Se cH0-( \-n=c=0 
=e benzene 

95% Anisyl isocyanate 
80% 

The final amine formed in the Hofmann rearrangement, or by hydrolysis 

of isocyanates generally, often reacts with unchanged isocyanate to form ureas. 

To avoid this the acyl azides may be rearranged in hot t-butyl alcohol to form 

t-butyl-urethans (carbamates), which in turn are instantly degraded with acid 

(page 594). Urethans of other alcohols are formed by heating the acyl azide 

in that alcohol. 

H,O +RNCO 

> R—N=C=0O bs > R—NH, —~ R—NHCONH—R 

Isocyanates to Ureas 

le 

R—-NHco“O.CXCH SH —ECOOH, 
Ht | 

CH; 

t-Butyl-urethans (carbamates) 

+ 

R—NH, CF;COO+ CO,t + CH,=C(CH,), 
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The reactions of hydrazoic acid with carboxylic acids and ketones in the 

presence of strong acids are known as Schmidt rearrangements. Hydrazoic acid 

HN, (HN-—Nt=N:) is structurally analogous to diazomethane, and the Schmidt 

rearrangement takes essentially the same course as the Wolff rearrangement 

(R—CO—CHN, vs R—CO—NN,) and the rearrangement of ketones with diaz- 

omethane. The Schmidt rearrangement is also closely analogous to the Curtius 

transformation. Yields are usually high, and sterically hindered acids react very 

smoothly. The rate-determining step in the reaction is the formation of an acyl 

cation, a process accelerated by bulky groups. Urea formation is not observed 

since the product amine is fully protonated in the strong acid. 

Schmidt reaction with acids: 
ae 

| | ie. 
Oe RCOH ——wRCOH«— 1 RC=O% ILO 

1 = Si Aeee eae ot ee H; 

RC=0 + HN, —> RC—N—N=N —> RC—N: —> RN=C=O "> RNH, 
Hydrazoic 

acid 

Schmidt reaction with ketones: 

7 OH es 

R—C—R + HN; ——> Dd tal —R mS R— uae oo 

hs 
NS 

lle 
| 
N 

ir I 
R—N+=C—R == R—NHC—R 

H,SO, 
CH,(CH,),COOH + HN; ———> CH;(CH,.),NH2 

Hexanoic acid n-Pentylamine 
70-75% 

H,SO, 
C,H; COCH, + HN; ———> C,H; NHCOCH, 

Acetophenone Acetanilide 
77% 

H,C COOH CH; NH,» 
a Z 

OH 

Podocarpic acid 73% 
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The Beckmann rearrangement is an acid-catalyzed transformation of a 

ketoxime to an amide. The reaction is highly stereospecific in that the group 

anti (trans) to the hydroxyl group of the oxime always migrates. 

+ 

CH. OH ce CH OH, 
Cee ee Feo ie () tt 
C=N ——— —N —> CH;C=NC,H; + H,O —— 

L Be 
C,H; C,H; 

Acetophenone oxime 

i r 

Se ye 
H,O C=N Ss, | CsH;C=NC,H,CH,-p | 2° C,H,;C—NHC,H,CH,-p 

n- CHC, OPCI, N-Benzoyl-p-toluidine 

p-CH3C,Hy OH O 

vi 1) PCI, | 
IN 2) HO. p-CH;C,H,CNHC,H; 

C,H; N-p-Toluylaniline 

O H 
HON \ Wa 

CN 

1150, Gs 
——— 

Cyclohexanone e-Caprolactam 
oxime 65% 

Migration to Oxygen 

In the Baeyer-Villiger oxidation, a ketone is converted to an ester by reac- 

tion with a peracid (RCO;H). The reaction has been studied carefully, and 

evidence indicates that the key step in the mechanism is heterolytic dissociation 

of the O—O bond in an adduct formed from the peracid and a carbonyl com- 
pound. 
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O O OH O R OH 
| | | (eee + 

R—C—R + R’COOH —= R—C—O—OCR’ ——= C (OH — 
| AOS 
R R O-<O;-CR' 

+OH OH OH 
| 

R—C—O—R <> R—-C—O_R <> R-C=O-R Beasif 

I 
R—C—O—R + R’COOH 

Overall reaction: 

R—CO—R + R'CO,;3H — > R—CO—O—R + R’COOH 

CH,Cl., CF; COOH 
C,H:-COCH, ar CF,CO;H > C,H,;—O—COCH, le CF.COOH 

Acetophenone _ Peroxytrifluoracetic 
acid 

CH:COCIGH,), 2 9CECO,H == #008 | CH.COOCICH), 4. CE,€COOH 
Pinacolone 

(t-butyl methyl 
ketone) 

Peroxytrifluoroacetic acid is the most reactive peracid known, but both 

peracetic acid and various substituted perbenzoic acids have been used with 

good results. A related transformation is the Dakin oxidation of o- and 

p-hydroxybenzaldehydes or phenyl ketones by the action of alkaline hydrogen 

peroxide. The esters are usually hydrolyzed under the reaction conditions. 

| Ho 4H O—oH “O\H 0-4OH 
SA Ne 

CHO Cc ¢ 

H OH 
a H,O, .. —Hr =OH= 

———> ——— 
NaOH 

E a 
o-Hydroxy- 

benzaldehyde 

1 
ios Te: 

OH OH 
Os i eae 

Catechol 
75% 

All the rearrangements to nitrogen and oxygen serve to insert oxygen 

or nitrogen into the carbon skeleton. 
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I CH.N, , 
- R— C—CH,—R 

7 O 
R—C_R’ Schmidt eo Ns Ree Y 

Beckmann 

O 
Baeyer-Villiger pelea 

Arndt-Eistert 

R—CH=C=O —~ R—CH,—COOH 

R—COOH Hofman 

Lossen 

Curtius 

Schmidt 

PROBLEM 17-4 

Complete the following reaction series. 

a Each isomer of the oxime of propiophenone (CgH;COCH,CH:;) with PCI, 

b 

a 

, : SOCl, NaN, A H,Ot 
Cyclopentanecarboxylic acid’ ———-> A ——> _B PSE: E ere Ts D 

6446 

+NH,OH A 
Cyclobutanone + CF,CO;H ——> A ————> B aoa G 

a 

a | HN: 
H,SO, 

C,H;NO, (neutral) 

COcI 
H,NNH, HNO, A CF,COOH 
pe Aa Saaeany Ce) 

-bu 

CO. 
O + HN,/H,SO, 

co” 

Benzaldehyde oxime + PCI, 

Cinnamic acid (CjH;CH=CHCOOH) —— phenylacetaldehyde 
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PROBLEM 17-5 

Synthesize the following compounds from any desired precursor, utilizing a 

reliable rearrangement reaction in the sequence. 

a Aniline e Phenyl propionate 

b N-Phenylbenzamide f N-Carbomethoxybenzylamine 

c 3-Methylcycloheptanone g 4-Chloro-1,2-dihydroxybenzene 

d 6-Hydroxyhexanoic acid lactone h Cyclopentanone from succinic acid 

Rearrangements from Boron 

As discussed in Sec. 15-5, alkyl boranes, RB, are readily obtained from 

alkenes by hydroboration. These compounds can be very useful synthetic inter- 

mediates because of their ease of rearrangement. Generally, a mild nucleophile 

with a bond between heteroatoms (:Z—Y) adds to the empty orbital of the 

electron-deficient boron. Then a rearrangement of the alkyl group can occur 

from boron to heteroatom in a manner analogous to the Baeyer-Villiger 

mechanism. The boron is subsequently lost by hydrolysis. The reaction with 

halogen requires the presence of peroxide and may involve XOH as the active 

species. The rearrangement is especially facile since its product is a neutral 

(though electron-deficient) boron atom and more stable than the resultant (and 

isoelectronic) carbonium ions in Wagner-Meerwein rearrangements. 

B— 

| 
R 

+4 qe the OH | 
—~ _U BR» BR, 

R,BH L,(Br,) S 
H,O, 

H (OH) 
O—OCOR 

CH; H CH; H( | \= 

i i H,0, Si a 
——_ — 

or 

RCO;H 

CH, 7 Nee ZO5O0< CH, 
ay 

“BR, _NH, 
:NH,—OSO,— 
——“7“»¢6 

(Note cis addition) 
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In each case the configuration of the migrating carbon of the skeleton 

is retained (Sec. 17-2). Hence, for synthetic purposes the overall change is one 

of anti-Markownikoff cis addition of H—X, H—OH, and H—NH, to a double bond. 

This procedure constitutes a very powerful synthetic tool. Furthermore, the 

reaction is easy since the hydroboration is usually fast and quantitative and 

the intermediate borane does not require isolation before proceeding to effect 

rearrangement. 

Other rearrangements of organoboranes can create carbon-carbon bonds 

and so may become potent synthesis tools, but these reactions are still under 

study to define their scope. 

17-2 DIRECTION AND STEREOCHEMISTRY OF REARRANGEMENT 

Migratory Aptitudes or Preferences 

In a number of the preceding rearrangements there exists a choice as 

to which group migrates toward the electron-deficient atom. The migrating 

group passes through a bridged ion which is electron-deficient, and this defi- 

ciency is shared by all three centers involved. Hence groups which stabilize 

carbonium ions lower the barrier and increase the rate. This rule holds for 

the migrating groups as well, and the relative preference for rearrangement, 

or migratory aptitude, expresses the familiar order of carbonium ion stabilization: 

Aryl > tert-alkyl > sec-alkyl > pri-alkyl > CH, >H 

Aryl groups distribute the charge into their 7 electrons, creating an inter- 

mediate bridged ion (phenonium ion) which is a fully bonded cyclopropane 

and specially stabilized with the charge delocalized in the benzene ring: 

re 

| Pe ala So | i pee oe Ly eel 
L Phenonium ion Nu 

The plane of the aromatic ring is perpendicular to the three-carbon ring. The 

rearrangement of phenyl is therefore really an internal electrophilic substitution 

on the migrating aromatic ring, and the mechanism is quite analogous to that 

of normal electrophilic substitution (Chap. 16). This pathway is route II in Fig. 

17-2, and migratory aptitudes lie in the order expected for electrophilic substi- 

tution: 
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p-CH;0C,H, > p-CH3C,H, = C,H; = p-O.NC,H, 

Preferred migrating atom starred: 

J N Gs ee 0 i 
* * 

Za | HN, ae | ae we RCO.H ee mn 
———-> SS 

SS th ESS i wy 

Ht 

OHOH 

p-CH3;C,H, | C;H,CH3;-p 

H,SO, 
(C==C 

Ss 
C.H; C.H; 

I 
(p-CH;CsH,),C—CC,H, + (CeHs),C—CC,HiCH;-p 

C,H; C;H,CH3-p 

94% 6% 

In unsymmetrical pinacols, the direction of rearrangement is largely 

determined by the relative ease of removal of hydroxyl groups from the two 

possible positions. The hydroxyl group is usually lost from the center that is 

more easily converted to a carbonium ion. 

OHOH OH O 
H.SO, + | as 5 iin | 

(C,H;)2C—C(CH;). ——> (CsH;),C—C(CHs),. ——> edna re hae 

CH; 

3,3-Diphenyl-2- 
butanone 

OHOH 
li 

cHo{ \- G=cGHj w= 

t I 
cHo{ )- CCH + cuo{ \c (C,H,), 

C,H; 
72% 

OCH; 

28% 
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Stereochemistry of Rearrangement 

Consideration of the rearrangement process in terms of orbitals leads to 

the prediction that the configuration of the migrating group will be retained 

in the transition, while the two carbons it migrates across should be inverted. 

This is generally found to be the case as indicated in the examples shown. 

b fi 
Le 

a oa Va 
a, i _| 

di 

For the two carbons across which the group migrates, their inversion is con- 

tingent on some concerted character to the rearrangement, so that migration 

has begun to some extent before the leaving group is fully ionized. Otherwise, 

the intermediate carbonium ions can become symmetrical and substitute from 

both sides. Owing to hindrance the entering nucleophile usually approaches 

at the opposite side from the migrating group. 

CH, CH; off CH, 
SS ae Yo — 

w= c=COOH — “eC =) CN = C0 
‘ a f C,H; C,H; N: C,H; 

(+)-2-Phenylpropionic 
acid 

Rearr. 
ss 
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oh 

C.H; H 

Xe iH POlss CH,COOH 
a —_— —. Tr 

H H af 
CH; ioe nee ~ 

Optically active threo-3- Symmetric ce ion 
phenyl-2-butyl tosylate 

C,H; ees H C,H; 
yes ie 3 CH,” ee 

HY H 
CH; ie CH;CO CH; 

O 

Racemic threo-acetate 

- 

C.H; CH; 
~ / gH —eyie = 
ele“ SER aS cae 

He Na H~ .CH; 7 
Bes {OTs cud h 4 H 

Optically pure erythro- Asymmetric phenonium ion 
3-phenyl-2-butyl tosylate 

C,H; CH; C,H; 

BS ipu CHsa’ ve 
H ==lC ae 

CH 
CH; OCCH. CH.CO He 

O 
Optically pure erythro-acetate 

FIGURE 17-3 Stereochemistry of rearrangement 

In the last example the migrating carbon is shown as a colored spot and 

retains its configuration. The migrating bond and the leaving group bond are 

shown in the trans-antiparallel (periplanar) orientation best suited for elimina- 

tion (Chap. 14), which is also that required for concerted rearrangement since 

the orbital overlap is better. Another example, involving the phenonium ion, 

is shown in Fig. 17-3. 
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PROBLEM 17-6 

Indicate the predominant product in each case, stating reasons. 

a_ Reassess Prob. 17-3. 

b Acetophenone + HN,/H,SO,. 

c p-Methoxybenzophenone + CF,CO,H. 

cH 

+ CF;CO3H. 

NH, 

e (both amino epimers) + HNO,/H,O. 

H 

f r-2-Methylbutanoyl azide + C,H;OH/A. 

g Optically active cis-2,3-dimethylcyclobutanone with diazomethane yields an 

optically inactive product. 

h_ Solvolysis of one optically active 3-phenyl-4-bromobutane in hot acetic acid 

yields an optically inactive ester. 

17-3 ELECTRON-RICH (ANIONIC) SKELETAL REARRANGEMENTS 

The rearrangements in the previous two sections are by far the most commonly 

observed, but they only occur under acid (or neutral) conditions since they 

require electron-deficient atoms. The rearrangements in this section require 

strong base. These are three-center reactions like the previous ones, but in 

detail they more closely resemble internal Si displacement, or cyclization, 

reactions, as shown in Fig. 17-4. The transition state is electron-rich, with two 

more electrons than in the previous electron-deficient cases. They are usually 

initiated by those basic reagents which remove a group or an atom, such as 

hydrogen. The residual anion then stabilizes itself by rearrangement (Fig. 17-6). 

An acid-strengthening substituent, which stabilizes the first ionic center Z by 

conjugation or electrostatic effects, is usually required in order to start the 

process. 

In the Stevens rearrangement, keto-quaternary ammonium or sulfonium 

salts rearrange to amino ketones under the influence of strong base. 
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R R R 

aX +B eal ie, A 
Y—Z ee Y—Z — Y—Z 

NX —BH = = 

H 

FIGURE 17-4 Rearrangement of an electron-rich system 

A 7 
(CH;),N—CH, —COC,H; (CH,),N—CH—COC;H; | — A 
C;H;CH, CcH;CH> 

ase 
(CH,),N—CH=CC,H, 
C;H;CH, 

HO 

CEN ee ele} 

CH..C,H; 

a-Dimethylamino-a- 
benzylacetophenone 

+ HO- LS 
Mee eee ==, CH.5—_CH_COC,H. —— CH,;5s—_CH—COG,H; 

C.H;CH, C,H; CH, CH.C,;H; 

Benzylmethylphenacy]l- a-Methylmercapto- 
sulfonium ion a-benzylacetophenone 

Proton removal in the first step of a Stevens rearrangement is facilitated 

both by the positive charge in the cationic substrates and by virtue of the 

delocalization energy of the enolate ions. Migrating groups are usually either 

benzyl or allyl systems. 

The Wittig rearrangement follows a similar path. Since the substrates are 

much less acidic than those encountered in the Stevens transformation, power- 

ful basic reagents are required to cause the Wittig reaction. 

+4 

C;H,Li es Se H,O* 
O—CH,C,H; ae git ea a ae Li O—CHC,H; reas 

CH; CH, CH; 

h "i Benzyl methyl ether HOCHG.H, 

CH; 

1-Phenylethanol 

1) C,HsLi 
> CH,—CHCH,CHCH=CH, 

OH 

CH,—CHCH,OCH,CH=CH, = 

Diallyl ether 1,5-Hexadien-3-ol 
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(GommdietlveatangementA involve the nucleophilic alkylation of the aro- 

matic ring of a benzyltrimethylammonium ion. Protons are first removed from 

the more acidic benzyl position and subsequently from a methyl group. 

gute 
+ 

CH,N(CHs3)3 CHN(CH, )s RR (Cals 

SNe Syn © 

Fart 

es: ay, 

The rearrangement occurs only where none of the alkyl groups of the 

quaternary ammonium ion carries the 6-hydrogen required for an E2 reaction 

(the Hofmann elimination, page 584): 

NaNH, 
C,H;CH,N(CH.CH,CH.) a C;H;CH.N(CH.,CH.CH:;), ar CH;,CH—CH, 

Benzyl tri-n-propyl- (E2) 
ammonium ion 

In the Favorski rearrangement, an a-haloketone rearranges by way of 

intermediate formation of a cyclopropanone. In cyclic systems, the process leads 

to overall ring contraction. 

I if if 
Cy ae ana Ue 
+ — = 6c Pe hee 

| | a | | | | 

< OR © =k 
ee. \Uo4 

Cc Cc H COOR 
EES | ROH Near 

pal teeny Ges ets (gig Sct ED ee + RO- 

= ee | 
C,H;O Na+ eee — (CH;);CCH,CH,COOC,H; + NaBr 

Br 

COOC,H, 
GH; _GHOH | | | 

~GH.ONa ONa 

2-Chlorocyclohexanone Ethyl cyclopentanecarboxylate 
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The benzilic acid rearrangement is the only base-catalyzed rearrangement 

which closely resembles in mechanism the acid-catalyzed reactions of the last 

sections. This rearrangement converts certain a-diketones to a-hydroxy-acids 

on treatment with alkali. 

Tl a KOH, eth 1 

C.H;C CC.H; —— (C;H;)>CCOOH 
Reflux 

Benzil Benzilic acid 

Driving force for the reaction is provided kt y addition of hydroxide ions 

to one of the carbonyl groups and by the ultimace formation of a stable car- 

boxylate salt from a strong base. 

TT P92 a ih 
ArCCAr+ OH == ets > Ay @-_COH — Ar, CCO 

Ar Ar 

Application of the benzilic acid rearrangement has been limited almost 

exclusively to aromatic diketones. Several examples of the rearrangement of 

aliphatic diketones are known, but condensations involving a-hydrogens usu- 

ally compete with rearrangement and keep the yields low. 

O O 
HO COOH 

= KOH, C,H;OH 

a =e = 
9,10-Phenanthrenequinone 9-Hydroxy-9-fluorenecarboxylic acid 

op OE 
1) KOH, H,O, refl 

saeaen eee ee HOOCCH. CCH. COOH 
2) Ht 

COOH 

Ketopinic acid Citric acid 

PROBLEM 17-7 

Fill in the missing compounds 

NaOH 
a Allyldimethylamine + phenacyl bromide (CsH;COCH,Br) —~> A a 

;=H;CH.B NaOH ; 
B SoHSCHBr. G = amine D + E (C,H, 0; Amax 245 nm) 

NaOH A (t-BuO),Al 
——— > Dime Hl COCO CE tea eer Nereatan eH COci. 
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2Br, J F q K,CO, 

c Methyl a-methylacetoacetate eae [a,y-dibromo derivative] 7 ou 
2 2 

[intermediates] ——> a-methylfumaric acid 

17-4 MIGRATION OF DOUBLE AND TRIPLE BONDS 

A double bond can be caused to migrate by the simple expedient of protonating 

it and deprotonating from another carbon. 

piel i —Ht 

Ei dea ese aay See A 
In strong acids such equilibria are established and double-bond migra- 

tions within a carbon skeleton are observed. These migrations tend, of course, 

to yield the most stable double-bond isomer, i.e., one in which the double bond 

is conjugated or most heavily substituted. However, competition from addition, 

polymerization, and skeletal rearrangements limits the use of the method. 

Equilibration of alkene isomers often occurs during acid-catalyzed dehydration 

of alcohols. 

CH;C—CH,CH, —= CH,CH—CH—CH, 
x & | | of CH: \ : wf CH; ‘\ 

VW > 

CH,—CCH,CH; (CH3),C—=CHCH, CH3)»CH—CH—CH, 

2-Methyl-1-butene 69% t 4%t 
Z 7 Jot 

CG CH, Any dilute CH 

6 3 acid or 3 

Te 

Methylenecyclohexane 1-Methylcyclohexene 

SS 

In the presence of strong bases, double bonds will also migrate within 

carbon skeletons by the removal and readdition of protons. The rigor of the 

reaction conditions required to cause the change depends upon the effects of 

other substituents on the acidity of the hydrogen which must be first removed. 

Again the double bond tends to move to a more stable position. The most 

common base-catalyzed migration is that of a double bond 8,7 to a carbonyl, 

which readily moves into conjugation (a,/). 

+ Equilibrated mixture. 
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NH,_-, liquid NH; 
( \-cucr—cu, ——— 

Allylbenzene 

( \-e1-cnaen, — ( \-ci-cuen, — etc, | See 
NH,— 

( \-cr—cxcn, 

1-Phenylpropene 
(propenylbenzene 

Dil. NaOH, refl 
CH,—=CHCH,COOH ———"*""*" > CH, CH=CHCOOH 

3-Butenoic acid 2-Butenoic acid 
(vinylacetic acid) (crotonic acid) 

Allylic Rearrangements 

Substitution reactions of allylic leaving groups can occur so as to involve 

migration of the double bond to the leaving group. The net effect is that the 

double bond and the adjacent substituent change places on the carbon skeleton. 

Mechanistically, such rearrangements may be regarded as vinylogous substitutions, 

as outlined in Fig. 17-5. Such allylic rearrangements are thus parallel to con- 

jugate addition reactions (see 12-6). When they are bimolecular, they are called 

Sy2’ reactions. 

Rearrangement by the Sy2' mechanism: 

cal 

naaeae Ba Benzene 

Ces 
a-Methallyl chloride Diethylcrotylamine 
(methylvinylcarbinyl 

chloride) 

xen SS 
(C,H;)2NH + CH, Cl Normal Se 

A Benzene 

I —-HCl 

CHCH; 

Crotyl chloride 

As illustrated above, 5,2’ reactions do not occur regularly but must 

compete with the normal, and faster, Sy2 processes. Steric hindrance to substi- 

tution without rearrangement may channel a bimolecular substitution into the 
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eae | 
—C=C—C_Nu + —C—CG=C— 

Nu 

17-4 

| 

Normal Rearranged 

Allylic carbanions 

FIGURE 17-5 Mechanistic possibilities for allylic rearrangements in substitution 

“abnormal” S,2’ path. The stereochemistry of the 5,2’ reaction has been studied 

in cyclic systems. The results indicate that the leaving group and nucleophile 

are on the same side of the molecule in the transition state. 

(OCOGH;Cl, 
H 

(C,H,000),CH + HY — 
CH(CH;), 

Diethyl trans-4-Isopropyl-3- 
malonate anion cyclohexenyl-2,6- 

dichlorobenzoate 

H CH(CH;), + 2,6-Cl,C;H,CO, 

Diethyl trans-3- 
isopropyl-6-cyclo- 
hexenylmalonate 
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The approach used in the study shown above is instructive. A compound 

of known configuration, trans-4-isopropyl-3-cyclohexenol, was available as a 

starting material. For the preparation of a suitable substrate for the substitution 

reaction, it was necessary to convert the hydroxyl group to some group that 

could be displaced as a negative ion in nucleophilic substitution reactions. 

Cyclohexenyl tosylates are so reactive that they are unstable, and they would 

be quite likely to undergo substitution by the 5,1 mechanism under most 

reaction conditions. Carboxylate esters are usually not suitable leaving groups 

in nucleophilic substitutions, because of the preferential attack of nucleophiles 

at the carbonyl group of the ester function (page 504). The problem was solved 

by use of the 2,6-dichlorobenzoate in which the carbonyl group is protected 

by steric hindrance. 

The substitutions above are generally those of allylic carbonium ions. 

The same delocalization occurs with allylic carbanions and similarly can lead 

to two products in their use as nucleophiles. Reactions with allylic organo- 

metallic compounds usually give mixtures of products. Furthermore, when 

organometallic reagents are made from isomeric allylic halides, the same metal 

derivative is obtained from both isomers. 

Mg 
CH,CH=CHCH,Cl 

Mg 
CH,CHCH—CH, 

| 
Cl 

CH,;CH=CHCH, MgCl 

| Ht, H,O 
a 

CH, CHCH=CH, MgCl 

Butenyl Grignard 
reagent 

CH;CH+=CHCH, + CH;CH,CH=CH, 

43% 57% 

Although the reaction of Grignard reagents with highly hindered ketones 

usually takes the trivial course of a proton removal (enolization) rather than 

an addition, allylic Grignard reagents give addition products in good yield. The 

results suggest that allylic reagents add by way of a cyclic process. 
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CH; 

Simple proton 
CH; OCH; + n-C,H,MgBr rans 

CH, 

Acetomesitylene n-Butylmagnesium 
bromide 

CH; CH; 
OMgBr 
| Ht, HO 

CH; —=ChH) ata C,H ————> CH, OCH; 

CH CH, 

Additi COCH, + CH;CH=CHCH,Mecl ——""". 

i 

Mg aS 
CH, ae 
a Lae ae 

= Gsk | Scuetaar CH, 

Transition state 

| 
eae ame 

2-Mesityl-3-methylpent-4-en-2-ol 

Acetylenic rearrangements are exemplified in the transformations of acet- 

ylenic alcohols, which are readily available from acetylene-anion additions to 

ketones (page 463). Acid-catalyzed rearrangement yields a,$-unsaturated 

ketones. 
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HO 
| es 1) Addition HCOOH, Ht 

CH;CH,C CH; + CH=C MgBr Seo Se mes Lo = ee 

CH; 

i 
Oot OH 

yaN pends mek 
age ee ——_——> CH,CH,C—C=CH, rd 

CH; CH; 

OH 
| 

CH,CH=CC=CH, —> CH,CH=CCOCH, 
| 

CH, CH; 

17-5 MIGRATION OF FUNCTIONAL GROUPS 

The net effect of migration of a heteroatom from one site to another usually 

comes about through an initial internal Sy2 displacement, or cyclization, by 

the unshared electron pair on the heteroatom. This forms an intermediate ring 

which is subsequently cleaved at the initial site of heteroatom. attachment. 

When this intermediate ring is three-membered, the behavior entirely parallels 

the chemistry of epoxides (page 417) and bromonium ions (page 623). These 

principles are illustrated by the following examples. 

Br 
q Agt H,O 

(CH;)2C—CHCH; (CH;),>C—CHCH,; —— > (CH;),C—CHCH; 
—AgBr \ i, = fee 

CHO” ‘ot OHOCH, 

CH; 

An ethylene- 
oxonium ion 

OH 
HCl See mS a- 

CH,;,CHCH,OH GH. CH CH aaa Seay ae oe 

C,H.S CHS: Cs 
C,H; 

2-[Ethylmercapto] - An ethylene- 
1-propanol sulfonium ion 

oH HCH SSH 

Cl 

2-Chloro-1-propyl 
ethyl sulfide 
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HN Oo 

| : C.H,CH—CHCOCH, 225 C,H,CH—CHCOCH,; ——“ > 
| ws Ne 

3-Bromo-4-piperidino-4-phenyl- A cyclic immonium ion 
2-butanone 

Ce 
3-Piperidino-4-morpholino- 

4-phenyl-2-butanone 

CH.—CH, CH,.— CH, Cl 

i \ ™ ca / Wea enc: 
CH, CH—CH,Cl —— ee ee === 

oS ee NCH N 

| 
C,H; C,H; C,H; 

2-[Chloromethy]] -1-ethyl- 3-Chloro-1-ethylpiperidine 
pyrrolidine 

Acyl and Related Migrating Groups 

Rearrangements by way of five-membered cyclic ions are exemplified by 

the migration of acetoxyl groups in solvolytic reactions (see Fig. 17-6). 

The resultant five-membered rings may be opened, with inversion of 

configuration, at the carbon atom that can best support a positive charge. They 

are also opened by an entirely different mechanism, which involves attack at 

the carbonyl carbon. Hence the two mechanisms allow either a cis or trans 

product depending on whether water is present (——> cis) or absent (—> 

trans). The same reaction is to be found on page 630 for hydroxylation of 

alkenes by silver acetate and halogens. 
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qb Nu: 
| | ue — ES | | Nu x | | 

—C—C  — —C—C— —> C—C— 

aes eae nas 
O. O O O 

SW Va NEA XQ ee 

| T T 
CH; CH; CH, 

FIGURE 17-6 Acetoxyl migration 

O CH; 
H © ee 

~OCCH, H | 
O —OTs 

Z OTs H 

H Gots 

trans-2-Acetoxycyclohexyl 
tosylate 

CH; 

OH (OH uh 
H 

Bee Cais Ne Cs at 

H,O fest 

Ht \ a \ OCO% 
O O <a 

(A) oa = 

cis-2-Acetoxy- 
H H cyclohexanol 

OCOCH; H 

(B) | H ~——OCOCH; 
CH;CO,— S 

H OCOCH; 

OCOCH; H 

trans-1,2-Diacetoxycyclohexane 
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In a second family of rearrangements, acyl groups migrate from one 

heteroatom to another. The benzoyl substituent of the hormone ephedrine 

migrates from nitrogen to oxygen, or in the reverse direction, depending on 

the acidity of the medium in which the compound is dissolved. In strong acid, 

the equilibrium is shifted toward the amine salt, whereas in basic media, the 

amide is favored. 

Sie cee Ses aieraes es Lanois 

Acid 
CH,-N ;OH =—CH;-N O = CH;NH OCCH; 

\ es | 
T oes We o 

6 Ht HO” Cry 
N-Benzoylephedrine O-Benzoylephedrine 

HCl | 

CH;—NH, OCOC,H; 

Cle 

O-Benzoylephedrinium chloride 

PROBLEM 17-8 

Considering projection formulas of the two diastereomeric N-benzoylephedrines, 

explain why one has a faster acyl migration rate than the other. 

If the geometry of a system is favorable, 1,3-acyl migrations occur. In 

these cases the cyclic intermediate is a six-membered ring and the rearrange- 

ment only occurs if the ring can take up a stable chair conformation. Thus 

the first stereoisomer shown below (A) undergoes acyl migration whereas its 

diastereomer (B) does not, since in this case the cyclic intermediate must bear 

an axial phenyl group. 

A (e) 
s *\—on ae ‘ OCOCH, 

é\H__NHCOCH, ~ (e)6.\H aus CH: ~ -é\H NH, 

H H OH H 

(A) _¢ 
eee ww, ee 

aH H N~\ -CH H~)"—NHCOCH H 3 3 AG 

H 
db (a)b 
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The rearrangements have been carefully studied with the acetyl deriva- 

tives of the alkaloid degradation products nortropine and y-nortropine. The 

results have been used to establish the stereochemistry of the parent alkaloids. 

Va i A Z ; H CH, O 4 O 

N N 

CH,I HCl, H,O 
<<——_— 

(CH;CO),O 

w-Tropine , w-Nortropine 

i H. 
ae Zz CCH; 

C=O 
O , O 

N HN 
Ht 

OH- 

N-Acetyl- O-Acetyl- 
w-nortropine W-nortropinium 

cation 

CH;—N OH H—N OH 

CH;I (CH;CO),O0 

HCI, H,O 

Tropine Nortropine 

1 
CCH; 

N OH 

N-Acetylnortropine 

17-6 REARRANGEMENTS ON AN AROMATIC RING 

In a large number of reactions a group A migrates from a substituted hetero- 

atom Z and becomes directly attached to an ortho or para position of an 

aromatic nucleus. 
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A 

The reactions are nearly all acid-catalyzed; hence, attack of A on the nucleus 

has the character of an electrophilic substitution reaction. The reactions of 

phenolic derivatives include the Fries rearrangement, which is essentially an 

internal Friedel-Crafts acylation (Sec. 16-6), and the Claisen rearrangement as 

an example of a pericyclic reaction (Sec. 21-3). 

COCH,; 

Os 
_AICh 

Fries rearrangement: 

COCH, 

OH ‘eu 

a 

Claisen rearrangement: 

Rearrangements of Derivatives of Aniline 

N-Haloacetanilides rearrange to o- and p-haloanilides when treated with 

mineral acid. In this reaction, halogen becomes detached from the molecule 

and then reenters in an ordinary electrophilic substitution reaction, acting as 

electrophile, X?*. 

NHCOCH, CINCOCH, NHCOCH, NHCOCH, 

oe ae Oe 
N-Chloro- p-Chloro- o-Chloro- 
acetanilide acetanilide acetanilide 

The N-haloamide rearrangement is one of a group of formally similar 

rearrangements. Several of the group are believed to involve intermolecular 

mechanisms, but in three cases (nitramine, N-sulfonic acid, and benzidine 

rearrangements), all available evidence points to intramolecular mechanisms in 

which the migrating group never becomes completely detached from the sub- 

strate. 
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Intermolecular 

NHN=N(GH; NH, NH, 

apa oats 
= =i CHN 

N=NC,H,; 

Diazoaminobenzene p-Aminoazobenzene 

CH;—N—NO NHCH, NHCH, 

an) etal pee REO OH 
se Jel ar NO == re (+ ortho isomer) 

N-Methyl-N- 
nitrosoaniline 

+ 

NHOH NH~_OH, 

+H+ —H,O 
= re 

N-Phenylhydroxylamine 

NH NH N 

‘ O H,O —Ht+ 
==> =e —— 

A 
+ 

NH NH, 

H OH OH 
p-Aminophenol 

( \-smen, pote == cH. aml Ve (3 ara) Cees 

N,N-Dimethylanilinium 
chloride 

cl a 
CH,NH a Or NH, + CH,Cl —> 

CH; 

CH, 

aa —_ 

CH, NH, Cl 

2,4-Dimethylanilinium chloride 
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Intramolecular: 

HNNO, H,NNO, NH, NH, 

+ a NO, 
els ae NO, =Ht 
=i 

Phenylnitramine o-Nitroaniline 

6 

NH, NH, 

—Ht 
—S=> 

H NO, NO, 

p-Nitroaniline 

he 

NHSO;H NH,SO;H *NH, 

H 
Seed —Ht+ 

—Ht+ SO3H Z 

Phenylsulfamic acid 

NH, NH, 

SO.H 180° 
—— 

SO3H 

Orthanilic acid Sulfanilic acid 

+2H+ re + 
( \-wnnn{ Cs;H;NH,NH,C;H; —> 

Hydrazobenzene 

NH, 

Benzidine 
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PROBLEMS 

17-9 

17-10 

17-11 

A useful synthesis of medium ring compounds is implicit in this reaction. Write 

the products indicated and then consider a synthesis of 1,4-diamino-cyclooctane 

by a similar process. 

1) CF;CO,H 
———- 
2) NaOH 

Cyclohexanone + 1,4-bis-diazobutane —~> C,)H,,O 
neutral, 
mp 120° 

CiroHisOs 

acidic, mp 87° 

Account for these observations: 

b 2-Cyclohexenone oxime in acetic anhydride does not give a Beckmann 

rearrangement. The main product is N-acetylaniline. 

Devise syntheses of the following compounds, using no organic starting mate- 

rials except benzene and any substances containing three carbons or less. Make 

a given compound only once for the entire problem set. 

a (CH;)s;CCOCH, i of \{ \a 

b (CH;);CCOOH 
OH CH; 

¢ (CH,);CCH,COOH | 
CHCH,CH,CH; 

d C,H;CH,CH,COOH j 

e (C;H;),;CCOOH 

CH; OH 
| 

f Cycloheptanone Oe 

NH,(CH,);COOH 

(C;H;);CCHOHC,H; Graans 

= 
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17-12 With three-dimensional formulas, where required, represent structurally the 

products of the following reactions: 

CH; i 

SBE ie yy a d ¢ NH + C,H;CHCH=CH, 

oes x H 
OH Hes 1) CHLN, 

CoC EOC 
2) CH,OH, 

C,H; Ag,O 

1) C,H,;CO;H H. 
H we NaOB N20 ge eget, Ss 

C,H; 

Base 

@H.CH=CHCH, CL stead as 4 2) CH,CHO 

(Predict on geometric grounds.) 

17-13. On the basis of the stereochemistry and mechanism of the acetolysis of 3- 

phenyl-2-butyl-p-toluenesulfonate, predict the stereochemical structures of the 

isomers of 3-phenyl-2-pentyl-p-toluenesulfonate and 2-phenyl-3-pentyl-p- 

toluenesulfonate that give rise to the same mixture of acetates. 

17-14 Explain the following observations: 

a In the synthesis of 2-acetamido-1-propylamine, the final step involved the 

treatment of 2-acetamido-1-propyl chloride with ammonia. The product was 

a mixture of two amino amides instead of the single substance expected. 

CH, CHCH=CH, 

O 

CH; CH, CH= CH, 

b =. 

OH OH 

le 

Lee 
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c When subjected to the reaction conditions of a Favorski rearrangement, 

1,3-dibromo-3-methyl-2-butanone gave 2-methylcrotonic acid. 

O Br 
howe OH- 

BrCH,C—C—CH; ——~ HOOCCH=C(CH;), 

CH; 

d When treated with base, the oxime tosylate drawn below gave an unstable 

substance with the molecular formula CjH,N,O,. 

NO, 

O.N P= CH 

N 
~ 
OTs 

I 1 
OCCH, OCC,H; 

= AICI, | + x. 
we CH; 

OH OH OH OH 

= 
+ + + 

ee CH CHs 

COCH, COC,H; COC,H; COCH; 

f As the following data show, different solvents give different steric results. 

tle Dae 
we Os *. 

CH CH= CHa CH,—CH—CH, 
oo —HOTs va 

C;H; C;H; 

Solvent Inversion Retention 

CH,CH,OH 93% 7% 

CH;,COOH 65% 35% 

HCOOH 15% 85% 
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17-15 

17-16 

17-17 

17-18 

PROBLEMS 

The commercial synthesis of camphor from a-pinene, the major constituent 

of turpentine, is shown below in part. Every step is a rearrangement. The last 

step is an oxidation but may be seen formally as a rearrangement in aqueous 

acid yielding an alcohol which is then oxidized to the ketone. Formulate each 

step with perspective drawings and show clearly what migrates and with what 

stereochemistry. What other reactions might you expect to intervene? 

S a Os =i ea a 

a ——_> —-> 

CH, O 

a-Pinene Bornyl chloride Camphene Camphor 

The natural keto-lactone, santonin, is extracted from Indian plants for use as 

a local medicinal to control intestinal parasites. In sulfuric acid santonin yields 

desmotroposantonin. Explain. 

CH; 

CH; 

Santonin Desmotroposantonin 

Considering the mechanism of the santonin change in Prob. 17-16, rationalize 

the somewhat more complex, but analogous, reaction below. Show every inter- 

mediate along the mechanistic path in order to see more clearly what can occur. 

CH; R R CH, 

CH; 

H+ a 

O 

OH OH R 

Only one tosylate epimer gives the following sovolysis reaction. Show which 

one, and show the stereochemistry of the product. 

OTs CH, 
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17-19 

17-20 

17-21 

17-22 

The following two compounds give halogen-free acids on treatment with alkali. 

Show the products and comment on the mechanism in the text as applied to 

these examples (especially the first step). Can you produce a mechanistic 

variation more suitable for these cases? 

O 

Cl 
Br 

The oil, caryophyllene, is a natural constituent of cloves. On treatment with 

sulfuric acid it isomerizes to a substance called clovene. Account for the se- 

quence of mechanistic steps involved. There are several steps, initiated by 

protonation of the upper double bond. 

CH; 
CH:;, 

CH. 

CH, 

Caryophyllene Clovene 

The acid-catalyzed isomerization of the natural substance, cinenic acid, to 

geronic acid, shown below, was considered for years to be a unique example 

of a 1,5-shift, or rearrangement, of a methyl group. However, this apparent 

structural change was shown to be specious by labeling the methyl group 

adjacent to carboxyl in cinenic acid and finding all the label present in the 

methyl ketone of geronic acid. Considering the most likely initial carbonium 

ion on protonating cinenic acid, proceed to devise a mechanism incorporating 

a rearrangement with more precedent, i.e., involving only a 1,2-shift. 

H,SO, 

CH; CH; es & CH; 7 

CH,’ ~O~ COOH cH; 0, 00° 
Cinenic acid Geronic acid 

The rearrangement in Prob. 17-21 was postulated by the investigators to bear 

a close resemblance to the Baeyer-Villiger rearrangement. To support this they 

synthesized geronic acid by trifluoroperacetic acid treatment of 2-hydroxy- 

2,6,6-trimethylcyclohexanone. Explain their synthesis and its relation to the 

mechanism of Prob. 7-21. 
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17-23 Deduce the mechanism for the following transformation. How is the starting 

material synthesized? Why does the product phenol not methylate further? 

OH 

COOC.H,; 
COOC Hees ae 

OCH; 

17-24 Show the products of the Favorski reactions on these compounds; both products 

are halogen-free. 

COCH; cl 
Cyn 

CH, 

b 

O 
Br 

CH; CH; 

Br 
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OXIDATION 
AND REDUCTION 
18-1 GENERAL; OXIDATION STATE 

The terms oxidation and reduction in inorganic chemistry refer respectively 
to the loss and gain of electrons at an atom or ion. The elementary atom is 
assigned an oxidation state of zero, and loss of N electrons is then an oxidation 
to an oxidation state of +N. A gain of electrons is similarly a reduction to 
an oxidation state lower by an amount equal to the number of gained elec- 
trons.f 

0 Oxidation +2 
48 SS FR 4 

Br’ are Reduction we 

These considerations are based on full electron transfer between ions and 

so are rarely directly applicable to the carbon atoms covalently bonded in an 

organic molecule. However, common inorganic oxidizing and reducing reagents 

are often used to effect changes in organic molecules, and these are certainly 

oxidation-reduction reactions of the covalent molecule. 

A rational explanation of the oxidation states of carbon in organic mole- 

cules is discussed in the indented section that follows. The conclusions from 

that analysis are easily summarized for simple application in this rule: The 

oxidation state for any single carbon atom is obtained by adding the following values 

from each of its four bonds: 

—1 for each —H 

O for each —C 

+1 for each bond to a heteroatom 

The functional group families (Sec. 3-2) are expressions of the oxidation 

state of the involved carbon inasmuch as they are categorized by the number 

of bonds from the carbon to heteroatoms. This is exemplified in Table 18-1. 

Each carbon in a molecule can be so labeled with its oxidation state, and 

the sum of these oxidation states in a molecule may be compared to the sum 

in any reaction product to ascertain whether oxidation (increased oxidation 

state) or reduction (decreased oxidation state) has occurred. An important 

criterion of the correctness of an assignment is that any reaction of a molecule 

+The sign of the oxidation state of an atom (ion) arises from the charge of —1 on the electron, so that 

a gain of two electrons creates a new oxidation state —2 from the starting state, and a loss of negative 

electrons (oxidation) must yield a more positive (higher) oxidation state. 
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with water does not change its total oxidation state (sum of the individual 

carbon states). Examples of oxidation states are shown below: 

OH 

+H,O | 
CH,—CH=CH—CH=—O CH,;,—CH—CH,—CH=O 

=3 1 - + 3 0 2 +H 

Total = —4 —4 

OH 

O +2H,O | al 2 
Br—CH,—CH GH ee O— CE Cri Ci Obl 

= 0 Sail aol 0 = 

+3 doen ee 4 = 
CH,—_S—CH—CH—C=N OSLOH | ZANHLOH 
=| +1 +3 —1 (J. ae Ci 

HC=C—NH—co—cH,—c1 ° N#%” Se 
Total = 0 0 

TABLE 18-1 Oxidation States of Carbon in Organic Compounds 

Oxidation 

state Primary Secondary Tertiary Quaternary 

—4 CH, 

—3 RCH, 

-2 CH,OH R,CH, 

—1 RCH,OH R,CH 

0 CH,O R,CHOH R,C 

+1 RCHO R,COH 

2 HCOOH R,CO 

3 RCOOH 

+4 co, 
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The number of transferred electrons in a chemical change is then the 

oxidation-state change from reactant to product, for purposes of balancing 

oxidation-reduction equations. The oxidation of ethanol to acetic acid by chro- 

mic acid is taken as an example, showing the relevance to equation balancing 

as normally practiced in inorganic chemistry. 

O 
ss 49 Wea H,cio, 3 487 
CH,—CH,—OH ——— CH,—C 

Total = —4 0 OH 

Ae~ = —-4 

+6 +3 
IFYOO), —=s Cr" Ae~ = +3 

Functional-group families (cf. Table 3-2) 

0 I II Ill IV 

CH, 

RCH, 

RCH, CH,0OH 

(CH;X) 

R,CH RCH,OH 

(RCH,X) 

R,C R,CHOH CH,O 

(R,CHX) — (CHX,) 

R,COH RCHO 

(R3CX) (RCHX,) 

R,CO HCOOH 

(R,CX,) (HCX,) 

RCOOH 

(RCX,) 
(RCN) 

CO; 

(COX,) 
(CX,) 
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Hence 

3(H,O + CH,CH,OH —~ CH;COOH + 4H* + 4e-) 

AGe_, +. 8H* +).CrO7.>—- Crt, + 41,0) 

3CH;CH,OH + 20H* + 4CrO,- — > 3CH;COOH + 4Cr*+ + 13H,O 

Oxidation States. In order to bridge the gap between full electron transfer in 

ionic redox reactions and the situation with the shared electrons of covalent 

bonds, we must formally assign the “possession” of the electron pair in a 

covalent bond to the more electronegative atom of the two bonded atoms. In this 

way we can then count the electrons on each atom as we would with simple 

inorganic ions and so determine its oxidation state. 

The neutral atom of the element has an oxidation state of zero. The 

oxidation state of that atom in an ion or molecule is then ascertained by the 

outer-shell electron change from that elementary condition, electrons added 

(reduction) making the oxidation state more negative, those lost (oxidation) 

making it more positive as in the following examples. The circles incorporate 

electrons “possessed” by the atom circled: 

0 etal = 0 a 

H: H* H:~ Zn: Znt+ 

0 

si Be 

0 

3G: 

Since carbon is less electronegative than the heteroatoms to which it is com- 

monly bound, the general rule is that, in any bond of carbon to heteroatom, 

the bond electrons are assigned to the heteroatom. With carbon-hydrogen 

bonds the electrons are assigned to carbon. With carbon-carbon bonds neither 

carbon can easily be assigned both bonding electrons and so each is assigned 

only one. This leads to the simple rule shown above in the main text for 

determining the oxidation state of any carbon atom. All atoms are treated in 

the same fashion. As a result oxidation-state change is equivalent to electron 

transfer and so may be used for balancing redox reaction equations. The elec- 

trons in bonds between like atoms (C—C, N—N, O—O, etc.) are assigned either 

as one to each atom or both to one atom, as convenient. When atoms higher 

than the first row of the periodic table form covalent bonds, they can generally 

be regarded as having just four bonds (or unshared pairs) like first-row atoms, 

for the purposes of assigning electrons and oxidation states. This is exemplified 

in Chap. 19 for sulfur and phosphorus and may also be seen in chromate ion: 
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o Or 
= be 4, ee +6 
ara la = €O) CrOy : We, OE (element, 6e7) 

| 

o- Or 
For nitrogen compounds the range of oxidation states is —3 to +5 but —3 

is the normal state of nitrogen in amines and amides (in nitro groups, N = +3): 

=A +1 +3 +5 

R-—-NH—OH R-——N= R—O—N= HO—N 
x 
=© 

In general for any atom the oxidation state may be computed by adding: 

—1 for each bond to a less electronegative atom (or a minus charge) 

0 for each bond to an identical atom 

+1 for each bond to a more electronegative atom (or a plus charge) 

No oxidation-state change in the total organic molecule is observed in 

reactions like hydrolysis, or comparable reactions with alcohols (alcoholysis) 

or amines (aminolysis), with addition or elimination of HX, HOH, HOR, or with 

tautomerization. On the other hand oxidation (electron loss) occurs when 

hydrogen is removed or oxygen added to the molecule, or both, as the ethanol 

oxidation illustrates. Conversely, in reduction hydrogen is added or oxygen removed, 

or both. Addition of other heteroatoms is also an oxidation (unless hydrogen 

is also added), and their removal (without also removing hydrogen) is a reduc- 

tion. These changes can often be seen simply from the empirical formula 

change. Many of the reactions we have already examined are oxidations and 

reductions and serve to demonstrate these ideas. 
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Ys 

O O O 
—2 -2 |) -1 -1 Se St | -2 

Total: carbon = —4 oxygen = —2 carbon = —2 oxygen = —4 

Empirical change: C,H, —~ C,H,O 

‘Bre 
= =i = 0 0 —1 =1 

CH,—CH=CH, + :Br—Br: ee CH,— H— CH,—Br: 

Total: C6 Br=0 Cc=- Br = —2 

Empirical change: C;H, ——> C3H,Br. 

=O +1 =i =) =A H,O 

Reduction: CH,—CH=O + H:~ — > CH,;—CH,—O- -—— (CH;CH,OH 

Total: C=-2 H=-—1 =—-4 H=+1 

Empirical change: C,H,O0 —— C,H,O 

—2 —-1 —4 eel a =f = O 
CH,—I + Mg —> CH,—Mg—I —*> CH, + Me(OH)I 

In oxidation reactions the reagent atom(s) accepts electrons from the 

organic molecule being oxidized. Such oxidations are almost always two- 

electron changes, the two electrons from some covalent bond being transferred 

to a reagent atom, often as an unshared pair. Reducing agents by contrast 

deliver an electron pair, which becomes a covalent bond, as in hydride reduc- 

tion. Oxidations and reductions at a single carbon atom are changes between 

groups in any single vertical column in the left-hand arrangement of Table 

18-1. 

x Ox O O 
R—CH, ——= R—CH,—OH == R-CHO —= R—COOH 

Red Red Red 

R,CH— OH R,CO 
Red 

TABLE 18-2. Common Oxidizing Agents in Organic Chemistry 

SSS SSS SSS SS STS) 

O; HNO, SO, in Cl, Ag,O MnO, 

O, RO—NO (GH);5 © Br, HgO MnO,- 

HO—OH o—N,+ SeO, L Hg(OAc), CrO, 

t-BuO—OH_ H,NCI NBS Pb(OAc), CrO,Cl, 

RCOO—OH’ H;Nt—0OSO,- (N-bromo- 

RENG—.O-= succinimide) FeCl, OsO, 

t-BuOCl Fe(CN).-=) 10)— 

Dehydrogenation (—2H): Pt, Pd, S, Se (with heating) 

Substituted quinones (chloranil) 

(t-BuO),AI/R,CO (page 461) 
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Hydrogenation adds hydrogen to multiple bonds and so is a reduction. 

Dehydrogenation is a removal of two hydrogens to form a multiple bond. The 

oxidation of alcohols to aldehydes (or ketones) is simple dehydrogenation, but 

the term is usually reserved for formation of a carbon-carbon double bond 

from a single bond. Some oxidations actually cleave carbon-carbon bonds. 

The reagents for oxidation and reduction are commonly inorganic oxidiz- 

ing and reducing agents. Many of these are useful and many are highly selective 

in their actions on various organic functional groups, thus making them valua- 

ble for synthesis in polyfunctional molecules. A general summary of useful 

reagents is collected in Tables 18-2 and 18-3. 

PROBLEM 18-1 

Examine the oxidation-state changes in each reaction quoted in the remainder 

of the chapter. This should quickly become second nature in all but very complex 

cases. 

PROBLEM 18-2 

Do the following conversions involve oxidation-reduction, either at individual 

carbons or overall? 

O 

CHO 

eae: H,O 

CHO 

d Problem 17-10b 

TABLE 18-3 Common Reducing Agents in Organic Chemistry 

Catalytic hydrogenation: H, + catalyst: Pt, Pd, Ni 

Hydrides: LiAIH,, AIH,, NaBH,, BH,, R,BH, @,5nH 

Metals: Li, Na, K, Zn, Mg 

Others: NH,NH,, R,P:, SO,--, SnCl,, FeCl, 

[(CH,),CHO],Al (page 460) 
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A number of oxidizing and reducing agents have already been discussed 

inasmuch as their mechanisms are generally clear and fall into our previous 

categories. Hydride addition is a reduction, for example, involving electron-pair 

delivery by the nucleophilic hydride anion. Also, addition to double bonds 

by electrophiles like bromine and peracids constitutes an oxidation of the 

double-bond carbons. The mechanisms of a number of other redox reagents 

are less clear and some act via free-radical pathways. Nevertheless, many 

conform in general to a simple electrophile-nucleophile classification. 

Reductions are effected by reagents delivering electrons, either as two- 

electron nucleophiles like H:~ and Zn: or as one-electron deliverers like Li- 

or H-: (H, with metal catalysts). The former include the complex hydrides 

(LiAIH,, NaBH, etc.), internal hydride transfer (Meerwein-Ponndorf reduction, 

page 460), and two-electron metals of the second column of the periodic table. 

The one-electron transfers are generally from first-column metals or catalytic 

hydrogenation. These are conveniently grouped in Table 18-3 and discussed 

in these categories in subsequent sections. 

Oxidations usually follow one of two mechanistic patterns. In the first 

a nucleophilic carbon, either as carbanion or double-bond 7 electrons, attacks 

a heteroatom electrophile. Such oxidations have already been encountered in 

halogenation of alkenes or their attack on peracids (Chap. 15). Aromatic elec- 

trophilic substitutions are similarly oxidations of this kind when the electro- 

phile is a heteroatom (Br+, NO,+t, SO,, etc.). Halogenation of enolate anions 

or enols is another major example, treated in Sec. 18-2. 

Carbon nucleophiles: 

| Base | ms | 
—C—H —> —C: —G-F 

| | es | 
E E (Het tom) \ Z eteroatom Sr | ae | | 

C=C [= Ss 
Wa xe We | (Heteroatom) | | 

Nu 

The second mode is characterized by an electrophilic carbon bearing a 
hydrogen which is converted to an intermediate containing a bond between 
heteroatoms. This bond then breaks in an elimination step, carrying off the 
electron pair. The common starting situations will be CH—X, CH—OH, CH=0; 
and one heteroatom (L) is often a metal, changing oxidation state by —2 (Lie: 
2 al) 
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| iG 
en <=> 

H 

| Elimination a 
iees SSS (CLS = a 
i VA 

a: eee 

| 
H (Z=O,N, S) 

PROBLEM 18-3 

Identify the changes in oxidation state in all species in each of the following 

cases and write balanced equations. 

a Acetone + NaBH, 

b Formation of Grignard reagent from iodobenzene and its reaction with ace- 

tone 

Acyloin condensation of diethyl glutarate with sodium 

aon Beckmann rearrangement of benzophenone 

Oppenauer oxidation of (C,H;),CHOH with acetone and aluminum t-butox- 

ide 

f Nitration of benzene 

g Nitrous acid reaction with aqueous a-amino acids 

18-2 OXIDATIONS AT A SINGLE CARBON 

These reactions are all those which proceed one step down any vertical column 

in the left-hand presentation in Table 18-1. Hence they involve three kinds 

of changes: 

Oxidation of hydrocarbon sites to alcohols (or halides) 

Oxidation of alcohols (or halides) to aldehydes/ketones 

Oxidation of aldehydes to acids 

These oxidations may also be regarded as conversions of one functional- 

group family (0, I, IJ, or III) to the next higher one. 

Hydrocarbons 

Oxidations at unactivated hydrocarbon sites, C—H (converting to C—O 

or C—X), are rarely useful since methods like catalyzed air oxidation (or simple 

combustion!) are too indiscriminate. The cases of practical value involve oxida- 

tion at the activated a-CH to a carbonyl, double bond, or aromatic ring. 
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Acid-catalyzed bromination 
+Ht Slow 

Soiee Ht CH;CCH, Sse 

O 
| ss 

+OH OH 

Acetone enol 

Br Br + CH=CH, —> Br+ Br—CH,— ioe aailt, ses ee (2) Bromination 

aes pets (1) Enolization 

Con +OH 
Bromoacetone 

Base-catalyzed bromination 

CH,CHCH, —~> CH.ECH, 3 CH.CCH, +H,O (1) Enolization 
| 
NO, NO, N 

ya TeN 
Oo, o 

2-Nitropropane 

Br 

Br Br+ r+ CH,CCH, — Br ae CH,;CCH, (2) Bromination 

| 
NO, NO, 

2-Bromo-2-nitropropane 

FIGURE 18-1 a-Halogenation via enolization 

Halogenation in the a-position of carbonyl groups proceeds easily via 

initial activation of that position as a nucleophilic enolate or enol which then 

attacks the electrophilic halogen, e.g., X, == X+ + :X7, as shown in the exam- 

ples of Fig. 18-1. 

Bromination on carbon a to ketones, nitriles, and nitro groups is a facile 

reaction as is bromination of the doubly activated a-positions of malonic and 

related acids and esters. Ordinary esters do not satisfactorily a-brominate. 

Carboxylic acids undergo a-halogenation only in the presence of a small 

amount of phosphorus trichloride. The acid is converted to an acid chloride, 

which enolizes more readily than the free acid. Since acids and acid chlorides 

are readily equilibrated under the reaction conditions, only catalytic amounts 

of phosphorus trichloride are needed. 

Hell-Volhard-Zelinsky reaction: 

CH,;CH,CH,CH,COOH + PCl, —~> CH;CH,CH,CH,COCI 

CH;CH,CH,CH,COC] == CH;CH,CH,CH=CCI eas. CH;CH,CH,CHBrCOCI + HBr 

OH 

CH;CH,CH,CHBrCOCI + CH;CH,CH,CH,COOH == 

CH;CH,CH,CHBrCOOH + CH,CH,CH,CH,COCI 

a-Bromovaleric acid 
85% yield 
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Nucleophilic substitution reactions can then be used to convert a-halo- 

acids or a-haloketones to useful functional derivatives. The most important 

examples are a-amino and a-hydroxy-acids, which are of biochemical signifi- 

cance. 

Base-catalyzed halogenation of methylene and methyl ketones cannot be 

stopped at the monohaloketone stage. After complete halogenation occurs, the 

polyhaloketones are cleaved under the basic reaction conditions. This is called 

the haloform reaction when conducted on methyl ketones, since these are con- 

verted to carboxylic acids and haloform (HCX;) in the overall reaction. This 

reaction is commonly used as a characteristic test for methyl ketones. In the 

test, the material of unknown structure is treated with a solution of halogen 

(X,) in weak hydroxide solution. Base-catalyzed halogenation occurs. Each 

halogen introduced increases the acidity of the remaining hydrogens attached 

to the same carbon atom. Consequently, halogenation of methyl groups does 

not stop at intermediate stages, and trihaloketones are produced. The latter 

are cleaved, forming carboxylic acids and haloforms. Iodoform is a yellow solid 

that is sparingly soluble in aqueous solvents; it is easily detected, therefore, 

when formed in a positive iodoform reaction. 

RCCH,+ OH — RCCH, + H,O 

RCCH, +1, —> RCCH,I+I 

| OH- Te. is T OH- io L | 
RCCH = -——- RECHT —— *RCCHI, —__- #RCGIN >" RCE, 

1 %) I 
RCCI, + OH —> ue SCG) == KCOHG: :Cl, —~> RCO, + HCI, 

OH Iodoform 

| = a : 
Net reaction: RCCH, + 31, + 40H ——> RCO,+ HCI, + 31+ 3H,O 

The haloform reaction is given by methyl ketones and other compounds, 

notably secondary methyl carbinols (CH,CHOHR) and ethanol, which are 

readily oxidized to methyl ketones (or CH,CHO). The reaction is used in 

synthesis for the preparation of carboxylic acids from methyl ketones. 



750 OXIDATIONS AT A SINGLE CARBON SEC. 18-2 

ae ee a =e 

SS — 3 —————— Se 

Biphenyl p-Acetylbiphenyl 

p-Biphenylcarboxylic 
acid 

Halogenation of ketones at the a-position has also been carried out with 

advantage using cupric bromide or chloride, or sulfuryl chloride (SO,Cl,). 

Halogenation of other carbanions is facile but rarely of synthetic value. Virtually 

all organometallic carbanions, such as Grignard reagents and alkyllithium, 

attack halogens avidly, but the product is only the starting halide used to create 

the organometallic compound. 

R—MgBr + X, —-> R—X + MgBrX 

Halogenation a to double bonds and aromatic rings is commonly achieved 

with N-bromosuccinimide. This reagent also attacks a to ketones and is selec- 

: | 
tive in its reactivity: —CH, > —CH,— > ae A free-radical mechanism, in- 

volving Br-, is apparently involved. 

ve 

CH,—C Hs | ne.ccy H,Br H,OH 
ame 

6 K,CO,, H,O 
> ——$> 

Benzoyl peroxide 

1-Methylnaphthalene 1-Bromomethylnaphthalene 1-Hydroxymethylnaphthalene 
70% 

O 

CCL/A 
o@CH,CH,CH,CH,CO¢ + NBr cr Fea aie ar NH 

Br 
O 

66% 

Direct introduction of oxygen at a-CH positions is less easily achieved 

with selectivity and control. Such C—O bonds are usually created by halo- 

genation followed by substitution as in the example shown above. Low- 

temperature air oxidation of alkenes or alkyl aromatics occurs at positions 

adjacent to the double bonds, by a free-radical mechanism. The first products 

are hydroperoxides, which are seldom isolated but oxidize further with ease. 



SEC. 18-2 OXIDATIONS AT A SINGLE CARBON 751 

N 

te “ales * > S 
ts + other products 

S 
OOH O OH 

es 

CH(CH;), CH;—C—O—OH 

O, 

+ free 

radical 

initiator 
Cumene Cumyl hydroperoxide 

Aliphatic side chains attached to aromatic ring systems are much more 

readily oxidized than are the rings themselves. Drastic oxidation degrades a 

side chain to a carboxyl group, a useful step in proof of the structures of certain 

aromatic compounds. 

CH; COOH 

KMn0O,, 

alkali 

CH; CH; HOOC COOH 

Mesitylene Trimesic acid 

CH; COOH 

Cl Cl 
CcrO, 

—_—— 

o-Chlorotoluene o-Chlorobenzoic acid 

H(CH:;), OOH 

KMnO,, 

alkali 

CH; COOH 

m-Isopropylmethylbenzene Isophthalic acid 

The hydrogen-carbon bond of terminal acetylenes is subject to oxidative 

coupling to produce conjugated acetylenes. This reaction has been used to great 

advantage as the key step in preparing some interesting and bizarre hydro- 

carbons. A number of large rings have been prepared by this coupling and 

converted to monocyclic fully unsaturated hydrocarbons called annulenes, 

(C,H,), (page 168). 
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OH), O., NH; 
C.H,C=CH —“"" C,H,C=CCu > CH; C=CC=CCHS 

Diphenyldiacetylene 

aa 

C C 

4 Ne Cu(O,CCH;)» KOC(CH;), 
3HC=C(CH,),C=CH ————> 7 so Saag 

O,, pyridine Ff N 

e x 
CH, Ve 

Sai One 
6% 

H H 

H he2c 

Ness ae He one 

vA Oe at Heco > Ha Ho ae 
H—C H H—c I 

Nc” CH ae eee i cet 
va NX Yo \ | 

H Seem He eeeeemere 

Cyclooctadecanonaene 

Analogous to the action of N-bromosuccinimide is that of selenium 

dioxide, which introduces oxygen a to ketones, double bonds, and aromatic 

rings. Chromyl chloride has also been used to convert aromatic methyl to 

aldehyde. 

O O 
SeO, 

: % 
ee Dioxan, A we 

1,2-Cyclohexanedione 
60% 

SeO, 
CH,COCH, ——» CH;COCHO 

Pyruvaldehyde 
60% 

CH, CHO 

CrO,Cl, 
——————_- 

(75%) 

CH; CH; 
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Introduction of nitrogen is usually achieved a to ketones or esters via 

acylation with nitrous esters, either base- or acid-catalyzed. Similarly, doubly 
activated methylenes in base attack diazonium salts. The reagents here act as 
nitrogen electrophiles, while the carbon nucleophile being oxidized is analogous 

to the reaction of aromatics with the same electrophiles (page 662). 

OH , 
| HiCOCHCH——""CH,.C_=CHCH 6 CH,CCHCHs | — 

NO 

a be 

2,3-Butanedione 

monooxime 

CH;~—CH; 

“~=0 3 
\ 
NOH O 

Camphor 3-Ketocamphor 
(‘camphorquinone’’) 

| | | | Tautomerize 

LA 

N=N—¢ 

liter al 
oe ee 

N—NH—¢ 

PROBLEM 18-4 

List all the methods for introducing heteroatoms at a methylene group. Write 

their mechanisms. 

a Consider the reaction with nitrosobenzene also; is it a reasonable idea and 

what conditions would be suitable for the reaction? 

b In order to create a practical list for synthetic purposes, note for each listed 

reaction the requirements of substrate structure and experimental conditions. 
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Alcohols, Halides, and Amines 

The usual oxidations of these groups follow the second mechanistic mode 

outlined in the previous section. Oxidative replacement of a-hydrogen atoms 

of primary and secondary alcohols is accomplished by many reagents. Chromic 

acid or anhydride is most frequently used in laboratory procedures (Sec. 14-4). 

The Oppenauer method, in which an excess of some inexpensive ketone is 

equilibrated with a secondary alcohol (page 461), is also common. Catalytic 

dehydrogenation is the usual industrial procedure for conversion of alcohols 

to aldehydes and ketones. 

Cr,O, H, H,Cr,O, 
CH CHOH —_——>. CH. CHO’ —___> _ (GH-COOH 

Isolated only if 
removed by continuous 

distillation 

OH 

Cu77250; 
as + Hy, 

Cyclohexanol Cyclohexanone 

CuCrO, 
(CH;),CHCH, CH,OH Sie (CH3)2>CHCH,CHO + H, 

Isoamyl alcohol Isovaleraldehyde 

Oxidation of ethanol by atmospheric oxygen is responsible for formation 

of the acetic acid in vinegar. The reaction is catalyzed by enzymes produced 

by the metabolism of certain bacteria. If wine or cider is left exposed to the 

atmosphere, the beverage is inoculated by airborne cultures of the organism 

and oxidation occurs, yielding vinegar. Fortified wines, such as sherry, are not 

oxidized because the enzyme is inactivated by high concentrations of ethanol. 

Dilute solutions of pure ethanol in water are stable because the microorganism 

needs other nutrients, present in fermentation mixtures. 

Chromic acid oxidation of secondary alcohols has been studied in detail. 

The oxidation step is an elimination reaction of an alkyl ester of chromic acid. 

= ot 

R,CHOH + CrO, + 2H == R,CHOCrO;H + H,O 

Alkyl hydrogen 
chromate 

R 

a, b Hs 
B: + ose cna — BH+R,C—O+ HOCrO,- 

R 

(Usually a 
weakly basic 

solvent) 
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Di-t-butyl chromate is a useful oxidizing agent that can be employed in 

organic solvents. Ester interchange reactions produce chromates of the alcohols 

that are to be oxidized. Chromic oxide (CrO,) is also widely used in pyridine, 

in acetic acid, in acetone, or in other solvents under either acidic or basic 

conditions. 

A convenient procedure for oxidizing alcohols to aldehydes or ketones 

involves conversion of the alcohols to sulfonate esters. When heated in basic 

solutions with dimethyl sulfoxide, the sulfonates then produce the corre- 

sponding aldehydes or ketones: 

p-CH,C,H,SO,Cl OST NE eee SLA CH;(CH,).CH,OH ae CH;(CH,),CH,OTs 
Pyridine 

n-Octyl tosylate 
95% 

+ = NaHCO, 
(CH,).S—O + CH,(CH,)CH,<OTs — 

woe 
+ 

ctana 
pe eae 70% 

B: 

Since the procedure involves prior conversion of the alcohol to a better leaving 

group, the two steps can be combined into one operation with the following 

procedure (compare page 510). 

CsHi;N=C=NC,H,3 
O.N CH,OH — ZY 

(dicyclohexylcarbodiimide) 

ij Ht 

H (N—Cothi 

‘i | NS H,PO, 
va H NC,H,3 

H 

H NHC,H,; 

i O-—S(CH,), | + paeee = O.N 7 ei 3)2 = 

H NHC,H,3 

92% 
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Epoxides are also opened by displacement with dimethylsulfoxide and 

thus converted to a-hydroxyketones. 

sous a (GH)sS 

76% 

A similar oxidation involves the action of an amine oxide on halides or 

sulfonate esters of alcohols. 

Ze Za — Pyridine, A 
| + SENSE eI GrGet — | th 

SSS 
SN + 

; Bid 
O O O n 

Pyridine CH,CH,CH,C—H 

oxide | 

CH; 

See 

CH;,CH,CH,COCH; + | 
SS 
N 

Drastic conditions are required for oxidation of tertiary alcohols, since 

carbon-carbon bond cleavage must occur. The products are acids or ketones 

resulting from oxidative replacement of all hydrogen atoms attached to the 

carbon atoms involved in the cleavage. Hot chromium trioxide solutions are 

frequently used in these degradative cleavages. Few applications have been 

made in synthesis. Under normal (mild) conditions for oxidizing primary and 

secondary alcohols, tertiary alcohols are unaffected. 

oO HO, /C,H; 

1) CsH;MgBr CrO., CH;COOH 
i SE es 

2) H,O, NH,Cl 

1-Phenylcyclohexanol 

Zn-Hg, HCl 

C;H;CO(CH,),COOH a C,H; (CH,); COOH 

5-Benzoylvaleric 6-Phenylpentanoic 
acid acid 
81% 
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Oxidation of amines is very facile with most oxidizing agents, but in most 

cases the products are complex. Tertiary amines are converted to enamines 

by mercuric acetate in a mechanism parallel to the foregoing examples and 

lead tetraacetate acts in a comparable manner, although it is more active. The 

mechanistic analogy to oxymercuration of double bonds (page 634) should be 

noted. 

G “OAc 
Hg—OAc 

—Ht+ Zo 

| = +HOAc 
N N 
+ oe 

-“OAc 

oe Hg(OAc), 
[‘/HgOAc] ——“*> He,(OAc), + ~OAc 

Aldehydes and Ketones 

The oxidation of aldehydes to carboxylic acids usually follows the second 

mechanistic pattern as in the oxidation with peracids (RCO—OOH): 

Ht 

O O OH Co H* 
Vi S + | | + 

Ree e OS O- cane —Cz0~0;-C—R’ | —> 
Ss 
H H 

OH 9 
Re Cane HO eR 

O 

Aldehydes are very easily oxidized by most oxidizing agents, including 

air, although few reagents give clean conversions. Air oxidation is a chain 

reaction that proceeds by way of peracids as intermediates. Free-radical traps, 

such as aromatic amines and phenols, inhibit air oxidation and are added to 

aldehydes in small amounts to preserve them during storage. Silver oxide, 

chromic acid, or mild permanganate oxidations are often used in practice to 

effect the conversion of aldehydes to acids. 
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The behavior of ketones with respect to oxidation is very similar to that 

of tertiary alcohols, and must involve carbon-carbon bond cleavage. Such 

oxidations only occur with vigorous oxidizing conditions and are usually not 

of preparative value. Hot nitric acid, alkaline or acid permanganate, and chromic 

acid have all been used to cleave ketones. The commercial preparation of adipic 

acid by oxidation of cyclohexanone is an example. It is likely that the initial 

attack is on an enol rather than on the ketone itself. 

OH OH Spat 
H H COOH 

Ht =>) Cunos.v.0: na @ 5 | 

ar (4NO,+) : Oa yee 
COOH 

Adipic acid 

60% 

ie 
CH; CH 

iN 
Ht, MnO,— Gis CH, 

| | es 
CH, COOH 

O aM 

oN ie: 
Hc CH, pee 

CH, CH, 

ice 

HOOCCH,CH,CHCH,COOH + CH;COCH, 

Quinones 

Quinones are oxidized forms of aromatic diols and are characterized by 

two carbonyl groups on a fully unsaturated ring. 

Methods for the synthesis of quinones vary with their structure. Benzo- 
quinone is prepared by oxidation of aromatic amines or phenols. Naphthalene 
and the larger linear polynuclear aromatic hydrocarbons are oxidized directly 
to form quinones. Orthoquinones are usually prepared from ortho-disubstituted 
derivatives of the corresponding aromatic systems. 
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NH, O 

—_——$—> 

O 

Benzoquinone 

O 

———> 

O 

1,4-Naphthoquinone 
35% 

O 

eee = a ea 

—————> 

O 

Anthraquinone 

The stable radical nitrosyldisulfonate has been used in synthesis of qui- 

nones difficult to prepare by other methods. 

OH ‘ O 
O 

cee ha fies || de 
KO,SNSO,K 
—————> 

| 

2-Phenylphenol 2-Phenylbenzoquinone 

Quinones and the corresponding hydroquinones form oxidation-reduc- 

tion couples that give reproducible electrode potentials. 

OH O 

Oe 
Os 

Ae age Red — OH Red O 

OH O Catechol o-Quinone 

Hydroquinone Quinone 
(benzoquinone) 
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The oxidation potentials of many quinones have been measured by 

potentiometric titration of the hydroquinones with oxidants of known oxidation 

potential. 

Electron-withdrawing substituents, such as —NO,, —CN, —SO,Ar, —COAr, 

—CO,H, raise the oxidation potential, making the quinones more powerful oxi- 

dants. 

Electron-donor substituents, such as —NHCH,, —NH,, —N(CH;);, —OH, 

—OCH., —CH,, —NHCOCH,, C,H,, and —OCOCH,, lower the oxidation potential. 

Since reduction of a quinone involves hydrogen ions, the quinone- 

hydroquinone system is used as an indicator electrode for measurement of the 

hydrogen-ion activities of water solutions. The system is known as the quin- 

hydrone electrode, because hydroquinone and quinone combine to form a 

molecular compound called quinhydrone. The molecular complex has a char- 

acteristic black color. 

PROBLEM 18-5 

Devise ionic mechanisms for the following reactions. 

a N-Bromosuccinimide + secondary alcohols ——> ketones 

b N-Bromosuccinimide + a-hydroxy-acids ——> CO, + ? 

c Benzyl chloride and 2-nitropropane with ethoxide ion yield benzaldehyde and 

acetone oxime 

d ROOCNHNHCOOR + Pb(OAc), —~ ROOCN==NCOOR + ? 

PROBLEM 18-6 

Complete the following interconversions; arrows may represent several steps. 

C,H;COCH, —~+ C,H,CHOHCH, — > C,H;C,H; —> C,H;COOH 

2-Cyclohexenone ——> cyclohexene 

2-Cyclohexenone ——> cyclohexanone 

C,H,O0 —> C,H;COCH,OH —-; C,H;COOH 

Cyclohexene ——> 1,3-cyclohexadiene 

p-CH,C,H,CH,Br —> p-CH,C,H,COCOOH —> p-HOCC,H,COCOOH mo Qa om Dp 

18-3 OXIDATIONS AT TWO ADJACENT CARBONS 

Double-bond Oxidations 

The most important oxidations involving two adjacent carbons are oxi- 
dations of double bonds. These are of two kinds, those that cleave the carbon 

skeleton and those that do not. Most of these reagents have been discussed 
in Chap. 15 since they all act by an initial electrophilic addition to the double 
bond. These interrelated oxidations are all summarized in Fig. 18-2, with the 
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Oxidation 

state 

= —CH=C— 

| OsO, or 
AgOAc/X, + hydrolysis Sena! 

Mild 
neutral 

KMnO, 

OH OH O 
lek H,O+ ya 

ari =. +~—CH—C— — CH—C 

HIO, 
or (CH;),SO | BF 

O; Pb(OAc), 
(Reductive O O O OH 
method) l ] | | 

a8} — CH ia 0 =e 

HIO, 
or 

Pb(OAc), 

5 O; (Oxidative hydrolysis) = COOH ie 

| 
FIGURE 18-2. Double-bond oxidations 

groups ordered by increasing oxidation state at the two carbons of the original 

double bond.+ These reactions have been very widely used since they are 

generally selective and specific, the major exception being permanganate, a 

strong oxidant which attacks many other functions also. 

Two reagents, periodic acid and lead tetraacetate, cleave 1,2-diols 

smoothly to form carbonyl compounds. The reactions have been formulated 

as passing through cyclic esters as intermediates, but evidence has accumulated 

that lead tetraacetate oxidations may involve noncyclic, heterolytic mechanisms. 

| 
—C— + HIO, —> 

eS ae 
C=O + Crt. + HIO; + H,O 

Iodic acid 

SN Ye 
— C=O-+ O=C_ + Pb(O,CCH;), 

a ~ 

| 
—C 

(ee fe 
OH OH 0) O 

Periodic > 1 

acid ae “S 

| | —2CH,COOH 
—C—C— + Pb(O,CCHsS), 

OH OH 

Bree “OCOCH, 

+Since different products arise in some cases depending on whether the double bond bears a hydrogen, 

the sample in Fig. 18-2 contains one carbon bearing hydrogen and one without, so that both reactions 

are seen together. 



762 OXIDATIONS AT TWO ADJACENT CARBONS SEC. 18-3 

These reagents attack similar compounds which have —OH, —NHR, or 

C=O on two adjacent carbons: 

se i dees 9 ire i 
ae) Ese ee ee pie 

Periodic acid is thus quite selective but lead tetraacetate attacks some 

other functions (e.g., amines and acids, pages 757 and 764), commonly by a 

mechanism like the above, with initial displacement, at the lead atom, of an 

acetate by some nucleophilic center, followed by collapse of the complex with 

the electrons passing to lead, which leaves as lead diacetate. 

3 2 1 HIO, 3 2 i 

CH,—\CH—COOH ——~ CH,O + HCOOH + CO, + NH; 

OH NH, 

O 
Dee 

HCO OH HOF 

OH OH 
HIO, 

CH,(CH;); CH—CH(CH,); COOH ———~ CH;(CH,);CHO + OCH(CH,);COOH 

OH CHO 2 OF HCO,H is Pb(OAC), OH ar ae 
ae CHO (Aldo) 

C,H 

OH _2Pb(OA0, | COOH 
+ C,H;COOH 

COOH 

Chromic acid is sometimes used to cleave double bonds, but it is a strong 

oxidant also and will react with other functions. Chromic acid oxidations are 
a key step in the Barbier-Wieland method for the stepwise degradation of car- 
boxylic acids. 

OH 
Ht, C,H;OH 1) C;H;MgB | RCH,COOH ———> RCH,COOC,H, ea RCH,C(C,H,;), > 

CcrO, 
RCH=C(C,H;)2 ——> RCOOH + (C,H;),CO 

Dehydrogenation 

Specially prepared solid catalysts are used industrially for the dehydro- 
genation of alkanes to alkenes. High temperatures are required, and provision 
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must be made for continuous removal of hydrogen. The reactions are frequently 

carried out by passage of vapor of the substrate over a hot catalyst bed. 

Cr,0,-Al aie 

Oxid 1 
CH,—CHCH, CH, ee CH,—CHCH=CH, 

1,3-Butadiene 

In the laboratory dehydrogenation is only commonly effected when the 

product is a resonance-stabilized aromatic ring. Alicyclics that already contain 

six-membered rings are aromatized when heated in the presence of hydro- 

genation catalysts, such as platinum or palladium, or easily reducible substances 

such as selenium, sulfur, or chloranil (tetrachlorobenzoquinone). 

Pd-charcoal 
———_—_——> 

200° He 

Tetralin 

CH; CH; 

Co 6 Orn. 230° 
CH, CH; 

1,3-Dimethyldecalin 

Aromatization is frequently the last step in synthetic sequences in which 

complex aromatic systems are synthesized from aliphatic or alicyclic starting 

materials. 

HNO, + C;H.¢, NaOH 
Br f NE een xf V8 — 

Gh al 

20 O 

cl Cl 

Br ISIS 5 oa 

nyo 2 
3) H,O* 

Cl 

Cl 

p-Terphenyl Tetrachloro- 
hydroquinone 
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Other C—C Bond Cleavages 

Cleavages of the carbon-carbon single bond occur in certain specific 

oxidations, several of which have been previously noted: 

OH 
| H,CrO, Ss j 

—C—CH,— —> C—O F1OOC— Not selective, rarely 

| “a useful (vigorous conditions) 

I H,CrO, (p. 758) 

KMnO, —C—CH,— ————+ —CooH + HOOC— 
or HNO, 

| | 
—C—R es —C—O—R Baeyer-Villiger oxidation (p. 708) 

| HN, | . ; 
—C—R > —C—NH—R Schmidt reaction (p. 707) 

| NaOH 
——@—_CH. = —COO- + HCI, lodoform reaction (p. 747) 

The last three reactions are usually selective and of preparative value. 

Several procedures for the cleavage of carboxylic acids have been devel- 

oped, of which the Barbier-Wieland degradation (page 762) is an older, stepwise 

method. In the Hunsdiecker reaction, the silver or thallium salt of a carboxylic 

acid is treated with bromine. The carboxyl group is lost as carbon dioxide and 

alkyl or aryl bromides are produced. Evidence points strongly to a homolytic 

mechanism for the transformation. 

= CCI, ={G9), 
Br, + (CH;);CCH,CO,Ag SACK (CH,),CCH EO“ ——- (CH,),CCH,—Br 

O 

Lead tetraacetate has been used in various ways to cleave acids. The 

carboxyl group is replaced by halide or acetoxy, and the mechanism is probably 

analogous to that for glycol cleavage. 

O 

CH—COOH + Pb(OAc), == + ~CH—C—O~Pb(OAc), ———> 
vi &, Sa - or 

OAc AcOg 

aS 
aot (OAc) + CO, + Pb(OAc), 
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SOs) Pb(OAc) I 
— [J +e. 
Pie 

Coo Pb(OAc), in aye 
Saya c + CO, 

Pb(OAd), CH,CH,CH,COOH —"—“"+ CH,CH,CH,I + CO, 
1 

Substituted malonic and succinic acids undergo oxidative bis-decarboxyla- 

tion with lead tetraacetate. 

COOH OAc 
Pb(OAc), he H,O 

—2CO, (Cee —— (C,H,)C=O 

COOH OAc 

COOH 
Pb(OAc), a | + 2CO, + Pb(OA®, + 2HOAc 

COOH pyridine 

The ease of oxidative cleavage of aromatic rings varies considerably. 

Benzene is oxidized only under very drastic conditions (page 751), but one 

ring of naphthalene is much more readily oxidized. 

(C,H) 2C 

O 

L 
S sales $e) 

alkali C 

| 
O 

Phthalic anhydride 

Electron-withdrawing substituents deactivate aromatic nuclei toward 

oxidation, and electron-donors have the opposite effect. These facts were used 

in a classic proof that naphthalene contains two fused aromatic rings. 
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NO. NO, 7 

C 
HNO, (7 H,Cr,0, ar ~ aENOS BEEN O 

S& Cc’ 

1-Nitronaphthalene 3-Nitrophthalic anhydride 

te NH, t 

_HCr,0; Cr,O; 

os 

ie) 

PROBLEM 18-7 

a Make a synthetic chart of the possible modes (one or more steps) of convert- 

ing cyclopentene to cyclopentane derivatives with different oxidation states 

at one or both of the olefin carbons. 

b Make another such chart for modes of converting cyclopentene to acyclic 

1,5-derivatives of pentane with various oxidation states at the two terminal 

carbon atoms. 

c Identify the oxidation states on each involved carbon, and write the overall 

oxidation-state change on each conversion in the two charts. 

PROBLEM 18-8 

Indicate reagents for the following conversions. 

CH,Br 
CH, Br OH O 

— — —— — 
OH OH 

TOE 
COOH COOCH, 

CHO CHO 

rere — L p-coon — [=o — 

COOCH, 
> CH,COOH 

COOCH, 
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18-4 OXIDATIONS AT OTHER ATOMS 

In general amines, and sulfur groups with an unshared electron pair on sulfur, 
are readily oxidized since their electron pairs attack oxidizing electrophiles with 
ease. Amines are rendered generally stable to oxidation by making these elec- 

trons inaccessible, as occurs on acylation. Nonbasic nitrogenous functional 

groups are usually not subject to oxidation, e.g., amides, nitriles, nitro groups, 
and quaternary salts. Among sulfur groups only sulfonyl (—SO,—) bears no 

electron pair on sulfur and so is generally impervious to oxidation. 

Direct oxidation of amines with most oxidants leads to complex mixtures, 

but peracids and hydrogen peroxide convert tertiary amines to amine oxides, 

and peroxytrifluoroacetic acid has been used successfully for oxidation of some 

primary aromatic amines to nitro compounds. 

CJeve— Clem N N 
ViaN 

CH; CH, O 

N-Ethylpiperidine N-Ethylpiperidine 
oxide 

NH, NO, 

oa t fe 
CF,COOH 
—_——— 

o-Nitroaniline o-Dinitrobenzene 

Amine oxides are of some interest, since they are easily pyrolyzed to give 

olefins (page 596), and because they have some potential value as specific 

oxidants (page 756). 

Mercaptans are very rapidly oxidized to disulfides by many mild oxidants, 

including ferric salts, iodine, and oxygen. The reverse reaction is also easily 

accomplished by reducing agents. This reversible oxidation-reduction equilib- 

rium is very widespread and important in biochemical systems (Chap. 26). 

Stronger oxidants convert mercaptans and disulfides to sulfonic acids. 

O, (air) 
; H C,.H-SSC,H- 

2CsH;5 Zn, CH,COOH oH; aes 

Thioph ] Diphenyl 
ages disnltide 

Sulfides can be oxidized in steps to sulfoxides and sulfones by a variety 

of strong oxidants. Hydrogen peroxide is usually the reagent of choice. It is 

difficult to interrupt the oxidation of mercaptans at any stage intermediate 

between the disulfide and the sulfonic acid. High yields of sulfonic acids are 

obtained through the action of nitric acid on lead mercaptides, and chlorine 

water yields sulfonyl chlorides. 
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Ch Se 2 2 —CH, 
2C Ne 30% H.O, dee CH, 30% H,O, Ho \ ¥ 

H.C CH, H,C CH, H.C CH, 
\g% Cra CVA 

ON 
O O O 

Tetrahydro- 
thiophene 

Pb(NO,). HNO 
CH,(CH.);5H -———~ [CH;(CH,)3S].Pb —> CH;(CH,);5O3H 

Butyl mercaptan Lead 1-Butane- 
(butanethiol) dibutyl mercaptide sulfonic acid 

18-5 CATALYTIC HYDROGENATION 

Nearly all unsaturated compounds add hydrogen in the presence of finely 

divided metal catalysts, commonly platinum, palladium, and nickel. Although 

such heterogeneous reactions are exceedingly difficult to study in detail, the 

mode of action is generally viewed as a bonding of hydrogen atoms to the 

metal surface first, followed by delivery of the activated hydrogen to z electrons 

of the organic molecule. Implicit in this view is the prediction that hydrogen 

addition to a double bond should be cis from the less hindered side, and this 

is actually the usual result. 

Qe S27 
ome en 

7 iN H H 
H H H H 

se me Se Gp eae lie ee 
Pt surface 

CH, 

3 

CH, 

Boaccagh +H, Menon, H 
25 

CH; CH 

H 

cis-1,2-Dimethylcyclohexane 

j ~ 
CH, GH C==CCH-CH:; 

aie H, Ed aae
 es, 

a 
H H 

cis -3- Hexene 
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The reaction is commonly carried out by stirring a solution of the com- 

pound with catalyst powder in an atmosphere of hydrogen gas and observing 

the rate of decrease in hydrogen volume manometrically as a measure of 

reaction rate. In this way reaction can easily be stopped when the calculated, 

stoichiometric quantity of hydrogen has been taken up by the sample. Hence 

when the rates of reduction of different functions are different, the faster one 

may often be reduced, and the reaction stopped, before any significant amount 

of the slower group is reduced. The order of rates is shown in Table 18-4 for 

unsaturated groups. The rates can be vastly different and generally allow 

hydrogenation of groups at the top of the table without affecting those at the 

bottom. 

Carboxylic acids, esters, and amides are not reduced. Ketones are usually 

reduced slowly enough that hydrogenation of carbon-carbon double bonds (or 

other groups above it in the table) may be achieved without affecting the 

ketone. Benzene rings are inert to normal hydrogenation conditions, owing to 

resonance stabilization, and normally require high pressure for their reduction. 

In the Rosenmund reduction, an acid chloride is catalytically reduced with 

hydrogen to give an aldehyde. The chief drawback of the method is the ease 

with which aldehydes are reduced. Although results are somewhat erratic, 

considerable success has attended the use of platinum and palladium catalysts 

partially inactivated by sulfur or quinoline. 

TABLE 18-4 Order of Reactivity for Hydrogenation 

Group reduced Product 
eee — 

R—COCI R—CHO 

R—NO, R—NH, 

R—C=C—R’ R—CH=CH—R ' (cis) 

R—CHO R—CH,OH 

R—CH=CH— RX’ R—CH CH’ 

(more substituted alkenes = slower) 

R—CN R—CH,NH, 

R—CO—R’ R—CHOH—R’ 

ov 

ae 
ae —= 



770 CATALYTIC HYDROGENATION SEGRI3-5 

H,, Pd-BaCO, 
C,H;CH,CH,COCl] —>~————> C;H,;CH,.CH,CHO 

Refluxing 
B-Phenylpropionyl xylene B-Phenylpropionaldehyde 

chloride 

H., Pd-BaCO, 
SO 

B-Naphthoyl chloride B-Naphthaldehyde 

Hydrogenolysis 

Single-bond cleavage on hydrogenation is termed hydrogenolysis and 

occurs in the following situations: 

CX — C— 

C—5 == C— (only with nickel catalyst) 

| 

= aaa ae | 
| ala eae 

—C—=C—C—N— —> 
hd i Bent 

| 

ia wel 
| CRs 
1 

Hydrogenolysis of halides occurs in the presence of platinum or palladium 

catalysts. The ease of cleavage varies a great deal, aryl halides being rather 

resistant while allylic and benzylic halides are very reactive. 

Pd-CaCO 

C,H;Br + H, ——————— C,H, + HBr 
Alcoholic KOH 

H,, Pt 

25° 
Br 

3-Bromocyclohexene Cyclohexane 

Hydrogenolysis of carbon-sulfur bonds (desulfurization) is carried out with 

Raney nickel, a finely divided nickel already saturated with hydrogen. Raney 

nickel is prepared by dissolving the aluminum from a nickel-aluminum alloy 

with aqueous sodium hydroxide. The hydrogen product in the reaction (of 

hydroxide with aluminum) adsorbs on the nickel surface. Other catalysts are 

poisoned and inactivated by sulfur compounds and hence cannot catalyze their 
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hydrogenolysis. The examples include a mild and useful reduction of ketones 
to methylenes by thioketal desulfurization. 

Raney Ni 
So CH;CH;CH;CH; =F H,S 

SS S ra (H,) 

ike SH S Raney Ni 

BF, (H,) 

Thioketal 

O 

| | CH—S—¢ | 

With allylic alcohols, ethers, and amines hydrogenolysis occurs only if 

its rate is faster than hydrogenation of the double bond. Since they are often 

comparable, product prediction is difficult. Benzylic groups are smoothly hydro- 

genolyzed in this order, however: 

| | lores 

bg -N— > b-F—0- > oA 

Benzyl esters and ethers are often made in the course of synthetic se- 

quences to protect sensitive functional groups in polyfunctional molecules. The 

benzyl group may be removed by catalytic hydrogenolysis at the end of the 

synthesis. The protecting group can be extended to amines by conversion to 

carbobenzoxy derivatives, and these have often been used in peptide synthesis 

(Sec. 25-4). 

OCH,C,H; OCH.C;H; 

_CcH;CH.Cl sH,CH.Cl Alkaline KMn0, | COOH Elpyeat 

oe ee COOH 

HOOCCHOH(CH,);COOH + C,H;CH; 

a-Hydroxyadipic 
acid 
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R 

li eee ecpon 
@CH;,OH + COCI], —> (CHOCClS a aan mae 

Amino acid 

Phosgene Benzyl chloro- 
formate 

(“carbobenzoxy 
chloride’) 

6CH.O R 6CH.O R R 
| SOCI, | H,N—CH—COOEt 
CONH—CH—COOH ——> CGONH Chi CO Cl aaa eaerrEs 

Second amino acid 
(ester) 

o@CH,O R R’ 
| | | H, 
CONH—CH—CO—NH—CH—COOEt —™> 

Protected dipeptide 

i i 
o@CH; + CO, + H,N—CH—CO—NH—CH—COOEt 

Dipeptide 

PROBLEM 18-9 

Predict the expected products of vigorous catalytic hydrogenation on the follow- 

ing substances. Examine each one stepwise and defend your product predictions 

with reasons. 

a 2-Cyclopenten-1-ol 

b Benzoyl chloride 

c Tribenzylamine oxide 

d_ r-2-(p-Nitrophenyl)-2-butanol (optically active) 

PROBLEM 18-10 

Would you expect the following hydrogenations to be possible under selected 

conditions? If not, what products would you expect? 

a CH. fetch oe Ch = ae 

S S Raney Ni : 

b — 

CH=CH, GH: 

COCcl COCI 
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¢ CH;C=CCN —-> CH,CH=CHCN 

OCH, OCH; 

a Boll 

PROBLEM 18-11 

Unless nitriles are hydrogenated in acidic medium there is a tendency to form 

large amounts of amidine. Explain. 

— CH, JNH oR 

RCN + 2H, — —] R—€ 

\nH 

18-6 REDUCTIONS WITH HYDRIDES 

Delivery of hydride ion is usually achieved with complex hydrides like LiAlH, 

and NaBH, or with boranes like BH, (actually B,H,) and R,BH. Their reactions 

have been examined in other contexts, notably substitutions and additions with 

hydride acting as a nucleophile (Secs. 11-5 and 12-3) and hydroboration of 

alkenes and alkynes (Sec. 15-5). A summary of their reactions is included in 

Table 18-5 which shows the variations possible by selecting the correct reducing 

agent. 

Some of the important aspects of hydride reduction selectivity are listed 

below. 

LiAlH, reduces most unsaturated groups except alkenes and alkynes. 

NaBH, is much milder and only reduces ketones and aldehydes. 

The important conversion of RCOCI to RCHO cannot be achieved with the normal 

reagents but has been done using a deactivated hydride with three hydrogens replaced 

by bulky t-butoxy groups: LiAIH [OC(CH,),];. 

Conversion of nitriles to aldehydes can be effected by using deactivated LiAlIH- 

(OC,H,);, 
BH, (or substituted R,BH derivatives) is somewhat inverted in activity and so reduces 

RCOOH rapidly and RCOCI almost not at all. 

BH, is used for reduction of alkenes and alkynes by hydroboration followed by 

reaction with acetic acid (page 638). 

Halides and tosylates are reduced by LiAIH, only if 5,2 displacement is possible, but 

all halides are apparently easily reduced (in a free-radical mechanism) by using a 

hydride of tin, e.g., Bu,SnH. 
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TABLE 18-5 Reactivity of Functional Groups with Reducing Agents 

SEC. 18-6 

BH, 
or 

Group Product H,/cat |LiAIH,|NaBH,| R,BH|Li;Na |Others 

va ae 
rex scH-CH V x x Vv x 
YF N Vl N 

C=C CH=CH Fast lei Rea ee 
ria Se (cis) (cis) |(trans) 

Emery V vy ix | < |v) Busnl 
R—x}| Secondary R—H 

Tertiary 
Aryl Vv x Xx Xx VY |Bu,SnH 

Raney 
C=o— C—H : x x x V 

Ni only 

R—OH R—OR’| R—H x “A x x x 

| 

|_or @—C—H +ROH| Y/Y x * x Vv 
—NR, | R,NH 

| | 
Cee ¢ CHe= ¥ ¥ S V Vv 

O OH 

R—NO, R—NH, Fast vT| x Sn;Zn/H+ 
= 

R—CHO R—CH,OH V V V VY |Bu,SnH 

R a 
C=O /CH—OH Slow Vv A Vv Y |Bu,SnH 

R’ R’ 

~ \ 
JL=N—-OH_ | (CH—NH, Slow V x x VY |Sn;Zn/Ht+ 

R—COOH R—CH,OH x Vv ae Basta ae 

R—COOR’ R—CH,OH x Vv x |Slow] ¥ 

R—COCI R—CHO Fast LiAlH(t-BuO),| X xX |Bu,SnH 

Zi 7 ] 
R—CO—N R—CH,—N x v x x x 

SS * NS 

R—CN R—CH,NH, V V x V V 

+ Aromatic—NO, yields complex products. 
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Selectivity in stereochemical result is also possible in ketone reductions 

if bulky substituted boranes are used, as the following example illustrates. Here 
the less hindered approach of the reagent is controlling even though it yields 
(irreversibly) the less stable product: 

AO 

V OH H 

Ee DO CH, CH SL ey 3. OH 

> (H] ni 

iN se 
eS 

& 

Less stable More stable 

LiAlH 
3 aoe 25% 75% 

R,BH ~ 100% ~0% 

BH 

R,BH = 

Reduction at nitrogen and sulfur is also quite general with lithium aluminum 

hydride. In general bonds between these atoms and other heteroatoms are 

replaced with hydrogen or unshared electron pairs through reductions with 

LiAIH,. 

C,H,CH.SO,C] "=> -C,H,CH,.SH 

we = LiAlH, N—O ——> N: 
YY \_ 

Pyridine N-oxide Pyridine 

It has been shown recently that sodium borohydride is capable of reduc- 

tion of sulfonylhydrazones of aldehydes and ketones. The reduction proceeds 

smoothly to yield the hydrocarbon and so constitutes a new and potentially 

valuable procedure for removal of carbonyl groups in synthesis. 

R R 
s p-CH,C,H,SO,NHNH; NaBH, 

a C=N—NH—SO.C,-H,; <a 
(Tosylhydrazine) 

(H)R’ (H)R’ 

R 
“N 
CH, SE No ar C,H,SO,— 

(H)R’ 
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18-7 REDUCTIONS WITH METALS 

In general metals are strong reducing agents usually delivering their electrons 

to a 7-electron system. Conjugated alkenes and even aromatic rings are reduced 

by sodium or lithium but isolated double bonds are rarely affected. 

Reduction of aromatic rings with solutions of sodium or lithium in liquid 

ammonia or amines has become a useful means of producing certain alicyclic 

compounds (Birch reduction). The last double bond is frequently left in the ring 

system since it reduces with much more difficulty than the others. The first 

step produces radical-anions, species that are stable only in aprotic solvents 

such as ether. If a proton source is available (ROH, RNH.,) the radical-anion 

is first protonated, then further reduced to another anion. Benzene derivatives 

yield unconjugated cyclohexadienes, electron-withdrawing substituents re- 

maining on a saturated carbon and electron-donating ones on an unsaturated 

carbon. The reduction of aryl ethers, followed by hydrolysis, is a very important 

synthetic device for obtaining substituted cyclohexenones, as illustrated in the 

fourth example. 

Birch reduction: at 

ne H H 
SS : 

Eth CET . 

Gi Ee LE 

Sodium 

H H 

—— 

se 

naphthalene 

Na 1,4-Dihydronaphthalene 

Cl Li, ethylamine CO) 
Sd 

9,10-Octalin 
90% 

CH,CH,OH CH.CH,OH 

1) Li,ymethylamine 
Se eS 

2) H,O 

1-(2-Hydroxyethy]l)- 
cyclohexene 
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Orientation effects: 

OCH, OCH, 

_Li, NH, or H,O+ 

care 

COOH COOH 

= lon 

Sodium in liquid ammonia reduces alkynes stereospecifically to trans 

alkenes. The reaction assumes this course since the negative charges in the 

dianion intermediate distribute themselves as far from one another as possible. 

This is in contrast to the cis double bond formed by hydrogenation or hydro- 

boration. 

+ 

CH:(CH);)s Na 

S 2Na+ TOA +2NH 3 CH;(CH,),C=C (CH,),CH; ——> C=C a Xe —2NH 

Na (CH»)3;CH3 

CH;(CH)); H 
SS 
C—G 

H (CH;);CH; 

trans-5-Decene 
5% 

The comparable radical-anion formed by reduction of carbonyls is the 

first step in several metal reductions which couple two carbon atoms, by linking 

the radicals. The acyloin condensation (page 528) is such a reductive coupling; 

the pinacol reduction is the prototype. 

Pinacol reduction: 

M: +C—O0 —> -C—O: M 

1) Mg - Hg/benzene Coa 
> 

OH OH 
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Acyloin condensation: 

O- : 
ra gr 

es oe oo ee ~2CH,O- 

ee ; OCH COOCH, “== C—OCH; Cee 3 oe 3 Co7 

O Oo O 

az a: 2Nat 2°, ee O Os OH 

When a proton source intervenes, esters are simply reduced to primary 

alcohols, and ketones yield secondary alcohols. Carboxylic acids merely form 

their salts and are unreactive. 

a N 
C,H;0CO(CH,);COOC,H; “ikon HO—CH,—(CH,),—CH,—_OH 

Alkali metals are widely used for reduction of double bonds conjugated 

with each other, with ketones, or with aromatics. Aromatic rings are slower 

to reduce. 

> Oe ® O" Ho 2 
NH, Li* 

Zinc is used to reduce ketones with oxygen or halogen a-substituents 

(Sec. 14-3), and under vigorously acidic conditions the ketones themselves are 

reduced to methylene groups 

Zn Zn 
— 

OH HOAc HC!:H,O ee 

(Br, OCOR) 
(Clemmensen 
reduction) 

Table 18-5 summarizes the major modes of reduction of the different 

families of functional groups. Such a table has value not only as a summary 

but also as a guide to reduction in synthesis, for it allows the selection of a 

reagent which will effect a desired reduction at one site and leave another 

function unchanged. 
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PROBLEM 18-12 

a Account for the following reaction, widely observed in certain natural prod- 

ucts. 

shies 
_ NHs 

CH,O R CH,O R’ 

OCH; 

b Oxygen groups attached at the benzylic or a-position to a benzene ring may 

also be lost in Birch reductions. However, benzoic acids rarely suffer any 

reduction of the carboxyl group. Explain. 

PROBLEM 18-13 

Show a mechanism that accounts for the following cyclization reaction. 

OH 

CH, 
N 

CH,CO(CH,),COOCH, —> CI 
O 

18-8 OXIDATION AND REDUCTION IN SYNTHESIS 

The previous sections have introduced methods and reagents largely in terms 

of their modes of action. In the present section we shall gather the chief tools 

in terms of interconversions between functional groups to emphasize the 

choices of methods to use in synthesis. These choices are often dictated by 

the necessity of transforming one functional group without affecting another 

in the same molecule; Table 18-5 affords a key to this selectivity for reductions. 

Hydrocarbons 

Saturated hydrocarbon sites are only controllably oxidized when a to 

unsaturation and thus activated. The chief methods in use are summarized 

in the following. 
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N-bromosuccinimide 
Wabi eo me —<—$$<__—_—— |C—C__Cii_Br 

| z (NBS) | 

(CH; > CH,) 
OCH o—CH—Br 

Va O 
pC ee ee COOH 

N OH 

—cO—CH, ===> _co—cH—Br 
| im Zn 

2 Cco—co 

RONO 

: —CO—C=NOH 
H+ or RO | 

Reduction of alkenes occurs only with hydrogen and with boranes; 

alkynes are reduced by hydrogen, boranes, or alkali metals. Conjugated alkenes 

also reduce with metals. Birch reduction is the general choice for partial reduc- 

tion of aromatic rings although catalytic hydrogenation under pressure yields 

the fully saturated (and all-cis) cyclohexane derivative. 

Ww Ww 

Birch reduction: W=e withdrawing 

Na or Li/NH; D=e™ donating 
D 

Oxidation of alkenes without cleavage is chiefly executed using halogens 

(Br,, Cl,), N-bromosuccinimide in ROH or RCOOH, or peracids. It may be noted 

that epoxides are reconvertible to their parent alkenes by heating with tributyl 

phosphine. 

O 
A i 

R—CH—CH—R’ + Bu,P: —>  R—CH=CH—R’ + Bu.P_O 

Alcohols and Halides 

Alcohols are generally stable to reduction and constitute the usual prod- 

ucts from reductions of carbonyl functions. Their conversion to ketones and 

aldehydes is most commonly undertaken with chromic acid or anhydride, under 

a range of mild conditions ranging from acid to base. Conversion to tosylates 

or halides is necessary for reduction to hydrocarbon. Halides are fairly easily 

reduced to hydrocarbons, quite generally with catalytic hydrogenation, tributy] 

tin hydride, or metal reduction, but only on primary and secondary sites for 

Sy2 displacement by lithium aluminum hydride. 
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Ketones and Aldehydes 

These groups are both about equally reducible to alcohols by all metal 

hydrides, sodium borohydride being the choice when other functions are 

present. Reduction with aluminum isopropoxide (page 460) is also very selec- 

tive. Complete reduction to hydrocarbon can be effected in four quite different 

ways: 

Clemmenson reduction (acidic): 

Thioketal reduction (neutral): 

Tosylhydrazone reduction (~ neutral): 

Wolff-Kishner reduction (basic): 

Zn+HClH,O 
> oO —— a CH. 

Ve a 

CH,SH S—CH, 

CH,SH \_7 R 
c=0 — C | a CH 

BF WA N nickel vy, 2 

S—CH, 

\ H,.NNHSO,C,H, 
C0 

Vis 

NaBH, x \ 
ee ae pak ai Nz a C,H,SO,— 

H,N—NH, ~ -OH aS 
c=0 ——> C=N—NH, —— 

va Ui = 

ES 
CH, + Np 

The Wolff-Kishner reduction is often carried out by heating the ketone 

with hydrazine and alkali, not isolating the hydrazone. The mechanism involves 

base-catalyzed tautomerization of the hydrazone followed by loss of nitrogen. 

NH.NH:, 
O(CH,CH.,OH), 

Ae KOH, 100° 

C;H;CH,COCH,C;H; 

Dibenzyl ketone 

HO , 200° 

ee 
NNH, 

NH,NH,, 

O(CH,CH,OH), 
> 

KOH, 200° 

5" ae wen —— 

NNH N—NH 

RCHR —> RCHR —22 RCH,R 
eee 
N-<N 

C,;H;CH, CH,CH;C,;H; 

1,3-Diphenylpropane 
93% 
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)xidation Oxidation 

tate state 

D Ne CH —3 z 2 a 3 

H,/Pt va Pee 
or LiAlH, 1) TsCl 1) TsCl 
or Bu,SnH 2) LiAIH, 2) LiAlH, 

* "i —CH,OH ill 

SY Substituti as 
0 Chex (Su stitutions), CH—OH te mae 

ue ~ . 

LiAlH, 
(R;NO) CrO; he ces a 

NaBH, LiAIH(t-BuO), cro, | KMno, 

~ 
2 ia —COCI == —COOH =—— —COOR 63 

*Clemmensen, Thioketal or Wolff-Kishner reductions. 

FIGURE 18-3 Major oxidation-reduction interconversions 

Carboxylic Acid Derivatives 

Generally these resist hydrogenation but are smoothly converted to pri- 

mary alcohols by hydrides. Acid chlorides are generally the most reactive, 

although inert to boranes. Their conversion to aldehydes is often difficult 

because of the further reactivity of the product aldehyde to reduction. 

The interconversions of these groups are summarized in Fig. 18-3. 

Nitrogen Compounds 

The lowest oxidation state of nitrogen is represented by the amines (—3). 

Amines bearing hydrogen are easily oxidized but rarely to single, useful prod- 

ucts. In synthesis they are usually protected by acylation before oxidations are 

attempted on other groups. Tertiary amines are converted to enamines by 

mercuric acetate and to N-oxides by peracids. 

Reductions which produce primary amines are the chief routes to these 

compounds: 
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Na-/EtOH or H./Pt/Ht+ 
R—C=N - = 
meat or LiAlH, R= CH,NH, 

2 LiAlH, only i 

~ HA/Pt or Li a CH— ’ 2 r iAlH, 2 
be NO, Ri ane os NH, 

H,/Pt Zn, Sn/H* es NO, or n, Sn/ pes NH, 

\ HUNG aoe) SAI AS 
eee hema pre: 

H./Pt LiAlH, 
R—N, are R— NH, 

Secondary and tertiary amines are commonly produced from reduction 

of amides or imines: 

R’ R’ 
we LiAIH, ye 

R—CO—N R— CH,N 

R'(H) R’(H) 

N aN 
C—=N—R CH—NH—R 

Ue H./Pt vs 
R or NaBH, R 

REA or LiAlH, ~ Si 

—N CH—N 

S we 
R’ R’ 

Nitro compounds and their relatives are very readily reduced by many 

reagents. In acidic media, nitro groups are converted smoothly to primary 

amino groups. Reduction in alkaline solutions is complicated by condensations 

among the various species present. LiAIH, reduces aliphatic nitro compounds 

to amines but creates complex mixtures with aromatic derivatives. Catalytic 

hydrogenation causes complete reduction to amines very smoothly. 

Since aromatic nitro compounds are easily made by nitration reactions, 

they are used as starting materials in syntheses of virtually all aryl-nitrogen 

compounds. 

Sn, HCl HNO, + 
> d—NH, —— ¢—N=N 

Aniline 
86% 

Zn, NH,Cl Hr 02 

¢—NO, = ¢—NHOH ———— ¢—NO 

Nitrobenzene Phenylhydroxylamine Nitrosobenzene 
65% 77% 

Zn, NaOH, CH,OH Zn, NaOH, CH,0H 
Se 6 N=N— —> $—NHNH—¢ 

Azobenzene Hydrazobenzene 
85% 88% 
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PROBLEMS 

18-14 

18-15 

PROBLEMS 

In each case below deduce structures which account for the empirical change 

noted as well as the reagent used. The equations are not balanced as written; 

using the oxidation state changes involved, balance each equation. 

C,H,, + KMnO, — > C,H,,O, (acidic) + Mntt a 

b 

Cc 

C,H,, + KMnO, —*> C,H,O, (acidic) + MnO, 

C,H,,0, + H,Cr,0, — > C,H,,O, °acidic) [H,CrO3] 

C,H,,O, + Pb(OAc), —~> C,H, + Pb(OAc), 

C,)H,O + KMnO, ——> C,H,O, (acidic) + MnO, 

C,H,,O + I,/NaOH ——> C,H,O, (acidic) + Nal 

C,H,,0, + NalO, —> C,H,O, (acidic) + NalO, + ? 

CioH 90 + (CH3),50 —> C, 9H90, + (CH3),S 

C,,H,,.0 + Li —> C,,H,,O + Lit 

C,)H,,0, + H,NNH,/NaOH —> C, Hj, 

GUNG Pt CNG 

With starting materials containing no more than six carbon atoms, write equa- 

tions for syntheses of the following substances: 

a 

b 

c 

d 

i 

j 

k 

Cyclohexanone 

C;H;CH»CH,N(CH;), 

C,;H;CH,CHO 

1,2-Cyclodecanedione 

1-Methylnaphthalene 

m-Aminotoluene 

1,6-Cyclodecanedione 

H;C CH, 

C;H;CHOHCHNH.CH.,CH,CH; 

C,H; 

[ \_N=n 
ae 

Beer eye 

O 

l 

m 

C,H;CH,SO;H 

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

O 

CH: 

O 

4,5-Nonanedione 

C,H;(CH,);CHO 

CH:,(CH,),,>COOH 

[CH;(CH,),].SO, 

trans-4-Octene 

Cyclodecane 

| C=C—C=C 

(CH), 4 
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18-16 Formulate examples of the following: 

a A quinone with a higher and one with a lower oxidation potential than 

methylbenzoquinone 

b Five separate methods for conversion of a ketone to a hydrocarbon 

c Five reactions or processes for degradation of a carbon chain by one carbon 

atom 

d Three ways of making aromatic compounds from saturated hydrocarbons 

Three reactions making use of metals in either liquid ammonia or primary 

amine solutions 

f Six methods of converting a secondary alcohol to a ketone 

18-17. An unknown compound, C,)H,,O, when treated with (NaSO;),NO° gave a 

quinone. The original substance, when heated with zinc, gave a new substance 

C,oHy., which when treated with palladium at 210°, gave two moles of hydro- 

gen and a new compound C,)Hg. Write equations for the reactions. 

18-18 Phenanthrene, when catalytically reduced with only 1 mole of hydrogen, added 

hydrogen in the 9,10-positions. Careful oxidation of the product with nitric 

acid introduced a carbonyl group into the 9-position. Write equations for these 

reactions, and indicate with additional equations how the following compound 

(A) could be prepared. 

coueae 
dn, 

Phenanthrene A 

18-19 Formulate mechanisms for the following reactions: 

CH,OCH; 

a Na (liquid NH) + —> C,H;CH, + NaOCH, 

CH; 
| C,H,OH 

be CH. ne NH—NH—SO,C,H; + C,H;0Na ———> 

CH; 

(Hint: CgH,SO,.~ is a good leaving group.) 
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ZnGls 
¢ CH,CH,C—CHCH,CH, + HS(CH,);SH AChE 

O OH 

CH,CH,—C—CH,CH,CH, + $—S 
S S He SS 
ey CH, CH, 
(CH,) Pe vA 

d H,O, + OsO, + CH;CH=CHCH,; —~ CH;CH—CHCH; 

OH OH 

1mole Trace 1 mole Meso 
cis 

(Hint: HO, is used in excess of the stoichiometric amount, and only a trace 

of OsO, is used as a catalyst.) 

e In Sec. 18-3 a cyclic mechanism for cleavage of 1,2-diols is proposed. This 

mechanism is consistent with the fact that cis cyclic 1,2-diols in general 

cleave faster than their trans isomers. Many systems do cleave, however, 

in which the hydroxyl groups are rigidly trans to one another. Propose a 

mechanism for the cleavage of such a system with lead tetraacetate. 

f In the following overall reaction, an oxidation as well as a hydrolysis has 

occurred. Write a mechanistic scheme that explains the observation. 

1) CH,OH, Br, 
CH;CO,N vine | CH;COCH=CHCOCH; 

CH? -O), CH. 71% 

18-20 The dark pigment polyporic acid is found in lichens. Lead tetraacetate oxidation 

of the pigment leads to pulvic anhydride, another natural lichen pigment. It 

seems likely that such an oxidation in vivo is the source of natural pulvic 

anhydride. 

O 

OH 
Pb(OAc), 
——— 

HO 

O 

Polyporic acid Pulvic anhydride 

18-21 Reduction of optically active C,,H,,O, with LiAIH, led to optically inactive 

C,)H,,0,. Upon discerning that the ultraviolet spectrum of each compound 

was about identical to that of toluene, the investigator decided that the struc- 

tures of each were uniquely determined. Can you agree? Write the structures. 
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18-22 Devise a mechanism for the following observation and offer a reason for the 

reaction taking this course. 

COOC,H; 
COOC,H; 

Ef 1) Na/NH, =6 

2) H,O 
COOC,H; 

18-23 Provide sequences of reactions to effect the following overall conversions. 

CH; CH; 

CH; CH; CH; CH; 

oor 
Z = COOH, NO.,, Br, C,H; 
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SECOND-ROW 
ELEMENTS: 
SULFUR 
AND 
PHOSPHORUS 

ONE of the remarkable features of organic chemistry is the fact that such a 

tremendous number of substances and such a wealth and variety of chemical 

detail can arise from the simple properties of only four elements: carbon, 

hydrogen, oxygen, and nitrogen. We have also, of course, examined the chem- 

istry of organic halogen and, to some extent, that of sulfur compounds when 

the context demanded it. 

There are, however, organic compounds of virtually all the hundred or 

so elements in the periodic table. With most of these only the barest start has 

been made in unraveling their special chemistry. Organic compounds contain- 

ing transition metals such as iron, nickel, or platinum have been intensively 

studied in recent years, and this study has revealed an entire new area of 

different and complex bonding styles involving d and higher atomic orbitals. 

Although this area is beyond the scope of the present text, we can make a 

brief survey of the special features of some higher elements as a sample of 

the kinds of differences to be found. For this purpose we select the relatively 

common compounds of sulfur and phosphorus as illustrative of the organic 

behavior of the higher nonmetallic elements. 

19-1 THE SPECIAL PROPERTIES OF SECOND-ROW ELEMENTS 

As we have seen previously in several places, there are many similarities 

between the first and second element in a given periodic table column. The 

behavior of thiols and alcohols, or sulfides and ethers, shows that they have 

much in common and all obey the general expectations of reaction theory. 

However, there are several important features which distinguish elements in 

the second row (Si, P, S, Cl) from their counterparts in the first, (C, N, O, and 

F, respectively). These distinctions are also usually simply derived from con- 

siderations of their atomic structures (Chap. 2). 

The similarities arise from the fact that both atoms of a first- and second- 

row pair (C/Si; N/P; etc.) have the same number of outer-shell electrons and 

the same kernel charge. Hence they require the same bonding and make the 
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same s- and p-orbital hybrids in order to achieve their stable octet of outer-shell 

electrons. 

The differences arise from the fact that the second-row atoms possess 

an extra inner electron shell beneath the outer, bonding shell. These atoms 

are larger, and their outer electrons are farther from the nucleus and more 

shielded from its attractive force. Furthermore, the outer shell in second-row 

elements contains not only the s and p orbitals, which dominate bonding by 

seeking the full octet, but also empty d orbitals into which covalent electrons 

can be placed. These orbitals are not much higher in energy and can be filled 

on demand. This is an option first-row elements do not have. 

These similarities and differences are illustrated for sample atoms in Fig. 

19-1. The differences in second-row atoms create three major effects in the 

chemistry of their compounds. 

Second-row atoms are less electronegative, and their unshared electron pairs are better nucleophiles 

though weaker bases (to H*). These effects are apparently caused by the greater size 

of the atom which allows a greater polarizability of the outer-shell electrons. Less 

tightly bound by the nucleus, these electrons are more free to move toward external 

positive centers. Unshared pairs can accommodate better to the stereoelectronic re- 

quirements of a reaction, such as nucleophilic displacement. Also the substituents on 

the larger atom are not crowded in so closely in the transition state and offer less 

steric hindrance to reaction. 

It is generally observed that a molecule or ion bearing an unshared pair on sulfur 

or phosphorus is a much better nucleophile for displacement reactions than its counter- 

part with oxygen or nitrogen. Similarly, the order of nucleophilicity for halogens is 

I > Br > CI $ F,, as discussed in Sec. 10-3. 

Normal z-orbital double bonds are unstable and very rarely occur with second-row atoms. This 

effect is also easily understood as a consequence of the greater size and longer bond 

lengths of these atoms. The requisite sideways overlap of parallel p orbitals necessary 

to form a stable z orbital is much less extensive if the nuclei are farther apart. Hence 

the z bond is certain to be very weak. 

Thus, while R—SH is similar to R—OH, the doubly bonded thioketones and 

thioaldehydes (R,C—S, RCH=S) are rare and far more reactive than corresponding 

carbonyl compounds. Thione derivatives of carboxylic acids are more stable. The more 

conjugation or delocalization they enjoy, the more stable thiocarbonyl groups are. 

i i i 
R—C—OR' R—C—NR’, H,N—C—NH, 

Thionesters Thioamides Thiourea 

True 7 double bonds to silicon and phosphorus are virtually unknown. In all cases 

the usual product on attempted preparation is a singly bonded polymer. 
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FIGURE 19-1 

Phosphorus 

Electronic configurations of related first- and second-row atoms 
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— > [R,C=PR’] —> -€R.C PR}, 

Rue SR ales 4 
-. 

R 

Second-row elements can form more than four covalent bonds. These atoms can accept outside 

electron pairs into their empty d orbitals to form a fifth or sixth bond. Thus these 

atoms can tolerate an expanded outer shell containing 10 or 12 electrons. The effect 

is seen most simply in the existence of relatively stable compounds containing five 

or six single bonds to as many atoms: 

EG Pd; KecPEs SEZ 

The more common manifestation is found in molecules or ions containing a 

second-row atom bonded to some atom with an unshared pair. This unshared pair 

may now be shared with a d orbital on the second-row atom, as symbolized in the 

resonance descriptions of Fig. 19-2. 

Either resonance form may be written for a given case, the right-hand 

form with the “double bond” being more commonly used. It is unfortunate 

that the same written convention is used to symbolize both normal z double 

bonds and these d-orbital stabilizations, referred to as back-donation of electrons. 

The normal 7 bond is the familiar parallel overlap of two adjacent p orbitals, 

but this situation special to second-row elements is an overlap of a d orbital 

on the second-row atom with a p orbital on its neighbor (d_-p_ bonding). 

12 ea: Se 

d orbital p orbital d-p7 bond 

Atomic orbitals Molecular orbital 

Stable compounds of sulfur and phosphorus almost always possess four 

substituents (or unshared pairs) attached to the central atom, as the cases in 

Fig. 19-2 indicate. It is good practice to become accustomed to writing the 

resonance forms (on the left in Fig. 19-2) with only four bonds (and unshared 

pairs) on the central atom. This avoids the double-bond confusion and allows 

the comparisons with tetravalent first-row atoms to be more apparent.t 

tIn this chapter many instances of back-donation resonance are written with the “double bond,” 

since this is the most common practice in the chemical literature. 
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General 

+s | . 
a —s a= 8 = Le 

| 

ee. — i—p—=2 

+ = " Some or oe 

R,P—O: <> R,P=O R,S—Q: <—> R,S=O 

Phosphine oxides Sulfoxides 

HO-5 0: ==) HO=5=0 

OH OH 

HO OH . Sulfurous acid 

Pe ve. oe O: 0. 

HO—P—O: <— HO—P=9 rege 4 
| | R,S = Its) 

HO OH aoe Ns. 
O: O 

Phosphoric acid E 
Sulfones 

+4 
ote = ale 

C1,P—Q: .<— Cl,P=0 

Phosphorus oxychloride Sulfonic acid 

OF :0: :0: 

ns en = R-S=CR a ng: 

é,-—CH—R <-> ¢,P=CH—R 0:7 O77 10: 
Wittig reagents Stabilized a-sulfonyl carbanion 

FIGURE 19-2 Expanded outer shells and d orbital bonding in second-row atoms 

The chemistry of sulfur and phosphorus is dominated by the special 

stability arising from the attachment of oxygen to the central atom. This special 

stability is presumably caused by the possibility of overlapping two of the 

unshared pairs of oxygen with d orbitals on the central atom.t Attached fluorine 

has similar stability. 

One important feature of the delocalization of adjacent electron pairs by 

back-donation (Fig. 19-2) is the relative stability of adjacent carbanions. The 

Wittig reagents are carbanions stabilized alpha to phosphorus. Anions adjacent 

to the isoelectronic positive nitrogen are slightly stabilized by electrostatic 

charge cancellation but cannot enjoy the much greater stability resulting from 

the back-donation resonance which characterizes the second-row elements. 

+Amine oxides are formally similar to phosphine oxides but do not possess the extra stability arising 

from back-donation, i.e., from the second resonance form in Fig. 19-2. 
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= + ate ot = 

R,C— CH, < R;N—CH, < [R;P— CH, ees R;,P—=CH,] 
Stability increase 
— eee 

For the same reason the a-hydrogens in sulfonium cations, sulfoxides, 

and sulfones are also acidic, owing to stabilization of the conjugate anions. 

This makes possible alkylation and acylation reactions at the a-carbon to these 

groups in the presence of strong base. Since the C—S bond in the product 

can be reduced (by metals, cf. Zn, Al-Hg), this procedure constitutes a valuable 

method of carbon-carbon bond formation. 

O 
| u | + CH,COOCH 

CH,—S—CH, + NaH —> Nat CH,-S—CH, —————> 

O O 
| | s 

CH;—C—CH,—S—CH, + CH,O 

Since double bonds to second-row atoms are poor, these carbanions do 

not reprotonate on oxygen as enolates can. The tautomers corresponding to 

enols have never been observed. 

O 

CH;— dcx 

O 

CH;— —CH; 
é 

PROBLEM 19-1 

Using resonance structures show why the left-hand compound in each pair below 

is the stronger acid of the two. 

a HCCI, HCF, 

bi G(OGH): H,C(SCH,), 

c RSO,H RCOOH 

Geometry of Second-row Atoms 

Virtually all of these molecules exhibit tetrahedral geometry at the sec- 

ond-row atom. The back-donation of electrons from an adjacent atom, into 

a d-p,, bond, does not change the normal tetrahedral arrangement of four groups (or 

unshared pairs) on silicon, phosphorus, or sulfur. In this respect, too, the d-p, 

bond differs from a normal 7 bond, which causes a change from tetrahedral 

to trigonal geometry. The stereoelectronic demands for back-donation into the 
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d orbitals are nearly nonexistent, by contrast with the high degree of coplanarity 
required for normal z-bond stability. 

R R 

are: Ro7 Rae Rf eR 
R R 

1 R. 
=O P aN ne RY <O 

When four different atoms are attached to phosphorus, as to carbon or 

nitrogen, two mirror images are possible, and examples of optically active 

enantiomers of quaternary ammonium and phosphonium salts, as well as 

tertiary amine oxides and phosphine oxides, are all known. In contrast to 

amines and carbanions, however, phosphorus and sulfur molecules bearing an 

unshared pair of electrons on the central atom are also capable of resolution 

into enantiomers. In the isoelectronic cases with first-row atoms, these com- 

pounds rapidly invert, but the inversion is very slow (higher-energy barrier) 

in the analogous second-row atoms. The inversion process racemizes the 

asymmetric atom since it passes through a trigonal symmetrical configuration. 

Ne CH. ra 
4 Fast. C,H;@&) 

cu, ob So) =ane x “SN 

S+ CH me 
sed ooo Very da& 

cus] Dae 
d 

When five atoms are attached to a second-row atom (pentacovalent), the 

atom usually takes on the geometry of a trigonal bipyramid. This form is char- 

acterized by three substituents at 120° (trigonal) in a plane and the other two 

perpendicularly placed above and below that plane. The three trigonal sub- 

stituents are usually labeled equatorial, the other two apical (at the apex). This 

form is the intermediate when nucleophiles add to tetravalent phosphorus. The 

two most electronegative of the attached atoms always occupy the apical posi- 

tions. The geometry is the same as that at an sp” carbon with the two perpen- 

dicular p-orbital lobe positions now constituting true bonds to the apical 

positions. The molecular orbitals in the trigonal bipyramid are sp°d hybrids. 

Pentacovalent phosphorus compounds are called phosphoranes. 
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F Apical 
AN 

F Apical 

Configuration of CH3;PCI,F, 

PROBLEM 19-2 

Explain the following observations. 

a Primary and secondary amines react with CS, and SO, but not with CO,. 

b Long chains of silicon atoms alternating with oxygen atoms are very stable 

while chains composed only of silicon atoms are not. 

c Trimethyl borate [B(OCH,),] is much more stable than the thio analog, 

B(SCH,),. 
d Four-membered-ring intermediates form with facility in reactions at phos- 

phorus although they do not at carbon. The Wittig reaction intermediate is 

an example: 

s = + Xs 

e Thioketals are much harder to hydrolyze to ketones than ordinary ketals are. 

19-2. OXIDATION STATES AND THEIR INTERCONVERSIONS 

The possibility of stabilization by back-donation of electrons allows the exist- 

ence of a variety of molecular types for covalent compounds of sulfur and 

phosphorus, differing in oxidation state at the sulfur or phosphorus atom. The 

lowest oxidation states are —2 and —3, respectively, as for oxygen and nitro- 

gen. The oxidation state may be computed simply by adding to this lowest 

state +2 for each bond to a more electronegative atom (usually N, O, X) but 

none for bonds to carbon or hydrogen (or unshared pairs). This accounting 
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is the same as that described in Sec. 18-1 and is performed on the tetravalent 

resonance form, without the expanded outer shell. The major types of com- 

pounds are collected in Tables 19-1 and 19-2. 

O 7 O O- 

: CH;—5S -Cl <-> GH; —5—Gl od—l—F <> eee 

H H 

2 bonds to 2 bonds to 
Oxidation heteroatoms heteroatoms 
state [O}: [O] = —2 + 2(+2) = 42 [O] =—3 + 2(+2) = +1 

There is a question of tautomerism in many of the compounds bearing hydro- 

gen, which may be bonded either to oxygen or to the second-row element. 

The conjugate base is the same from either tautomer, and both forms and their 

single conjugate base must have the same oxidation state. This tautomerism 

is analogous to the following familiar keto-enol example. 

TABLE 19-1 Oxidation States of Phosphorus in Covalent Compounds 

Oxidation 

state 

= :PH,, RPH,, R,PH, R,P: 
Phosphines 

if 
—1 R,PH R,P=O 

Phosphine oxides 

1 7 
+1 Hobe Or R,P—OH 

Hypophosphorous Phosphinic acids 
acid 

i I 
+3 HP(OH), RP(OH), > P(OR), 

Phosphorous Phosphonic Phosphites 
acid acids 

is O=P(OH), O=P(OR), 
Phosphoric Phosphates 

acid 
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H 
ne —Ht an Be +Ht | 

area ae ae 

H H 

(Preferred) 

O 
rene crane | | 

R—S—OH Re Oe Saas a 

H 

All of these compounds are moderate to strong acids. In some sulfur compounds 

such as the sulfinic acids shown it is not known for certain which tautomer 

represents the acid. In phosphorus compounds the tautomer with the phos- 

phoryl (P=O «<—» Pt—O) group is always the preferred one, owing to the 

high stability or bond energy for the P=O group. 

Many of the types of compounds shown in the tables are interconvertible 

by adding oxygen to unshared pairs (or in place of hydrogen) attached to the 

central atom, or the reverse. Such interconversions are two-electron oxidations 

and reductions, and are generally effected with various of the common reagents 

of Chap. 18. 

TABLE 19-2 Oxidation States of Sulfur in Covalent Compounds 

Oxidation 

state 

=) H,S R—S—H R—S—R’ 
Thiols Sulfides 

T 
0 R—S—OH R—S—R’ 

Sulfenic acids Sulfoxides 

T T 
4) R=0-OH eres 

' O 

Sulfinic acids Sulfones 

T . 
44 HSO,.OH R—S—OH RO—S—OR’ 

|| ee 

Sulfurous acid Sulfonic acids Sulfites 

7 
+6 HO—s0,—OH 

Sulfuric acid 

SO en 

Sulfates 
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R:P: _H,0, _ or RCO.H, R,P=O 
<— 

(RO,)P: LiAlH, or Zn (RO,)P=O 

H,O, or RCO;H H,O R 22 3 a 20, or RCO.H 

f (1 mole) 8, R,SO, 

LiAlH, | 

R—SH Strong oxidants: KMnO,, CrO,, H,0,, HNO, 
=5/R=SOH 

PCI, 

R--SO,H <<" R=SO, Cl 

LiAlH, 

Mild [R—SOH] 
reduction 

R—S—S+R 
Mild oxidants: 

Br,, I,, etc. Disulfides 

FIGURE 19-3 Redox interconversions of phosphorus and sulfur compounds 

Sulfides and phosphines (like tertiary amines) are converted to their 

oxides with hydrogen peroxide or peracids. Use of 1 mole of oxidant on sulfides 

allows the sulfoxide to be prepared, while 2 moles of oxidant carries the 

oxidation cleanly to the sulfone. Phosphites are generally transformed into the 

corresponding phosphates by the same reagents. The reverse reactions, reduc- 

tion back down the oxidation-state scale to sulfides and phosphines, may be 

effected by lithium aluminum hydride. Zinc reduction is also often effective. 

Three oxidation steps (of two electrons each) separate thiols from the 

corresponding sulfonic acids, and most moderately strong oxidants (KMnO,, 

CrO,, H,O,, etc.) effect the whole change. It is very difficult to obtain the 

intermediate sulfenic or sulfinic acid products by partial oxidation. Sulfenic acids 

(RSOH) are unstable with respect to disproportionation (self-oxidation- 

reduction) and cannot usually be isolated. Sulfenic acid derivatives such as 

the chlorides (RSCI), esters (RSOR’), and sulfenamides (RSNHR’) are known, 

however. The sulfinic acids (RSO,H) may be prepared by zinc reduction of 

sulfonyl chlorides, but lithium aluminum hydride reduces sulfonyl chlorides 

or sulfinic acids to thiols. Sulfonic acids are stable to reduction. Finally, mild 

oxidants such as halogens yield disulfides (R—S—S—R) from thiols. These 

common transformations are summarized in Fig. 19-3. 

PROBLEM 19-3 

Construct a table of possible kinds of silicon compounds with respect to oxida- 

tion state, analogous to Tables 19-1 and 19-2 for phosphorus and sulfur. 
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PROBLEM 19-4 

The following organic iodine compounds are known. Discuss their detailed 

structures and oxidation states. 

a (C.H;).I*Cl- c C.H;1(OCOCH;), 

Diphenyliodonium Ilodosobenzene 
chloride diacetate 

b C,H;1O d C.H,IO, 

Iodosobenzene Iodoxybenzene 

19-3 PHOSPHORUS AS NUCLEOPHILE 

Trivalent phosphines and phosphites bear an unshared electron pair and are 

powerful nucleophiles. They are readily alkylated by primary halides in the 

Sy reactions, yielding phosphonium salts. Removal of a-hydrogen from these 

salts with strong bases yields Wittig reagents. 

,P: + ¢—CH,Br —> ¢$,P—CH) 6 “> ¢,P=CH¢ + LiBr + gH 

Br 

Triphenyl- Triphenylbenzyl- Wittig reagent 
phosphine phosphonium bromide 

(60),P: + CHI —> (¢0),PCH;I- 

Triphenyl Methyl-triphenoxy- 
phosphite phosphonium iodide 

When alkyl instead of aryl phosphites are used, a further reaction 

(Arbusov reaction) follows spontaneously. The released nucleophile, usually 

halide ion, returns to effect displacement of oxygen from one alkyl group. The 

leaving group in this second displacement is the very stable phosphoryl (P=O) 

group. 

(CH,CH,0),P/+ CH,-4T > | (CH,CH,0),P—CH, = 
—CH, »:1- Ma I 

Triethyl phosphite CH; 

pee aha + CH,CH,I 

O 

Diethyl methylphosphonate 
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The second displacement in the Arbusov reaction is so rapid that no 

| 
aliphatic compounds containing —F+-0-¢ have ever been isolated. Only 

when the carbon atom attached to oxygen is part of an aromatic ring and 

resistant to displacement is the compound stable, as in the methylation of 

triphenyl phosphite shown above. 

Reversible additions of substituted phosphines to carbonyls rarely lead 

to products since no stabilizing electrons are available adjacent to the phos- 

phorus for back-donation. If an Arbusov reaction can occur as an irreversible 

second step, however, the addition does go to completion. The reaction of alkyl 

phosphites with acid chlorides yields a-ketophosphonate esters. 

eS 

| ae. -a- 

Cl 

1 1 
C,H-C_ OCH), —— GH,C—HOCH),) + CH.Cl 

OCH, cI O 
La 

Stabilization of the added phosphorus occurs on addition to diazonium 

or azide groups; the products commonly lose nitrogen. The nitrogen phos- 

phorane in the second case is analogous to the Wittig reagent and may be 

used to convert aldehydes and ketones to imines in a like manner to the Wittig 

reaction. 

oe ee + 

N=NQ N=N—Po:] _. 
Fee 2 ae 

BFs~ 

Phenyl azide 

N=N—N=P¢; 7 

Cy ee oN=—Po; 

Because of back-donation by unshared electron pairs, phosphorus nucle- 

ophiles can attack oxygen and sulfur directly in certain cases, deoxygenating 

other oxides, such as amine oxides. With 1,2-diketones a pentaoxyphosphorane 

emerges as a fairly stable product. 
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a rs a ee we 
R;N—O: + :P¢; —> R,N: + Ps os G—Pe, | 

H -O. H 

JC=S + PR; —— + CO, + R;PS 
1: ~O H 
H 

Cis Cis 

¢ O b O OC;H, 
SA eee a 
Cc G LOCH, 
2 S5 :P(OC,H;); —* | 90° ( P <a : 

C G w4 

ue: Je b O db O OC;3H, 

(Trigonal bipyramid) 

The reduction of epoxides is apparently not a direct removal of oxygen, 

since cis-butene oxide yields trans-butene as the major product. 

O H 
bsP: y CH; Rotation 

HCH He; pai 
CH Pos 

PROBLEM 19-5 

In each of the following known reactions show a reasonable mechanism and 

indicate wherein the reaction illustrates behavior peculiar to a second-row ele- 

ment. 

A 

CH,OH 
pe @.H COOGEE. 0,b © H- GOGH... 

Cc C,H;COCH,Br = (EtO).P ze C.H;Br =e C,.H,,;PO, 

A 
Cri ho: sal EtOH a C,H;COCH, a (EtO),PO 

d CCI,CON(CH3). + ¢3P ——~ Cl,C—=CCIN(CH;). +? 

" A | 
e EEO E 01h ORE Se —> (EtO),P—CH,CH=CHCH, 

CH; 
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O 

f (EtO),P + CH==CHCHO —> Hoon en@encr 

O 
g (MeO),P + CH;=CHCOOH —> POET ere on cr: 

h ¢,C=C=O + (EtO),P —> $C=C¢ + (EtO),PO 

PROBLEM 19-6 

Show a sequence of reactions which will convert trimethylphosphite to tri- 

methylphosphine. 

19-4 PHOSPHORUS AS ELECTROPHILE 

Even when phosphorus enjoys a full octet of electrons in its outer shell, it may 

easily accept more into its d orbitals, if attacked by a nucleophile. Such attack 

leads to five attachments to the phosphorus atom (one may be an unshared 

pair), i.e., an outer shell of 10 electrons. These pentacovalent phosphoranes 

usually have the trigonal bipyramid geometry. They are also usually unstable 

and pass on to release a leaving group, returning to tetrahedral form. 

cl- 
Cl Cl Cl 

ss x —Ht ae Ola wae? 
aie) eel Sk Oe Satan Gls 

ya / SS 1 

H cd cl Cl ee 

The geometry of the process is the same as that of the 5,2 displacement 

reaction (see page 385), but the trigonal bipyramid in this instance is a true 

intermediate, not just a transition state. When none of the five groups are good 

leaving groups, the pentacovalent phosphorane may be isolated. On the other 

hand, the driving force for formation of the P=O bond is so strong that even 

phenyl anion can be a leaving group, leaving (as above) from the apical position 

of a phosphorane intermediate. 

obMgBr + $,P+ —> ¢;P + MgBr 

fl 

OH- + ¢,P+ > |HO—P—¢ | —> ¢,P=O0+ oH 
EX 

bd 

The reaction of PCI, with alcohols, used as illustration above, is typical 

of the family of reagents used to convert alcohols to halides (see page 420). 

Each reagent is a phosphonium compound to which the alcohol adds as nu- 

+Phosphorus pentachloride may be regarded as pentacovalent PCI, with substantial ionic character in 

the P—Cl bond, so that it reacts as PCI,*+ CI-. 
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cleophile. This has the effect of converting —OH in the substrate alcohol to 

a leaving group. In a second reaction (the same as the Arbusov reaction) halide 

ion then displaces phosphoryl from the unstable —=P+—O—R intermediate. 

These reactions are all very facile reactions, proceeding in high yield at room 

temperature, and surprisingly unaffected by steric hindrance. Triphenylphos- 

phorus dichloride has even been used to convert phenols to phenyl chlorides 

under vigorous conditions. 

OH es - Br 

Sie b3PBr, Sa ey ata d3PO oF HBr 
; ~ in CHCl, 

OH Cl 
170° 

i ap td kG) =e Ci + PO + HCl 

ie CH, | 

25% 
Oe + (60),PCH, I- ——> CH;—C—CH,—I + CH,P(O¢), + ¢OH 

CH; CH; 

Other nucleophiles are also effective in attack at phosphorus. The 

examples selected below serve to illustrate the breadth and synthetic utility 

of the reaction as well as the generality of nucleophilic attack on phosphorus 

regardless of its oxidation state. 

oéMgBr + (CH;),P—Cl —~ (CH;),P¢ + MgCIBr 

3CH,MgBr + POC], —> (CH,);P=O + 3MgClBr 

OH oN 

+ PCl, —> P—Cl + 2HCI 

OH Pe 

2(C.H;),NH + PCl, —> (C.H,),.N—PCI, + (C,H,).NH, C1 

O O 
| CH,O- | 

3CH,OH + C,H,P(O¢d), ——->_ C,H, P(OCH,), + 360H 

O 70—PCl; cl- 
Yi W 

$26 + PCL(=PCl-~ Cr) —— ||. 6—c HCl ==> \ YS) 
NH, NH 
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Phosphorylation, the interchange of the alcohol groups attached to phos- 

phates, O=P(OR),, have essentially the same kind of mechanism as carboxylic 

ester interchanges. They involve nucleophilic attack of water or alcohols, with 

acidic or basic catalysis, on P=O instead of C=O. Phosphorylations are very 

important in the chemistry of living systems (Chap. 26). 

ROH + O=P(OR’), —> O= HOS ), + R'OH soe O=P(OR), + 3R'OH 

OR 

In biological chemistry, phosphates are commonly employed to activate 

alcohols as leaving groups. This comes about because biochemical reactions 

commonly proceed in aqueous media, in the cell, and the phosphate group 

possesses other oxygen atoms which exist as solubilizing anions in neutral 

solution. Phosphorylation occurs more nearly irreversibly when the leaving 

group is a better anion than simply that of another alcohol in the alcohol 

interchange illustrated. However, phosphoryl! chlorides, used in the laboratory 

for this purpose, are replaced in biochemical phosphorylation by pyrophosphates 

in which phosphate anion itself (rather than chloride) is the stable anionic 

leaving group. 

CH.—OH O fe) 

RCO—NH—CH—CO—NHR’ + pol ae — 

og 
Protein ees hosphate 

(as e lable anion) 

| 
Nur CH O— Tics 

a 1 
RCO—NH—CH—CO—NHR’ + 6— FOR’ 

te 

Phosphate displaced Phosphorylated alcohol 
from pyrophosphate as leaving group 

Protein synthesis: 

| R’CO—NH—CH—COOQH + O— 

R 
| +H,NCH,COOH 

R (CO NH CACO Ores 
Amide formation 

(En eyes) 

R 

> R’'CO—NH—CH—CO—NH—CH,COC 
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PROBLEM 19-7 

A recent mild synthetic method for converting alcohols to their corresponding 

iodides involves reaction of the alcohol first with the cyclic chlorophosphite 

shown below, in pyridine, followed by treatment with iodine. Rationalize this 

reaction, What would be your expectation if t-butyl alcohol were used for the 

reaction? 

of Pyridine +I, 
PCl= ROM >t, Rees 

ay 

PROBLEM 19-8 

Suggest syntheses for the following compounds from phosphorus trichloride as 

the sole source of phosphorus and any organic substance. You may assume that 

stepwise substitution of halogens on phosphorus is an allowable procedure. 

a Phosphorus pentachloride g An asymmetric (resolvable) substance 

b POC; O 

c (CH;),.POCH,; h CH;CO—P(OCH;), 

7 i C,;H;N=P(C,H;); 

d (C,H;).PCH; O 

e (CH;),P—O—C,H; j anor 

f (CH;),P—O—C.H, I- OC,H; 

PROBLEM 19-9 

Pyridine N-oxide reacts with tributylphosphine but not tributylamine. Give a 

mechanistic rationale for this difference in behavior. 

PROBLEM 19-10 

An important synthetic step in the plant cell toward the production of a number 

of natural substances, such as turpentine, camphor, rubber, and the scent of 

geraniums, is shown below. Outline the steps in the mechanism of the reaction 

and write out the products. What is the structure of the phosphorus group on 

the product and what is a likely kind of biochemical reagent for placing it there? 
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CH; OH CH, 

we : 
C + an organic pyrophosphate —~> CH,==C—CH,CH,—O—(P,O,H;) 

TaN 

jae i 
CH,OH COOH 

Mevalonic 
acid 

19-5 SULFUR AS NUCLEOPHILE 

Almost any covalent molecule bearing an unshared electron pair on sulfur acts 

as a powerful nucleophile. Displacements by sulfur are generally fast, and they 

proceed in high yield owing to the low basicity of sulfur species. Consequently 

there is negligible elimination as a side reaction. The major types of sulfur 

nucleophiles are collected in Fig. 19-4. 

The reactions of Fig. 19-4 are all nucleophilic substitutions at saturated 

carbon, irreversible and bimolecular. The reversible substitutions at carbonyl 

occur only with thiols, which react with acid chlorides to form thiolesters and 

with ketones and aldehydes to form thioketals and thioacetals. Bisulfite ion 

adds to aldehydes and some unhindered ketones (Sec. 12-2) but does not afford 

substitutions. 

¢—COC] + C,H;SH —~> ¢—CO—SC,.H,; + HCl 

BF, SCH, 
( mo ee aie oe liges 

While they are good nucleophiles most of the sulfur functions are poor 

leaving groups, partly because the carbon-sulfur bond is so unpolarized (see 

Table 2-3). The bond is polarized in the sulfonium salts, and these will undergo 

displacements on heating. 

(GH:),S*: ~ > (CH;).5 ae CH.,I 

The sulfonyl group, —SO,—, is interesting in that it bears an obvious 

analogy to the carbonyl. The sulfones, like ketones, activate carbanion forma- 

tion in the a-position, and the sulfonic acid family of derivatives is superficially 

similar to the carboxylic acid family (page 539) in its general behavior. How- 

ever, the increased variety of behavior available to sulfur as a second-row 

element affords some new features, for the sulfinic acid is acidic, unlike its 

counterpart, the aldehyde, and the corresponding sulfinate anion can act as 

a sulfur nucleophile (Fig. 19-4), with no real analogy in carbonyl chemistry. 

Since it is a stabilized anion, the sulfinate anion is occasionally found 

as a leaving group as well. The most common situation is found in sulfonyl- 

hydrazine derivatives, which can eliminate sulfinate anions to yield a nitrogen- 
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Cas 3 OF R= 

HS eee Rl)» LP RSH RO RoR 

R’'—SH +R—L —> R’—S—R +H—L 

Thiols Sulfides 

R’ R’ 

S:+ R—L — Sh SP SIL, 

va 
R’ R” 

Sulfides Sulfonium salts 

O50 5 Rn = R= 5 GO, == RSH SOR 
Thiosulfate 

N=C—S5:- + R—L > R—-S—C=N 

Thiocyanate 

H,N H,N HN 
Ne Nea coe 
Gs: + R—-L —— CaS = C—S—R | :L~ 

fe vA VA 
H,N H.N H.N 

Thiourea Isothiouronium salts 

| + 
eek i RSs =  RSO 

O 
Sulfite Sulfonates Sulfonic acids 

J 
Sain +R—L — Paha ae 3b 

Sulfinates Sulfones 

FIGURE 19-4 Types of sulfur nucleophiles in displacement reactions 

nitrogen double bond. The McFadyen-Stevens reduction of aromatic acylhy- 

drazides to aldehydes is the classic example (page 520), and the conversion 

of monotosylhydrazones of a-diketones into a-diazoketones is another. The 

reduction of ketones (or aldehydes) to methylenes via the tosylhydrazone and 

sodium borohydride is a third, and a useful synthetic tool (page 775). 
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HOCH.CH,.OH | —C,H;SO,— C.H- (43. Sees H. fed a. H. Sertiued sH;CONHNHSO, C,H, 75,5 | CoHsCN-NH-<$0.C,H, | ==" 
1-Benzoyl-2-benzene- 
sulfonylhydrazide 

| N, 
C,H;CN=NH | —> C,H;CHO 

70% 

O O O 
+ H,NNHSO,Ar —> ae Es ees af + ArSO,- 

So N“N-<SO, Ar N=N= s N 

=e + H,NNHSO,Ar — S=Nz-NH<SO, Ar ee a 
Na —ArSO,- 

H NN, H xO og | tees N=NH H 

Other such reactions are known. Treatment of tosylhydrazones with bases 

causes toluenesulfinate to leave and consequent elimination of nitrogen with 

migration of a proton. The net result is an elimination reaction creating an alkene. 

: ude 
C,H.CH.GC,H, TegTRTe: CH.CHLCCH, eee C,H;CH=CHC,H, 

NNHSO.C-H-,; N, 

PROBLEM 19-11 

Rationalize the following observations. 

a The chlorides in (CICH,CH;),S are solvolyzed very much faster than in 

(CICH,CH,CH,).S, with first-order kinetics. 

b R—CH—CH—R + SCN~ — > R—CH—CH—R + OCN™ 
ei) 

O S 

c CICH+=CHCOOH + SO; —~> ~0O;,SCH—CHCOOH 

d HOSO,CH,CH.SO,OH + PCl, —~ CH,—CHSO.Cl + ? 

e CH,CHBrCOC,H, + CH;SC,H; —— two isomers of C,,H,;SOBr 
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PROBLEM 19-12 

Write five synthetic procedures for converting R—X to R—SH without obtaining 

RS as a by-product. 

19-6 SULFUR AS ELECTROPHILE 

The most obvious example of electrophilic sulfur is the sulfonyl group acting 

like carbonyl, in the sulfonic acid derivatives and their interconversions. These 

principal interconversions are summarized in Fig. 19-5. The general observation 

is that the sulfonic acid family is less readily reactive than the carboxylic acid 

family. Perhaps their most widespread practical use is in the sulfonation of 

alcohols in order to convert them to good leaving groups (cf. tosylates), as 

discussed in Sec. 11-1. This finds analogy in the conversion of alcohols to good 

leaving groups with phosphorus derivatives, discussed in Sec. 19-4. 

The major exception to the analogy of normal nucleophilic substitution 

on sulfonyl chlorides is found in the behavior of carbanions, which generally 

attack chlorine instead of sulfur, displacing sulfinate anion. 

é—SO-Cl-=-CN — +) 6—S0.3 + CI—-C=N 

COOCH; COOCH, 

o@—SO ~—Cl + :CH ——= GOGO oe ae 

COOCH; COOCH,; 

Elemental sulfur acts as a electrophile owing to its cyclic polysulfide 

structure (S,). Grignard reagents attack sulfur, to yield thiols on hydrolysis. 

Sulfur dioxide and trioxide are also electrophilic. Grignard reagents react 

smoothly with sulfur dioxide to create sulfinic acids. 

éMgBr +S, —> ¢—S-MgBrt + S,- —— ¢—SH 

CH, CH, CH; 

CH,—C—MgCl+s0, —> CH—C—so,- Mscl 885 cH,—c_so,H 

CH, i du, 

Sulfur trioxide is the anhydride of sulfuric acid and a very powerful 

electrophile. Just as it exothermically reacts with water to form sulfuric acid, 

so it also reacts with alcohols and amines to form sulfates and sulfamates. The 

latter exist as internal salts. Many commercial detergents are the sulfates (as 

sodium salts) of long-chain alcohols such as n-C,,H,,0H. Such a molecule 

possesses an ionic end (—OSO,-Na?*) for water solubility and a hydrocarbon 

end (C,,H,;—) for attracting and adhering to nonpolar fats and greases. 
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R50! — 
x 

Ron toes R—COCI 
Pyridine 2 N : f 
ae Pyridine R'OH te ee 

R—SO,—OR’ 
Pyridine yridine 

R—CO—OR' 

Zn| PCI,||H,O 

H,0 Ay H, + cat. or 

(H+ or R—SO,—NHR’ LiAIH(t-BuO), | PCI,||H,O S f 2 pee R—CO— : H aye CO—NHR 
Vigorous a wigoreue 

hydrolysis t hydrolysis 

eee ; > R—COOH 
” 

v Easy \ Easy 

R—SO.H fan oxidation R—CHO oxidation 

FIGURE 19-5 Major interconversions of sulfonic acid derivatives compared with 

carboxylic acid derivatives 

Sulfur trioxide Sulfates 

O O 

REND tt Oe ere oe: Ea — RNAs —_O- 

t L 
Sulfamates 

The potency of sulfur trioxide as an electrophile is attested by its use 

in the sulfonation of the very weakly nucleophilic benzene ring (Sec. 16-4). 

A comparison of the sulfonyl with the carbonyl groups is made in Fig. 

19-5. Both are electrophilic and in the two acid families shown in the figure 

are reasonably comparable. They are also comparable in that they stabilize 

carbanions in the a-position. But differences must also be noted. They are to 

be expected since C=O contains a normal 7 bond and S=O a d-p_ bond with 

different characteristics and geometry. Differences were noted in the last section 

in that R—SO,:~ possesses considerable stability whereas R—CO:7 is unknown. 

Furthermore, sulfonic acids are much stronger acids than carboxylic acids, 

comparable in strength with sulfuric acid. Toluenesulfonic acid is widely used 

as an acid catalyst in organic reactions. Similarly, sulfur trioxide is a much 

more powerful electrophile than carbon dioxide. Finally, sulfones differ from 

ketones in being unable to form enols and in being totally resistant to nucleo- 

philic attack. 
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19-7 SUMMARY 

There is much in the behavior of second-row elements which mirrors the 

behavior of their counterparts in the first row of the periodic table. This is 

most apparent in their saturated, lower-oxidation-state compounds. The key 

to most of their differences lies in the ability of second-row atoms to expand 

their outer electron shell, and take into their d orbitals one or two more pairs 

of electrons (to outer shells of 10 or 12). 

The rest of their differences come from the increased size of the second- 

row atom, with its attendant weakening of bond strength, especially in the 

inability to form stable 7 bonds. Thiocarbonyls are very rare functional groups 

unless they are conjugated. Otherwise they tend to polymerize. No authentic 

compounds bearing a carbon-phosphorus normal z bond are known and 

monomeric H—C=P: (compare stable H—C=N:) only exists below — 100°C. 

When these atoms bear unshared electron pairs they become especially 

powerful nucleophiles, as in substitution reactions at saturated carbon. 

In all of their oxidation states, sulfur and phosphorus atoms accept added 

external electrons to expand their outer shells. This may occur as stabilization 

of an adjacent negative charge on C, N, or O, or it may be manifested in the 

facility of attack of external nucleophiles on the phosphorus or sulfur atom. 

This attack of external nucleophiles most often leads to nucleophilic substi- 

tution reactions at phosphorus or sulfur, as at carbon, and accounts for most 

of their characteristic electrophilic reactivity. 

Back-donation of electron pairs is so potent in phosphorus (and fairly 

so in sulfur) when the adjacent donating atom is oxygen that the formation 

of phosphorus-oxygen bonds (especially phosphoryl, P=O) is a major driving 

force in many of these substitutions. 

The expansion of the outer shell allows for the stability of a variety of 

higher oxidation states than those found in first-row atoms and their covalent 

derivatives. A number of reliable procedures exists for interconverting these 

oxidation states (Fig. 19-3). 

The geometry at the sulfur or phosphorus atom is almost invariably 

tetrahedral except in those few cases with more than four separate attached 

atoms (e.g., P,P). The tetrahedral geometry of second-row atoms is not altered 

by the stereoelectronic requirements of the bonding in back-donation resonance 

(d-p, bonds). Pentacovalent compounds and reaction intermediates usually 

exist as trigonal bipyramids. 

It is of some value to compare —SO,— with —CO— in their families of 

compounds for they are often similar, and their differences are generally de- 

rived from the several properties that distinguish second- from first-row ele- 

ments. 

PROBLEMS 

19-13 The following reaction creates a carbon-carbon bond and illustrates a group 

of reactions, called extrusion reactions, in which sulfur dioxide is produced. 
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19-14 

19-15 

19-16 

19-17 

19-18 

Base RCH,SO,CHCIR —_> RCH=CHR + SO, + BH + C17 

$Y) What mechanism can you ascribe to the reaction? 

b The chlorine is introduced by simple chlorination of the parent sulfone; 

how might the sulfone be prepared from RCH,OH? 

Should the double bond formed be cis or trans? 

When an a,a’-dichlorosulfone is treated with base, what product would you aoa 

expect? 

Supply the missing information in the following reactions. Write out all the 

sulfur species, with all the unshared electron pairs, in tetravalent resonance 

forms and show each mechanism. 

H,O+ ; AUG HSN Ig Brg SOy et 

Be Ctr COCH sO 0 ee 

Cn -CH OC HLCOCL+ CH.SO,NHNH, —— 2 
A 

C,H;SO,.NHNH, NaBH, 
> ? > 2 ? 

PCl C;H;CH,NHCH: d CH,I aL SO, ? 5 ? 6tds, 2 H, ? NaOH 

A 
H,O+ 

CH;SO,~ SE tf Somers C;H;CHO 

Synthesize the following compounds using elemental sulfur (S,) as the sole 

source of that element. 

a CH;SO,Cl f C;H;SO,SCH, 

b. (GH2):Se Gls g (CH;S)>, 

c (CH;),SO h CH;COCH,SO;3H 

d C,H;SH 

Os 
e Na,SO,; sO, 

Although in (irreversible) substitution at saturated carbon the sulfinate anions 

(RSO,-) generally yield sulfones, the situation is different with substitution 

at unsaturated carbon. The corresponding a-ketosulfones expected from re- 

action with acid chlorides are not formed (they are in fact unknown com- 

pounds). The usual products from acid chlorides and sulfinates are the an- 

hydride, (RCO),O, of the acid and products from the sulfinate. The latter are 

believed to form by subsequent reactions on an initial intermediate, 

R—SO—SO,—R. Explain what occurs and why the a-ketosulfones are not 

formed. (Note the acidity of RSO,H.) 

The reaction of N-toluenesulfonyl-hydroxylamine and aldehydes in base 

affords hydroxamic acids. Explain. 

Consider the reaction of triphenylphosphine with the a-diazoketone, 

C,H,COCN,C,H;. A stable crystalline adduct is formed from the two at room 

temperature. On melting, the adduct bubbles and yields a new crystalline 



814 

19-19 

19-20 

19-21 

PROBLEMS 

compound and this in turn, on heating more strongly, yields a hydrocarbon 

and a crystalline solid. Explain and provide mechanisms where possible. 

Protein chains are often connected to each other via disulfide “bridges.” It is 

common practice in protein studies to separate them by using performic acid. 

What functional change occurs? 

Account for the following conversions in mechanistic terms. 

a (pe + 6,3P—CHd daa [ -chmcnte + eo 

A 
b CH,COCOOC,H; + (CH;O);P — > (CH;),C—COOC,H; 

OF (OCH: 

O 

Gl 

c =n (Go ©). Baa 

Cl 

O 

if 
P(OC.H;), 

sf 
O OH 7 

cl P(OC.H). 
aE + GoH-Gl 

Cl Cl 

OC.H; OH 

When the peroxylactone shown below is treated with triphenylphosphine, 

carbon dioxide is evolved and triphenylphosphine oxide can be isolated, as 

well as a good yield of CygH,, showing four NMR peaks, all somewhat split 

by second-order splittings, at 72.9 (SH), 4.70 (1H), 5.00 (1H), and 7.90 (3H). 

Deduce the structure of the product and account for its production. 

CH; 

READING REFERENCES 

Kirby, A. J., and S. G, Warren, “The Organic Chemistry of Phosphorus,” American 
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CHAPTER TWENTY 815 

RADICAL 
REACTIONS 
THUS far, no difficulty has been encountered in the classification of reactions, 
because the reagents involved had structural characteristics that immediately 
stamped them as either electrophilic or nucleophilic. However, the operational 
characteristics of homolytic reactions are more subtle. The reactions are usually 
recognized as occurring under conditions conducive to the dissociation of 

reagents or initiators into atoms or free radicals. In other cases, the key to 

recognition may be found in the nature of the reaction products. When such 

guides are lacking, it becomes necessary to base classification upon detailed studies 

of reaction mechanism. Since interpretations of reaction mechanisms are subject 

to modification, occasionally a reaction is misclassified. 

20-1 STABLE FREE RADICALS 

In the period between 1840 and 1865, many reports appeared in the literature 

on the preparation of “free radicals,” such as methyl and ethyl. However, after 

Cannizzaro’s suggestions in 1860 led to the development of methods for the 

assignment of molecular weights, chemists came to recognize that the so-called 

radicals isolated by earlier workers were invariably dimers, such as ethane 

(methyl “‘radical’’) and butane (ethyl “radical’”’). The 1896 pronouncement of 

Ostwald, “It took a long time before it was finally recognized that the very 

nature of organic radicals is inherently such as to preclude the possibility of 

isolating them” was accepted and considered final by most workers in the field. 

Curiously, this dogmatic statement and its acceptance barely preceded Gom- 

berg’s announcement in 1900 of the preparation of the free triphenylmethyl 

radical. Since that time, many compounds have been shown, by magnetic 

measurements, to exist as free radicals either in solution or as pure crystalline 

solids. “Stable” carbon radicals always contain extensive unsaturated systems, 

so that the unpaired electron is free to spread throughout a large volume, as 

in triphenylmethyl. Furthermore, the dimers that would be formed by the 

coupling of the radicals are ordinarily subject to great steric strain. 

Sol 

(C,H;)3;C—C(C,Hs); es 2(CyH5)3C- a (Soca, ere Cle. 

Hexaphenylethane Triphenylmethy] 

The classic example of a stable free radical, triphenylmethyl, barely meets 

the requirements for independent characterization. In solution, the radical exists 

+ Free radicals have magnetic moments because of the spins of the unpaired electrons. As a consequence, 

a solution or solid that contains a free radical is drawn into the magnetic field when placed between 

the poles of a powerful magnet. Such material is said to be paramagnetic. 
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in appreciable concentrations in equilibrium with its dimer. Various reagents, 

including atmospheric oxygen, react with the radical, and concentration of its 

solutions leads to the separation of crystals of hexaphenylethane, which are 

not paramagnetic. 

Gomberg’s method, which consists in treating a halide with a metal, 

remains one of the standard procedures for producing stable radicals. If sodium 

is employed to abstract the halogen, an exactly equivalent amount must be 

used, because an excess reduces the radical, producing trityl sodium. 

Ag, Hg, Zn,or 
ee 

(C3H5); CCI (C,H;)3C: + AgCl, HgCh, ZnCh, or NaCl 
Na; benzene 

Triphenylmethy] 
chloride 

(trityl chloride) 

(C,H;);C: + Nav —> (C)H,);C: Na 

Triphenylmethylsodium 
(tritylsodium) 

Triphenylmethane dyes, which are really substituted triphenylcarboni- 

um-ion salts, are reduced to free radicals by inorganic reductants such as titan- 

ous and vanadous salts. 

(@ . H,SO, VCl, 

(C,H;);COH —_— ee (CpH,)3€ —— (C.H;)3;C—C(C,H;5); 

A third method of synthesis is used if the related halide cannot be 

prepared. An ether is cleaved by potassium metal, and the resulting organome- 

tallic compound is oxidized by reaction with a vicinal dibromide. 

Vice C,H; 

K, ether = (CH;).CBrCBr(CH;). 
SAG baler ao poe ae K* Se Wiac AVES 

, CLL? 372 

C,H; C,H; 

cyclo-C,H,,C- ——wcimer 

C;H; 

Diphenylcyclo- 
hexylmethyl radical 

Oxidation of certain highly substituted phenols, arylamines, and hydra- 

zines produces free radicals that are usually classified as oxygen or nitrogen 
radicals by reference to the structures of parent compounds. However, the odd 
electrons in the radicals are spread over extensive conjugated systems. 
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OH 

(CH;);C C(CH;); 
K,Fe(CN), 
> 

C(CHs); 
2,4,6-Tri-tert-butyl phenol 

:0 

(CH;)3C C(CH;)3 (CH3)3C C(CH3); 
<— a= (KE, 

C(CH3)3 C(CHs3)3 

2,4,6-Tri-tert-butylphenoxy radical 

(C,H;),N—NH NO, ——> 

NO, 

a,a-Diphenyl- B-picrylhydrazine 

NO, 
O: 

seers yf 
(C,H;), N—N INOW <-) (G-H-)s Ne N= —=N tol 

; ee 
O: 

NO, 

a,a-Diphenyl-8-picrylhydrazyl radical 

CH; C;H; 

en C;H ie sie C,H C;H; NZ C;H; 

tk 

Tetraphenylpyrrole Tetraphenylpyrrole 

radical 

20-2 GENERATION OF RADICALS 

Short-lived free radicals are produced by three principal methods: 

Thermal decomposition of compounds containing weak bonds often gives free radicals. Simple 

free radicals, such as methyl and ethyl, were first detected in the vapor-phase decom- 

position of lead and mercury alkyls. 

0° 

(GEO ene = PhecCHs ——> °GH, 



818 GENERATION OF RADICALS SEC. 20-2 

Peroxides, which contain weak O—O bonds, and aliphatic azo compounds serve 

as convenient sources of free radicals at relatively low temperatures. 

100-130° 
(CH;);C—O—O—C(CH,); ———— 2(CH,;),;,C—O> 

Di-tert-butyl tert-Butoxy radical 
peroxide 

»O, 60-100° 

DOr GOGH = = -4(@. H' COO)" C1 COO 
Dibenzoyl Benzoyloxy 
peroxide radical 

CN CN 
| | 60-100° D 

(CH;),C—N—=N—C(CHs), > 2(CH;).C—CN aP Nz 

a, a'-Azo-bis- 2-Cyano-2- 
isobutyronitrile propyl radical 

Photochemical reactions of two types form radicals. Absorption of visible or ultraviolet 

light gives molecules with sufficient energy to break chemical bonds, and dissociation 

to give radicals may occur. The wavelength of the light must correspond to an absorp- 

tion band of the substance to be decomposed. 

Sunlight Shasta gy 

Chlorine 
atoms 

Cl, 

ocean 
CH COCH— —— —— CH.CO TCH: 

Vapor phase 

Acetyl Methyl 
radical _ radical 

In solution, acetone and most other ketones do not cleave to give radicals but 

may produce radicals by the reaction of photochemically excited molecules with sol- 

vents. 

ie 
A = 3000-3500 A ZH (solvent C,H,COCH, —————>_ C,H, COCH,* ——S°"""",,_ 7. +. CH,CCH, 

Excited state a-Hydroxy-a-phenyl 
of acetophenone ethyl radical 

Oxidation-reduction reactions with inorganic ions that can change their valence state by the gain 

or loss of a single electron can be used for generation of radicals. 

HO. Fe!" > HO Fe(OH) 

Ferrous Ee. Ferric 
ion radica ion 

(CH;);C—O—O—H + Co*+ — > (CH;);C—O—O-: + Cot+ + H+ 

tert-Butyl Cobaltic tert-Butylperoxy Cobaltous 
hydroperoxide ion radical ion 
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Radicals made by the above procedures undergo rapid reactions in solution. 

Within their short lifetime, they may initiate important reactions of other constituents 

of the solution. Sometimes a radical produced in the primary process undergoes a 

fragmentation reaction to produce a smaller radical and a stable molecule. 

(CH,),CO- —+» CH,COCH, + CH,: 
G HCO, = GH, + CO, 

Oxidation of carbanions with oxygen or aromatic nitro compounds also generates 

radicals. The anions are prepared by treatment of weakly acidic substrates with strong 

base in a solvent such as dimethyl sulfoxide or tert-butyl alcohol. In the presence of 

oxygen, the ultimate products are formed by coupling of the radicals or by exhaustive 

oxidation at the carbon atom, the principal site of the unpaired electron in the radical. 

H; CH:: CH, CH, 

c : O, 
(CH;);COK O, Several 
—————™ <— —_ ————-> 
(CH;);COH = Oss steps 

COOCH. C OOCH 3 Dw Vi Cc > 

O OCH, O 

CH——CH 

\ 
OCH, 

COOH 

: 
COOCH; CH;00C COOCH, 

Radical Ions 

Both radical anions and radical cations are known. As might be expected, 

their stability and lifetimes are greatly enhanced by unsaturated systems capa- 

ble of dispersing both the odd electron and the charge. 

Treatment of solutions of diaryl ketones with alkali metals produces 

deeply colored solutions of ketyls, which are salts of radical anions. Ketyls 

dimerize reversibly, and acidification of an equilibrium mixture of dimer and 

ketyls leads to vic-diols. 
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Ether 

ley (BE GeO pes 

; 
K cu fo cHe{ > << Ge rete 

Diphenyl ketyl 

ais a 
OK OK OH OH 

an lena H,0 | 
2K O—C(C,H;). == (CsH;)2>C—C(C.Hs)2 —— (CsH;)x.C— C(C.Hs)2 

Benzpinacol 

Somewhat similar radical anions can be prepared by addition of alkali 

metals to certain polynuclear hydrocarbons in liquid ammonia. In the case of 

naphthalene radical anion, a second atom of metal then adds to form a dianion, 

which abstracts protons from ammonia to give initially 1,4-dihydronaphthalene. 

Under the influence of the sodamide formed, this material isomerizes to 1,2- 

dihydronaphthalene (page 720). 

NH; -— = 
Na: + SSS en <> etc. 

ae : 

Naphthalene radical anion 

Pe 

sie a a a | SS 

1,4-Dihydro- 1,2-Dihydro- 
naphthalene naphthalene 

Tetracyanoethylene (page 327) possesses strong electrophilic tendencies 

which are demonstrated by the fact that it abstracts an electron from potassium 

metal to give a radical anion. 

N 'N N N 
NN \\ 

mS ey — Bee Vapor a6 
Ke (NC).C—C(CN)) =o K sence ak ae etc. 

phase YA — Va SS 

C e G C 
4 \ 7 NN 

N .N N 

Careful oxidation of hydroquinones or controlled reduction of quinones 

in basic solution produces semiquinones, which are radical anions of moderate 

stability in basic media. When acidified, semiquinones disproportionate to 

mixtures of quinones and hydroquinones, which in many cases form 7- 

molecular complexes (page 328) with one another (quinhydrones). 
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OH | :6: Oni OH O 

OH :0: (Oerete. OH 

Hydroquinone Quinone 

Electron exchange between carbanions and unsaturated organic com- 

pounds converts the latter to radical anions. As might be expected, dianions 

are especially active as electron donors. 

A: + B eee ese Be: 

Carbanion Unsaturated Radical Radical 
compound anion 

Avgor | ld B ee A 

Unsaturated Unsaturated Radical Radical 
dianion compound anion anion 

An example of this behavior is found in the reactions of o- and p-nitro- 

toluenes with strong base. 

CH, 

_{CH;);COK );COK DESE SLOSS NO,C,H,CH; 

~(CH,),50~ ),SO 

NO, 

A number of radical cations have also been detected, and their stabilities 

vary over a wide range. At the high end of the stability scale are the Wiurster 

radical cations, in which the positive charge and odd electron are highly de- 

localized. At the opposite end is CH,*, which is produced in a mass spectro- 

graph by knocking an electron out of methane by bombardment with electrons 

that have been accelerated under moderate potentials. 

aE 

:N(CHs3)2 if ‘N(CH. Jo N(CHs3)2 :N(CH3)» 

[O] 
Paes 

:N(CHs3)> L :N(CHs)2 *N(CHs)> :N(CHs3)2 

A Wirster radical cation 
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(CgH5)3N: — cava \ Sar can): ete. 

H H H 

nee Fae ee H <— H: pee, etc. 

i ti ti 

20-3 RADICAL COUPLING REACTIONS 

About the simplest way for radicals to dispose of themselves is to couple with 

one another to produce a covalent bond. When the radicals are stabilized by 

extensive delocalization of the electrons, or when the coupled product is-desta- 

bilized by either steric effects or repulsion of like charges, the coupling reaction 

is reversible. Examples of reversible coupling reactions were noted with tri- 

phenylmethyl and diphenylketyls (page 819). When the radicals are less stable 

and the coupled products more stable, the coupling reaction occurs very rapidly 

and is not reversible. 

C,H,OOC(CH,),COOH ae IC; H,OOC(CH,),COO},— > 
Ethyl hydrogen 

sebacate 

° 

C,H;00C(CH,),,;COOC,H,; + 2CO, 

Diethyl octadecanedioate 
5% 

In some cases, the radicals that couple are generated from less stable 

radicals by hydrogen-atom abstraction. 

00° (CH.COO , ——> 9CH,CO,, ——> 2CH. + 2CO, 

CH; se CH;COCH, ae: CH, a= ‘CH,COCH, 

2CH,;COCH,: =r CH,;,COCH,CH, COCH, 

2,5-Hexanedione 

CH; CH; 
(CH;);COOC(CH;); 

C;H;CH(CH,). ent ote = ee 

CH; CH; 

(CH,cO,), CH,COOH 
CH;COOH 100° 

CH, COOH 
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In the Kolbe electrolysis, salts of carboxylic acids are electrolyzed, and the 

carboxy radicals generated at the anode lose carbon dioxide and couple. This 

reaction has found limited synthetic application. 

Anode 
———— 

— R: 

RCO, RCO,: as CO, i R- a R—R 
ay 

— + Anod 

2CH,(CH,),CO,K —~—> CH,(CH,),CH, 

Potassium n-butyrate n-Hexane 

Electrolysis 
CH;00C(CH,),CO,Na + NaO,C(CH,),CH; -————> CH,00OC(CH;),CH; 

Methyl sodium Sodium caproate Methyl decanoate 
adipate 58% 

Oxidative coupling of phenols is a widespread reaction in nature, where 

enzymes catalyze the formation and coupling of phenoxy radicals. In the labo- 

ratory the reaction is less manageable and many products, including polymers, 

are formed. A number of oxidants have been used successfully, but alkaline 

ferricyanide is the most common. Resonance allows considerable radical pres- 

ence at the ortho and para positions as well as on oxygen with the result that 

six coupling products are theoretically possible. All of these have been isolated 

except the diphenyl peroxide, which presumably redissociates to radicals. 

AsO-0- 

ae eLOueneuee 
Peroxide not 

isolated 

Oxidative coupling can occur at a substituted ortho or para position so 

that rearomatization is not possible. The reaction also often proceeds cleanly 

in one direction when the coupling is a cyclization of two already linked 

Coupling 
——$——_> 

(x2) 

phenols. 
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OH 

CH; 
K;Fe(CN)¢ poonmeaice 
eed 

—~OH Saidiiene 

CH; 
p-Cresol Pummerer’s ketone (52%) 

20-4 SUBSTITUTION AT SATURATED CARBON 

Homolytic substitution reactions are considerably less important in practice 

then heterolytic substitutions. In general, ions or polar molecules are the active 

reagents in heterolytic substitutions, whereas radicals are the active reagents 

in homolytic substitutions. Of the two types, the polar species are much more 

selective in their attack on organic compounds. As a result, yields of single 

products are generally higher in heterolytic than in homolytic substitution 

reactions. Exceptions to this generalization provide the organic chemist with 

a few radical substitution reactions of considerable synthetic utility. 

Radical reactions commonly take a chain reaction course. 

Initiation: Reagent, or a trace of radical initiator, is first converted to radicals in catalytic 

amounts. The short-lived radicals of Sec. 21-2 are examples. 

Propagation: The initial radicals create radicals from the substrate, often by abstracting 

a hydrogen atom. The active substrate radical then undergoes a reaction, leaving a 

radical product which similarly generates another substrate radical for the same re- 

action, and then another and so on in a chain of identical reaction steps. 

Termination: The chain-carrying radical is destroyed by coupling or reaction with the 

vessel walls. 

Halogenation 

The action of light on halogens produces halogen atoms. The latter easily 

abstract hydrogen atoms from saturated carbon atoms to initiate chain reactions 

that lead to the photochemical halogenation of hydrocarbons. The steps of the 

chain reaction are illustrated with methane as an example. 
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Initiation Cie ol: 

Ci CH, —— HG CH,’ 
Propagation | 

GH Cle ——> .CH.CI= Cl- 

2Cl- ae: Cl, 

Termination ; 2CH,;: —> C,H, 

Ci CHy: ——> .CH-Cl 

Photochlorination is used industrially for production of mixtures of alkyl 

halides from petroleum hydrocarbons and for chlorination of aromatic side 

chains. Attack of chlorine atoms on an alkane shows little discrimination, 

although tertiary C—H bonds are slightly more susceptible to attack than sec- 

ondary and primary positions. Aromatic side chains, on the other hand, are 

specifically activated in the positions adjacent to the ring. 

Cl, light 
-HCl 

Cl, Cl, Cl, 
CH Cla 2Cl, ; H,; HCI CH,Cl, ehcn HCCI, ac CCl, 

Methyl Methylene Chloroform Carbon 
chloride chloride tetrachloride 

Cl, light 
> ons ec CICH,CHCH,CH; + (CH;),CCICH,CH; | 

CH; CH; 

Isopentane + (CH3),CHCHCICH; + (CH;),CHCH,CH,Cl 

Cl, light Cl, (ah. 
a C,H;CH,Cl “Hcl C,;H;CHCl, Se C,;H;CCl, 

SCH: —HCl —HCl —HCl 

Benzyl Benzylidene Benzochloride 
chloride dichloride 

Ligh 
CH-CH.CH, Cl, —<> C.H.CHCH, + HCl 

| 
cl 

Ethylbenzene a-Phenylethyl chloride 

Photochemical bromination occurs in a manner analogous to chlorination, 

but the reactions are slow because the reaction chains are rather short. Bromi- 

nation with N-bromosuccinimide is extensively used in the laboratory to intro- 

duce halogen in positions adjacent to olefinic, aromatic, and carbonyl groups 

(page 750). This reaction has the characteristics of a radical-chain process, since 

it is initiated by light absorbed by the reagent or by the decomposition of labile 

azo compounds and peroxides. The reaction is also inhibited by addition of small 

amounts of materials, such as benzoquinone, that react readily with free radicals 

and destroy them. 
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Br 
CN CN O 

Zs | | CH= ee CH,—C. (CH,),C—N=N—C(CH;)2 ae or 
| NBr + S > + | JN 
CH.—C’ 60°, CCI, solution CH,—C 

= So So 

N-Bromosuccinimide pin Guat 4 
(NBS) romide 

70% 

NBS, 
CH,CH+CHCOOCH, ————————~_ BrCH,.CH+=CHCOOCH, 

dibenzoyl peroxide 

Methyl crotonate Methyl y-bromocrotonate 

Oxidation 

In the presence of free-radical initiators, oxygen attacks saturated hydro- 

carbon structures, especially at allylic positions. The reactions are chain proc- 

esses, and the first products are hydroperoxides. 

Ss O,, RN=NR 
——— 

2-Cyclohexenyl 
hydroperoxide 

OOH 

OOH 

oe O, RN=NR 
ed 

Tetralin a-Tetralyl 
hydroperoxide 

The chain-carrying steps (propagation) of the reaction are as follows: 

RO,* + RH — > RO.H + R:- 

R- + O, —= RO,- 

The slow deterioration of most organic materials when exposed to air 

and sunlight is due largely to photosensitized air oxidation. Aromatic amines 

and phenols inhibit oxidation by destroying RO,- radicals. The inclusion of 

such antioxidants in rubber, gasoline, plastics, etc., prolongs the useful lifetime 

of such materials. 

Activation of allylic and benzylic hydrogen atoms toward abstraction is 

associated with the fact that removal of hydrogen from such a position leaves 

a resonance-stabilized allylic radical. 
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ar RO,: pres RO.H se C1 —— C) 

Cyclohexenyl radical 

Hydroperoxides decompose to give radicals capable of initiating oxidation 

when heated to 100° or higher. As a consequence, high-temperature oxidation 

is autocatalytic and leads to extensive degradation or complete combustion. 

Although a polar reagent, chromic acid probably abstracts a hydrogen 

atom from carbon as the first stage in the oxidation of saturated hydrocarbons. 

When tertiary, the carbon atom undergoing substitution goes to a tertiary 

alcohol, which in the case of triphenylcarbinol survives. With other compounds 

the oxidative process continues and stops at a ketone, carboxylic acid, or carbon 

dioxide stage, depending on the vigor (temperature, acidity) of the conditions. 

In many cases, concentrated nitric acid or potassium permanganate can be 

employed as an oxidizing agent similarly. 

H,Cr,O, + (CsHs);CH —— (C,H;);COH 

A 
HNO, = (C;H;),CH, eae (C,H;),C—=O 

90% 

NaOH 
KMnO, + C;H;CH, oa C,H,;COOH 

95% 

H,Cr,O, + C,H,;CH(CH,), —> C,H,COOH + CO, 

CH;COOH 
H,Cr,0, + cf) a ial fessiacag er egos 

H 
O 

Saturated sites without some particular activation, such as adjacent car- 

bony] or olefin, cannot usually be caused to undergo specific or selective re- 

actions. One small but synthetically useful family of radical reactions does serve 

to effect this reaction in particular cases under photolytic initiation. This re- 

action is discussed as a photochemical one in Chap. 22 (page 894). 

20-5 RADICAL ADDITIONS 

Many alkene additions can be catalyzed by small amounts of peroxides, by 

thermally labile azo compounds, or by irradiation by ultraviolet light. Reactions 

occurring under such conditions are nearly always free-radical chain reactions. 

They are perhaps best illustrated by the abnormal addition of hydrogen bromide 

to alkenes. 
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O O 

: | | A, 60-80° 
Chain CsHsCOOCCs;H; ————> 2CsH;COs 
initiation Dibenzoyl peroxide Benzoyloxy radical 

C;H;CO; + HBr —> C,H;COOH + Br - 

Chain Br - + CH,;CH=CH, —~> CH;CHCH,Br 
propagation CH;CHCH,Br + HBr —> CH;CH,CH,Br + Br - 

2Br: —— Br, 

CH,CHCH,Br + Br - —> CH;CHBrCH,Br 
2CH;CHCH.Br —~> BrCH,CH—CHCH,Br 

| 
CH; CH; 

FIGURE 20-1 Addition of hydrogen bromide to propylene by a peroxide-initiated radical 

Chain 

termination 

Peroxide 
C,;H;CH=CH, + HBr ——— C,H;CH.CH.Br 

£-Phenylethyl bromide 
85% 

The reaction is termed abnormal because it does not follow Markownikoff’s 

rule. The steps in addition by a free-radical chain mechanism are illustrated 

in Fig. 20-1. 

Since the chain-propagating reactions recur again and again, the decom- 

position of a single initiator molecule may produce a large number of molecules 

of product. The chains eventually end when two of the active chain-carrying 

intermediates meet and destroy each other. 

Hydrogen chloride and hydrogen iodide do not undergo abnormal addi- 

tion to olefins under normal circumstances. The reasons for failure are different 

for the two compounds. The hydrogen-chlorine bond is too strong to be broken 

readily in the atom-abstraction reaction. Hydrogen iodide gives up a hydrogen 

atom very readily, but iodine atoms do not add rapidly to double bonds. 

Slow 
Ree Cle RE Gli 

Fast 
Roo nl REEL 

aN Ye Slow | | 
r+ c=C — > Ecc: 

ie ~ 

The structure of the product is determined in the addition step. The 

results show that orientation in radical addition to a double bond is the same 

as in proton addition. The final products of hydrogen bromide addition by 

ionic and radical reactions are different because in one case hydrogen enters 

first and in the other bromine is added first. 
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H H 
an | 

Br“+ CH>“CHCH, —> BrCH,CH—C—H = BrCH,CH=C—H 

H H 

not: 

Br + CH==CHCH, —> -CH.CHBrCH; 

Abnormal addition of hydrogen bromide is a means of preparing primary 

bromides from terminal olefins, although hydroboration (page 637) is usually 

preferable. 

Peroxides 

| 
CH, CH; 

A host of other radical additions, many of them carbon-carbon bond- 

making processes, have been carried out successfully. In many cases, it is 

necessary to use the addend in large excess in order to inhibit polymerization, 

which arises from the addition of radicals from the alkene to a second alkene 

molecule (Chap. 25). Table 20-1 shows reagents that have been used, the adding 

entities, and the structures of the products expected in addition to unsym- 

metrical olefins. 

Benzene undergoes exclusively addition of chlorine in photochemical ex- 

periments. The resulting mixture of stereoisomers is used as an insecticide, 

known as Gammexane. The activity is due to the y-isomer, which constitutes 

10 to 12% of the mixture. 

TABLE 20-1 Free-radical Addition to Alkenes 

Product from 

Reagent Atom abstracted RCH=CH, (or ArCcH=CH.) 

R’SH H RCH,CH.,SR’ 

CCl, Cl RCHCICH,CCl, 

CBr, Br RCHBrCH,CBr, 

CHBr, Br RCHBrCH,CHBr, 

CC1,Br Br RCHBrCH,CCl., 

BrCH,COOC,H, Br RCHBrCH,CH,COOC,H, 

R’CHO H RCH.CH,COR’ 

(C.H,),SiH H RCH,CH,$i(C,H,); 
COCI, cl RCHCICH,COCI 
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3Cly + Ss se Gels 
Benzene 

hexachlorides 

Cl 

re cl Las 

Cl H H 

H Cl 

y-Benzene hexachloride 

20-6 AROMATIC SUBSTITUTION 

Aromatic compounds undergo substitution by some radicals. Most of the 

examples involve substitution by an aryl radical with formation of biaryls. 

Many sources of aryl radicals have been investigated, as illustrated by the 

following preparations of the phenyl radical. Some details of the decomposition 

reactions remain uncertain. 

(CsH;CO,), —> 2C,H;CO,, —~> C,H,;° + CO, 

CsH;N=NC(C,H;)3; —> CoH; + (CsH5)3C: + No 

Phenylazotri- 
phenylmethane 

NO O 

aenheat — Onan —>. C,H, + CH,CO, +N, 
I 

N-Nitroso- Benzene 
acetanilide diazoacetate 

- OH 

GN, Cll GLEN NOH! 2G. He eHOEN! 
Benzenediazonium Benzenediazo 

chloride hydroxide 

Pb(OOCC,H;), —> Pb(OOCC,H;), + 2C,H;CO,, —> 2C,H; + 2CO, 
Lead 

tetrabenzoate 

Although the timing of the substitution reaction is not yet understood, 

material conservation demands that two radicals must sooner or later be in- 

volved in the substitution, one to take the displaced hydrogen atom and one 

to form the new carbon-carbon bond. 

Ar: + Ar’H + R- —> Ar—Ar’ + RH 



SEC. 20-7 STEREOCHEMISTRY OF RADICALS 831 

Substituent effects are much smaller in aromatic substitutions by free 

radicals than in electrophilic aromatic substitutions (Chap. 16). Both electron- 
withdrawing and electron-donating substituents on AR’ have a very mild tend- 

ency to direct the incoming substituent to the ortho positions, and unless the 

substituent is quite large, ortho substitution predominates. Although yields in 

the reaction are never high (maximum of about 70% on the basis of the stoichi- 

ometry indicated above), the reactions have been useful in the synthesis of 

the derivatives of biphenyl, which are difficult to prepare in other ways. 

i 
NO, NH, NHCCH; 

(NH,4)2S, (CH,CO)20 NOCI 

NO, NO, NO, 

75% 100% 

T 
ONNCCH, NO, 

a i Cis < 

= 

NO, 

m-Nitro-N-nitroso- m-Nitrobiphenyl 
acetanilde 40% 

50% 

Cl Cl Cl 

HNO, HCl NaOH, C3H, 
oe ————————— 

0 

NH, N,+Cl- CsHs 

28% 

20-7 STEREOCHEMISTRY OF RADICALS 

Examination of the configuration of radicals through stereochemical techniques 

suggests that the three groups attached to carbon are disposed in a planar 

trigonal arrangement (i.e., sp”). Substitution reactions carried out with optically 

active starting materials lead to racemic products in those cases in which free 

radicals have been demonstrated as intermediates. 
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CH. CHa) Gi, CH, 
Cle + CHS ah poy NE eG Hee Cle Clee 

CICH, oye CH,Cl 
Optically active Racemic 

CH, GH 

(CH,);CO + GS Jat a eal ae ces ee 
(CH).CH oO (CH,),CH 

CH; GH C,H; 

‘oA Be CH= C= Hi = RC=O ete. 

(een CH(CH,), 
Racemic 

Other experiments demonstrate that radicals can be made in which a 

tetrahedral configuration is mandatory. In decomposition of apocamphoryl 

peroxide, the hypothetical intermediate radical is situated at a bridgehead, and 

an sp” configuration is prevented by the geometric requirements of the bicyclic 

system. 

When the same type of reaction was carried out on an open-chain and 

optically active peroxide, ester was obtained, which when hydrolyzed, gave 

optically active alcohol. 
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(Cs;H;CH,CHCO.,), — Crcmcne + Grice accouncnien: oe 
Optically active Racemic Optically active 

CH; CH; 
| CsH;CH,CHCO,Na + C,H;CH,CHOH 

Optically active 87% Retention 
of configuration 

Two explanations are possible for the observed optical activity of the 

1-phenyl-2-propanol obtained on hydrolysis of the ester product. Either the 

ester was formed by a cyclic one-stage process, or the asymmetric environment 

of the otherwise symmetric radical led to the final asymmetry in the alcohol 

portion of the ester. If the latter explanation is correct, the ester must have 

been formed largely by coupling of the pairs of radicals before they escaped 

from the “solvent cage” in which they were originally produced. 

One-stage process: 

R 

hes 
H._O ey nS 

CH&Scl¢ = —%, CH= c—ocor 
va SS 

C,;H;CH, O C,H;CH, 

Two-stage process: 

H sue a Fast He 
ay en oe tas eos oe -OCOR —2% CH:™c—OcoR 

C,H;CH, d O CH,C,H; C;H;CH, 

PROBLEMS 

20-1 Write equations for the following conversions: 

Dimethyl! ketone to pivalic acid 

Trityl alcohol to trityl peroxide 

p-Xylene to terephthalic acid 

Propylene to 1,5-hexadiene 

1-Pentene to caproic acid 

Cyclobutanecarboxylic acid to cyclobutene 

Glutaric acid to suberic acid 

mo 0Q ER (Oa A) Sot 1-Hexene to 2-hexenal 

1-Butene to di-n-butyl sulfone bate 
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20-2 

PROBLEMS 

Benzoic acid to phenylbenzoate 

—_ Ethane to ethylamine 

Benzaldehyde and methane to (£-nitrostyrene 

Toluene to B-phenylethylamine 

— 

Toluene to benzilic acid 

Diphenylmethane to trityl phenyl ketone 

Cyclohexene to cyclohexanone 

Acetone to 2,5-dimethyl-2,4-hexadiene 

Ethane to 1-amino-3-hydroxybutane 7.20 0 53 8 

Formulate reasonable mechanisms for the following reactions: 

12 K,Fe(CN), OH 
a > 

ec 
OOH 

Ce = oa wi 

b > 

oO H 

c OO + Cs;H;CH,;,CH,C;H; ——> . + C;H;CH=CHC,H; 

O 

Cc 

O 

| 
OH 

ic CN ie 
80° te) 

d (CH;),C—N—=N—C(CH:,), aaa (CH3),C—=C—=NC(CHs), ln (CH;),.CCN 

(CH;).CCN 

Sunlight e CH,CH=CHCH, + Cl, ——**> CH,CHCH=CH, + other compounds 

Cl 

Q r 
N,O, 

f —> 
BrCCl, eS 

NO, 

H—Br 
g ik heat toe Reade CH;CH—CH—CH,—Br 

Br 190 
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Br H CH; Br 
AMY anes eae Cc—c Peroxides HS ve 

—80° Y= NGH, 
CH, CH, Br H 

MoM 
Wy © GED 

(CO,), 

ae lone 

CsH; CH; 

OO A 

CsH; C.H; 

CH;H 

hv H; CH, 

1 C,H;:—C—CH, + (CH;).C—CHCH, amare 

| souear: 

C,H; 

m (C,H;);C—O—O—C(C,Hs)3 aoe NSCS 

C,H;—O O—C,H; 

H SC,H; 

Peroxides 
n C,;H;SH ate ——————————— 

eect (CH;),CO}],, 
OG H: C—CH.—C—H — 

CH, 

CH; CH; 

835 

| 
CO = pena? ar C,H;:—CH,—CH— CH, 

CH; 
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20-3 a The following reaction, carried out at 0°, gave optically pure product; when 

carried out at 36°, it gave largely racemized product: The optically pure 

CH, oe OH 
* 1) Eth 

GHG + GH CG mak GHC 

C,H; C,H; C.H; 

Optically pure 

product, when heated in dioxan in the presence of lithium tert-butoxide, 

slowly gave the following products: 

CH; CHs3; 

C,H;—C——_C—C,H; SSE nea ees 

C,H; CoH; O OH 

Not optically 
active 

b Explain the following rate difference: 

O 

h 
N—Br + C,H;CH,CH,C,H; Se CH,CH,CHGH, 

O Br 

O 
CH, CH, CH, CH—Br 

N—Br + = 
slow 

O cu{ \—cH, CH,— CH, 

20-4 Predict the products of the following reactions, and indicate the basis of your 

prediction. 

O 

a (C,H;)3;C—C(C,Hs)s 3 S > 

O 

C,H;CO,). 
b CH;,;CHO + CH,—CHCH,OCOCH; pss desea LE 

CH; 

[(CH;)3CO]. 
c C,H;SH + rn 



READING REFERENCES 837 

d N=6r- Gal CH. CH=—CHCH. 

O 

hv e CCI;Br + Est 

cor Tl + 
yee C,H; 

(enna oe 

g§ (CH,)g (CH) 

eae & ae 

C,H; C,H; 

P id 
h C,H;SH + tinal 

20-5 A hydrocarbon, C,H,4, gives a mixture containing only two monochlorides in 

photochemical chlorination. One of these compounds solvolyzes very rapidly 

in ethanol, whereas the other is very slow. What is the hydrocarbon? 

READING REFERENCES 

Gould, E. S., “Mechanism and Structure in Organic Chemistry,” p. 16, Holt, Rinehart 

and Winston, Inc., New York, 1959. 

Walling, C., “Free Radicals in Solution,” John Wiley & Sons, Inc., New York, 1957. 

Hine, J., “Physical Organic Chemistry,” 2d ed., pp. 402-483, McGraw-Hill Book Com- 

pany, Inc., New York, 1962. 
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CHAPTER TWENTY-ONE 839 

PERICYCLIC 
REACTIONS 
THERE is a large body of chemical reactions which differ from those previously 

discussed in a number of significant ways: 

Their mechanisms involve no discernible ionic or free radical intermediates. 

They involve no electrophilic or nucleophilic reagents. 

They are largely unaffected by solvent changes or by catalysis. 

Two or more bonds are made and broken in a single concerted and cyclic transition. 

Because of their cyclic transition states these concerted reactions are called 

pericyclic reactions. These reactions are equilibria, either side of which may 

involve one or more organic molecules. The cyclic transition state may be 

discussed equally well as arising from either side of the equilibrium (“reactants” 

and “products”). 

Since no external reagents are used, the only initiation required to effect 

these reactions is heat or light. As we shall see, some examples occur only 

on heating (thermolysis or pyrolysis), others only on photolysis. Many of these 

reactions have been known for a long time but it was only in 1965 that they 

were assembled by Woodward and Hoffmann into a cogent theoretical frame- 

work known as “the conservation of orbital symmetry.” 

The essential feature of pericyclic reactions is a simultaneous over- 

lapping of the participating bond orbitals such that they may pass smoothly 

over into the bond orbitals of the product. This transformation of reactant 

orbitals into product orbitals passes through a transition state of merging 

orbitals. The basic principle guiding these reactions is that the transition state 

will be of relatively low energy—and the reaction favored—as long as the 

symmetry of the reactant orbitals is retained, or conserved, in passing to 

product orbitals. The reaction will be disfavored if the symmetry of the reactant 

and product orbitals is not the same. This may be understood in an alternative 

way by noting that only if some bonding character is retained through the transition 

will the activation energy be low and the reaction favored. This retention of 

bonding character occurs only if orbital symmetry is conserved. 

In the course of a thermolysis the participating bond electrons are found 

in pairs in bonding orbitals, o or 7, which are characterized by phase signs 

(+ or —) and nodes. 

Nodes 

o orbital 

7 orbital 
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Ina favored reaction the collection of participating orbitals must pass to product 

orbitals with these phases intact so as to maintain some bonding character 

throughout the transition. 

The symmetry of the involved orbitals is a guide to whether this bonding 

character will be maintained during a given reaction. Hence when the symmetry 

of reactant and product orbitals is the same, i.e., orbital symmetry is conserved 

in the reaction, the reaction is said to be symmetry-allowed, or energetically 

favored. When symmetry is not retained, the reaction is symmetry-forbidden, 

or energetically disfavored. Reactions which are symmetry-forbidden can often 

occur anyway but only under higher-energy conditions, either by a different 

mechanism—a nonconcerted, free-radical mechanism with several steps—or 

by investing the reactant(s) first with high energy by irradiation, as discussed 

further below and in Chap. 22. 

The main families of pericyclic reactions will be outlined in the following 

sections with an examination of which cases are symmetry-allowed. The ex- 

amples found to be symmetry-allowed proceed smoothly on heating. The other 

cases, those which are found to be symmetry-forbidden, will usually proceed 

in photolysis, but not with heat alone. Some simple rules are offered for 

deducing whether a given reaction is symmetry-allowed, without invoking a 

rigorous or detailed examination of orbital symmetry. The three main families 

of pericyclic reactions, detailed in the following sections, are these: electrocyclic 

reactions, cycloadditions, and sigmatropic rearrangements. 

The practical aspects of pericyclic reactions in synthesis are very impor- 

tant for several reasons. In the first place many of these reactions create new 

carbon-carbon o bonds and hence are available for carbon-skeleton construc- 

tion. Secondly, the reactions are generally independent of external influences 

so that unanticipated effects of solvent, concentration, catalysis, side reactions, 

etc., which frequently complicate other reactions, rarely deflect the course of 

these pericyclic reactions. Finally, the stereospecificity of these reactions is 

extremely high in practice and follows prediction with a consistency rare in 

ionic reactions. 

21-1 ANALYSIS OF ELECTROCYCLIC REACTIONS 

Many reactions are known in which a substituted butadiene is converted to 
a cyclobutene on heating (or the reverse reaction, since it is an equilibrium 
system). This change is called an electrocyclic reaction. In this reaction two 7 

bonds are interconverted to a o and a 7 bond. 

CE 



SE@u 21a ANALYSIS OF ELECTROCYCLIC REACTIONS 841 

The reaction is completely stereospecific. Substituents on the bond which 
breaks in the cyclobutene must rotate to come into the developing plane of 
the butadiene molecule. There are two rotational ways in which this can occur: 
The substituents may rotate in the same direction, called conrotatory, or they 
may rotate in opposite directions, called disrotatory. 

Trans R 

Cis R H 

H 

Cis H 

Zee Roa 

In all cases that have been observed, the thermolysis of cyclobutenes proceeds 

with conrotatory opening of the single bond. Thus, 3,4-dicarbomethoxy-cyclo- 

butene yields only cis,trans-1,4-dicarbomethoxy-butadiene and none of the 

cis,cis- or trans,trans- isomers. 

COOCH; COOCH. 
ais COOCH, / 

120° =< ary ae 

conrotatory ~ COOCH,; fie =e H 
_ SCOOCH; ui 

_>COOCH; H 

cis-3,4-Dicarbomethoxy- cis, trans-1,4-Dicarbomethoxy- 
cyclobutene butadiene 

In order to analyze this reaction we need to observe both the orbitals 

and the symmetry of the reactants and products and we must see which orbitals 

of product arise from each orbital of reactant. The four molecular orbitals of 

the involved bonds in each component are listed in order of increasing energy 

in Fig. 21-1 (compare Fig. 5-1 and page 146 for butadiene). Only the bottom 

two orbitals, the bonding orbitals, are occupied (filled with electron pairs) in 

the ground state of each molecule. If we follow the reaction path of the o orbital 

in a disrotatory bond opening, we see both the rotation of the two atomic 

orbitals involved and their rehybridization from sp? to p. 
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Cyclobutene orbitals Energy levels Butadiene orbitals 

Antibonding 

Bonding 

FIGURE 21-1 Orbitals in cyclobutene and butadiene 
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o orbital Disrotatory Rotated and 
= 2sp? atomic opening and rehybridized to 

orbitals overlapping rehybridizing p orbitals for 
overlap into 7 orbitals 

The o orbital is converted into one of the four 7 orbitals and this must 

be either $, or $3 since the lobes at the terminal atoms involved (colored 

dots in Fig. 21-1) have the same sign. If we follow the unoccupied o* orbital 

similarly—in a disrotatory opening—it must become the ¢, or ¢, orbital of 

butadiene, with opposite-sign lobes at the terminal atoms (colored dots). On the 

other hand the z orbital of cyclobutene, although it does not move, can only 

become ¢, or $3 in butadiene, the orbitals with the same signs at those two 

atoms (black dots in Fig. 21-1). The 7* orbital similarly will go to $, or $4, 

since 7* and @, or @, all have lobes of opposite sign at those atoms. 

The ground state of cyclobutene has only the o and 7 (not o* and 7*) 

orbitals filled with electron pairs; these are bonding orbitals. Either of these 

orbitals could pass to the bonding ¢, orbital, but then the other would have 

to pass to $3, which is a high-energy antibonding orbital not occupied in the 

ground state of butadiene. Hence disrotatory opening of cyclobutene cannot 

produce stable, ground-state butadiene. 

The same analysis for conrotatory opening shows the o-orbital passing 

to terminal p lobes of opposite sign, suitable to become ¢, or ¢, butadiene 

orbitals. This is of course the reverse situation from the disrotatory conversion 

outlined above and thus allows both ground-state (bonding) orbitals in cyclo- 

butene to yield ground-state (bonding) orbitals in butadiene (6 == 93; 

7 == >). 

o orbital in conrotatory opening and rehybridization to two p orbitals 

The passing of one orbital to another is referred to as a correlation of 

these orbitals (reactant —— product), and an orbital energy diagram showing 

the correlations of reactant orbitals with product orbitals is a correlation diagram. 

These correlation diagrams are analogous to those shown in Chap. 5 for corre- 
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7 7 

bs 
bs a, 

Antibonding Soe 

Bonding (bes hy 
e $2 

7 7 

Lise a 
Conrotatory Disrotatory 

thermal photolytic 
ground states excited states 

FIGURE 21-2 Correlation diagrams for cyclobutene-butadiene interconversions 

lating atomic orbitals of atoms with the molecular orbitals of their covalent 

combinations. In the present instance the correlation is between the molecular 

orbitals of two covalent molecules which interconvert. In Fig. 21-2 are shown 

the correlation diagrams for the reaction under discussion, the conrotatory 

mode at left showing the allowed pathway with no correlations crossing the 

antibonding energy line. 

The correlation diagram does not indicate anything about the transition 

state energy. However, a correlation diagram showing correlations in which 

a reactant ground-state (bonding) orbital must correlate with an antibonding 

product orbital indicates a forbidden, or high-energy, transition, as in the 

disrotatory mode in the right-hand diagram in Fig. 21-2. 

If the reactant, on the other hand, is first converted from the ground state 

to an excited state, then an antibonding orbital becomes occupied in the starting 

material. Now a reaction pathway is allowed, for this highest occupied, anti- 

bonding orbital decays to a lower-energy bonding orbital. This occurs on 

photolytic excitation in which a quantum of absorbed light provides the energy 

to lift one electron from the highest occupied ground-state orbital to the anti- 

bonding level above it. The right-hand diagram (Fig. 21-2) illustrates this 

conversion, which includes the initial promotion of an electron (by hv) to an 

antibonding z* orbital. This highest occupied orbital now reverts to a bonding 

state ($,) in the product by disrotatory electrocyclic reaction. We may conclude 

that photolytic reaction of substituted cyclobutenes yields disrotatory opening 

to butadienes, and that photolysis of butadienes affords cyclobutenes in a 

disrotatory ring closure. This is in fact generally and quite specifically observed. 
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CH; 
CH; 

ee hv SH 

rd 
= disrotatory CH, 

MH 

CH; 

trans, trans-2,4-Hexadiene cis-3,4-Dimethylcyclobutene 

In order to analyze the reaction in terms of symmetry we find that both the 

reactant and product possess a plane of symmetry (mirror plane) and an axis 

of symmetry. An axis of symmetry} is present if rotation of the molecule around 

the axis by 180° (halfway around a full rotation) results in a form identical 

to the original. 

a ale a S. 

ve i 1 \ 

(ee es 180° 
———— i { \ : 

1 rotation 
if a (-----9) 

roy 

Axis of symmetry 

i s 
I ‘ I 

JE | peat VAN 
i H Lag eee se 
| i ' rotation 
I 
\ 

We now examine the lobe signs of the several orbitals with respect to a plane 

or axis of symmetry. The lobe signs will either represent that symmetry or 

be opposite to it, ie., symmetric (S) and anti-symmetric (A), respectively. These 

relations of the lobe signs to the molecular symmetry element (axis or mirror 

plane) are catalogued in Fig. 21-3. A rotation of the cyclobutene o orbital 

halfway around the perpendicular axis (colored circle) through its midpoint 

regenerates the same o-orbital form, while similar rotation of o* yields a differ- 

ent figure. Reflection in the mirror plane (dotted line) yields the same signs 

on each side for the o (or 7 or ¢, and ¢,) orbital but not for the o*. 

The reactant orbitals are correlated with product orbitals of the same 

symmetry, and a symmetry-allowed reaction is one in which reactant bonding 

orbitals all correlate with product bonding orbitals. This occurs only with an 

axis of symmetry in the present case. The axis of symmetry also implies conro- 

tatory opening of the o bond since all the motion in conrotatory opening is 

consistent with the axis of symmetry, as the disrotatory motion fits mirror-plane 

symmetry. 

+ Strictly speaking, this is a twofold axis of symmetry since duplication of the original occurs two times 

during one full rotation around the symmetry axis. 
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Cyclobutene 
| 

el 

| 

| 
| 

0 

Plane ——— — S 

IAXISTEEG) S 

Butadiene 

<) fev} rs ® | | | | 
WD > 

> is u 1e) > W 

& ----+O---- N 

Correlation 

o* iat a* A——-A 4, 

an of ese ee 3 ‘ ie Plane of symmetry | ™ ie >< 28 
conrotatory ' = oe ras (disrotatory) aie Le 

om Te ae i emes 

Symmetry-allowed Symmetry-forbidden 

FIGURE 21-3 Orbital symmetries in cyclobutene-butadiene interconversion 
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847 

If the same analysis is applied to the case with one more double bond 

in the electrocyclic system, the result is reversed and cyclohexadienes must 

open thermally in a disrotatory rather than conrotatory fashion. Thermal cycli- 

zation of hexatrienes, conversely, proceeds in disrotatory fashion to cyclo- 

hexadienes. 

H 
ica 4 os 

- 
disrotatory 

Pe CH; mG. 
H 

trans,cis,trans- cis-5,6-Dimethyl- 
2,4,6-Octadiene 1,3-cyclohexadiene 

H 
SS CH, ! CH, 

Gebs aaeene ae 
disrotatory : 

Be “CH, 
H 

trans, cls ,cis- trans-5,6-Dimethy]l- 
2,4,6-Octadiene 1,3-cyclohexadiene 
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These electrocyclic reactions are easily generalized in terms of the number 

of electron pairs in the participating bonds: 

Number of participating Thermal reaction Photolytic reaction 

electron-pairs course course 

Even Conrotatory Disrotatory 

Odd Disrotatory Conrotatory 

ia ace 
n pairs of ——> n—1 pairs of | mM 
r electrons : am electrons é ee 

\ aN NSS 

ee yer See Sx 

ae | 
A number of relatively unstable molecules can be created by photolytic 

electrocyclic reactions since the products cannot revert to the more stable 

reactants thermally by a symmetry-allowed, or favored, reaction, and also since 

no agents which might cause other chemical changes need to be present during 

photolysis. It is often convenient, in examining the rotations in these reactions, 

to look at models. This practice will offer more assurance that certain conver- 

sions are geometrically very strained or virtually physically impossible with 

reasonable bond lengths. 

i O 
O hv 

a disrotatory | 

A 
= O —— O 

conyotatory } 
H 

hv 
SS 
disrotatory 

afl in 

A B 

<100° 

conrotatory 

Hemet 

Gg 

In the second example the cis-fused tricyclic cyclobutene (B) formed by 

photolysis is stable above 250°, for its conrotatory thermal opening would yield 
a very unstable trans-cyclohexene ring. The trans-substituted cyclobutene (C), 
however, very easily reverts to the stable diene (A) on warming, although it 
must be made in another way. 
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A sequence of two electrocyclic reactions occurs in the following example. 

Trans 

A A Lie) a — 
conrotatory ; disrotatory 

Cis S2 

Cis 

PROBLEM 21-1 

Give the products expected from heating the following compounds. 

ae cL Or 3 HH Nee 

d + CH,;COOH 

Br 

AcO 

(two products) 

Ions may also participate in electrocyclic reactions, following the same 

rules. The cyclopropyl and allyl cations can interconvert, and the mode is 

disrotatory since it involves one electron pair, while the corresponding anions 

(with two electron pairs) interconvert in a conrotatory fashion. 

+ 

+ ————> — > \ 
eS Disrotatory ) ) 

Cyclopropyl Allyl cation 
cation 

Cyclopropyl cations are often generated by solvolytic ionization of cyclo- 

propanes substituted with leaving groups (—OTS, —X, etc.). The disrotatory 

cleavage which follows occurs so rapidly that it is concerted with ionization, 

or nearly so, and the presence and location of the leaving ion affect the direction 

of disrotatory cleavage. The cleavage occurs in that particular disrotatory fash- 

ion which turns the o electrons downward so that they may be viewed as 

affording a backside displacement to the leaving group. In the example of Fig. 

21-4 this is demonstrated dramatically by linking the rotating substituents into 

a ring. Only in case B can the resultant ring be strain-free with its three sp? 

atoms cis substituted. The trans-allylic cation (like a trans double bond) cannot 

exist in a seven-membered ring, as would be required in case A. 
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/ (> 10,000 times 
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Cl” yy Cl H 
Cis, unstrained 

FIGURE 21-4 Electrocyclic opening of cyclopropyl cations 

21-2 CYCLOADDITION REACTIONS 

In the electrocyclic reaction considered in the last section, two double bonds 

in one molecule interacted to form a 7 and a o bond. An analogous system 

would be that of double bonds in two separate molecules joining together into 

a single new molecule. The two units would be joined by two o bonds created 

from the two original 7 bonds. Such a reaction is formally an addition reaction 

and is labeled a cycloaddition. 

eg ms 
Electrocyclic Cycloaddition 

The general cycloaddition reaction (Fig. 21-5) is the coupling of two 

unsaturated molecules, each containing one or more (conjugated) double bonds. 

As labeled in Fig. 21-5 the cycloaddition is designated by a bracket containing 
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Ss ec “~C—cC Number of 

i ~~ SX participating 
< wer aN <8 m-electron pairs Cycloaddition 

eae a 

tat Odd ; =~ C co ae Symmetry-allowed 

ae ~ (thermal) 

| hv A Even Symmetry-forbidden 

(photolysis only) 

NN 

Eee 
Sc c= Can Go 

(2 + 2)-Cycloaddition (4 + 2)-Cycloaddition 
Symmetry-forbidden Symmetry-allowed 

(Photolysis only) (Thermolysis) 

FIGURE 21-5 Cycloaddition reactions 

the number of z electrons in each component. The molecules meet so that 

their « orbitals overlap and undergo cycloaddition. The energy required to 

effect this process will be provided by simple heating for a symmetry-allowed 

cycloaddition, while only photolysis will effect the symmetry-forbidden cases. 

Analysis of the orbitals may be carried out as before. It is convenient to start 

with the product, i.e., examine the reverse reaction, since this involves only 

a single starting molecule. The rules will of course be identical for the reaction 

in either direction. 

The two possible bonding molecular orbitals of cyclobutane are shown 

below. 

L 1 +6 

Corr, Sim ORs Crime Cr 

If these orbitals are pulled apart and allowed sideways overlap to form the 

two 7 orbitals of two ethylene product molecules, only (o, + 0.) is capable 

of forming a bonding 7 orbital, while (o, — o,) must correlate with an anti- 

bonding 7* orbital. Hence the reaction is symmetry-forbidden. However, if 
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Ope, 

FIGURE 21-6 Correlations in the [4+ 2]-cycloaddition bonding orbitals 

$2 

pi 
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one ethylene is excited first by light absorption to occupancy of its 7* orbital, 

the fusion of 7 and 7* in two ethylenes to form a ground-state cyclobutane 

is symmetry-allowed. 

With a [4 + 2] cycloaddition a diene overlaps with a single double bond 

to form a cyclohexene. Examining the reverse reaction we see the two single 

bonds of the cyclohexene as before, but now the (o, + o,) combination corre- 

lates with the ¢, orbital of the product diene while the (o, — o,) combination 

correlates with the ¢, orbital, the other diene bonding orbital. Hence ground- 

state orbitals are formed and the reaction is symmetry-allowed. The symmetry 

involved is the mirror plane down the middle and the bonding a orbitals of 

cyclohexene and products all have the same symmetry with respect to that 

plane; hence they also correlate in the ground state. These bonding orbitals 

and their correlations are shown in Fig. 21-6. 

Diels-Alder Reaction 

The thermal [4 + 2] cycloaddition has been known for almost half a 

century as the Diels-Alder reaction. It has served an important role in many 

syntheses since it smoothly and stereospecifically unites two carbon skeletons. 

In the Diels-Alder reaction, a six-membered ring is formed by 1,4-addition 

of an olefinic unit to a conjugated diene (Fig. 21-7). The dienophile is activated 

by electron-withdrawing substituents (Z) such as —COOH, —COOR, —CHO, 

—COR, —NO,, —CN, and —SO,—. Some reactive dienes do not require acti- 

vated dienophiles, as is illustrated by the dimerization of cyclopentadiene. 

Dienes are activated by electron-donor substituents. For example 1,3-butadiene 

is less reactive than most of its mono-, di-, and trimethyl derivatives. However, 

in the case of the tetramethylbutadienes, steric hindrance decreases reactivity. 

FIGURE 21-7 Diels-Alder reaction or [4+2]-cycloaddition 

Wa Na 
Cc Zi Cera 

SIS NF Nae ee 
C c 5 re 

ae Ca $C 
LoS OS a 

eS 

Diene Dienophile 

yi . >CH, 
p H 

He 
Ome —> wos H C=O 
Ceti | 

Cee : i fe 
Xa g 
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Diels-Alder reactions are highly stereospecific, as illustrated by the re- 

action of maleic anhydride and cyclopentadiene. The structures of products 

can be predicted by placing the reactants in two parallel planes in such a way 

as to obtain maximum overlapping of double-bond 7 orbitals (Fig. 21-7). 

Diels-Alder reactions sometimes provide excellent methods for synthesis of 

aromatic compounds from aliphatic starting materials, as illustrated by some 

of the following examples. A number of the common dienes and dienophiles 

are also illustrated in the examples. 

O 
O 

pre é 
H. 

CHC Ga 50° sate Se 

Ue eee a | e H H 

\. - 5 
H, 2 O O 

Isoprene Maleic 4-Methyl-1,2,3,6-tetrahydro- 
anhydride phthalic anhydride 

97% 

NA , CH, COOC.H, CH; COOC.H, 

aoe = a 
C C ee aN | CH, COOC.H; CH; COOC,H; 

CH; “CH; § sCOOG;H: 

2,3-Dimethy]l- Diethyl Diethyl 4,5- 
1,3-butadiene acetylene- dimethylphthalate 

dicarboxylate 

fi 7 OH 
Co 
Pe =F 

CH,O~ Yarn | 

O O OH 

Neither the diene nor the dienophile requires an all-carbon skeleton since 
basically only the uniting of 7 orbitals is critical to the mechanism. 



SE@a2i1e2 CYCLOADDITION REACTIONS 855 

£00cH: 

N -~N—COOCH, 

+X | / 
< ~~N—coocu, 
COOCH, 

The Diels-Alder reaction is reversible, although occasionally the frag- 

mentation assumes a course different from the reverse of the forward reaction 

when a reasonable mechanistic choice is available. 

COOCH, 

80° 
Oo Oo +i] ——— 

Cc 120° 

| 
COOCH, 

H 

w.cncooen, + (C ] 

CH;,00C 

—COOCH, CH;COOCC=CCOOCH; : 

COOCH, 

angen 

(Disrotatory 
electrocyclic) 309° COOCH; 

COOCH; 

COOCH; +) ==COOCH: 
COOCH, 

One advantageous use of the Diels-Alder reaction in synthesis is illus- 

trated in the initial carbon-skeleton construction in the synthesis of reserpine 

(page 934). 

1,3-Dipolar Cycloadditions 

A five-membered instead of a six-membered ring should result from a 

[4 + 2] cycloaddition if the four 7 electrons in the diene component be com- 

pressed into only a three-atom skeleton. This is most commonly seen in the 

1,3-dipolar additions, in which the neutral three-atom, 47-electron system is 
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isoelectronic with ozone. The term dipolar here refers to the necessary formal 

charges in the structure of the 47-electron component. The 27-electron com- 

ponent, or dipolarophile, is usually activated by being strained, highly polar 

or highly polarizable. 

c O c= = eee 

Ozone 

General 1,3-dipolar component 

Examples of 1,3-dipolar compounds: Examples of dipolarophiles: 

R R 
Sho he te No = 
C=N—N <-> C—N=N 

a Le 
R R 

Diazo compounds Norbornene 

AG, ke ee Ae ons! © ae t+ = 
R—N=N=N <~> R—N—N=N R—C=N <—> R—C=N 

Azides Nitriles 

ag = De os = 
R—C=N—O: <— R—C=N—O: ROCOC==C COOR 

Nitrile oxides Acetylene dicarboxylate esters 

A large number of ring systems can be synthesized by this reaction. 

Notable among these is phenylpentazole, which contains a five-membered ring 

composed entirely of nitrogen atoms. The compound can be prepared and 

preserved only at very low temperatures. 

CH N=_N=N Vee oes 

| yA N 
Phenyl azide Norbornene H | 

C, 

CH—N=N + CH—CH—COOGH,—— c} 

Diazomethane Ethyl acrylate COOC.H, 
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N N 
+ = ose LOS 
Li N—N—N + C,H;—N=N Cl so =N N:- ee N| N: av? NN = N= . ee 

C,H; C.H; 

Lithium azide Phenyldiazonium Phenylpentazole 
chloride 

The direction of addition to unsymmetrical dipolarophiles is easily pre- 

dicted from the natural direction of polarization in the multiple bond of the 

dipolarophile and the charges in the 1,3-dipolar molecule. 

i are 

Cl, Ve (C.H,),N = 
C,H;— C=NOH eRe SET ae Sen C,H;—C Sess C.H=C=N—O 

8N HCI, 0 SS, 

Cl 

Benzaldoxime Benzonitrile 
oxide 

ON b_~N ~7 SN... ~ 
One 0 

| ae re} Gees O- CH—¢ 

55% 

Four-membered Ring Compounds 

The photolytic union of two double bonds by [2 + 2] cycloaddition 

produces a cyclobutane. Photocycloaddition is caused by irradiation of many 

unsaturated compounds with visible or ultraviolet light. A classic example is 

the formation of truxinic and truxillic acids by irradiation of cinnamic acid 

either in the solid state or in saturated aqueous solution. Under various con- 

ditions several stereoisomers of each general structure are formed. The reaction 

is complicated by the fact that irradiation also causes cis-trans isomerization 

of the cinnamic acids. 

C,;H;CHO 
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H COOH H H 

hv N He 
C—G — Ce 

va NS yo x 
C,H; H C,H; COOH 

trans-Cinnamic acid cis-Cinnamic acid 

hv [os 

C,H;CH— HCOOH |, C,H;CH—CHCOOH 
| 

C,H;CH—CHCOOH “HOOC H—CHC,H; 

Truxinic acids Truxillic acids 

Large numbers of crossed and symmetrical photocycloaddition reactions 

have been discovered. Intramolecular cyclization reactions can lead to “cage” 

compounds. 

O O O 

hv 

er Coy 
i ace 

O 

hv (C;H;). c—O 

(CoH), c=07; (CH;)» C=CH, Sed | | 
(CH). C—CH, 

O 

H 

2 
hv 

+ sae 
neltas 

a [4 + 2] H Ripe 
| 

Qe 

5 

. 

O 
O 

eee 

O 

Benzoquinone 
“Cage” 

Other Ring Sizes by Cycloaddition 

The Diels-Alder reaction creates six-membered rings by [4 + 2] cyclo- 
addition. Five- and four-membered rings are generally created by 1,3-dipolar 
cycloadditions and photolytic [2 + 2] cycloadditions, respectively. Larger rings 
can be created by photolytic [4 + 4] or [6 + 2] cycloadditions or thermal 
[6 + 4] or [8 + 2] cycloadditions, although the number of available examples 
to date is far fewer than those for the Diels-Alder reaction. 
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O 

{6+2 COOCH, + cu ae ACH,OCO 

‘ : \ CH,OCO 
C 
| [8 + 2] COOCH, + CH= 1, CH,0CO \ 

CH;0CO 

The last example, although it involves a 10-electron cycloaddition, does 

not form a large ring because of the cyclic nature of the starting tetraene. The 

new ring formed in this case is five-membered, as it is with 1,3-dipolar cyclo- 

additions. 

PROBLEM 21-2 

Write the products expected from allowing these pairs of compounds to react. 

Show stereochemistry where possible. 

OCH; O 

b Dimerization of propenal (acrolein) yields two products. 

Li ad. CQ 
c ee 2 incr alg TL 2 

H co 
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d C,H;N; + p-CH3C,H,CN 

OCH; 
ee 

e CH,CGH—CHEOCH,-- G.H;C—N—O 

Product loses CH,;OH spontaneously. Why? 

O= 

ve 
f (CH,).C—N* + HC=C—COOCH, 

SS 
CH; 

Googe 
& fi + CH,00C—C=C—COOCH; 

SN UN 

O 
db db 

+ 

2 CH; CH, 

PROBLEM 21-3 

The adduct obtained by heating 1,3-cyclohexadiene with maleic anhydride can 

in principle have one of two structures with respect to the placement of the 

double bond and the anhydride. To prove the structure, the adduct is dissolved 

in aqueous bicarbonate and iodine is slowly added. A mole of iodine is consumed 

and compound A is precipitated on acidification. On boiling the bicarbonate 

solution dry and heating further, one obtains a crystalline sublimate B. The mass 

spectra of A and B show parent peaks at 322 and 194, respectively. Both show 

IR peaks at 5.6 p (1790 cm~1), and A also shows a peak at 5.8 p (1730 cm7!). 

Show the two adduct structures which were possible, which one is correct, and 

why. Write structures for A and B. 

21-3 SIGMATROPIC REARRANGEMENTS 

Rearrangements in a molecular skeleton can also occur on heating (or in ap- 

propriate cases by photolysis) as long as the z and o bonds which shift in 

a concerted fashion conserve orbital symmetry. The usual cases involve one 

o bond at the end of a system of conjugated z bonds. The net effect of re- 

arrangement is the reformation of the o bond at the other end of the 7 system 

with a concerted shift of the 7 bonds. 

Z Z 
= | | 

C—(C=0), (C=C),—C 
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Since there is a rearrangement of a o bond, the reactions are labeled 
sigmatropic rearrangements. The o bond can equally well be in between two 
conjugated z-bond systems. Although illustrated here with carbon atoms form- 
ing the molecular backbone, there is no special requirement that the backbone 
atoms be carbons. 

Ter oe (C=C) an 

(ee) (C=C), —C 

As a general nomenclature for these rearrangements a particular rear- 

rangement is classified with two numbers, i and j, set in brackets [i,j]. The 

numbers refer to the number of the atom to which each end of the migrating 

o bond goes, numbering from the original two atoms forming the original o 

bond. 

i=1 
Z Z Z 
| = | | 

_C—C=C—C=C—C=C—: -- C=C—C—- or C=C—C=C—C—::- 
I= 1 ”) 3 4 3) 6 7 Cas 1 2 3. J 2 3} 4 5 

[1,3] shift [1,5] shift 

ie A 2 3, 4 5 1 2 3 1 2 3 
(Se aire or G6 Ge 

ss 

C—C=C—C=C—: - Cc=C—C—: - C=C—C=C—c: :. 
j= 1 2 3 ut 5 1 2 3 1 P 3 4 ®) 

[3,3] shift [3,5] shift 

As with cycloaddition the rearrangement is symmetry-allowed and proceeds 

thermally when the number of participating bonds (electron pairs) is an odd number.{ 

Therefore, the [1,5] and [3,3] shifts are favored processes and the ones most 

commonly observed. Implicit in this description is the assumption that the 

migrating o bond moves across the same face of the z-electron system. Such 

rearrangements are called suprafacial and are the most common instances for 

obvious steric reasons. However, with extended 7 systems or in certain carefully 

designed molecules, the migrating o bond can be reformed to the opposite m-electron 

face of the conjugated system. Such a rearrangement is antarafacial. 

+This may also be expressed by the rule that a symmetry-allowed reaction is i + j = 4n + 2, where 

n = any integer, or as (i + j)/2 = odd number, as with cycloadditions (Fig. 21-5). 
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Antarafacial [1,5] rearrangement of Z 

The rule for symmetry-allowed rearrangements is reversed if the o bond 

is reformed in antarafacial fashion on the conjugated z-electron skeleton. 

Symmetry-forbidden sigmatropic rearrangements are often observed 

under photolytic initiation in molecules where the shift is sterically reasonable. 

Several suprafacial rearrangements, both symmetry-allowed (and pyrolytic) and 

symmetry-forbidden (occurring on photolysis), are illustrated in Fig. 21-8. An 

antarafacial, symmetry-allowed [1,7] sigmatropic shift is illustrated below, but 

it will be clear on inspection of models that antarafacial shifts are rarely physi- 

cally (sterically) possible. 

CH; 

Cope and Claisen Rearrangements 

Two thermal rearrangements known for some time are the Cope and 

‘Clalzennenapabiacinen' both of which are [3,3] sigmatropic shifts, essentially 

differing only in the substitution of oxygen (Claisen) for carbon (Cope) in the 

molecular framework. 
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} NC CN CN 

GH: CH, CH; 

{oe cy 2 oy [1,5] 45 [1,5] 
FIGURE 21-8 Suprafacial sigmatropic shifts 

G Cc 
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Cc Cc O G / W ys 
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SZ A 
C 

Cope Claisen 
rearrangement rearrangement 

The Cope rearrangement of doubly unsaturated systems of the bis-allylic 

type is the best known of these transformations. This reaction may be carried 

out in the vapor phase, and so it is unlikely that the reaction involves dissocia- 

tion of the starting material into fragments such as radicals or ions. Bonds are 

probably made and broken in the same transition state, as shown for the 

rearrangement of cis-1,2-divinylcyclobutane to cis,cis-1,5-cyclooctadiene. 

cis-1,2-Divinyl- Transition cis,cis-1,5- 
cyclobutane state Cyclooctadiene 
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Rearrangement of trans-1,2-divinylcyclobutane occurs only at a much 

higher temperature, and gives a mixture of products. Apparently cis-1,2- 

divinylcyclobutane is a primary product of the latter reaction although it is 

short-lived under the reaction conditions. 

A detailed inference of the preferred stereochemical path of the Cope 

rearrangement is based on the results of rearrangement of the stereoisomers 

of 3,4-dimethyl-1,5-hexadiene. 

Hy CH, "GH, Hi heCcH ou 
Ne Ser A oe 

ij f G C 
| | 

CH. C G C 

a Noe BX Va ow 
CH, H CH, H CH, H 

ie =< || | a wl 
CH CH, H CH, H CH, H 

\ /- \cu, No So SY 

T I i 
ti Cc Cc C 

i VEO aw 
CH, CH, H H CH, 

trans,trans cis,cis cis,trans 

P 25x 
Racemic —- 90% 10% ~0% 

Meso Ea 0.3% ~0% 99.7% 

Two kinds of transition states can be visualized for the rearrangements. 

The first involves a boatlike structure (A), the second a chairlike structure (B). 

CH SHCH: CB oy CHC: 

feeiCHey ye fe 
CH, CHCH, (CH /f 

ey, Ch) cre 
CH 
A B 

The experimental results show that transition state B must be energetically 

preferred. This accounts for all products as suprafacial [3,3] shifts. 
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H H 
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[3,3] 
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H H 
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H CH, 

CH; cis,cis 
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H H 

—> 

za CH Sean 

H H 
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The Claisen rearrangement of aryl allyl ethers to allylphenols has been 

studied carefully and can be described with great precision. If there is an open 

ortho position, only ortho rearrangement occurs. However, if both ortho posi- 

tions are blocked, rearrangement to an open para position takes place. 

OCH,CH+=CH, OH 

CH,CH—CH, 
200° 

———————— 

Phenyl allyl ether o-Allylphenol 

OCH,CH=CH, OH 

CH: CH, CH; CH; 
— 

CH,CH=CH, 

Allyl 2,6-dimethylphenyl 4-Allyl-2,6-dimethylphenol 
ether 
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ete 

CH OH 14 
Q) | Qe H CH, CH=CH, 

CCH: < 14 

"ea 

CH 
ra 

CHZ i ° CH; -CH, CH, _CHs 

— Non. — > 

CH 
eG 
7 

CoH; 

¢O OH 
CH, CH; CH, CH; 

——_ 

~ 
H ee eres C,H;CHCH=CH, 

C,H; 

FIGURE 21-9 Mechanism of the Claisen rearrangement 

Studies with allylic groups labeled with substituents or carbon-14 (Fig. 

21.9) show that the allylic group is end-interchanged during the ortho rear- 

rangement but maintains its structure (or is end-interchanged twice) during 

migration to a para position. These and other experimental data virtually 

necessitate the view that the rearrangements have cyclic mechanisms and in- 

volve dienones as intermediates. The second rearrangement in the para-Claisen 

isomerization (Fig. 21-9) is a second [3,3] shift, of the all-carbon or Cope variety. 

Thus, when the ortho position bears hydrogen, re-aromatization intervenes but 

when it does not—and re-aromatization is blocked—then a second [3,3] sig- 

matropic rearrangement occurs followed by final aromatization through loss 

of the original para hydrogen. 

An allowed [5,5] version of the Claisen rearrangement has recently been 

observed. The [3,5] and [5,3] rearrangements are not observed either in this 

example or in other models. 
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OH 

rw 8 ZT 

The Claisen rearrangement allows formation of a carbon-carbon bond 

to the 3-position of an allylic alcohol through its conversion first to a transient 

vinyl ether and rearrangement. Sigmatropic rearrangements of this sort are 

valuable in synthesis. 

OEt 
| Et,O+ BE, | + Nat —OEt 

GHC NIGH) CH= CE NICH), 5 
BE 

OEt 
— = —CH,OH 

CH = @eNCH oes 
| — EtOH 

OEt 

—EtOH 
R—CH—CH—CH,—0—C—N(CH). ! 

OEt 

CH,—O CH, 

aN A li 

\ VA [3,3] | 
CH CH, oa NC) 

R R 

OH 

Et 

Tay as 

OEt 
————— > 

A 

The fluxional tautomerism of bullvalene (page 162) is only a series of 

identical suprafacial and allowed [3,3] sigmatropic rearrangements. These occur 

rapidly even at room temperature since the transition barrier is so low. At 100° 

the protons of bullvalene are interchanging their environments so fast that they 

appear in the NMR spectrum as a single peak. Only by lowering the tempera- 

ture to —25° does the rearrangement slow down enough to distinguish different 

hydrogens as separate NMR signals. 

CH,CON(CH,), 
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NMR at 100° 

i —_ 5.8 7 (sharp singlet) 

ea NMR at —25° 
A 

Ls vee 4.3 7 (6H) C=C—H 
oe oe —— | 

WS) oe (Cs!) 8 
Bullvalene | 

PROBLEM 21-4 

SEG, 21-3 

Show the expected products from thermolysis of the following compounds. Show 

stereochemistry where relevant. 

PROBLEM 21-5 

O—CHCH+=CHCH, 

O—CHCH+=CH, 

CH,.CH=CH, (two products) 

(trans,trans) 

(cis,trans) 

The labeled compound below was heated for a period of time and then recovered. 

The various carbons were separately assessed to see whether all were now 

partially bonded to deuterium, i.e., complete scrambling of C—H and C—D. 

Complete scrambling was not observed. In fact deuterium label was found only 

at certain specific locations. Show how this experiment serves to distinguish [1,3] 

from [1,5] sigmatropic shifts, and indicate what pattern of deuterium is expected 

on thermal equilibration. 

D 

D 
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21-4 GENERALIZATION AND SUMMARY 

There are many variations on the reactions of the last three sections and with 
selection rules now clear, more will certainly be developed for use in the future. 
The pericyclic reactions of ions have yet to be explored in any depth and the 
synthetic possibilities, apart from the Diels-Alder reaction, have not been fully 
exploited. 

All these reactions have in common the cyclic transition from one set 

of alternating bonds (7 or o) to another. 

2 bonds 3 bonds 

4 electrons 6 electrons 

We may develop a convenient generalization which provides a quick 

assessment of whether a given example is symmetry-allowed. This generali- 

zation treats all participating bonds as separate and is equally applicable to 

all three of the reaction families: electrocyclic; cycloaddition; and sigmatropic. 

The generalization depends on the stereochemistry of bond formation, specifi- 

cally whether it is suprafacial or antarafacial. In the cycloadditions shown in 

Sec. 21-2 the components always join in a manner suprafacial in both com- 

ponents. 

(Ba [4 + 2] 

Suprafacial cycloadditions 

The essence of suprafacial addition to a double bond is that the two new 

bonds are formed on the same side of the molecular plane of the double bond. 

Consider the z bond as two p orbitals combined into a bonding z-molecular 

orbital. This implies that in cycloaddition the two new bonds are both formed 

by overlap to p lobes of the same sign, in suprafacial addition. Antarafacial 

addition proceeds to opposite sides of the z plane or to opposite-signed lobes 

of the two p orbitals making up the 7 bond. The two additions are shown 

at the top of Fig. 21-10. 

The same geometrical distinction can be applied to single (o) bonds 

participating in pericyclic reactions. When a bonding o orbital breaks (Fig. 

21-10, bottom) either atom can form its new bond (7 or o) with either the 

(+) or (—) lobe of its sp? atomic orbital. If the (+), or overlapped, lobe becomes 

involved in the new bond, no change in configuration occurs at that atom 

(retention of configuration), except the minor flattening from tetrahedral to 
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To 7 bonds | {| 

Suprafacial addition 

To a bonds 

Retention—retention Inversion—inversion Retention—inversion y 

| 

Suprafacial Antarafacial 

FIGURE 21-10 Geometrical modes of new bond formation 

trigonal if the new bond created from the orbital is a 7 bond. If the minor 

lobe (—) expands to become the new bonding lobe, configuration is inverted. 

The latter case is completely analogous to the S,2 displacement. 

A suprafacial cleavage of a o bond (Fig. 21-10) is defined as either retention or 

inversion at both atoms. 

An antarafacial cleavage involves inversion at one atom, retention at the other. 

We may use a shorthand designating the bonding lobes with short lines 

simply to see how they are oriented or how they move so as to be suitable 

for overlap to give the required bonds of the product. Each bond is designated 

as reacting in a suprafacial (s) or antarafacial (a) fashion. 

Conrotatory: 

LF GT A, Ae 
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Disrotatory: 

| | s nan s as 

We /s = _ = or i= Z 

Lee. 
Ye a = 

The important observation about this convention is that, no matter how 

the suprafacial and antarafacial modes are chosen, both the forward and reverse 

reaction in the conrotatory case involve one suprafacial and one antarafacial 

regrouping of the two original bonds. In the disrotatory case they are always 

both suprafacial or antarafacial. The latter case is symmetry-forbidden, the 

former symmetry-allowed. 

The general rule about all pericyclic reactions which proceed in a con- 

certed fashion is the following: 

The reaction is symmetry-allowed if the total number of suprafacial regroupings of the 

participating bonds is an odd number. 

This rule allows an assessment of any case without a detailed analysis 

of symmetry or orbital levels and interactions. The rule then allows us to 

examine any given case to see whether it is expected to proceed thermally (odd 

number of suprafacial bond breakings) or photolytically (even number of 

suprafacial bond breakings).t 

Cycloadditions may be taken as examples. The simplest cycloaddition—of 

two ethylenes—must in any normal unstrained situation be suprafacial in both 

components and hence, with an even number (two) of suprafacial bond cleav- 

ages (or formations), be symmetry-forbidden. The several ways of examining 

the Diels-Alder reaction all reveal it to be symmetry-allowed. 

3s = Symmetry-allowed 1s = Symmetry-allowed 

+When single orbitals are involved, as in the cyclopropyl! cation p orbital, they may be included in the 

general rule with appropriate designations of s and a, but there are difficulties in these examples and 

they are not included in the present treatment. The rule quoted therefore pertains only to neutral 

molecules. 
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In the sigmatropic rearrangement a rearranging hydrogen must pass over 

with retention since it possesses only an s orbital with only one lobe and no 

nodes (Sec. 2-6). However, a rearranging carbon can invert during rearrange- 

ment. The antarafacial example on page 862 will be seen as [1,7] sssa and 

symmetry-allowed. 

Ke nelle 
ae = c 

“SS s a 
ee Vere Se relia 
G—_ © ec—e— ee —e— C—C=C 
Gag NO woe errs RPA ee 

3] =2 en 

[1,5] =3s allowed [1,3] =28 forbidden With inversion at 

[1,7] =4s forbidden [1,5] =38 allowed migrating carbon: 
{1,3] = sa allowed 

i * 

J) ToS 

[1,7] = sssaallowed 
(antarafacial overall) 

An example of an allowed [1,3] shift with inversion at the migrating 

carbon is shown below. The steric strain necessary to perform this inversion 

appears at first sight to be a serious objection. Without the orbital symmetry 

rules we would expect the sterically easier shift with retention—in which the 

migrating carbon just slides across the allyl system—to be of lower energy 

and preferred. However, violation of orbital symmetry places an even larger 

barrier than angle strain so that the only route available is the strained but 

symmetry-allowed rearrangement with inversion, as shown. 

(D, OAc trans ) Transition state (D, OAc cis) 
(inversion) 

Since most bond breaking is suprafacial, it is reasonable in any analysis 

of a given case to label as many reactant bonds suprafacial as is consistent 
with the necessary overlap to form product bonds. This will usually reveal 

either that only one or none need be labeled antarafacial, and then the sum 
will reveal whether or not the reaction is symmetry-allowed. Two examples 
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are labeled below. The first proceeds easily; the second does not go at all on 
heating but instead forms the cis isomer (as predicted; by conrotatory cycli- 
zation). 

ee 
Symmetry 

allowed 

NC CN 
NC CN 

[2 + 2 + 2] cycloaddition 

A == 3 

Symmetry H 
forbidden (4s) SCH 
as disrotatory 3 

2,4,6,8-Decatetraene trans-1,2-Dimethyl-3,5,7-cyclooctatriene 
(all cis) 

The most common thermal reactions are those involving three bonds (six 

electrons) in an all-suprafacial cyclic transition. The central elements of these 

are summarized below and include the thermal elimination reactions of acetates 

and xanthates in Chap. 14 (page 595). If the interconversion of the two Kekulé 

forms of benzene were a tautomerism instead of merely a device for describing 

the resonance in a single molecule, then that tautomerism would also be an 

electrocyclic reaction of this same class. 

oe A ws 
I 

Aaq . Qty 
[3 aie Pai P| Diels- Triene Cope and [1,5] Thermal 

Oe aiden Alder cyclization Claisen sigmatropic elimination 
rearrangement rearrangement (acetates, etc.) 

The pericyclic reactions are all equilibria. The rules tell us about the 

stereoelectronic requirements, or stereochemical consequences of allowed re- 

actions. The rules tell nothing about the rate or position of equilibrium, i.e., 

the nature of the free-energy diagram. A reasonable guess about the position 

of equilibrium—the preferred product—can usually be made from the energies 

of the involved bonds (Table 2-2). This generally will show the preferred 
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product as that with more o and fewer 7 bonds. The equilibria are subject 

to some control. A reverse Diels-Alder reaction can usually be carried out by 

distilling away a volatile product and thus driving the equilibrium in one 

direction. 

While the prediction rules have dramatic success for thermolysis reac- 

tions (i.e., for symmetry-allowed reactions on heating), photolytic reactions are 

much more complex. The predicted products from the excited state often form, 

but the fact that photolysis is initiated by light absorption first to a high-energy 

excited state implies that such a state may also collapse via other, not neces- 

sarily concerted, pathways. Often, indeed, the initial excited state will pass on 

stepwise through several radical intermediates before affording stable products. 

These more complex photolysis reactions form the subject of the next chapter. 

PROBLEMS 

21-6 The two isomeric hydrocarbons below give two isomeric adducts when heated 

with maleic anhydride. The reaction is believed to proceed in two steps, with 

maleic anhydride only involved in the second. Indicate the reactions and the 

stereochemistry of the isomeric adducts in each case. 

ze ee 

Sx Ps cb 

H 

21-7 Explain the following transformation in terms of four successive pericyclic 

reactions, of which the first to occur does not involve the quinone. 

O 

A 
— 

O 

O 
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21-8 The following reaction proceeds in good yield: 

O CH; 7 

// \ cH (@ Cone. 

CH, CH, + | Oi Cy ees 
Oo CH=c Re 68 

\ 
O | 

Cc H, O 

eee 
anhydride 

Using the product as a starting material, devise syntheses of several 1,2,3,4- 

tetrasubstituted benzenes having four different substituents. 

21-9 Devise syntheses of: 

HO. CH,OH 

from maleic anhydride 

HO CH,OH 

COOH 

COOH 

b (all cis) from cyclopentadiene 

COOH 

CH,COOH 

21-10 A simple expedient for preparing substituted furan-3,4-dicarboxylic acids from 

furans is outlined below. Fill in the missing parts. 

COOCH, COOCH, 

eo eco ae wee “ 
O 

21-11 Compound A does not give a Diels-Alder adduct with acetylene dicarboxylic 

esters but compound B does. Explain, after looking again at Fig. 5-8. 

BD Oo 
i | 
CH, COOCH, 
A B 

21-12 When bromobenzene, anthracene, and sodamide (NaNH,) are allowed to react 

together there is formed a hydrocarbon, Cy H,,. 

a Write a structure for this substance and explain its formation. 

b How many such products would you expect in each case if the first starting 

material were o-bromotoluene, m-bromotoluene, and p-bromotoluene? 
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21-13 Rationalize the following observed reaction. 

21-14 Devise a mechanism for the following transformation. (Hint: the first step is 

loss of the acetic acid.) 

CH;COO 

sae + CO + CH;COOH 

O 

21-15 Account for the following observation. 

CH; A CH; 

CH. CH. CH; 3 3 

CH; 

21-16 Isomerization of 3-phenyl-3-acetoxy-1-propene is effected on heating. The 

isomer has a similar IR spectrum below 6 p (1670 cm~') but shows a new UV 

spectrum with an intense maximum about 250 nm. The NMR spectrum of the 

isomer shows five peaks, reading upfield, in a ratio of 5:1:1:2:3. What is the 

isomer and what is the reaction? 
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PHOTOCHEMISTRY 
PHOTOCHEMISTRY is the study of reactions caused by absorption of light. 
Everyone is familiar with some effects of chemical change induced by sunlight. 
The miracle of photosynthesis, on which all life on this planet depends, is 
fundamentally a chemical reaction between carbon dioxide and water effected 
by chlorophyll, the pigment responsible for the color of green plants, and 
discussed in Sec. 26-4. 

Sunlight 
6CO, + 6H,O 

chlorophyll 
C,H,.0, = 60, 

Glucose 

The response of an eye to light is triggered by a photochemical change 

of the pigment rhodopsin in the visual rods. Less beneficial photochemical 

changes are experienced in the form of sunburns and skin cancers, the latter 

affliction being especially prevalent among fair-skinned people living in tropical 

regions. 

Although Cannizzaro did research in photochemistry in the early nine- 

teenth century, the subject was long considered by many organic chemists as 

a small, esoteric branch of their field until relatively recently. During the past 

decade, there has been a great surge of interest in the subject. The change 

has been caused by a number of factors: some items of simple, but useful, 

laboratory equipment have become available; the unique value of photochem- 

istry in the synthesis of certain high-energy compounds is attractive; and, 

probably most important, chemists have come to realize that photochemistry 

can be studied in a meaningful, systematic way. 

22-1 THEORY OF PHOTOCHEMISTRY 

The fundamentals of photochemistry are remarkably simple. A molecule be- 

comes energized to an excited state by absorption of a photon of light and 

undergoes a chemical reaction while still in that excited state. The difference 

between photoreactions and ordinary thermal reactions lies in the fact that in 

photochemistry individual molecules are promoted to highly excited forms 

without immediate effect on surrounding molecules. In a thermally activated 

reaction, energy entering the system in the form of heat is apportioned among 

all of the molecules in the system according to statistical principles. The unique 

character of selective excitation of individual molecules in photochemistry is 

a little like being able to touch a match to a single straw in a haystack and 

burn it without having the fire spread to the rest of the stack. 
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FIGURE 22-1 Absorption spectrum of benzophenone in ethanol solution 

Another characteristic of photochemistry arises from the fact that the 

chemical changes occur in energy-rich molecules. Reaction is usually accom- 

panied by loss of energy from the excited species. This is in sharp contrast 

to thermally activated reactions in which activation energy is gathered in small 

bits from the environment. In Chap. 9 we discussed elementary theory of the 

rates of thermal reactions by using an analogy to people wandering over 

mountain ranges from one valley to another. In photochemistry the problem 

really starts with a man on a mountain top about to descend. The problem 

of deciding which of several valleys he will arrive in is not related to the energy 

that he will spend in getting over passes, but only involves his choice among 

alternate downhill paths. 

Electronic Excitation 

Photochemical reactions are caused by absorption of visible and ultra- 

violet light. Light of these wavelengths causes excitation of electrons in the 

molecules to higher-energy orbitals producing electronically excited states. In 

the visible region of the spectrum the photon energies range from 38 kcal/mole 

(750 nm) to 71 kcal/mole (400 nm), as shown in Fig. 7-5. By using light in 

the near ultraviolet (to 200 nm), energies up to 143 kcal/mole become available. 

These energies cover the range of chemical bond energies (Table 2-2). Some 

photochemistry is done using light of even shorter wavelengths but this is 

uncommon because strong absorption by atmospheric oxygen below 200 nm 

necessitates the use of vacuum equipment. 

Absorption of light by a molecule is usually discontinuous and the ab- 

sorption spectrum consists of one or more bands which may show some sub- 

structure (Chap. 7). The absorption spectrum of benzophenone (CO) is shown 

in Fig. 22-1. Two absorption maxima are observed, one at 245 nm and the 
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other at 345 nm. These broad absorption regions are due to different electronic 
transitions in the molecule. The low-intensity band at long wavelength is due 
to an n ——> n* excitation, in which an electron in a nonbonding orbital at 
oxygen is promoted to the lowest of the unoccupied 7 orbitals of the benzo- 
phenone molecule (page 247). The 345-nm transition of benzophenone is more 
complex than the n,7* of a normal ketone because the z* orbital covers the 

entire molecule rather than being localized in the carbonyl group. 

The broad band at shorter wavelength is due to a 7 ——> n”* transition 

in which an electron is excited from an occupied 7 orbital to a vacant anti- 
bonding one. The upper orbital is the same as the one involved in the 

n ——>» 7m” transition, but more energy is required because the 7 electron is 

more firmly bound in the ground state than are the nonbonding (n) oxygen 

electrons.{ The transition is related to the 265-nm bond in the spectrum of 

benzene. The 245-nm absorption of benzophenone is probably really complex 

and may consist of two overlapping transitions of very similar energy. We need 

not be concerned about this spectroscopic complication in most photochemical 

work. As a matter of fact, the same photochemical results are usually obtained 

as a result of irradiation in any of the visible and near-ultraviolet bands of 

most molecules. This is surprising, since the energy contents and electronic 

structures of the excited states may be quite different. For reasons that are 

not well understood, the excited 7,7” state of benzophenone decays very rapidly 

to the lower energy n,7* state.t This rapid decay of excited states into lower 

excited states is quite common and has an important leveling effect in photo- 

chemistry. However, it also introduces a complication because excited states 

that are not formed by direct absorption of light may be formed by decay and 

become important in photoreactions. 

Singlets and Triplets 

Figure 22-2 shows the complication that arises from consideration of 

electron spins. Nearly all stable molecules have even numbers of electrons with 

spins paired in their ground states. The pairing means that the magnetic 

moments of the electrons compensate each other so that the molecule as a 

whole has no net electronic magnetic moment. These nonmagnetic states are 

called singlets (abbreviated S, 5S), S,, etc., for different energy singlet states). 

Excitation of electrons by light absorption does not change electron spins, so only 

excited singlets are formed by absorption. In an excited singlet state, electrons 

are still spin paired but present in different orbitals (e.g., 7 and 7%). 

Such a state can then be converted to another by inverting one of the 

electron spins. This creates a new state in which the electronic magnetic 

moments do not compensate. The new excited state will then have a net 

+ This discussion is highly oversimplified. Actually, a change in the electronic configuration of a molecule 

changes all of the orbitals, because of electron-electron interactions. 

tThis decay process requires loss of energy, so some energy must be delivered to the environment. 

In the gas phase at low pressure, the process of decay of the higher excited state to the lower might 

become slow. This has been shown to be the case with a few molecules, such as benzene, which have 

been studied carefully. 
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FIGURE 22-2 Orientations of the molecular magnetic moment of a molecule in its triplet 
state with respect to an external magnetic field. (N and S refer to north and 
south magnetic poles.) 

magnetic moment. This new state is called a triplet (abbreviated T, T,, T,, etc.). 

In a magnetic field three states will actually appear because the magnetic 

moment can be aligned in three different ways with respect to the applied field 

as shown in Fig. 22-2. 

Figure 22-3 shows various possible decay processes. The decay of an 

excited state to another state of the same multiplicity (singlet or triplet)—as 

in S, —~> S,, T) —~ Ty, etc.—is called internal conversion. Decay with a 

change in multiplicity (S,; ——> Ty, etc.) is called intersystem crossing. Although 

corresponding excited singlets and triplets, for example 5, and T,, usually have 

the same electronic configurations to a first approximation, the triplets lie at 

lower energies than the singlets because electron-electron repulsion is lower 

in the triplets. 

Decay of S, and T, to the ground state, Sy, also occurs, but usually much 

more slowly than decay from higher states to the lowest excited states. As a 

result, 5, and T, are the longest lived of all the excited states and are responsible 

for most photochemical changes. T, states have especially long lives because 

decay back to S, requires not only energy loss but also reorientation of an 

electron spin. Because T, states decay much more slowly than any other excited 

states, they are most likely to be involved in photochemical mechanisms, 

despite the fact that they are the least energetic of all the excited levels. 

Fluorescence and Phosphorescence 

S, and T, states of many molecules live long enough to suffer deactivation 

by emission of light, the reverse of light absorption. Emission from S, is called 

fluorescence and corresponds to absorption in the first absorption band of a 

molecule. However, most of this emission lies at longer wavelength and, ideally, 

the emission band is the mirror image of absorption as shown in Fig. 22-4. 

The reason for the shift of the emission to longer wavelength is related 

to the fact that the absorption is a broad band rather than a single, sharp line. 
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FIGURE 22-3 Excitation and decay processes; 5, = ground singlet state. (S,, 5, = excited singlet 

states; T,, T, = excited triplet states. Colored arrows indicate spin of each elec- 
tron in its orbital.) 

Electronic transitions are accompanied by changes in vibrational states. Since 

vibrational quantum states are much closer together than electronic levels, they 

may be run together to form the kind of broad band usually seen in the spectra 

of polyatomic molecules in solution. Sometimes the vibrational substructure 

is resolved into a group of fairly sharp submaxima. When an excited molecule 

is born, it usually has varying amounts of excess vibrational energy. However, 

this vibrational energy is lost after a few collisions with other molecules. 

Emission takes place from vibrationally cold molecules, but will produce 

ground-state molecules with varying amounts of vibrational energy. The only 

common transition in the absorption and emission spectra will be the O —> O 

component, defined as the transition connecting vibrationally cold-ground and 

excited-state molecules. These relationships are shown schematically in Fig. 

22-5, 

The intensity of fluorescence depends on the rate of emission compared 

to the rates of all other decay modes of S, states. Radiationless decay paths 

include intersystem crossing to triplets, internal conversion to S, states, and 

deactivation by energy transfer to other molecules. The rates of all the com- 

petitive processes vary widely among systems. However, fluorescence is usually 

FIGURE 22-4 Relationship between first absorption band and fluorescence. 

Wavelength ——> 
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FIGURE 22-5 Relationship between vibrational contributions to absorption and fluorescence 

either weak or undetectable, except in small molecules (e.g., diatomic mole- 

cules) or rigid molecules such as aromatic compounds. Moreover, fluorescence 

rates are quantitatively related to the intensities of 5) ——> S, transitions in 

absorption. Many dyes which have intense first absorption bands also exhibit 

strong fluorescence. A well-known example is the yellow dye, fluorescein, 

which has a brilliant greenish fluorescence. A principal use of the material lies 

in aesthetic enhancement of the appearance of lakes and fountains on college 

campuses. 

HO 

Fluorescein 

The slow emission from long-lived excited states is called phosphorescence. 

In organic molecules phosphorescence arises almost exclusively from triplet 

states. Whereas fluorescence lifetimes are usually in the range 10~‘ to 10-9 

sec, phosphorescence lifetimes are commonly measured in the range from 10 

to 10-3 sec. This correlates with the fact that S, ——> T, transitions are almost 

always too weak to observe in absorption spectra. The fact that some T, states 

live long enough to give observable emission shows that other decay processes 

are much slower than with S, states. In fluid solutions most T, states do find 

nonradiative decay paths, so most phosphorescence studies are made using 

rigid media, such as glasses formed by rapid cooling of solutions to low tem- 

peratures. 
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22-2 ENERGY TRANSFER 

The most basic law of photochemistry is the Einstein law of photochemical 
equivalence, which states in essence that light must be absorbed in order for 
a photochemical reaction to occur. This may seem to be a truism, but the 
relationship between chemical action and absorption of light quanta was not 
at all well appreciated in the early days of photochemistry. Furthermore, some 
photoreactions occur under conditions that seem at first sight to violate the 
law. 

As an example we can pose a problem. One can irradiate a solution 

containing butadiene with visible light (400 nm) and observe formation of 

dimers of the diene, despite the fact that butadiene does not absorb appreciable 

amounts of light of wavelength longer than 250 nm! 

CH=CH, CH=CH, 

ys CH=CH, Cua: 

CH,—CHCH+=CH, —— Sil ap 

CH=CH, 

cis-1,2-Diviny]l- trans-1,2-Divinyl- 3-Vinylcyclohexene 
cyclobutane cyclobutane 

The above statement sounds a little less fraudulent if we add the fact 

that a material, such as biacetyl (CH;COCOCH;), which does absorb visible 

light must be included in the solution in catalytic amounts. However, the results 

are still somewhat puzzling because the light is absorbed by one species and 

the reaction occurs with another. Clearly excitation energy must be transferred 

from biacetyl to butadiene. Even this cannot be given a trivial explanation based 

on the absorption spectra of the compounds. The 0-0 band is not well defined 

in the spectrum of butadiene, but it is probably close to 250 nm. This represents 

the minimum energy required to excite butadiene to its S, state. 

pe 
r 

€ = energy per quantum = h 

h = Planck’s constant = 6.63 < 10-7" erg sec 

vy = frequency of light quantum 

c = velocity of light = 3.00 x 101° cm sec"? 

\ = wavelength 

27 019 ne: (6.63 x 10-°7)(3.00 x 10°") erg sec cm sec~!/cm 
250 calOme 

= 7.96 x 107?” erg 

E = energy per mole = € X 6.02 x 10” ergs 

= 479 % 10 ergs 

— (4.79 x 10!")(2.39 x 10-") = 114 kcal/mole 
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CH,COCOCH, —“> CH,COCOCH,*”) 
Excited 

singlet state 

Intersystem 
————™- CH;COCOCH,*"”) CH;COCOCH;*"? 

yy 

crossing 

—~ 
CH=CH 

Energy Len ~ 

CH;COCOCH,*) + 7 \ —— CH;COCOCH; + CH, CY 
: transfer IF 

S-cis-diene 
triplet 

CH=CH + 

) ‘CH, | ‘CH, + CH,=CHCH=CH, — | 
SS seat 

Dimeric biradicals 

CH=CH, CH=CH, 
CH=CH, CH=CH, 

CH,— CH=CH==CH, Cyclization | =a i * CH,—CH--CH--CH, CH=CH — 2 

FIGURE 22-6 Mechanism of photodimerization of butadiene sensitized by biacetyl [(1) = sin- 
glet; (3) = triplet] 

The fluorescence and absorption spectra of biacetyl intersect at about 440 

nm which is equivalent to an excitation energy of only 65 kcal/mole. Obviously 

energy cannot be transferred from the 5S, state of biacetyl to produce the S, 

state of butadiene. However, the situation becomes clear when the triplet states 

of the two molecules are considered. The phosphorescence and fluorescence 

spectra of biacetyl are very close together, showing that there is only a small 

energy gap between the S, and T, states. The T, excitation energy is 55 

kcal/mole. 

Butadiene, like most conjugated dienes, has no observable emission 

spectrum, but the triplet excitation energy can be studied by an unusual ab- 

sorption technique. If liquid butadiene is sealed in an absorption cell under 

a pressure of 100 atm of oxygen, weak new absorption is observed in the visible 

region of the spectrum. This is attributed to the S ——> T, transition which 

becomes observably strong in molecules having paramagnetic oxygen molecules 

as nearest neighbors.t The long-wavelength edge of the absorption is not 

+ Even though oxygen molecules contain an even number of electrons, they are paramagnetic. The ground 

state of the molecule is a triplet rather than a singlet state. This behavior is predicted by molecular-orbital 

theory. The molecule contains six 7 electrons. Four are assigned to two bonding 7 orbitals (7, and 

7,). The last two must be assigned to antibonding, 7* orbitals. Since there are two equivalent orbitals, 

7, and 7,*, one electron is assigned to each. Since the two electrons occupy different orbitals they 

can have parallel spins without violating the Pauli exclusion principle. The configuration with parallel 

spins minimizes repulsive interaction between the electrons, so the triplet is the most stable state of 

the molecule. 
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sharply defined, but the 0-0 band has been assigned at 480 nm (60 kcal/mole). 
The splitting between the S, and T, states of butadiene is so large that the 

triplet energy appears in the same range as that of biacetyl. 

Transfer of triplet excitation energy from biacetyl to butadiene has at least 

become conceivable when triplet energies are considered. However, the triplet 

state of biacetyl is still deficient by 5 kcal/mole of the energy required to 

promote butadiene to the triplet state observed spectroscopically. One addi- 

tional factor comes to the rescue. Butadiene is known to exist primarily in the 

S-trans form but a small amount (~2.5%) is in the S-cis form, which is some- 

what more strained. 

ee ee 

S-trans- Setis= 
1,3-Butadiene 1,3-Butadiene 

~97.5% ~2.5% 

The singlet-triplet absorption spectrum of butadiene must be dominated by 

the predominant S-trans species, so very weak absorption by the S-cis material 

is not likely to be resolved. However, 1,3-cyclohexadiene is probably a good 

model for S-cis-butadiene. Measurement of the absorption spectrum of the 

cyclic diene by the oxygen-perturbation technique shows singlet-triplet absorp- 

tion starting at 535 nm corresponding to 52.5 kcal/mole. If the excitation energy 

of S-cis-butadiene is similar, energy transfer from biacetyl triplets to the cisoid 

diene can occur without supply of any energy from the environment. Figure 

22-6 shows the accepted mechanism for dimerization of butadiene using 

biacetyl as a photosensitizer. 

The dimerization mechanism may seem to have been constructed artifi- 

cially and to be hung together by a slender thread. However, interesting con- 

firmation is obtained by study of the relative amounts of the three dimeric 

products formed and comparison with results obtained using other sensitizers 

having higher triplet excitation energies. Typical results are shown in Table 

22-1. 

TABLE 22-1 Dimerization of 1,3-Butadiene 

Triplet nee MET., 
% distribution of products 

energy of 

sensitizer, cis-Divinyl- trans-Divinyl- Vinyl- 

Sensitizer kcal/mole cyclobutane cyclobutane cyclohexene 

ie EEEEEEEEEEEE 

Acetophenone 74 19 78 

Benzophenone 69 18 80 

Biacetyl 55 ie by? 35 
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Acetophenone and benzophenone both have triplet excitation energies 

high enough to excite S-trans-diene molecules to their triplet states. When an 

energy donor has energy as much as 5 kcal/mole in excess of that required 

to promote a potential energy acceptor to its lowest excited state, energy trans- 

fer apparently occurs on every collision, or nearly every collision. Consequently, 

high-energy triplets should transfer their energy predominantly to S-trans-diene 

molecules. 

¢CocHa+ 7 4% —> 6CcOcH,+ ae eh 

Acetophenone S-trans- 
triplet diene triplet 

The results in Table 22-1 can be explained by assuming that different 

product mixtures are obtained from the stereoisomeric diene triplets. Consid- 

eration of the results makes this seem very reasonable. Reaction of the trans 

triplet with an S-trans-diene molecule should preferentially form a biradical 

in which both of the allylic units have the trans configuration. 

Ponape. ) 

Trans,trans 
biradical 

The trans,trans biradical cannot cyclize to form a cis-cyclohexene deriva- 

tive without undergoing a change in the configuration of at least one of the 

allylic units. Independent study of the behavior of allylic radicals shows that 

they maintain their steric configuration for appreciable periods of time. Conse- 

quently it is not surprising that reaction occurring by way of the trans triplet 

gives little or no vinylcyclohexene.} Reaction of cis triplets with S-trans diene 

should give a biradical in which one allylic unit has the cis configuration. 

if 
aoe oS Be! 

Leer ee 4 rat re | Me 

ve H reer, 

ra cu, 

Trans,cis biradical 

} The small amount formed with high-energy sensitizers may arise from reaction of cis triplets with 

S-trans diene and from reaction of trans triplets with S-cis diene. 
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The trans,cis biradical can close smoothly to vinylcyclohexene, but should 

also give the vinylcyclobutanes in accordance with the experimental facts. 

Energy transfer is often a critical factor in photochemistry. A large number 

of important reactions can be carried out by photosensitization, the name given 

to reactions in which energy is absorbed by a sensitizer and then transferred 

toa reactive substrate. Energy acceptors may also quench reactions, by accepting 

energy from excited states before they undergo reactions that would occur in 

the absence of the quencher. 

22-3 CHARACTERISTICS OF PHOTOREACTIONS 

The study of photochemical reactions and their use in preparative and synthetic 

chemistry requires some reorientation of thinking for those who are accustomed 

to thinking about thermal reactions. In the following paragraphs we shall 

outline a few of the operational concepts and practices of photochemistry. 

Unimolecular Reactions 

In a unimolecular reaction an electronically excited state decays chemi- 

cally without involving other molecules. Two common forms of unimolecular 

decay are: (1) photolysis, in which the molecule fragments into smaller parts 

such as ions or free radicals, and (2) molecular rearrangements. A unimolecular 

reaction of an excited state can usually be regarded as a nonradiative decay 

and is fundamentally similar to decay that restores the molecule to its original 

starting state. For example, chemical decay of a triplet state may be inhibited 

by the necessity of electron-spin pairing. Dissociative reactions, such as ejection 

of an electron or fragmentation to free radicals, may turn out to be especially 

favored paths because spin pairing is not required. In other cases, decay may 

occur in steps, with the first irreversible change being production of a short- 

lived intermediate in which electron spins can remain unpaired. 

Bimolecular Reactions 

In a bimolecular photoreaction an excited state usually reacts with a 

second molecule in its ground state. Reactions between excited states are only 

rarely encountered in ordinary photochemical experiments because of their low 

concentration. They may become important under conditions of high light 

intensity where relatively high concentrations of excited states can be generated. 

The ground-state molecule that is the second partner in the bimolecular photo- 

reaction may be an unexcited form of the reactive species, or may be some 

other constituent of the system. 
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We expect spin conservation to be an important factor, but hard docu- 

mentation of the presumption is scanty. The mechanism for sensitized dimeri- 

zation of butadiene (page 883) illustrates the spin conservation principle. 

Addition of a diene triplet to a ground-state singlet is believed to result in 

the formation of only one bond in the first step. This allows spin to be con- 

served, since the intermediate biradical can be a triplet. Spin inversion can 

then occur as a separate step unaccompanied by bond formation. 

| 5 
CH.—CH—-CH—-CH, Spin CH.— CH--=CH--=CH, Cyclization 

—— —____—_—_—> 

oy) erestere sey ae Gri. CH—CH. 
products 

Triplet biradical Singlet biradical 

Quantitative Measurements 

The quantitative measurement of most importance in characterization of 

a photochemical reaction is the quantum yield. 

molecules reacting 

light quanta absorbed 

Quantum 
yield 

Measurement of the extent of reaction is the same kind of analytical 

problem as is encountered in quantitative monitoring of any reaction. Meas- 

urement of the amount of light absorbed can be done by the same technique 

as is used in absorption spectrophotometry by using a photoelectric cell placed 

behind the reaction cell. However, a much more convenient technique involves 

the use of a chemical actinometer. The actinometer is a sample containing known 

amounts of photosensitive reactants which undergo reaction with a known 

quantum yield. A frequently used actinometer is the ferrioxalate complex. 

| } Fe’-+ H,O ——> CO, +CO+2HO- + | Fe~ 
ZO Z~oO 

O O 
3 2 

Trisoxalatoiron(II]) Bisoxalatoiron(II) 

The quantum yield depends on the wavelength of the exciting light, but 

varies very little in the wavelength region below 400 nm. The quantum yield 

in this region is 1.20 to 1.25. The value is a little disconcerting because it would 

appear that the maximum value should be 1.00. One can think of many reasons 

for the higher-than-expected quantum yield, but most of them can be ruled 

out because the value is independent of concentration. The most likely ex- 

planation is that the stoichiometry of photolysis is not exactly as shown in 
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the equation above. Since the actual measurement is the amount of Fe(II) 

produced, there is probably some other decomposition path that leads to for- 

mation of excess Fe(II). 

A report of a “yield” in the usual sense has little meaning in photo- 

chemistry, unless the conditions of irradiation are very carefully specified. The 

wavelength and intensity of the light, the absorption spectrum and concen- 

tration of the absorbing species, the concentrations of other substances, and 

the thickness of the sample in which light is absorbed are all important varia- 

bles. In qualitative work the most important factor is the cleanness of the 

reaction, that is, the extent to which the reported products predominate over 

others. This can be ascertained by carrying out a careful material balance when 

the reaction mixture is worked up. Frequently qualitative reports of photo- 

chemical experiments prove difficult to duplicate because of lack of information 

concerning experimental conditions, or because of the controlling influence of 

small amounts of impurities which act as sensitizers or quenchers. Confusing 

data are sometimes the result of control of the reaction by primary photo- 

products which either quench excited states or prevent their formation by 

competitive light absorption. Where this occurs a reaction which seems very 

clean when studied in dilute solution can become a total failure when scaled 

up by increasing the concentration of the photoreactive substrate. 

22-4 TYPICAL PHOTOREACTIONS 

Hundreds of photoreactions of organic compounds are known, and the list 

grows longer every year. We shall make no attempt to give a comprehensive 

presentation but shall give representative examples of various types of re- 

actions. 

Photoreduction 

The excited triplet states of many aldehydes and ketones abstract hydro- 

gen atoms from reactive substrates producing free radicals. The ultimate prod- 

ucts of the reactions are those expected from coupling and disproportionation 

of the radicals. Figure 22-7 shows the entire mechanism for photoreduction 

of benzophenone by toluene. In simple aldehydes and ketones the lowest 

excited states have the n,z* configuration in which a nonbonding oxygen elec- 

tron has been excited to a 7* orbital (page 247). The electronic configuration 

around the oxygen is somewhat like that of alkoxy radicals, which are also 

reactive in hydrogen atom abstraction. 

n,7* state An alkoxy 
of a ketone radical 
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¢,co “& ¢Cco* —=> ¢,CO*®) 

¢,CO*® + 6CH, —> ¢,COH + $CH, 

2¢,COH —> ¢$,C—Cd, 
ees 
OH OH 

Benzpinacol 

oCH,- —> CH,CH.¢ 
Bibenzyl 

OH 

¢,COH + ¢CH, —> cca 
Benzyldiphenyl 

carbinol 

FIGURE 22-7 Photoreduction of benzophenone by toluene 

There are many minor variations in the details of photoreduction reac- 

tions. For example, irradiation of a solution of benzophenone in isopropyl 

alcohol with light of low intensity leads to formation of only benzpinacol and 

acetone. 

hv 

dsCO-E(CH,),CHOH ——> 6,C —— Caer n(CH, CO 

OH OH 

A key step in the mechanism is the transfer of hydrogen atoms from 

2-hydroxy-2-propyl radicals to benzophenone. 

aN . 

d,CO* ste H—C(CH;),.OH SEG d,COH a -C(CH:), 0H 

Diphenylhydroxy- 2-Hydroxy-2-propyl 
methyl radical radical 
(benzophenone (acetone ketyl) 

ketyl) 

(CH;),;COH + ¢,CO —~ (CH;),CO + ¢,COH 

2¢,COH —> $$ — Ct 

OH OH 

Photoreduction reactions of ketones and quinones are perhaps the most 
common method for photochemical generation of free radicals in solution. 
Considerable use is made of the method for initiation of vinyl polymerization 
(Sec. 25-1) by light. A number of photoimaging processes have also been based 
on the method. 

Not all carbonyl compounds undergo facile photoreduction. For example 
Michler’s ketone and 2-acetylnaphthalene are not reduced with significant 
quantum yield when irradiated in isopropyl alcohol solution. 
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COCH; 

carn \— {nici 

O 
__,_., Michler’s ketone 2-Acetylnaphthalene 

[p,p'-bis(dimethylamino) benzophenone] 

The contrast to the behavior of readily reducible ketones such as benzo- 

phenone and acetophenone is striking. One possible explanation might be the 

failure of the unreactive ketones to cross over to triplet states. However, this 

is easily shown to be incorrect because both Michler’s ketone and 2-acetyl- 
naphthalene have strong phosphorescence spectra and flash kinetict studies 
show that both give good high yields of long-lived triplets. 

Study of the phosphorescence spectra indicates another explanation. For 

example, the phosphorescence of 2-acetylnaphthalene is very similar to that 

of other 2-substituted naphthalenes and not like that of simple ketones.t A 

straightforward interpretation assigns to the lowest triplet state a 7,7* con- 

figuration, in which the excitation energy is located in the naphthalene nucleus. 

Similar comparisons indicate that Michler’s ketone triplet also has a 7,7* 

configuration. We believe that the n,z* state of Michler’s ketone lies at about 

the same energy as that of benzophenone. However, conjugative interaction 

of the nonbonding electrons of the amino groups with the aromatic rings lowers 

the energy of the 7,7* state so that it becomes the lowest triplet of the system. 

The relationships are shown schematically in Fig. 22-8. 

We conclude that the electronic configuration of an excited state, not just 

the fact that it has plenty of available energy, is an important controlling factor 

in determining its chemical reactivity. In particular, the electron deficiency 

created at the oxygen atoms of n,7* states of carbonyl compounds appears to 

be important in hydrogen abstraction reactions. 

Photolytic Reactions of Ketones 

Photochemical cleavage of molecules usually produces free radicals. An 

interesting example is photolysis of simple aldehydes and ketones. The most 

thoroughly studied example is acetone which is photolyzed to methyl and acetyl 

radicals in the vapor phase. At room temperature products derived from the 

acetyl radical are obtained, but at temperatures above 100° the rate of loss 

of carbon monoxide becomes so rapid that nearly every acetone molecule 

decomposed produces two methyl radicals. 

CH,COCH, —> -CH,+CH,CO —> CO+ -CH, 

+In flash kinetic experiments a solution is irradiated for a short interval, usually of the order of micro- 

seconds, with an intense pulse of light. Sufficiently high concentrations of triplet states are produced 

to allow them to be observed by direct measurement of their absorption spectra. By monitoring the 

decay of the triplet-triplet absorption, the kinetics of disappearance of the triplets can be studied. 

+Simple carbonyl compounds which emit from n,7* excited states usually show vibrational structure 

characterized by resolvable maxima separated by about 1600 cm ', the carbonyl stretching frequency 

(Sec. 7-5). 
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To (7, 7 ) 

TE (iapatee) 1 (aya) 

T, (7, 7*) 

$,CO [(CH,), NC.H,],CO 
FIGURE 22-8 Triplet excitation energies of benzophenone and Michler’s ketone 

Irradiation of acetone in solution produces only miniscule amounts of 

acetyl radicals, an observation that confused early workers. Quantitative study 

of the gas-phase reaction, however, shows the reasons very clearly. The quan- 

tum yield for acetone photolysis increases as the wavelength of the exciting 

light is decreased. From this we infer that the vibrationally deactivated excited 

states do not fragment with high efficiency. In solution vibrational deactivation 

occurs very rapidly. However, other ketones which can fragment to give more 

stable radicals do photolyze even in solution. 

h : 
¢COC(CH,); —> $CO + (CH,);C- 

t-Butylphenylketone t-Butyl 
(pivalophenone) radical 

The excitation energy of the lowest triplet state of acetone is 75 kcal/mole, 

which is just about the energy required to break the carbon-carbon bond in 

acetone. Consequently, the higher efficiency of bond breaking in vibrationally 

excited molecules is not surprising. One consequence of this closely balanced 

energy requirement is very high selectivity in the direction of fragmentation 

of unsymmetrical ketones, which dissociate to give the more stable of the two 

possible alkyl radicals. 

CH,COCH,CH, —> CH,CO + CH,CH,- 

CH,COCH(CH;), —> CH,CO + (CH,),CH: 
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Another dissociative reaction of ketones is the photoelimination reaction 
known as the Norrish type II split. The reaction occurs with ketones bearing 
a hydrogen atom attached to a y-carbon atom, and is analogous to the similar 
fate of the radical in mass spectral fragmentation shown on page 283. 

ou 

CH.—CH CH, hv 

| | —> CH,CH=CH, + | CH,—C—CH, 
H C 

<= ee ~S OH 
O CH; 

Butylmethylketone Acetone enol 
(2-hexanone) | 

CH;COCH, 

Cyclic ketones undergo a number of reactions which are closely related 

to the photolysis of the open-chain analogs. The principal products can usually 

be rationalized by a biradical mechanism. Cyclohexanone provides a repre- 

sentative case. 

=e CH,CH,CH,CH, CH—=C—O 

O 
0 O 

”-CH, ye CH; CH, 

CH 

Trace 

Compounds containing weak bonds often undergo photolysis also to give 

free radicals initially. The following are a somewhat random set of examples. 

Vv 

CEO) = 26CO. = oe CO, 
Benzoyl Benzoyloxy 
peroxide radicals 

hv 

(CH,);C—N—=N—C(CHs); =e 2(CH3)3C- aly N, 

Azoisobutane 

A Ge oh 
J \ 

o—o I, 

The fate of the free radicals formed in photolytic experiments depends 

upon the other species present in the reaction mixture. In the absence of 

reactive radical scavengers the principal products are those formed in radical 

coupling and disproportionation reactions. If reactive hydrogen donors are 

present, reduction products are formed. If reactive unsaturated compounds are 
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om C—H oom: Ae 

@ RZ. Cc H — 

\ Z 
C—Y—Z C—Y: ae, 

Heteroatoms 

Cc—Cc: c—c-Z 
+ °Z 

C === (€ 
~~ va ax 
C—Y C—C—Y—H 

FIGURE 22-9 Generalized pathway for photolytic reactions at unactivated sites 

present, the radicals add to them to produce new radicals. Essentially all of 

the reactions described in Chap. 20 can be initiated photolytically. 

Reactions at Unactivated Centers 

Saturated sites without some particular activation, such as adjacent car- 

bonyl or olefin, cannot usually be caused to undergo reactions except in an 

indiscriminate and nonuseful fashion. For this reason synthesis design must 

always accommodate some functional group at any skeletal site at which a 

chemical change is to occur, even if no group appears there in the final product. 

There is a small group of photolytic reactions, however, which do serve to 

functionalize an unactivated, saturated site, and which accordingly have con- 

siderable synthetic value. 

These reactions have certain features in common. 

The starting material contains a functional group with a weak bond between two 

heteroatoms. 

This bond is cleaved homolytically by irradiation (photolysis). 

The radical produced abstracts a hydrogen from a saturated carbon atom of the skeleton 

four atoms away, in a cyclic six-membered transition. 

The other heteroatom radical, released from the skeleton, now bonds to the new carbon 

radical; other radical scavengers, if present, will also attack the new radical. These 

steps are pictorialized in Fig. 22-9. 

The two most common reactions of this kind are the photolyses of nitrites 

and of N-haloamines and amides, of which several examples are shown below. 

In the nitrite photolysis the initial aliphatic nitroso compounds usually tautom- 

erize readily to oximes. 
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As the third example shows, the molecular conformation must allow a 

feasible cyclic six-membered transition. The identical case has been carried 

out with the hypochlorite instead of nitrite and may serve to illustrate the 

ideality of this structure for reaction owing to rigidly cis, diaxial substituents. 

CH, Cl CH,--H 

O ——, oO. a 

hv +Cl 
a ss 
—Cl 

AcO AcO 

Hypochlorite 

Cl 
Gi . CH, 

on ae O ee 

Base 

(-HCl) 

AcO AcO 

Chlorohydrin Cyclic ether 
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PROBLEM 22-1 

Rationalize the course of the following reactions. 

O 
5 ,o+ 

2 ay, isomer oe O 

CH.,.CONHI (A salt) 

Cue OH, 

CH CH PONG CH, oe 

P ~ NOH 

COOH CH. I 

ye ne 1s a 

e (CH), (GH), sUy{eray 
Pb(OAc), S 

COOH CHAI 

hv 
di (CH.ACH.).CHNs == cHycH.cH=NH +n—cH—L 

H 

45% 15% 

Cycloaddition Reactions 

Many unsaturated compounds undergo photochemical cycloaddition re- 

actions. The photosensitized dimerization of butadiene described earlier is a 

typical example (page 884). The reaction is observed with many conjugated 

dienes, and a considerable spectrum of products is normally produced. In 

general, one expects formation of all products that can be produced by cycli- 

zation reactions of biradicals containing two allylic radical units. When the 

reactions are concerted, however, no radical intermediates are formed and 

reaction follows the rules for pericyclic reactions described in Chap. 21. 

ae [ky bi lees 
$*8) + —C=C—C=C— —> §+—C=C—C=C—*) 

tea baat ee el Kean |e go 
—C=C—C=C—*® + —C=C—C=C— — 

Swill 
C= C= G=c— 

Ye , Cyclobutanes, cyclohexenes, 

Ne j and cyclooctadienes 
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The sensitized dimerization of isoprene and of 1,3-cyclohexadiene are 
typical photochemical cycloadditions. 

ro aw Ze Ze 

hv 
2CH,=C—CH=CH, a ae ee 2 Ps oa 

Za 

oa 

N 

The value of triplet sensitizers is illustrated by diene dimerization. Ir- 

radiation of pure liquid, 1,3-cyclohexadiene, with light absorbed by the diene 

leads to no dimerization. The only photoproduct formed in significant yield 

is 1,3,5-hexatriene, formed by concerted electrocyclic reaction (Sec. 21-1). 

Cc) 1”, CH,—CHCH=CHCH=CH, 

The excited singlet state formed by direct absorption of light has entirely 

different chemistry than the excited triplets formed by energy transfer from 

sensitizer triplets. Furthermore, the excited hexadiene triplets must decay rap- 

idly to the ground singlet state without going through triplets because they 

have no fluorescence and the isomerization to hexatriene has a quantum yield 

of only about 0.1. In the vapor phase a number of other products are formed 

in addition to hexatriene. 

Another interesting cyclodimerization is observed with 2-cyclohexenone. 
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O O O O 

2 e = eae +f S26 + 2 other minor products 
[2 + 2] > 

O 

Cyclohexenone A B 

In this case identical results are obtained in direct excitation and in experiments 

in which all the light is absorbed by a sensitizer and transferred as triplet 

excitation to the diene. Furthermore, both the direct and sensitized reactions 

are quenched in the same way by addition of piperylene (1,3-pentadiene). The 

trans isomerization, just as it does when triplet diene undergoes cis 

energy is transferred from a common triplet sensitizer such as benzophenone. A 

clear inference is that enone triplets are formed very rapidly by intersystem 

crossing. The mechanism seems to be as follows: 

hv 
K > K*]) > K*®) 

Oe IX ae Syl) = [IO Se SS 

[KEIG) SK == obtaneies 

, Quenchi 
K*®-- CH, CHCH=CHCH {> Ke: CH= CHCH = CHCH? O == cene 

Piperylene 

The relative amounts of the two dimers vary with polarity of the medium, 

with the quantum yield of the unsymmetrical dimer A being greatest in polar 

solvents. The excited state of cyclohexenone also adds to many other unsatu- 

rated compounds. 

O 

S (CH) CCl 

O 
ore 

9 O 
H 
/CHsg 

5 y CH, aus a. 
CH, CH; 

Carbonyl compounds, in which the lowest excited state has the n,7* 

configuration, add to simple alkenes to form oxetanes (oxa-cyclobutanes). 
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6CHO —> CHO 

pCHO*) —> ¢CHO*) ae "| 

H 
CH. CH. 

CH, CH, Pa Mes 
ee ane —™c_c” 

bCHO*®) + Cc > 
Va — CH 
H 

cts CH CH, =H 
SoZ" H Qo eh 

an CH; CH; 

hv CH; CH; 

Butyraldehyde 2-Methyl-2-butene O 
C3H, CHS 

2,3,3-Trimethyl-4- 2,2,3-Trimethyl-4- 
propyloxetane propyloxetane 

O 

hv CH;=CHCH,CH,COCH, —> CH; 
5-Hexene-2-one 

1-Methyl-2-oxa-bicyclo[2.2.0]hexane 

Addition to either stereoisomer of 2-butene gives all four possible 

diastereomeric oxetanes, indicating that a biradical may be an intermediate and 

live long enough to undergo rotation about bonds at the center of geometric 

isomerism. The full mechanism believed to occur is shown in Fig. 22-10. The 

lack of stereochemical discrimination makes clear that this reaction is not 

concerted and so not subject to the rules of electrocyclic reactions in Chap. 21. 
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CH; 
7 O Oo— 

o@CHO + (CH;);C—CHCH; Tene a8 y. 4 

oy) d CH; 
(Two isomers) (Two isomers) 

64% of total 

hv 
=. > GCHOH + CH,— C=CHCH, + CH.— C=CHCH: 

ee bu, én, 

| 
OH OH OH 

staal + dCH—CH,C—CHCH, 

on, 
OH CH, OH 

=F icine as NT aya oath 

CH; is 

OH CH; 

= Peer + C,oH,, hydrocarbons 

cn, 
FIGURE 22-11 Competitive cycloaddition and photoreduction reactions 

Oxetane formation does not occur with conjugated dienes, because energy 

transfer becomes the predominant reaction between the carbonyl triplet and 

the unsaturated molecule. This is made reasonable by consideration of the 

triplet excitation energies of the compounds. 

Triplet excitation 

energy, kcal/mole 

Simple aldehydes 68-75 

and ketones 

Ethylene ~84 

Butadiene 60 

The results illustrate a general principle: When energy transfer can occur 

without addition of energy from the environment, transfer usually takes preference over 

reactions requiring making and breaking of bonds. 

Photoreduction does become competitive with oxetane formation, since 

the allylic hydrogen atoms present in most olefinic substrates can be abstracted. 

The spectrum of reactions observed is summarized in Fig. 22-11. 
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Molecular Rearrangements 

The excited states of many organic compounds decay to isomers of the 
starting structures, as is partly illustrated by the following examples. These 
various rearrangements may well have a variety of mechanisms. 

oy) o) H 
a i hv N aes me 

ve Ve ES 
H H cw) 

cis-Stilbene trans-Stilbene 

OH 
CH;CH,CH, 

hv CH; 
CH;(CH,);CO CH; ——> 

2-Oct ctanone 1-Methyl-2-propylcyclo- 

-butanol 

O O OH OH 

~ OD» ae — —_ + 

d b 

bd p 

4,4-Diphenyl-2,5- 6,6-Diphenyl-[3,1,0] 2,3-Diphenyl- 3,4-Diphenyl- 
cyclohexadienone bicyclohexanone-2 phenol phenol 

The cis-trans isomerization of stilbene is a typical reaction of many 

olefinic compounds in which geometrical isomerism can exist. The reaction 

is effected both by direct light absorption by the isomerizable substrate and 

in sensitized reactions in which energy is delivered by sensitizers in their triplet 

states. High-quality theoretical calculations of the potential energies of the 

excited states of simple alkenes as a function of geometry indicate that both 

the lowest excited singlets and triplets should be most stable in twisted con- 

figurations as shown below. Decay of such states would be expected to give 

both cis and trans isomers of the planar ground state. 

S 
=, (S 

Va 
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Cyclization of 2-octanone is typical of ketones having hydrogen attached 

to y-carbon atoms and is directly competitive with the type II photoelimination 

reaction (page 893). There is a good deal of evidence to indicate that both 

reactions involve a common biradical intermediate. The cyclobutane formation 

is directly related to the bimolecular photoreductions discussed on page 889. 

1 

CH,(CH;);COCH,* ——> CH,(CH,),CHCH,CH,CCH; 

Type Il Cyclization 
split 

CH,(CH:;), OH 

CH 
CH,(CH.),CH=CH, Z 

a OH 

CH,;COCH; <— [CH.—CCH,] 

The intervention of high-energy isomers as intermediates in many 

photochemical reactions is suspected and in many cases these intermediates 

are now being detected in photochemical experiments carried out in rigid 

glasses at low temperatures. An interesting example is found in the much 

studied photoisomerization reactions of tropolones and related compounds. 

CH,O oO 
CHO O CH,O O 

<—~ 

a-Tropolone A B 
methyl ether 

The first rearrangement is simply an electrocyclic reaction and appears 

unexceptional. The second looks like a migration of a methoxy group, but use 

of derivatives shows that the carbon skeleton is actually reshuffled in the 

process. Various mechanisms have been suggested. Irradiation of first bicyclic 

ketone (A) in a glass consisting of a mixture of hydrocarbons cooled to liquid- 

nitrogen temperature (below —180°) leads to development of strong new 

infrared absorption bands, including a band at 2118 cm~! characteristic of 

ketenes. Other bands in the spectrum are consistent with assignment of a 

bicyclic ketene structure (Fig. 22-12) to the intermediate. This product could 

be formed by photolytic [2 + 2] cycloaddition and reversion as outlined in 

Figs 22-12, 

When samples containing the transient species are warmed to —70° the 

ketene undergoes rapid rearrangement in the dark to a mixture of the two 
bicyclic ketones (A:B = 1:9). These conversions are both Cope rearrange- 
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Alternative presentation as sigmatropic shift: 

apo = poo = i 
O 

FIGURE 22-12 Interconversion of [3.2.0] bicycloheptadienones by way of an intermediate 
ketene 

ments, i.e., thermal, symmetry-allowed [3,3] sigmatropic rearrangements. As 

is shown in Figure 22-12, the ketene can be generated photochemically from 

either bicyclic methoxy ketone (A or B). 

Recognition of the role played by high-energy intermediates, such as the 

ketene in the above example, is certain to be of primary importance in estab- 

lishment of the pattern of structure-reactivity relationships in photochemistry. 

The decay of an excited state to a transient species can become a key step 

in directing the overall course of a reaction. It is not at all surprising that the 

first “stopping point” in decay is often a very energetic molecule, since this 

will minimize the amount of electronic excitation energy that must be converted 

to vibrational energy in the internal conversion process. 

PROBLEMS 

22-2 Predict the products that you might expect from irradiation of a solution con- 

taining the indicated species. The light is absorbed by the material shown in 

color. 

hv 

a oCOCH, + i aie 

hv 

b dCOCH; + 
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hv 

hv 
d CH.,CH,CH,CH, COCOCH, CH, CH, CH; sar 

Lk 
ECO OCH 

hv 
f CH=CHCH,CH,CH,CCH, —> 

22-3 Solutions of trans-piperylene and 2-cyclohexenone in n-octane are irradiated in 

hexane solution. In a series of experiments with fixed concentration of cyclo- 

hexenone concentration and varying concentrations of piperylene, the following 

observations are recorded: 

a The quantum yield of cyclohexenone dimers falls as the concentration of 

piperylene is increased. 

b Vapor chromatograms show the formation of many new compounds includ- 

ing: (i) cis-piperylene; (ii) a group of hydrocarbons having much higher reten- 

tion times than either the piperylenes and the solvent; and (iii) at least two 

compounds having retention times intermediate between those of the mixture 

(ii) and the cyclohexenone dimers. 

c In an experiment with xanthone added as a photosensitizer, using light ab- 

sorbed only by the sensitizer and involving a concentration of piperylene 

much higher than that of cyclohexenone, very nearly the same products are 

formed as are produced in experiments with the same concentrations of enone 

and diene but no sensitizer. 

Formulate a mechanism to explain the observations and use it to predict possible 

structures of some of the compounds produced by piperylene. 

22-4 Formulate reasonable mechanisms for the following reactions: 

O 
CH, O CHO 

O hv | | 
a —> CH;CH=CHCH,OCH + CH;CHCH,;CHO + CH; 

Major Small Trace 

+ CH;CH=CH, + CH,O + CO + CO, 

Trace Trace 
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Cl 

C5 

b Cry ae 

oo. ok 
(Two isomers) 

O OH oO O 

c eo. COS fh + CH=C=O 
O 

9% 74% 

ve Ns hv 
d dCOCH,;,CH—CHd — > #COCH,CH,COd 

OCOCH, 

CH,COO 

OCOCH; OCOCH,; 

COCH,; 
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22-5 

22-6 

PROBLEMS 

Dianhydrides are potentially of great use as starting materials for the synthesis 

of condensation polymers. For example, polyimides derived from pyromellitic 

anhydride have extraordinary stability at high temperatures, in addition to 

forming films and fibers with desirable mechanical properties. 

Q O 

fe) O + Hx )-0-{ NH — 

fo) O 

eae 
so6: aOU On Or HOOC oe 

I n 

Polyamic acid 

Heat 

O O 

Polyimide ——> aN nt Vo \x< 

O O a n 

Devise some photosynthetic routes which might be used to convert readily 

available starting materials into dianhydrides for evaluation as intermediates for 

the synthesis of condensation polymers. 

By consultation of the chemical literature, evaluate the differences and similarities 

to be expected of the following ketones, when used as reactants or sensitizers 

in photochemical experiments: 

a Acetophenone 

b m-Methoxyacetophenone 

c Benzophenone 

d Naphthyl phenyl! ketone 
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ORGANIC 
SYNTHESIS 
SYNTHESIS of organic compounds lies at the heart of the science. One of the 
earliest ambitions of chemists was to produce in the laboratory, through rational 

sequences of reactions, organic compounds discovered in nature. Successful 

synthesis of a natural product was regarded as a confirmation of the structure 

of the substance, which had been deduced by degradative reactions. As success 

at synthesis developed, many compounds not present in nature were also 

synthesized for a variety of purposes. 

At present, a particular organic compound may be synthesized for any 

of a number of reasons. Rough correlations exist between structures of com- 

pounds and their physical, chemical, or biological properties. Research chemists 

can frequently draw structures of compounds as yet unknown, which, when 

prepared, have a good chance of possessing a desired property. Such properties 

are then put to either scientific or commercial use. Many organic compounds 

are prepared in attempts to substantiate theories, to discover new properties 

or correlations, or to study organic reaction mechanisms. Syntheses of new 

drugs and pharmaceuticals or of new pigments and plastics are constantly 

undertaken in the research laboratories of the chemical industry. 

A number of sections have already been specifically devoted to the uses 

of the major reaction families in synthesis. Within these sections are also groups 

of useful tables and charts meant to codify information of value for synthesis 

design. These sections are listed here for more convenient reference. 

Section 11-7 Formation of C—C Bonds: Enolate Alkylation 

Table 11-1 Common Enolates for Alkylation (page 431) 

Section 13-10 Nucleophilic Additions and Substitutions in Synthesis 

Tables 13-2, 13-2, 13-4 Carbon-Carbon Bond Formation (page 550) 

Figure 13-3 Interconversions of Carboxyl Derivatives (page 515) 

Figure 13-8 Functional Group Interconversions (page 558) 

Table 13-5 Starting Materials (page 563) 

Figure 13-9 Major Carbonyl Reactions (page 567) 

Section 15-6 Additions and Eliminations in Synthesis 

Figure 15-6 Stereochemistry in Alkene Additions (page 645) 

Section 16-7 Synthesis of Aromatic Compounds 

Figure 16-6 Summary of Major Aromatic Substituents (page 683) 

Table 16-2 Interconversions of Aromatic Substituents (page 684) 

Section 18-8 Oxidation and Reduction in Synthesis 

Figure 18-2 Double-bond Oxidations (page 761) 

Figure 18-3 Major Oxidation-Reduction Interconversions (page 782) 

Table 18-5 Reductions of Functional Groups (page 774) 
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The great variety of reactions and techniques in organic chemistry make 

possible a diversity of approaches to synthetic problems. In a sense, organic 

chemistry is a language, with compounds as words, reactions as grammar, 

sequences of reacting compounds as phrases, and syntheses as composition. 

Clearly, solutions of synthetic problems rest squarely on a knowledge of struc- 

ture and reactions, just as composition depends on vocabulary and grammar. 

Just as clearly, fluency comes with practice and experience, as much in organic 

chemistry as in any language. 

23-1 FACTORS IN DESIGN OF SYNTHESES 

Any given organic structure can be synthesized by several, often many, different 

routes. A given synthetic route is a sequence of reactions designed to convert 

commercially available starting materials into the desired substance. The best 

practice usually is to devise a number of different routes for a given molecule 

and compare them to select the best one, since the time spent in synthesis 

design is far less than that spent in the actual laboratory. 

Generally, the best synthesis of a substance involves conversion of the 

most available and cheapest starting materials into the desired product by the 

least number of steps and in the highest possible overall yield. However, criteria 

for good syntheses vary with context. In commercial syntheses, costs of starting 

materials and economy of operations play a dominant role, whereas in many 

syntheses carried out for research purposes, the dispatch with which a com- 

pound can be obtained is more important. Economy is always a central criterion 

in synthesis, but the relative importance of economy of time, of expense, of 

material, or of number of operations will depend on the situation. 

In many cases, an excellent synthesis in principle has to be abandoned 

for practical reasons. Sometimes an intermediate product proves too difficult 

to purify. Possibly an intermediate is too unstable for storage or too insoluble 

in any medium to permit confinement of the reaction medium to reasonable 

volumes. In other cases, yields vary because reaction rates are highly sensitive 

to impurities, reaction conditions, solvent, catalyst grade, or other variables. 

Difficulties of this sort are hard to anticipate and sometimes difficult to over- 

come. For this reason a synthesis design containing alternate routes or “de- 

tours” will be wiser and safer than one whose success is wholly dependent 

on one critical reaction. 

Conception of Syntheses 

Conception of organic syntheses for molecules of any complexity usually 

involves a stepwise procedure of working backward from the structure of the 

final product to the structures of available starting materials. Hence possible 

reactions that might lead to the desired final product are considered first. 
Compounds needed for these final reactions are next examined and treated 
in turn as if they were the synthesis problem. This procedure is repeated until 
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available starting compounds are encountered. At every step, reactions are 
chosen that allow the desired (final or intermediate) compound to be made 
from the simplest starting materials. Frequently, “blind alleys” are encountered, 
and other sequences must be envisioned. From this procedure emerges a 
number of possible synthetic routes, the most attractive of which is selected 
for trial in the laboratory. 

The kinds of reactions involved in any synthesis may be conveniently 

divided into two categories for separate consideration. 

Skeleton construction. The actual carbon skeleton must be constructed from smaller units 

(synthons) by reactions which form carbon-carbon bonds. This process is the central 

consideration in synthesis design. The overall conception of the synthesis is basically 

a dissection of the desired skeleton into the particular synthon units that must be united 

to create it. 

Functional alteration. Certain of the reactions in the synthetic sequence must be devoted 

to interconversion of the functional groups on the skeleton. The functionality resulting 

from one carbon-carbon bond formation must be transformed into that required for 

the next, or ultimately into the final functional groups of the end product. Furthermore, 

functional groups must sometimes be protected by conversion to a derivative, so as 

to survive reactions carried out elsewhere on the molecule. The protecting group must 

be one that can be readily removed later when desired. 

The saturated hydrocarbon portion of a molecule is generally unreactive. 

Reactions occur only at functional group sites or at a-positions to carbonyls 

or double bonds. This means that synthons must be chosen not just for their 

carbon skeletons but also with functional groups at the sites requiring later 

bond formation. Dummy functional groups are often used to provide reactive 

sites for synthesis. At the end of the synthesis they can then be reduced to 

hydrocarbon groups if unwanted in the final product. (See Tables 16-2 and 

19-5.) 

Yields 

The criterion of a good synthesis then becomes one of minimizing the 

number of steps. The number of starting skeletal units and the number of 

operations adjusting functionality must be kept as small as possible. Further- 

more, the reactions chosen should be of high yield wherever possible since 

the overall yield for the synthesis is dramatically reduced by poor yields in 

individual steps. 

The overall yield is the product of all the yields of the individual steps. The 

consequence of poor yields is that large and unwieldy quantities of starting 

material are required, as illustrated in Table 23-1, and that the problem of 

logistics or supply of intermediates becomes burdensome. 
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TABLE 23-1 Yields and Required Starting Materials in Synthesis 

Sequence: A —-> B —+> C —> D —= product 

Grams of starting material, A, 

Average yield Overall yields, % required for 1 g of product 

per step, % 5 steps 10 steps 15 steps 5 steps 10 steps 15 steps 

SS ee ee 

50 nll 0.1 0.003 16 SWZ 16,384 

70 16.8 2.8 0.5 3 18 105 

90 SNS) 35.4 Zila 0.8 1.4 2.4 

+The molecular weight of A is arbitrarily assumed to be one-half of that of the product. 

Starting Materials 

Knowledge of what starting materials are available is fundamental to the 

design of synthetic sequences. Companies exist that make, collect, and sell small 

amounts of the common organic compounds. Some catalogs list thousands of 

individual substances. A good research laboratory possesses a storeroom of 

several hundred compounds. Most research chemists have general notions 

about what compounds can be purchased, but the list is too vast, changes too 

quickly, and is too dependent on quirks in nature or industrial operations for 

more precise familiarity. The following generalizations provide an introduction. 

Most aliphatic hydrocarbons, alkyl bromides or chlorides, alcohols, aldehydes, ketones, 

and carboxylic acids that contain six carbon atoms or less are articles of commerce. 

Many polyfunctional compounds with the same number of carbon atoms are also 

available, although many such compounds which can be envisioned cannot be pur- 

chased. Some common bifunctional synthons are listed in Table 13-5. Many of the 

other simple (six carbon atoms or less) monofunctional compounds such as ethers, 

esters, amines, nitro compounds, amides, anhydrides, mercaptans, sulfides, sulfones, 

and sulfonic acids are also available. In general, the lower the number of carbon atoms 

and the less branched the chains, the greater the possibility that a compound is availa- 

ble. 

Some alicyclic compounds that contain five- and six-membered rings, not more than 

six or seven carbon atoms, and a single, common functional group can be purchased. 

Relatively few compounds that contain small (3-4) or medium (7-12) rings can be 

purchased. 

Aromatic hydrocarbons containing up to three aromatic rings are abundant, as are 

the monoalkylated (alkyl groups of up to four carbon atoms) benzenes and the poly- 

methylated benzenes. Essentially all monofunctional benzene derivatives and many 
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di- and trifunctional benzene compounds (the functional groups attached to the benzene 

ring) can be purchased. Many alcohols and ketones that contain a benzene ring and 

a carbon chain of four or less carbon atoms are also available. 

Essentially all the simple five- arid six-membered heterocyclic compounds that contain 

one or two heteroatoms are sold. 

Virtually the only optically active commercial compounds are those obtained from 

natural sources; they are relatively few. 

Compounds that are unstable, difficult to store or ship, or are hardly ever used in 

synthetic operations are usually not available, even if the substances possess simple 

structures. 

Many very complicated compounds can also be purchased, but no correlation exists 

between their structures and availability. 

Case History of a Synthesis 

Diketone A was required for a stereochemical and spectral study. 

O 

A 

Of the ring-closing reactions that lead to ketones, the acyloin (page 528), the 

Dieckmann (page 525), the Thorpe (page 527), the cyclic anhydride pyrolysis 

(page 528), and the dicarboxylic acid salt pyrolysis (page 528) were considered. 

Except for the acyloin reaction all are variations on the enolate acylation theme. 

The acyloin reaction of B was discarded on two counts: when applied to 

preparation of five-membered rings, the yields are poor; the large number of 

isomers produced would create difficulties. 

Acyloin: 

CH,;00C CH,—CH, COOCH; 
~ pa Na 

A i 
CH;00CCH,— CH; COOCH; 

HO OH O OH 
O 
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The other four reactions were all considered as possible candidates, and 

they all possessed the virtue that the starting material for each reaction was 

derivable from a common tetracarboxylic acid (C). 

Dieckmann: 

»H;O Oe 

a CH,—CH; C,H;00C 
Se Sirhan H, 

CH,OOC—CH, C CH="COOG He = 
ous 

CH.— CH, Dw O COOC,H; 

O OC,H; 

Thorpe: 

N 
NN O 
No CH.—CH, 

ae | jean NS 

CH cH | CN 
Y O 
N 

Anhydride pyrolysis: 

CH, 

| ee. Oo 
—-C CH, CH, 

Pe ey \ f 
= C =O —> 

\ ae 4 “200, 
Re oe len 

CH, o 
A 

Salt pyrolysis: 

CH, 
ye O 

Ba O,C CH, CH, 
= ye in 
O.C C co, ean 

x Din etna 
CH, CH, CO, Ba 
Ss O 
CH, 

A 

ae 

HOOC—CH,—CH,—CH,—C—CH,—CH,—CH,— COOH 

COOH 

€ 
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The most economical way to determine the feasibility of the critical 

ring-closing reactions was to try them out on a readily available “model com- 

pound.” Dicarboxylic acid D was prepared by the sequence indicated. Its ester 

underwent the Dieckmann reaction in excellent yields. The cyclic anhydride 

derived from D pyrolyzed to produce ketone in good yield, whereas pyrolysis 

of the barium salt of D gave the same product in poor yield. 

OH 
Al, HgCl, H,O+ Oro C] ae OE = 

HO 

O 

HNO, COOH 

(CH,);COOH 

ID) 

O 

+ COOC,H; 
C.H;OH, ~COOCGH; NaOC,H, 
OE SAS 

(CH,);COOC,H, 

| O 
a 

p LCH:Co.0 [x = A 

CH, CH, 
Ne 
CH, 

O 
Ex ++ 

Co, Ba 

Ba(OH), = Say ES 

CH, CH, 

CH, 

The next step was to design a synthesis of tetraacid C. Since this com- 

pound is a derivative of malonic acid, a malonic ester synthesis (page 433) 

was conceived, using ethyl 4-bromobutanoate as the alkylating agent. 
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ry C.H;OH 

Na CH(COOC,H;), + Br(CH,);COOC,H, ——> 

NaOC,H, 

(C,H;OOC),CH(CH,);COOC,H,; ———> 

Na COOC.H, 
CH,);COOC.H; SB BOO CH OOC(CH,),C (CHL) .COOGH: 

COOC,H,; 

Tetraester of C 

(C,H,OOC),C(CH,),COOC.H; 

Since ethyl 4-bromobutanoate was not commercially available, a method 

was required to prepare it. Consultation of the research literature (Chap. 28) 

indicated the substance had been made by the three syntheses outlined, the 

last of which was chosen because of its simplicity. 

1) NaOH ark NaCN 
C,H;O Na + Br(CH,),;Br ——> C,H;O(CH));Br : C.H;O(CH:);CN 2) H,O* 3 

as 

C,H;OH, 
C,H,O(CH,);COOH “22 BxCH,);COOH 22s Br(CH;),COOC,H; 

+ — nr } 
K CN + BrCH,CH,CH,Br —~ Br(CH,);CN aes: Br(CH,);COOH a 

Br(CH,); COOC,H; 

' \ C.H,OH, 
C=O ——> Br(CH,);COOC,H,; 

The tetraester of C was prepared by the sequence indicated and was 

subjected to the conditions of the Dieckmann condensation. The reaction failed 

to give the desired diketone A since an unanticipated reaction destroyed start- 

ing material at a rate faster than the condensation occurred. The tetraester of 
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C is a disubstituted malonic ester, which under basic conditions at elevated 
temperature is subject to a decarboethyoxylation reaction. This reaction belongs 
to the family of base-catalyzed cleavage reactions discussed previously (page 

532). Clearly, the Dieckmann reaction as applied to the diester of diacid D 

proved to be a poor model for the same reaction on the tetraester of C. This 

is not an uncommon experience since no model is ever exactly the same as 

the actual compound of interest. 

COOC,H; 

or C.H,OH 
C,H;O Na* + Se fears = i 

C 
Vn ~X 

O OC,H; 

COOC,H; 

| —(C,H;O),CO 
Ss cnc aes Ihe eemeeety SSS => 

Na OS OCH, 

OC,H; 

COOC,H; 

C.H,OH 
C,H;00C(CH,)3;C(CH,);COOC,H, ——> 

+ 

Na 

O 

COOC,H; H 
NaOC.H, C,H,0OC (CH,),;COOC,H; 
“97 Be eee ear eee 

The next best ring closure of the model system involved pyrolysis of the 

anhydride of diacid D. When submitted to the same reaction conditions, tetra- 

acid C gave the desired diketone A. The synthetic sequence from available 

starting materials to final diketone A provided an overall yield of 9% (based 

on 6-butyrolactone), the product of all the individual yields. The synthesis may 

be seen to contain three reactions forming carbon-carbon bonds and two trans- 

forming functional groups. 
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ai aan ae 

HBr NaCH(COOC>HS). 

= o)a OC.H; > 
CH, ian O ~GH,OH Br(CH.,),CO 9M: 

O 

93% 

eo 
1) NaOC.H, 

HG=(CH 1cOOG He > 
2) Br(CH,),COOC.H; 

COOC,H; 

65% 

COOC,H,; 

1) NaOH 
C,H,O0OC(CH.,);C(CH,);COOC,H; 

2) H,O+ 

COOC,H,; 

41% 

Egon ht 

HOOC(CH,),C(CH,);CO
OH "9, 

COOH | 
O 

G A 

72% 48% 

The synthesis illustrates several principles whose recognition can facilitate 

solution of other synthetic problems. Firstly, the symmetry in the product A 

allowed both halves of the molecule to be developed simultaneously. Had the 

desired product been one of the following, the synthesis would necessarily 

have taken a different course. 

O 
Ta) 

| 
O O 

Secondly, the sequence has a key intermediate in the tetraacid C, which 

could be utilized in several ways for the critical ring closure. It is important 

that this tetraacid should be made available in quantity to try these reactions 

if necessary. Hence it may be important to be able to make it in several ways. 

It is also helpful to have several ways of carrying out the crucial reaction, i.e., 

C ——} A in this case. 
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Recognition of the critical intermediates and reactions in a contemplated 

synthetic sequence provides focal points for literature work and for investiga- 
tion of reactions in model compounds. Dominant in developing any organic 

synthesis is “reasoning by analogy.” The chemical literature (Chap. 28) contains 

a vast inventory of organic syntheses that serve as models for contemplated 

synthetic schemes. When reactions of model compounds close enough in struc- 

ture to those envisioned in the synthetic sequence cannot be found in the 

literature, sometimes actual study of model compounds expedites the overall 

project. On the other hand, if the model is imperfect its exploration can be 

a waste of time, as the use of the model D showed in this case. 

23-2. CARBON-CARBON BOND FORMATION 

Reliable, well-tested reactions for forming carbon-carbon sigma bonds in good 

yield are of central importance in synthesis. The nature of the available re- 

actions determines the possibilities of dissecting any given structural goal into 

synthons. The actual number of such reactions is limited, in fact, and may 

be broken down in the following fashion. 

Electrophile-nucleophile reactions (Chaps. 10-16). These are by far the most common and 

versatile. Almost all of these reactions involve carbanion nucleophiles and so are carried 

out under basic conditions. These are reviewed in Sec. 13-10. The only important 

acid-catalyzed carbon-carbon bond formation is the Friedel-Crafts acylation of aromatic 

rings. These reactions are discussed below and tabulated in Table 23-2. 

Pericyclic reactions (Chap. 21). The Diels-Alder cycloaddition is the principal reaction 

in this category. The Cope and Claisen rearrangements also form carbon-carbon bonds 

but have been used less. All of these reactions are especially valuable for their high 

stereospecificity. Photochemical cycloadditions (especially [2 + 2]) also belong in this 

category, as do additions of carbenes to double bonds. 

Rearrangements (Chap. 17). Certain rearrangements make (and break) carbon-carbon 

bonds in a manner useful for synthesis. Usually these reactions are used for contracting 

or expanding rings or chains. In general, rearrangements are of limited utility for 

building up carbon skeletons. Synthetically useful rearrangements are collected in 

Mables2o=3: 

Oxidation-reduction reactions (Chaps. 18, 20). In general these reactions rarely form car- 

bon-carbon bonds; the few exceptions are the oxidative and reductive couplings which 

follow a free-radical path. In most instances such couplings create symmetrical dimers, 

i.e., two identical units joined together. This can be appreciated in those most used 

for synthesis: the acyloin and pinacol reductive couplings of carbonyl groups and 

the oxidative coupling of copper acetylides. 
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OH OH 
M 

BRCO a ee eR, 

O OH 
Na | | 

2RCOOR' > RC_—CHR 

2RC=CH 
ae i RC=C—C=CR 

2 

TABLE 23-2 Major Ionic Reactions for Carbon 

Electrophiles 

It 

RCH,—L 

Nucleophiles Halides, tosylates, epoxides 

(usually primary) 
SS VEE 

Organometallic carbanions 

(Epoxides only) 

| ‘isd 
Seca Bey es 

Wittig reagent 

5 Tr a 

—CH—P9, 

Enolate ion Alkylation (Sy2) 

(or enamine) (Enolates only) 

| | 
=(COCe= —CO--¢ IER 

| 

sp Anion 

rn (CaCO 

| =CCi= 

NC—CH,R 

Aromatic rings 

(acidic conditions) 

WY 
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The most important category is the first one, the electrophile-nucleophile 

reactions, summarized as ionic reactions in Table 23-2. The number of such 

reactions is not great when condensed in this general way. The carbon nu- 

cleophiles are shown vertically, roughly in an order of decreasing basicity, with 

the nucleophilic carbon atom colored. The electrophiles are arranged horizon- 

tally in order of functional-group families (I, II, III, as in Table 3-2), with 

vinylogous, or conjugate-addition, cases last. 

In deciding how to dissect a product skeleton it is important to consider 

the placement of the functional groups on that skeleton. This orientation con- 

Skeleton Construction 

I] II Vinylogs 

? R—COOR’ 
r—C—|H R—COX —F=¢-C=0 

R—CN 

Aldehydes and ketones | Carboxylic acid derivatives | Conjugate addition 

Grignard 

(esters) _¢ R 

a 

sis yx pkg 
_¢—c_r ae OH Cats Cia C—0 
al 

g O 
HR) (nitriles) ll 

—C—C—R 

Wittig 

ee - - 
—CH=C 

H(R’) 

Aldol Claisen acylation Michael 

. Li 
—CO—C=C CO—CH—CO—R CO ¢ b ve es 

Yne-ols; cyanohydrins Cyanide addition 

F 
—C=C—C—R Ne a aad 

(NC—) H(R’) 

Friedel-Crafts 
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TABLE 23-3 

Carbon insertion 

Diazomethane (p. 702): 

Arndt-Eistert (p. 701): 

Nitrogen insertion 

Hofmann, Curtius (p. 704): 

Beckmann, Schmidt (p. 707): 

Oxygen insertion 

Baeyer-Villiger (p. 708): 

Ring or chain contraction 

Wolff (p. 701): 

Favorski (p. 718): 

Benzilic acid (p. 719): 

CARBON-CARBON BOND FORMATION SEC. 23-2 

Rearrangements Generally Useful in Synthesis 

R= CO = R=CH, COR 

R—COCh os R-COCHN, = 
R—CH,COOH 

R Coorg men 
m4 R—CON, 

R-N=C=O 

R—CO—R’ > R—-NH—CO—R’ 

R’CO,H/H+ 
rd R—CO—R’ R—O—CO—R’ 

Ne 
COOH 

R—C— C—R’ Ag,O or hy R oes 

COOH 

— R-C_R’ 

ae COOH 

R-C—CH_R’ 204, r_CH_R’ 

stitutes a clue as to which carbon-carbon bonds may easily be formed so as 

to result in the product functionality. To this end the nature of the functions 

in the reaction products is very important. These are shown in the boxes of 

Table 23-2. 

Desired: 

O ENRON? a CN Oo wee | 
| implies ae which implies CHO C 

ee we ia 
d o) b CH, CH; 

(Cyanide addition) (Aldol) 

O O 

Ne 
implies 

I OOR 
ap ROD “No or p 

(Claisen acylations) 
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ee ROOC 
Hooc™ FT implies ) aS ees 

O O ROOC 

(Michael addition) 

ROOC 
H,O+ 

oe eee ee a 

ROOC (-Co,) HOOC 
O O 

Since starting materials are usually relatively simple molecules (see 

above), the dissection of the carbon skeleton must also be made in terms of 

these relatively simple structural units. The synthesis of vitamin A from B- 

ionone (Fig. 23-1) is a fine example of the use of the reactions in Table 23-2 

to build a carbon skeleton from carefully tailored structural units. The dis- 

section of the molecule is shown below. The critical carbon-carbon bond for- 

mations are starred in Fig. 23-1. 

CH; CH; CH; CH; he 

»~CH; 

B-Ionone Vitamin A 

Ring formation is an important part of carbon-carbon bond formation. 

Cyclizations are simply internal versions of the reactions in Table 23-2 and 

are generally viable only for enolate reactions and Friedel-Crafts reactions. An 

important reaction for assembling a ring by addition of an external synthon 

is the Robinson annellation reaction (page 482). 

=~ —————> 
addition Oo 

O O O oO 

Synthesis of Epiandrosterone 

The value of this annellation procedure is clear in a number of syntheses 

of natural steroid hormones (cf., page 1109), of which that in Fig. 23-2 is the 

simplest. Of the four rings in the final product two are assembled by the 

Robinson annellation reaction in the first two steps. (Each step is actually two 

successive reactions, the Michael addition followed by an aldol cyclization.) 

It should be noted in each case that the Michael reaction proceeds at that 

a-position which forms the more stable conjugated enolate of the ketone. In 

the second annellation this is the complex enolate of the unsaturated ketone. 
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Vitamin A 

FIGURE 23-1 Synthesis of vitamin A (* = carbon-carbon bond formations) 
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FIGURE 23-2 Synthesis of epiandrosterone 
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Two other features of the skeleton construction deserve mention. The 

six-membered ring D, in intermediate A, is introduced as an aromatic ring 

for easy production of the starting material and must ultimately be contracted 

to a five-membered ring in the final product. This is accomplished by attaching 

an aromatic aldehyde, furfural (a-furan-aldehyde, Chap. 24), in an aldol re- 

action after removing the double bond in B by hydrogenation. Note that there 

is only one a-methylene for aldol condensation. This affords an unsaturated 

system amenable to an oxidative cleavage, opening up the six-membered ring 

at a particular bond and yielding a diacid. Conversion to the diester (with 

diazomethane) now allows reclosure to the desired five-membered ring by a 

cyclic acylation (Dieckmann condensation). This is followed by hydrolysis and 

decarboxylation of the extraneous carboxyl in the resultant B-ketoester. This 

sequence is a widely used one and illustrates a number of the valuable carbonyl 

reactions in synthesis. 

The second feature is the addition of the final required carbon in the 

skeleton, namely, the quaternary methyl group. This is introduced via methyl 

iodide alkylation after the aldol condensation with furfural has blocked the 

other a-position, allowing the methylation no choice of position except the 

desired one (page 560). 

Synthesis of Cantharidin 

Cantharidin is a natural product (isolated from dried beetles called Span- 

ish fly) that possesses vesicant and rubefacient activity. The preparation of this 

compound illustrates the use of the Diels-Alder reaction, the second important 

reaction for creating a ring by adding an external structural unit in one opera- 

tion. 

O O 
z 

i ER 

CH; 

CH; 

Cantharidin 

The two-step synthesis of cantharidin from 2,3-dimethylmaleic anhydride 

and furan was first tried, but the initial Diels-Alder reaction failed for steric 

reasons. Diels-Alder reactions (page 853) are reversible, and the adduct appears 
to contain enough steric compression to render it thermodynamically less stable 
than the starting materials. 

CH, O O PP 
C 

© + CH; O eee a — cantharidin) 

| \ 
O CH, O 
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FIGURE 23-3 Synthesis of cantharidin 



926 CARBON-CARBON BOND FORMATION SEC. 23-2 

A much longer synthesis, based on another Diels-Alder reaction, proved 

successful, as outlined in Fig. 23-3. Except for the methyl groups the skeleton 

is still constructed with a Diels-Alder reaction. The methyl groups proved 

impossible to introduce by alkylation alpha to the carbonyls (after hydrogena- 

tion). Hence a special synthetic technique was introduced in which a second 

Diels-Alder reaction was used to introduce the extra carbons. The ester groups 

are now destined to become the methyls and the carbons added in the Diels- 

Alder reaction are planned for conversion to the final carboxyls. 

In the second Diels-Alder reaction (B ——> C) butadiene became attached 

to the bicyclic dienophile from the least hindered side of the molecule. This 

step fixed the configurational relationship for the whole sequence of compounds 

to the final product. The added cyclohexene ring was made smaller by con- 

version to a form bearing double bonds at the carbons intended for carboxyls 

(as their anhydride) in the product. With this preparation, ozonization then 

created the carboxyls required and swept away the extraneous carbons. 

PROBLEM 23-1 

Other, even shorter, routes from D to a form suitable for oxidation to the 

requisite diacid (or anhydride) can be envisioned for the cantharidin synthesis. 

Some of these were probably tried. Try to write down such an alternate route. 

PROBLEM 23-2 

In each of the following molecules the functional groups present imply that some 

particular carbon-carbon bond formation should be involved in the synthesis. 

Write the equation for that reaction in each case. 

CN 

Pee ower e a 

CH; 

oO fe ie . 

<< CH; f (CH,),CCH,CH,CHCH, 
b 

OCH, 
CH, 8 

CHCH=CHCH, 
CH, | 

; A CH, 

CH; 

OH OH Oo 

h © OH 
d 
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23-3 FUNCTIONAL-GROUP INTERCONVERSIONS 

Functional groups are used during synthesis as handles to control the reactions 

used for carbon-skeleton formation. Ideally, the functions left at the end of 

skeleton-building operations are those desired in the final product or at least 

are readily converted to them. The functions left after a given carbon-carbon 

bond formation are dictated by the nature of the reaction used, as summarized 

in Table 23-2. These must then be converted to the requisite groups for the 

next such carbon-skeleton extension, or ultimately to those required for the 

final product. Economy and efficiency in synthesis therefore demand a proper 

choice and sequence of skeleton building so as to minimize the number of 

these functional-group transformations which are required. 

Selectivity 

More than one functional group will often be present in a synthetic 

intermediate. It is also often necessary to change one without affecting the other. 

In selecting reactions to use for some synthetic change it is always important 

to ascertain that the reaction conditions will not also create an undesired trans- 

formation of another functional group in the molecule. Knowledge of the 

selectivity of reactions is therefore important and has frequently been discussed 

in previous chapters. (Note especially the question of selectivity in reduction 

summarized in Table 19-5.) 

In the synthesis of vitamin A (Fig. 23-1) two selective reactions are in- 

volved. In the first, a carbon-carbon triple bond was reduced with palladium 

and hydrogen to a carbon-carbon double bond, without reducing the many 

other reducible multiple bonds in the molecule. A partially poisoned catalyst 

was employed for the purpose, and the greater reactivity toward catalytic 

reduction of triple over double bonds (page 769) was utilized. In the second 

reaction, a primary hydroxyl group was acetylated and a secondary hydroxyl 

group was left untouched. For steric reasons, the rate of acetylation of the 

unhindered hydroxyl group at the end of the chain was greater than that of 

the hindered hydroxyl group toward the middle of the chain. 

In the synthesis of epiandrosterone (Fig. 23-2) the preference of enolate 

formation toward the more conjugated a-position provides the selectivity 

needed to assure the correct orientation in the two Robinson annellation re- 

actions. The hydroxyl group formed in A —-> B is unaffected by all the 

subsequent reactions used. 

The cantharidin synthesis (Fig. 23-3) poses a problem of selectivity in 

that the double bond needs to be oxidized under conditions which leave the 

oxidation-prone sulfides untouched; osmium tetroxide provided the requisite 

selectivity. On the other hand the desulfurization of those sulfides in D could 

not be carried out with Raney nickel without also hydrogenating and thus losing 

the double bond. 
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The sequences for converting the esters in C to the methyl groups in 

cantharidin and for revising the aldol product in H to the diene needed to 

produce a diacid from J are typical of functional-group transformations required 

in synthesis. 

Protecting groups are often utilized to prevent reaction at an undesired 

site in the molecule. The aldol condensation with furfural in Fig. 23-2 may 

be regarded as protecting the a-methylene from being methylated by methyl 

iodide in the next step. Acetylation of alcohols, as in part III of the vitamin 

A synthesis, is a common procedure for their protection. Acetylation of amines 

is also an important protecting device since it renders the amino group nonbasic 

as well as resistant to oxidation. The protecting acetyl group is then later 

removed by hydrolysis. 

The most common protecting group arises in the conversion of ketones 

and aldehydes to cyclic ketals and acetals, respectively (page 453), so as to 

render them unreactive to Grignard reactions and to base-catalyzed carbonyl 

reactions generally (i.e., Table 23-2). The cyclic ketal (or acetal) readily reverts 

to the parent ketone (or aldehyde) on mild acidic hydrolysis. 

OH 

a ota one re OH ee CH,Mgl 
3 

La O 

O°. 
CH, OH CH, OH 

CH, CH; 

PROBLEM 23-3 

Comment on whether these proposed synthetic reactions are likely to be suc- 

cessful. If you think not, try to devise an alternate route to convert the given 

starting material to the product shown. 

NaBH, 
a CH;COCH,CH,CHO ee CH;CHOHCH,CH,CHO 

b CH,OOC(CH,),COOCH, + CH,CH,coocH, —2°2 

COOCH, 

CH;00C(CH,),;CHCOCH.CH,, 

c CICH,CHCH,CH,Cl + NaOH ——> seed yh 
| 
OH OH 
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O—CO 

d CH;COCH,CH,COOH + C,H;MgBr —> C,H;CCH,CH, 

bu, 
e H,NCH,CH,CHO + KMnO, —~ H,NCH,.CH,COOH 

f CH ==CHCH,CH,CN + H,/Pd —~> CH,=CHCH.CH,CH, NH, 

23-4 STEREOCHEMISTRY 

For a molecule with n asymmetric centers there are normally 2” possible ster- 

eoisomers. If a synthesis of the molecule is not under some stereochemical 

control, all of these isomers will be formed and must be separated. With more 

than a few asymmetric centers this would be a practically impossible task. 

Epiandrosterone (Fig. 23-2) contains seven asymmetric carbons, so that 

2‘ = 128 stereoisomers are possible. Fortunately they are not all formed in 

the synthesis! 

Starting materials are usually not asymmetric molecules. When an asym- 

metric center is formed in a reaction of symmetrical molecules, a racemic 

mixture is produced. A racemic mixture can only be separated into its two 

enantiomeric components by resolution, a process involving combination with 

an optically active material. Resolutions (Sec. 6-13) are usually effected in 

practice on acids (RCOOH) or bases (amines), by forming optically active salts 

with optically active organic bases or acids. In any synthetic sequence leading 

to any number of asymmetric centers (cf. Fig. 23-2) the final product must 

be racemic if the starting materials are not optically active. To obtain one 

optically active enantiomer only, a resolution must be performed, either at the 

end of the synthesis or at some intermediate stage (containing a carboxyl or 

amino group). In the synthesis of epiandrosterone the product is actually ra- 

cemic epiandrosterone. The particular natural enantiomer, with the absolute 

configuration depicted in Fig. 23-2, can be obtained by a resolution only. This 

would probably best be done by resolving the diacid produced in the ozonolysis 

step. 

Optically Pure 2-Phenylpentane 

The hydrocarbon 2-phenylpentane was needed in an optically pure state 

for use in a study of a reaction mechanism. The racemic material was avail- 

able, but the molecule lacked a “chemical handle” for use in resolution with 

optically active acids or bases. The problem was solved by introducing a 

carboxyl group into the benzene ring and removing it after resolution of the 

carboxylic acid. 
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CH,COCI 1) NaOCl 
CH;,—CH—C3H,-n Kae CH,—CH—C3H;-n >) HOt CH:;—CH—C3H,-n 

3 3 

COCH, COOH 

Resolved to optically 
pure state through 

quinine salt 

1) SOCI, * NaOBr 
CH, CH—C.H-7 Ea CH “CH GHer 

OOH CONH, 
[a]4>” 933° 

1) HNO, * 

CH. CH_CH-n (GeO 
2) H;PO, 

NH, 

A remote possibility existed that, in the reactions employed to remove 

the carboxyl group, partial racemization of the compounds occurred. This 

possibility was obviated as follows. The optically active 2-phenylpentane ob- 

tained was converted back to the carboxylic acid by the original reaction se- 

quence, and the rotation of the resulting carboxylic acid was identical to that 

obtained directly from the resolution. Thus, the asymmetric carbon atom in 

the benzyl position of the molecule maintained its configurational integrity 

throughout the full cycle of reactions. 

Synthesis of Chloramphenicol 

An antibiotic of commercial importance was isolated from cultures of 

certain microorganisms and was found to possess the structure indicated. 

on{ \—Gr—cH—cron 

HO hai 

Chloramphenicol 

The substance possesses two asymmetric carbon atoms, and the synthesis was 

undertaken without the detailed configuration having been proved. 
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NaOH H;C CH;NO, + CH,O > 0,NCH,CH,OH 2“, cH, H—CH—CH,OH eee 
NaOCH; Pd 

OH NO, 

(CH;CO)2,0 
C,H; CH—CH—CH,OH aS Siem 

OH NH, CH;COO NHCOCH, 

Mixture of diastereomeric Mixture of diastereomeric 
racemates, A and B; A racemates, A and B; B 
isolated in pure state isolated in pure state 
by recrystallization by recrystallization 

HNO; OH 
sit aul aeliasce ena [a OLN CH—CH—CH,OCOCH, Tro 

CH;COO NHCOCH; CH;COO NHCOCH, 

H;O0+ 
on-( \ cu cr—cit.on ate on \—cHcx—cron 

HO NHCOCH, HO NH, 

Resolved into (+)- and (—)-enantiomers 
through fractional crystallization of 

d-camphorsulfonate salt 

ClhCHCOOCH; 
on \-cn-cu—cH.0n ee on{ _\-cu—cn—cHion 

HO NH, HO pe 

(—)-B isomer Chloramphenicol 

All four stereoisomers were prepared in a pure state, and one of them 

proved to be identical with the substance extracted from the microorganism. 

The other three stereoisomers were biologically inactive. All four possible 

isomers were formed in the condensation of 6-nitroethyl alcohol with benzal- 

dehyde, although the two racemates were produced in unequal proportions. 

In this particular synthesis, even if the exact configuration of the desired product 

had been known, little could have been done in this condensation to favor 

formation of the desired over the undesired racemate. 

When mixtures of racemates are produced, they can usually be separated 

by fractional crystallization of either the isomers themselves or crystalline 

derivatives. Two different racemates, unlike two enantiomers, are physically 

different compounds and may be separated by normal physical means, viz., 

distillation, chromatography, or crystallization. In this particular synthesis, one 

of the racemates (A) crystallized and the other did not. The filtrates from the 

crystallization, when acetylated, gave the triacetyl derivative. Fortunately, race- 

mate B separated as a crystalline compound in this case. If it had not, the 

acetylated derivative might have been nitrated in the next step and separation 

attempted on the nitro products. 
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Because nitric acid oxidizes primary and secondary alcohols as well as 

primary amines, the aromatic nitration step had to be carried out on a com- 

pound in which the two hydroxyl groups and one amino group were protected. 

The three groups were acetylated, and after the nitration the protective groups 

were removed. 

Stereochemical Control 

In order to avoid a multiplicity of stereoisomers as well as to know which 

stereoisomer is formed, it is important to utilize reactions of known stereospe- 

cificity when forming asymmetric centers. When generating a new asymmetric 

center in a reaction we need to employ conditions which take advantage of 

the existing asymmetry in the molecule so as to produce the new center in 

only one relative configuration, i.e., to produce only one epimer. 

In the epiandrosterone synthesis the first asymmetric center was formed 

in intermediate A, which is therefore racemic. The lithium reduction of A then 

creates not one, but five, new asymmetric centers. The asymmetry of the 

original quaternary methyl group in A dictates the relative configurations of 

each of the five new centers created. Happily, the relative configurations at 

all centers are the correct ones for the final product. Clearly, this stereospecific 

reduction was crucial to the synthesis! 

The major reactions useful for their stereospecificity in syntheses are 

these: 

1 Nucieophilic substitutions (S,2) proceed irreversibly with inversion of configuration. 

Androsterone can, for example, be made from epiandrosterone by such an inversion. 

Epiandrosterone 

Androsterone 

2 Reductions of cyclohexanones usually yield predominantly the more stable, equatorial 
epimer with sodium borohydride or lithium aluminum hydride, but with hindered 

boranes the less stable epimer is formed. 
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CH, CH, CH, 

LiAIH, R,BH 
or 

HO ! \ NaBH, ! HO a | 

2 H H 

Epimer A Epimer B 
more stable, equatorial less stable axial 

alcohol alcohol 

Additions to cyclic double bonds yield initially the trans diaxial product with the 

electrophilic atom on the less hindered side, as summarized in the examples of Fig. 

S=9% 

Diels-Alder reactions (and other concerted electrocyclic reactions) proceed with pre- 

dictable stereochemistry. The cis addition of butadiene in the cantharidin synthesis 

exemplified this, for the configurations at the centers formed in the cycloaddition are 

all controlled by the geometry of cycloaddition (page 853). Since cantharidin is a meso 

compound, no final resolution is necessary, or possible, of course. 

When the desired relative configuration at an asymmetric center is the 

more stable of the two possible epimers, it may often be secured by an equili- 

bration at that center, or by use of a reversible reaction (thermodynamic con- 

trol). This procedure is most commonly applied to asymmetric carbons bearing 

hydrogen a to a carbonyl in cyclohexane derivatives. The method involves 

equilibration, in acid or base, via the enol or enolate and leads to the more 

stable (equatorial) epimer. In the following example if the initial compound 

were epimer A, the epimer B would be isolated from the reaction. 

CH; CH; CH; 

= or 

H H 
O H O 

Epimer A Enol Epimer B 
less stable, axial more stable, equatorial 

CH; GH: 

Ht 

O 

Epimer A Epimer B 
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Synthesis of Reserpine 

Much of the incentive to synthesize natural products has come from the 

traditional assumption that the structure of a compound is not established with 

certainty unless the substance is prepared by a rational series of reactions. The 

synthesis of reserpine by Woodward (1956) provides an instructive example 

of the construction of an involved ring system. The stereochemical features 

of the compound were neatly mastered at appropriate stages in the sequence. 

OCH; 

OCH; 

OCH; 

The stereochemical problem may be appreciated from the six asymmetric 

centers shown with their hydrogens in color. These are not all in the more 

stable configuration as the perspective views below will demonstrate; two 

substituents occupy axial positions. The D/E ring junction is cis, as in cis- 

decalin, and hence flexible, capable of two all-chair conformations (see Fig. 

6-14). 

| 
OCH; 

More stable Less stable 

Reserpine conformations 
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Five of the six asymmetric centers are in ring E of the cis-decalin. Hence 

the major stereochemical problem of synthesis lies there. In order to create 

a cis-decalin stereospecifically a Diels-Alder reaction was selected. A cis-decalin 

was made and then one carbon removed and replaced by nitrogen of an amine 

linked to the indole heterocycle (page 959). Thus the synthetic conception was 

the following: 

xox ca] os cl 
ey iS I _NH, CH,O NOS 

Y 1 
1 

< — 
| : 2 H D 

heii ROOC hiccindsan ter 
ROOC 

The Diels-Alder reaction used employed benzoquinone and vinylacrylic 

acid (2,4-pentadienoic acid), yielding the cis-decalin adduct (1). 

Z O O 

fey = ~H_ ~ Al(-PrO), 

O Lae O 

ot 
Hooc”~ SS HOOC 

H 

1 2 

The cis-decalin affords stereochemical control owing to its curved, dishlike 

shape. Approach of reagents is only accessible from the less hindered outer 

or convex surface, which is the side occupied by the hydrogens at the ring 

junction. This is clear from the approach of reducing hydrogens (colored) in 

the aluminum isopropoxide reduction (page 460) of 1 to 2 above. One hydroxyl 

thus formed cyclizes to a lactone spontaneously. 

Perspective drawings make this steric hindrance more apparent, as shown 

below for the next reaction in which the ring E, and the more reactive, double 

bond was attacked by bromine from the less hindered side. The intermediate 

bromonium ion was opened by internal attack of the hydroxyl group, forming 

a cyclic ether (3). 

—Br 

O 

co H 

H O 
D 

ee 

Less hindered side 
2 3 
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The bromine was now eliminated from 3 by methoxide ion. This is a 

B-elimination, initiated by formation of the enolate of the lactone carbonyl. 

Methoxide ion immediately added to the double bond formed, in a conjugate 

addition. The net effect is simply one of replacement of —Br by the required 

—OCH, of reserpine. 

Product 4 has the same stereochemistry as 3 and has neatly attained 

correct stereochemistry at all five asymmetric centers in ring E. The next task 

was to open ring D in order to insert the nitrogen. This was begun by attack 

on the ring D double bond via bromohydrin formation (5). The stereochemistry 

of the product is predicted as before, with attack of Br+ on the less hindered 

side; stereo formula 5 below shows the necessary positions of trans diaxial 

addition. 

Br 

N-bromosuccinimide 

+H,O 

4 

H —OCH, 

Soc H 

D O 
pee 

Ne 

Chromic acid oxidation of the hydroxyl group of 5 gave ketone 6. When 

treated with zinc and acetic acid; 6 underwent a twofold reaction. 

The bromine and ether link trans to each other (axial-axial relationship, page 586) 

underwent elimination to give an a,$-unsaturated ketone. 

The hydroxyl originally bound in the lactone function was reductively removed from 

its site a to the ketone (page 599). 

Compound 7 was the product. 
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Br 
O ' 

5 CrO, Ss 

HOAc HD 
O 

COU c: 
| H 

OCH, 

6 7 

The carboxyl group of 7 was then esterified with diazomethane and the 

free hydroxyl group was acetylated (esterified) with acetic anhydride and 

pyridine to produce 8. With these groups protected, the double bond of 8 was 

hydroxylated with osmium tetroxide (page 635) in a cis addition. In this re- 

action, the oxidizing agent approached the double bond from the least hindered 

side of the molecule. The resulting diol (9) was cleaved with periodic acid (page 

761) to produce aldehyde-acid 10, which was converted to ester 11. 

1) CH,N, 
————_—> 

2) Ac,O 

pyridine CH,00C~ 

OsO, HIO, 
> a 

COOH CHO 
H 

CH.N, 
a 

CH,00C~: | OAc 
lel tial 

OCH, 

10 

At this point in the sequence, we are ready for amine 12. This compound 

contains two rings, which eventually become rings A and B of reserpine. In 

the first step, 6-methoxyindole was converted to its Grignard organometallic 

anion by removal of its acidic hydrogen with a Grignard reagent (acting as 
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base). The product was employed as a nucleophile in substitution of a- 

chloroacetonitrile. The resulting nitrile was reduced with sodium and ethanol 

to give amine 12. 

S\ 

CH,MgBr CICH,CN 

—CH, 
CH;O x CH,O w) 

H MgBr 

6-Methoxyindole 

aaa _ 

\ \ Na om |- ain CH,O N) CH,;O ) 

H 

CH,CH,NH, 

Coe 
CH,O ih 

H 

6-Methoxytryptamine 
12 

The elements of rings A, B, C, D, and E were now put together through 

condensation of amine 12 with aldehyde 11. The imine linkage in product 13 

was reduced selectively with sodium borohydride (page 459). As the reduc- 

tion proceeded, it was followed by a spontaneous cyclization of the amine 

and ester that led to lactam 14. When treated with phosphorus oxychloride, 

this substance underwent ring closure to give immonium salt 15 via the acti- 

vated imino-phosphate (page 515). With this cyclization, product 15 now con- 

tains the full ring system of reserpine. Reduction of the imine linkage with 

sodium borohydride led to 16, formed by approach of the hydride from the 

least hindered side of the ring system. This compound was resolved, and the 

(—)-rotating enantiomer was isolated in optically pure form. 
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A 

CH,O Na oOCh. (-H,0) CH;O N \ 
H H SHO H COOCH; 

12 | 

CH,OOC-“K._-0Ac Wee 
re 
OCH, 13 
Al 

l , | 

CH;O N CH,O N7~ Ox 

NaB 4 
————-> 

CH,O Se me Py 

(Not isolated) 
15 

. H 
OCH, 

16 
Resolved through salt 
with optically active 

di-p-toluyl-/-tartaric acid 

One stereochemical problem remains. The newly introduced hydrogen 

(colored) in 16 is in the wrong configuration for reserpine. This center can be 

equilibrated by heating in weak acid, owing to the adjacent indole heterocycle, 
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but structure 16 has the more stable configuration at that center while reserpine 

(page 934) has the less stable configuration. However, if the cis-decalin ring 

system could be forced into its less stable conformation (page 934), and fixed 

there, then the asymmetric center of concern in 16 would be the less stable 

one and could be equilibrated to the more stable reserpine configuration there. 

The two conformations on page 934 suggest how the less stable one might 

be locked in without a possibility of equilibration. The cis-oriented —COOCH, 

and —OCOR on ring E must be linked into a lactone in order to freeze the 

cis-decalin into its less stable conformation. This reaction was accordingly 

forced on compound 16 by saponification of the two ester groups followed by 

dehydrative lactone formation, utilizing N,N’-dicyclohexylcarbodiimide (page 

510). 
The product is the conformationally rigid lactone 17, which will be seen 

now to have the asymmetric center of interest (colored) in the less stable 

configuration. (Compare stereo structures on page 934.) Heating with pivalic 

acid (trimethylacetic acid) causes epimerization at that center to yield the more 

stable 18, now bearing the full configuration of reserpine. The synthesis was 

now completed by methanolysis of the lactone and esterification of the hydroxyl 

thus freed with trimethoxybenzoyl chloride and pyridine. The final substance 

so obtained was identical in all respects with natural reserpine. The synthesis 

represents an especially fine example of full stereochemical control in a series 

of steps remarkable for economy. The overall yield was above 10%. 

CH,O CH,O 

Pivalic 

acid, heat 

ff OCH, 
17 18 

There is no substitute for trial and practice in synthesis. Accordingly, 

facility can be reached by trying to design syntheses of any given molecule. 

These can be simply invented structures written out solely to serve as synthetic 

goals. Alternatively, the compounds shown in Chap. 7 (and its structure-proof 

problems) can serve as challenges for synthesis. More examples are listed in 

Prob. 23-4. 
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PROBLEMS 

23-4 From readily available starting materials develop synthetic schemes for the 
following compounds. 

i. 
CH; CH,—CHOH 

C,H; 

COOH 
, _Hooc g CHy—CH—C—CH.OH 

H_ COOH 
HOOC OEE Chk 

H 

CH,Br 

CH, 

OH 

d CH,OCH,CHCHC,H, 

SHEE 

e HOISICKO ty CGS He ACO fecerare 

H H H 

23-5 Consider the synthesis of the hydrocarbon below. Try to analyze it in a sys- 

tematic fashion so as to allow a number of different syntheses to be devised. 

Try to select the best one on grounds of economy and utilization of reliable 

reactions. 

CH, 
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23-6 Develop syntheses of the following compounds from coal (carbon only), air, 

and water. Develop the necessary simple starting materials by synthesizing 

them. Other inorganic substances may be used as long as they contain no 

carbon. 

COOH 
a Cyclopentanone 

le 
COCH3; 

Ce b Cw cHy So So 
~N 
H g C,H;CH=CHCOCH; 

© 

(CH;),C—=CHCOCH=C(CHs3). 
COOH 

d (CH;);CCOCH,CH,CH; h 

OCOCH; 

Aspirin 

(oy 

23-7 Show an operation, of one or more steps, for carrying out these general trans- 

formations. 

a RCOOH —— RCH,COOCH; e ROH — RCH,CH,OH 

b RCHO —~ RCH,CHO Lend R,CHOH —— R,C—CHCH, 

OH 
c [ =e a i. CH,COOCH, g ROH —> RCH,CH,CH,OH 

NH, 

Oo — LI 
23-8 Synthesize the following compound from o-methoxybenzaldehyde. Comment 

d Br —~> ¢CH,COOCH; =F 

on the stereochemical problems involved and indicate which isomer or isomers 

you expect to obtain by your route. 

CH; 

23-9 The synthesis of bullvalene (pages 161 and 867) was carried out in the following 

fashion [W. Doering et al., Tetrahedron, 23: 3943 (1967)]. Fill in the missing 

reagents and intermediates. 
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+N,CHCOOC,H, —> (_)-cooen => 

O 

—COCHN, “> = ae \@ 

Bullvalene 

The syntheses of natural products which follow are partially written out. Fill 

in the missing reagents or intermediates (there may be several steps) and 

comment on those conversions which have asterisks, with respect either to 

mechanism and/or stereochemistry. Most of the references are to short com- 

munications in the Journal of the Americal Chemical Society (J. Am. Chem. Soc.). 

23-10 8-Eudesmol [J. A. Marshall and M. T. Pike, Tetrahedron Letters, 1965: 3107] 

O 
CH3 CH; 

=) as OC 

° a7 

cro, Catalytic o,P—=CH, H,O* 
eS 
C,H,SO;H 

CH, 

B-Eudesmol 
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23-11 Epilupinine [E. E. van Tamelen and R. L. Foltz, J. Am. Chem. Soc., 82: 502 (1960)] 

O OH 
OH OH 

C;H;CH,N[(CH,),COOH], ——?. —— Seer 

Offer a synthesis for il mM 
this starting material CH,¢ 

CHO CH,OH 

—_— 
N. N 

Epilupinine 

23-12 Aromadendrene [G. Buchi, W. Hofheinz, and J. V. Paukstelis, J. Am. Chem. Soc., 

88: 4113 (1966)] 

CHO CHO 
HBr 
ne —> 

CH; 

CH; CH, 
CH, 

(—)-Perillaldehyde, 
a natural product 

“SCH, 
* 

CH; CH; 

CH; CH; 

(Major product) 

Ore 

1 equiv 
t-BuO 

t-BuOH 
* 

CH, CH; 

(—)-Aromadendrene 
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23-13 Aspidospermine |G. Stork and J. E. Dolfini, J. Am. Chem. Soc., 85: 2872 (1963)]| 

o~ CH, COOCH; em 

N y ‘ ; as CH, ee 

CHO 

Made from 
four-carbon 
compounds 

COOCH,; 

CONH, 

OH 

eek ean HHO a CH, a sy 

as 

O 

CICH,CO 

HN 

CHa 

O 

O OCH, : ates 
NHNH; —HOAc 

cH, — Sa er cers 

Oo O 

N N 

CH; CH 

N~ ny 
OCH, OCH; COCH; 

Aspidospermine 
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23-14 Ajmalicine [E. E. van Tamelen and C. Placeway, J. Am. Chem. Soc., 83: 2594 (1961)] 

CH;00C 

COOCH; 
+ CH,O 

| i ro 
N NH, O 

H 
CH;00C CH; 

Offer a synthesis 
of this triester 

See reserpine 
SSS 

synthesis 

N 
H COOCH; 

O 

CH,00C CH; 

N,N'- Dicyclohexyl- 
NaBH, carbodiimide 
——— 

CH,OH/HCI 
a 

CH, 

Ajmalicine 

Comment on the stereochemistry 
in this synthesis and suggest 
the correct stereochemistry in 

the product 
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23-15 Dihydrocostunolide [E. J. Corey and A. G. Hortmann, J. Am. Chem. Soc., 87: 5736 

(1965)} 

Santonin Major product 
(a natural lactone) eee) 

Unstable 
compound 

Dihydrocostunolide 

23-16 Develop a synthesis for (+)-laudanosine, one of the constituents of opium. 

Laudanosine 
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23-17 The structure of the alkaloid crinine is shown below. Also shown is the key 

reaction around which a total synthesis was conceived [H. Muxfeldt, R. S. 

Schneider, and J. B. Mooberry, J. Am. Chem. Soc., 88: 3670 (1966)]. 

a Identify the key reaction. 

b Deduce steps to complete the synthesis from the key reaction product. 

c Deduce a route to the key reaction from piperonal (3,4-methylenedioxy- 

benzaldehyde). The authors began by creating compound A. 

d Comment on the stereochemical problems. 

OH 
O 

e COOEt 

oO NHAc 

A Crinine 

Key reaction OH 

N(CH;): 
| O O 

CH;C(OCHsS), 

. eS NHCOCH, nN C Cc) 
O O 

NHCOCH,; 
CON(CHS)>, 

23-18 Outline alternate syntheses for two of the compounds whose preparations are 

described in this chapter. 
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HETEROCYCLIC 
COMPOUNDS 
24-1 INTRODUCTION 

A very substantial portion—perhaps over a third—of all the chemical literature 

deals with heterocycles, those molecules having rings composed of both carbon 

and heteroatoms, chiefly oxygen, sulfur, and nitrogen. The number of such 

possible rings is obviously enormous and so the variety possible in heterocyclic 

chemistry is vast. Before the advent of modern reaction theory this led to a 

large accumulation of unrelated fact which discouraged digestion by any but 

the most dedicated. Heterocyclic chemistry tended to become a separate field 

only understood by its experts. Now this has all changed, for the framework 

of reaction theory in which the previous chapters are cast allows any chemist 

an easy overall grasp of the behavior of heterocyclic molecules. 

Our main concern here will be with the aromatic heterocycles, i.e., the 

fully unsaturated ones, since it is only these which exhibit special behavior. 

Saturated heterocyclic rings like cyclic ethers or amines, or lactones behave 

completely analogously to their acyclic analogs and need no special treatment. 

The possible aromatic heterocycles can be seen as two families, created 

in a logical fashion by two formal procedures from a carbocyclic aromatic, such 

as benzene: 

A carbon in the aromatic is replaced by an isoelectronic heteroatom. 

SS oS — S 

earl eet se | or | 
a ZZ Z Z 

O+ N un 

R R 

The electron-pair replacing the C—R bond occupies the same geometry, in the plane 

of the ring and perpendicular to the z electrons (not in resonance with them). Examples 

of this family are shown in Table 24-1. 

A formal C=C double bond is replaced by a heteroatom with an unshared electron 

pair. 

olay / ea 

R 

Here one unshared electron pair on the heteroatom is placed in a perpendicular p orbital 

for resonance with the remaining 7 electrons (the other heteroatom orbitals are sp’). 

Examples of this family are shown in Table 24-2. 
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The effect in each case is to retain a stabilized, delocalized cycle of 7 

electrons equal in number to those in the original aromatic ring (in these cases, 

the six of benzene). Examples of each are shown in Tables 24-1 and 24-2, 

respectively. 

Nomenclature 

Names for the several aromatic heterocycles so created are logically and 

simply derived by combining these prefixes and suffixes: 

Prefixes Suffixes 

oxa- Oxygen -ole 5-membered ring 

thia- Sulfur -ine 6-membered ring with nitrogen 

aza- Nitrogen -epine 7-membered ring 

When more than one heteroatom is incorporated, the prefixes are placed in 

the order shown in the list (oxa- first, etc.). Ring positions are then designated 

by number, starting with number 1 at the heteroatom highest on the prefix 

list. The ring is then numbered in order so that other heteroatoms have the 

lowest possible numbers. Examples of names and numbers are shown in Tables 

24-1 and 24-2. Certain trivial names from a presystematic period of nomencla- 

ture are, however, still retained for some common heterocycles. These are 

shown with their systematic names in parentheses, except for the four most 

important rings: pyridine, furan, thiophene, and pyrrole. 

TABLE 24-1 Six-membered Aromatic Heterocycles 

4(8) 

meme rs & ZF ra ZN 6 N (a) N 2 N~ 

1 

Pyridine Pyridazine Pyrimidine Pyrazine 
(1,2-diazine) (1,3-diazine) (1,4-diazine) 

:O:- :O: 

CumGutc™ <— 
ZA ZA aD 

Ne O+ 707 ie 

R 

Pyridinium ion Pyrilium ion y-Pyrone 
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PROBLEM 24-1 

INTRODUCTION 951 

Write names for the given structures and structures for the given names. 

“CH: 

oF 

d 3-Phenyl-1,2,4-triazole 

ZO: 
O 

N 

e 5-Methyl-1,3,4-thiadiazole-2-carboxylic acid 

f 4-Nitro-1,2,3,5-tetrazine 

g Sulfamethizole, an internal antiseptic (sulfa drug’’) 

N—N 
HN )-sowu—l ben, 

h 4-Acetyl-1,2,3,5-thiatriazole 

TABLE 24-2 Five-membered Aromatic Heterocycles 

Furan 

4 3 

[ \ 
5 UN 2 

Ng 1 

H 

Pyrazole 
(1,2-diazole) 

Thiophene 

4,—N3 

u 
Imidazole 

(1,3-diazole) 

N 
| 
H 

Pyrrole 

1,2,3-Triazole 

Oxazole 

1,2,4-Triazole 

L\. 
a 

Thiazole 
(1,3-thiazole) 

Tetrazole 
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24-2 AROMATICITY AND REACTIVITY 

Aromatic Character 

Of the two kinds of heterocycles, the six-membered ones (e.g., pyridine) 

have the same six-electron 7-electron cycle as benzene and their delocalization 

and aromaticity are essentially the same as that in benzene. Because the nitro- 

gen in pyridine is more electronegative than carbon, however, dipolar resonance 

structures are more important and the molecule has a dipole moment with 

its negative pole at nitrogen. 

SS SS ‘ wee (J-C. -GI-.6) 
N7 N Nc PN 

Pyridine as a resonance hybrid 

The five-membered rings also have six 7 electrons in a cycle made of 

(27 + p) orbitals and so exhibit the familiar delocalization into a cyclic molec- 

ular orbital like two doughnuts above and below the ring plane, similar to 

that in benzene. The ring is planar and the substituents or unshared pairs also 

lie in this plane (as they do in benzene), in accord with the requirements of 

planar sp? hybridization geometry. The resonance energies afforded by the 

m-electron delocalization are somewhat less than in benzene but still quite 

substantial, pyridine being about the same as benzene and the five-membered 

heterocycles less, decreasing in the order: thiophene > pyrrole > furan. 

Dipolar structures make important contributions to the resonance hybrids 

of these substances. The charge distribution in five-membered heterocycles 

provides the carbon portion of the nucleus with partial negative charge and 

accounts for the dipole moments of these heterocycles. 

6 = C3 oe — ee C\ Z=0,5, or NH 

Basicity 

The reactivity of nitrogen as a base in these rings is determined by the 

availability of its electron pair for bonding to an acid (i.e., H+). In pyrrole the 

electron pair is involved in resonance and can only act as a base (bond to Ht) 

by loss of the ring resonance. Since this requires the input of much extra energy, 

pyrroles are not basic at all to aqueous acids, i.e., they are less basic than water 

(pK, of pyrrole = —0.3). When protonated by stronger acids, in fact, they do 

not even protonate on nitrogen, but rather on carbon, as explained below for 

the general reactivity to electrophiles. 

Pyridine is a base, however, since its unshared pair is not involved in 

m-electron resonance. In aqueous acid pyridines are converted to stable pyri- 
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dinium salts (Table 24-1, R = H). They are weaker bases (pK, ~ 5) than satu- 
rated amines (pK, ~ 10) for the same reason that ethylene and acetylene 
carbanions are weaker than saturated carbanions (Sec. 8-4), since the unshared 

pair has more s character (sp > sp? > sp) and so is less available for forming 

bonds with protons. Nitriles (R—C=N:) on the same basis are even less basic 

than pyridine, with pK, < 0. Pyridine is extensively used as a basic catalyst 

and solvent, as in ester and amide formation from acid chlorides. 

Reactivity 

Because of their resonance energy the aromatic heterocycles tend to revert 

to aromatic form after reaction, as benzene does, and thus characteristically 

give substitution instead of addition reactions. However, the two types of 

heterocycles have opposed modes of preferred reaction, the six-membered ones 

acting as electrophiles, the five-membered ones as nucleophiles. 

Virtually the entire reactive behavior of the aromatic heterocycles can 

be generalized by observing the parallels they display with the familiar re- 

actions of ketones and enols, for the heterocycles all contain analogous func- 

tional parts. This is outlined in Fig. 24-1 which shows the six-membered 

heterocycles exhibiting the reactions of ketones discussed in Chaps. 12 and 

13, and the five-membered rings acting analogously to the enols. Since the 

latter undergo substitution rather than addition, in an effort to revert to aro- 

matic products, their reactions with electrophiles can be most closely compared 

to the reactions of phenols (aromatic enols). All the reactions of these rings 

with nucleophiles and electrophiles can be understood in these terms, regarding 

the rings as analogs of ketones if six-membered, and enols if five membered. 

Examples are offered in the following sections.t 

PROBLEM 24-2 

The two “diazoles,” pyrazole and imidazole, differ markedly in their basicity, 

the latter being many times more basic. Explain. 

+There are of course some rings which exhibit both kinds of reactivity, as indicated in the imidazole 

example below. Such rings have both an enolic and a ketonic portion and are always five-membered 

rings with nitrogen and one other heteroatom. 

im 

Nucleophilic | & Ae { Electrophilic 

:Nu 
(enol) ring (ketone) ring 

Imidazole 
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Nucleophilic 

addition or 

substitution 

Enolization 

Conjugate 

addition 

Electrophilic 
attack 

B-Elimination 

FIGURE 24-1 

Ketones 

Enols 

FIVE-MEMBERED HETEROCYCLES SEC. 24-3 

Analogous 

heterocycles 

(6-ring) 

Analogous 

heterocycles 

(5-ring) 

ae 

~ 
Le amore m 

ye 

General reactivity of heterocyclic molecules [Z = heteroatom (O, S, N) 

24-3 FIVE-MEMBERED HETEROCYCLES 

The major members of this group are those with only one heteroatom: thi- 

ophene, pyrrole, and furan in a rough order of decreasing stability and in- 

creasing reactivity. Their common properties arise as expected from the fore- 

going discussion and may be catalogued as follows: 
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Effects of aromatic resonance. 

1 Major reaction is attack of electrophiles (including H+): on carbon rather than at 

the heteroatom (Fig. 24-1). 

2 Reversion to aromatic ring occurs after electrophile attack, resulting in substitution. 

3 Hydrogenation of their nominal double bonds is difficult, as in benzene. 

Reactivity to electrophiles. 

1 More reactive than benzene: thiophene about 10% x benzene; pyrrole similar to 

phenol. 

2 Reactive at both a- and £-positions, with a substantially preferred (see below). 

Relatively susceptible to oxidation. 

Substituents affect rate and position of electrophile attack as in benzene: 

a_ Electron-donating substituents (—OR, —NR,, etc.) create so much reactivity that 

such compounds are very unstable and few are known. 

b Electron-withdrawing substituents (—NO,, —COR, —COOR, etc.) deactivate 

and stabilize the ring by added resonance with the heteroatom: 

Resonance ae 7 

stabilization Z —O 

incirate 
B-Substituent a-Substituent 

Reactivity 

Reaction at the a-position is preferred since an analysis of the inter- 

mediates, as was done with substituted benzenes (Sec. 16-1), implies a transi- 

tion state with more resonance stabilization in the a- than in the £-substitution. 

== —— + 

(.-/O4—G4— Qe yA) mz Hirer 77TH ZH 

Cs G at =o Be (fewer stabilizing 

pes resonance forms) 

With heterocycles not stabilized by electron-withdrawing substituents 

(—NO,, —COR, —COOH, etc.) their reactivity is so high as to require only 

mild electrophiles, and even moderately strong acids cause extensive destruc- 

tion of pyrrole and furan. Initial attack of H* as an electrophile and subsequent 

reaction of the intermediate (acting as a new electrophile) with unchanged 

heterocycle leads to polymers and complex products. 
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Halogenation usually may not even be stopped short of substituting all 

available ring hydrogens by halogen, and may even go further to complex 

products. Friedel-Crafts reactions are successful only under mild conditions, 

acid chlorides usually requiring no added Lewis acid (such as AICI). Pyrrole 

reacts even with methyl iodide to form 2,3,4,5-tetramethylpyrrole and other 

products. Mild nitration and even nitrosation (with HNO,) are also facile. 

(ae eer coc 4 ce. a A aA 

O 

i \\ +Hconccu,), 22% [ \ 
N \nN7 CHO 

H H 

COOH COOH 

S Bre *S 

The last example shows the directing effect of substituents. In general, 

whenever an a-position is unsubstituted, substitution occurs there. When other choices 

exist, the preferred position of attack can be successfully deduced by examining 

the resonance in the several possible transition states as above for the a-, 

B- choice. The typical directive effects on electrophilic substitution can be sum- 

marized (W = electron-withdrawing; D = electron-donating): 

M4 (NO,, CO, etc.) D (OH, NR,, etc.) 

ae cae 
je aN 

Similar to the Friedel-Crafts acylation is the common reaction with alde- 

hydes and ketones under mild acid catalysis. The intermediate alcohol is readily 
eliminated (Fig. 24-1) to create a new electrophile for an attack on the un- 
changed parent heterocycle. As Fig. 24-1 shows, all of these reaction steps are 

the typical reactions of carbonyls and conjugated carbonyls. 
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Ht Ge Ht Ht (= 

( S +cncocn, =U ty On [\y _/CHs 

Furan or CH: CH; CH; 

pyrrole 

+ a" 

CH, CH, CH, CH, 

Further analogous steps carry this product to polymers as well as the 

following cyclic tetramer, similar to the natural porphyrins (page 967). 

There are many reactions of these heterocycles which lead through many 

mechanistic steps to complex products. The mechanistic analysis of these trans- 

formations is often a fascinating challenge. The several basic modes of carbonyl 

reactivity, however, always control these mechanisms. 

Synthesis 

The synthesis of heterocycles can be examined by dissecting the molecule 

so that every bond to a heteroatom is replaced by bonds to separate oxygens. 

Thus, all the five-membered heterocycles are formally equivalent to the enols 

of 1,4-dicarbonyl compounds and in fact can be made by allowing these 1,4- 

dicarbonyl compounds to react with an appropriate source of the correct het- 

eroatom (H,O, NH;, H,S or S~~). 
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Av\ et \= kh o 
Z OHHO 

=i A \. (-H,O) O 

| \ nH, \ 
So oe (-2H,0) N~ 

H 

rs, { \ 
S 

The appropriate 1,4-dicarbonyl compounds in turn are often made by 

alkylation of an enol with an a-halocarbonyl compound. Synthesis of the 

1,4-dicarbonyl can often be combined with its conversion to the heterocycle. 

ee CH;0CO 

CHe NH ) i rere Several oe ll + | ee 
C C steps 

va 7 a 
CH, O CH; (NH, O CH, 

CH;0CO 
\ 

[sear 
C C 

VEO ye ON 
CH; N CH; 

Benz-fused Heterocycles 

When a benzene ring is fused to a five-membered heterocycle, the latter 

largely retains its characteristic behavior, although the B-position now becomes 

the more reactive since reaction at a must disturb the adjacent benzene reso- 

nance. Indole and purine are two fused heterocyclic ring systems of particular 

importance in biological chemistry. 

4 3 
5 -N7 5 1N~ 

. N1 ASN 4 N 9 

Wy 3 | 

H H 

Indole Purine 
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Indole and many of its derivatives are prepared from phenylhydrazones 
by an interesting and useful reaction termed the Fischer indole synthesis. 

CH; r \—coon | \ 
| ZnCl, A 

— 9 | 

H H H 

Phenylhydrazone of Indole-2-carboxylic acid Indole 
pyruvic acid 

PROBLEM 24-3 

Analyze the electrophilic substitution of 3-nitropyrrole to show the preferred 

site for reaction with acetyl chloride. 

PROBLEM 24-4 

5-Methylfuran-2-carboxylic acid on nitration yields 2-nitro-5-methylfuran as the 

major product. Account for this result in mechanistic terms. 

PROBLEM 24-5 

A traditional color test for pyrroles consists in allowing them to react with p- 

dimethylaminobenzaldehyde in acid. A deeply colored substance precipitates 

immediately. Write the structure of this material. 

PROBLEM 24-6 

Write the major product of nitration in each of the following compounds. 

a 2-Chloropyrrole e 2-Methyl-3-nitrofuran 

b 3-Methoxythiophene f 5-Methyl-2-acetylpyrrole 

c 2-Acetylthiophene g 5-Methyl-2-methoxythiophene 

d h 3-Nitrofuran 2-Phenyl-5-nitropyrrole 

PROBLEM 24-7 

a Write out the mechanistic steps in the synthesis of methyl 2,5-dimethyl- 

pyrrole-3-carboxylate shown in the text. 

b Write out the mechanistic steps in the Fischer indole synthesis from butanone 

phenylhydrazone with strong acid. 
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24-4 SIX-MEMBERED HETEROCYCLES 

Ring Reactivity 

The chief six-membered heterocycle is pyridine. Its stability and strong 

tendency to revert to the aromatic ring on substitution parallel the behavior 

of benzene. The basic electron-pair is the first site attacked by electrophiles 

and this creates a positive pyridinium ion which now strongly resists any 

further attack by the electrophile on carbon. When this electrophilic attack 

is forced, it occurs at the B-position, analogous to the reluctant meta substitu- 

tion of benzene rings bearing electron-withdrawing groups. For this reason 

pyridines are quite inert to electrophilic attack and also to oxidation, in vivid 

contrast to the five-membered heterocycles. 

The polarity of electrons toward nitrogen, however, invites attack by 

nucleophiles, at the a- and y-positions (a preferred), and this is much enhanced 

in the pyridinium and pyrilium ions owing to their full positive charge. 

Electrophiles: 

NO 
( CHI (i= HNO, (1B HNO, or 

+He “+H.SO, Pine 
Ne N~ H,sO, SN 
| at 300° H+ 
CH; 

N-Methyl 
pyridinium 

iodide 

Nucleophiles: 

| = NaNH, | an —NaH | = 
So a 

150° m~N Z NH N7 Nee 2 N7 \NH, 

CO) NaOH | S Oxid. ( 

we K;Fe(CN), ne 

i [+K, Fe(CN na ae 8 

CH; CH, 

N-Methyl-a-pyridone 
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The last two reactions show the greater ease with which nucleophiles 

attack the pyridinium ring and the ready reversion to the aromatic system 

(second reaction). They also point up the possible tautomerism of a- (and y-) 

substituents. Both the a- or y-hydroxy- and aminopyridines can exist either 

as ketonic or substituted pyridine tautomers. The amino substituents exist as 

normal aminopyridines but the a- and y-hydroxypyridines prefer the ketonic 

tautomers, called a- and y-pyridones; these have considerable resonance en- 

ergy, as implied by the major resonance forms shown. (See also y-pyrone, Table 

24-1). The B-hydroxypyridines are normal phenolic compounds since no sta- 

bilized ketonic tautomer is possible. 

:OH 

= 

NZ 

y-Hydroxy- y-Pyridone 
pyridine (preferred) 

(negligible) 

Electrophilic substitution is of course rendered more facile with electron- 

donating substituents on the ring. These direct substitution ortho and para 

to themselves as in benzene. One of the most synthetically useful variations 

of this occurs with the pyridine-N-oxides, which accept both electrophiles and 

nucleophiles. 

H NO: pee 

| hs HNO, | | | > Easy 

lectrophil pneauqion Ne (electrophile) i cee) NZ aa 

(03 “0: —0: * if | 

Jno 

2s ~ SS H,O, OC [Oy |e Z N A 40° Ae —MgBrOH = 

N aE pe (nucleophile) N<eoH N Dd 

Bc (O- MgBrt 
H-2OH 

Side Chain Reactivity 

Methyl groups attached to the pyridine nucleus in the a- or y-positions 

are more acidic than the methyl group in toluene, and their derived anions 

are nucleophiles that resemble enolate anions in their behavior (Fig. 24-1). 
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= CsHsLi_ +. HCONE 
| > > Li 2) HOF 

N* *CH, 

= N~ “CH,COOH 

a-Pyridylacetic 
acid 

CH, CH, 

Si ;H,CHO 

B+ +BH 
N NZ 

7 

CH,—CH—C,H, CH=CHC,H; 

| SS +Ht Ss 

—H,O 
NZ NZ 

These reactions are analogous to enolization of carbonyls and subsequent 

reaction of the enol. Other reactions of pyridines which are analogous to those 

of carbonyls are summarized in Fig. 24-1. Nucleophilic substitution like that 

of carboxylic derivatives is common, and decarboxylation of w- and y-pyridyl- 

acetic acids is the analog of that in B-ketoacids (page 535). Conjugate addition 

to a- and y-vinyl-pyridines is also a facile reaction. 

:CH(COOR), 

A 

(1 N~ ~CH(COOR), 
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CH,7-CO-OH (CH. CH, 

cs =f Pint ev —CO, N ZB 

N Y N? 
| .— HCN > 

er | 
NZ cH N~ CN 

Synthesis 

As with the previous heterocycles, dissection of pyridines or pyridones 

for synthesis yields acyclic dicarbonyl compounds. These in turn can be made 

by aldol or Claisen condensations, and the aromatic stability of pyridines is 

utilized to drive the equilibria to completion. 

S 
Je + NH; 
ZA 

N O 

O O 

N 70nO7 
H 

The most widely used synthesis employs this principle, leading to a 

dihydropyridine, which oxidizes very easily to the aromatic pyridine. 

ee ZA 

So 

b 
CH,O0CO | COOCH 

a aw CHO fi : 
CH, CH, te 
| | —-> 

Cc 
VS We 

CH; O O CH; 

b b 

CH,OOC~ COOCH, CH,OCO. ~\__-COOCH; 

| | = ZA 
CH;~ CH, CH “yy ~CH: 
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The sum of the oxidation states in the starting materials will equal that 

in the product (see Sec. 18-1) and will determine whether the primary product 

is in a dihydropyridine, pyridine, or pyridone oxidation state. The aromaticity 

provides such a driving force that almost any synthesis devised with the right 

oxidation states will yield some of the desired pyridine derivative. 

Benz-fused Pyridines 

Quinoline and isoquinoline are the most common of the pyridines fused 

to benzene rings (see Table 24-3 for examples of this family). They show 

largely the same reactivity as pyridine and are usually synthesized from 

anilines via Friedel-Crafts cyclization. 

g 
| p 

Cc a 
2 CHa ZnCl es 

+ oe 

NH, ee N~ ~o 

p 

2,4-Diphenylquinoline 

TABLE 24-3 Fused Six-membered Heterocycles 

5 4 5 4 5 4 5 4 

6 | S33 6 | S33 6 | — 6 | SN3 

7 N~? 7 ZN: 7 nN? 7 = 
8 1 8 1 8 ; 8 1 

Quinoline Isoquinoline Cinnoline Quinazoline 

5 5 4 s 4 
N 

| 
1 FP 2 7 ZN? ws eh 

N NO N@™ 8 , 8 1 8 1 

Quinoxaline Phthalazine Pterin 

5 a 4 
N 

| CJ oe) ies ne! 6 ZZ 3 7 SS 2 
N N 
10 8 9 1 

Acridine Phenazine Xanthone 
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PROBLEM 24-8 

Pyridine forms crystalline 1:1 adducts with boron trifluoride and with sulfur 

trioxide. Write their structures, with more than one resonance form in each case. 

PROBLEM 24-9 

a The pyridine-sulfur trioxide complex reacts with sodium hydroxide to form 

a yellow salt, C;H;O,~ Nat. Write the structure of the salt and the other 

product of the reaction and show a mechanism. 

b By completely analogous mechanism, N-methylaniline hydrochloride reacts 

with the complex or with the sodium salt, to form a deep red-purple dye, 

C,,H.,N.Cl. Formulate these reactions. 

PROBLEM 24-10 

Write stepwise mechanisms for the following reactions. 

a | 
CHY ~O*” ~CH, CH i CH. 

ae 

CH. 

= f 
OH 

P | A el CH; NE CH, CH; OH 

CH; 

= (CH;,CO),O = aa 

Ce Veer ersd | arr 
NZ NE N~ ~OCOCH, 
| 
o- O—COCH; 

cl 

aS socl, Ss 

el aa ieee | or 

NZ POCI, N~ 
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PROBLEM 24-11 

On heating acetaldehyde and ammonia in the air, four pyridines are formed, 

two being isomers of C,H;N and two of C,H,,N. Write structures for these iso- 

mers. 

24-5 HETEROCYCLES WITH TWO OR MORE HETEROATOMS 

The only aromatic heterocycles with two or more heteroatoms arise by replacing 

one or more CH centers with N in the four simple parent compounds, pyridine, 

thiophene, pyrrole, and furan. Such formal replacement affords three diazines 

from pyridine and two azoles from each of the five-membered parent rings. 

The six-membered heterocycles so derived behave as expected, being 

even more reactive to nucleophiles and less to electrophiles. They are also less 

basic, with pK, 0-3. They are characterized by somewhat less resonance energy 

than pyridine but still sufficient to cause them to revert to aromatic cycles after 

substitution and in general to be quite stable to most reaction conditions. 

The azoles exhibit a balance between the reactivity to electrophiles shown 

by the simple five-membered rings and the ketonic acceptance of nucleophiles 

characteristic of pyridines and all rings containing C=N. Hence the azoles are 

usually generally as reactive as benzene to electrophiles. They are somewhat 

more reactive than pyridine to nucleophiles. The latter reactions commonly 

open the rings. 

Cl 

\—N N NH NH 

CHy ‘s > CH; ~s » CH CHO CH, So CHO 
3 ~SH 

The azoles are usually less basic than pyridine, except for imidazole (Table 

24-2), which has pK, = 7 owing to favorable equivalent resonance forms in 

the conjugate acid (protonated at C=N:). 

Synthesis of 1,2-diazoles, oxazoles, and diazines is achieved via NH,OH 

or NH,NH, with the appropriate 1,3- or 1,4-dicarbonyl compound, respectively. 

The 1,3-diazoles and diazines are commonly synthesized from amides, thio- 

amides, or amidines with a-haloketones or 1,3-dicarbonyl compounds. 
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CH; CH; 

HOOC(CH,), CH=CH, 

(Cle 

HOOC(CH,), CH, 

CH; CH=CH, 

COOC,,H3, (Phytyl) 

Chlorophyll a (green) Hemin (red) 
(plants) (animals) 

FIGURE 24-2 Structures of the plant and blood pigments 

N Z<——— CSS | 
Ny | = gt 

i ‘ I 
R R 

24-6 BIOLOGICALLY IMPORTANT HETEROCYCLES 

The wide variations in properties possible with various heterocycles make them 

very adaptable candidates for the specialized reactivity required in the chem- 

istry of living organisms. Hence they are very widely found in natural products 

and in biochemistry (Chaps. 26 and 27). 

The major pigments of the plant and animal world are the cyclic tetra- 

pyrrole structures shown in Fig. 24-2. Woodward’s synthesis of chlorophyll 

involved extensive pyrrole chemistry since each pyrrole ring is differently sub- 

stituted. The four pyrroles were each synthesized and then combined into two 

substituted dipyrrylmethanes which were then joined, in the correct orienta- 

tion, to afford the cyclic molecule. 

A selection of important biochemicals is illustrated in Fig. 24-3. At the 

top are shown the four bases that constitute the celebrated sequence code of 

DNA (Sec. 26-6), determining the genetic characteristics of all living things. 

The first two are pyrimidines, the second purines. The vitamins act in the body 

usually as the active sites of enzymes which control major metabolic reactions. 

One synthesis of thiamine is shown in Fig. 24-4 below to illustrate synthetic 

methods in heterocycle chemistry. 
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NH, O 

DR pee a6 

acid Gam ee | tes : 

bases 

Cytosine Uracil (R = H) Adenine Guanine 
Thymine (R = CH;) 

CH; Nw NH, 

¢ epee ta 

ee 

[ \ ZA NH 
iy OH CH N 

O 

Thiamin Riboflavin 
(vitamin B,) (vitamin B,) 

CHO 

Pyridoxal 
(vitamin Be) 

FIGURE 24-3 Selected heterocyclic biochemicals 

Just as many natural chemicals are heterocycles, so it is no surprise that 

unnatural, synthetic heterocycles should be found to exhibit physiological 

responses. A number of these (selections in Fig. 24-5) have unique action in 

the body and are used as drugs and antibiotics in medicine. Most of the natural 

heterocycles with medicinal value come from plants and have also been syn- 

thesized in the laboratory. Many of these are mentioned in Chap. 27. Others 

are totally synthetic and have never previously existed in nature. They have 

all been created in the laboratory, usually in the research departments of 

pharmaceutical companies, and found to exhibit medically useful drug action. 

Some, like LSD, are synthetic variations made on naturally occurring com- 

pounds. 
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oO 
NH, COOCH 

Ve Secs. HN ee POCI CH:—C Ab /SH—CHLOEE ==5 ne | 2¥OCk. 

NH CHO CH,~ SN 

Cl 

i ee 

CH? SN 

SH . 
NH, CH, 

iF O=C N ae Na 

pee E es / \ ; een Los = 

‘ ba Ss“ \~\on z 
Cl CH,CH,OH 

FIGURE 24-4 Synthesis of thiamine (vitamin B,) 

FIGURE 24-5 Heterocyclic drugs and antibiotics (N = natural as = ae 

O 

@CH,CO—NH c CH 

pee ee cn oa ae 
COOH 

bu, 

Penicillin (N) Caffeine (N) Phenobarbital (S) 
(antibiotic) (stimulant) (sedative) 

NCH: “ 
\ oS ZN 

db OT 

es 
NH—{ y \ 

N 
N 
H 

Sulfadiazine (S) Lysergic acid diethylamide Librium (S) 
(antibiotic) (LSD) (N + S) (tranquilizer) 

(hallucinogen) 
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PROBLEMS 

24-12 Deduce the major product of nitration of the following compounds and show 

your reasoning by analysis of transition states. 

e.g 
pf \ 

a 

24-13 Whenethy! acetoacetate, formaldehyde, and hydroxylamine are heated together 

in the absence of air, a substituted pyridine may be isolated in good yield. 

What is it? What is the function of the hydroxylamine? 

24-14 Carbon atoms attached to five-membered heterocycles and bearing leaving 

groups solvolyze very readily but do not always yield the products of direct 

solvolysis. The two cases listed are typical examples. Show why the solvolysis 

is rapid and how the subsequent changes occur in these two examples. 

s (ee = el een 
O O 

+ 

b ia a OH ~ CHsCOCH.CH.COOH 
O 2 

24-15 Rationalize this transformation. The reagents are those commonly used to 

generate dichlorocarbene. 

Ls CHCl, 

CH; N CH; KOH 

H 

CHO 

CH; CH, ZO. CHs “CH; 
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24-16 One of the four pyrrole ring starting materials needed for the chlorophyll 

synthesis was elaborated in the following manner. Fill in the blanks and write 

mechanisms for the steps marked with an asterisk. 

C5H,,ONO Zn 
———— >? — CH;COCH,COOC,H,; 2 

HCl HCl 

+CH;COCH,COOC,H; 
CH COGCHCOOC he 

oNH ela 

CH, COOC,H, CH, COOH 

// H,O+ / \ a Oe 

C,H,OOC CH, 4 CH,OOC-\,.”~CH, inriee 
H H is present 

from COOH.) 

CH; 

HCON(CH,), CH,(COOH), H, 
I. a C,oH 1 3NO; a 

C,H;00C N CH; POCI, pyridine catalyst 

H 

COOH 
CH; 

// \ SO.Cl, 
— 

C,H;0OOC N CH; 

H 

COOH 
CH; 

OH- 

° 

C,H;00C~\\,~ ~CCls aoe 

H 

COOH COCH; 
CH; CH; 

// \ CH,N, |= HCON(CH;), // \ 

HOC N POCI, N 

H H 



972 PROBLEMS 

24-17 Devise rational syntheses of the following heterocycles from non-heterocyclic 

starting materials. 

CH; 
CH, 

a | eee I \ 
N COC,H; 3 Nw 

H H 

CH; COOCH; 

e | 
O CH; 

C,H; 

SS 

Go 
N 

. is f 

UZN 

24-18 An indole derivative, C,,H,;,;NO,, showed a UV spectrum very similar to that 

of 5-methoxy-2-acetyl-indole. The NMR spectrum is illustrated in Fig. P24-18. 

What is the structure? 

8 7 6 5 4 3 2 1 o 8 

(3) 

(3). 

TMS 

()Q) (2) Q) 

2 3 4 5 6 7 8 9 to 7 

FIGURE P24-18 
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24-19 Mild acylation of a certain heterocyclic compound led to CgH,)O, which shows 

this NMR spectrum. What are the structures of the involved compounds? 

ZOE) Wadi. (fas5) 
3.87 (1H) d (J =5) 

3.22 (2H) gq (J=7) 
7.62 (3H) s 

8.80 (3H) t (J=7) 

24-20 A heterocyclic compound, C,H NO, exhibits in the NMR spectrum a singlet 

at + 0.62, two doublets (J = 4 cps) at rt 3.19 and 3.98, and two singlets at 7 6.13 

and 7.73, the five peaks in an intensity ratio of 1:1:1:3:3. What is the structure? 

24-21 Devise a pathway for the following observed conversions of heterocycles. In 

doing so, note the hidden carbonyl and enol reactivity implicit in each structure 

and locate the parent carbon skeleton common to each. Consult page 954. 

O 

NHCH,CH,COOH 

Na _(CH,CO),0 | 
a Bo | 

aepykidine |: 

H 

OH 

NH, 2 

“C.H,OH CH2¢ 
NH, é 

24-22 Deduce a mechanism for the following observed transformation. 

H; Cc CH, 

a an -OH 

CH; O O HOOC COOH 

READING REFERENCES 

Katrizky, A. R., and J. M. Lagowski, “Principles of Heterocyclic Chemistry,” Academic, 

New York, 1968. 

Paquette, L. A., “Principles of Modern Heterocyclic Chemistry,” Benjamin, New York, 

1968. 
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NATURAL 
AND 
SYNTHETIC 
POLYMERS 
A substance made up of long molecules which are characterized by many 
repeating molecular units in linear sequence is called a polymer. Polymers are 

made by sequential addition of many monomer molecules to each other. 

nA — > A—A—A—A—.:.-:-= A—+A)—A 
u—2 

Monomer Polymer 

In many polymers, the fundamental units are not all the same but are 

two or more similar molecules. Such substances are called copolymers to distin- 

guish them from homopolymers, which contain only one kind of fundamental 

unit. 

nAtimC —+ ~A—C—A—C—C_—A}- 
n+m 

Comonomers Copolymer 

The products of linking only small numbers of monomer units are desig- 

nated by the use of Greek prefixes. 

Monomer A 

Dimer Aa 

Trimer DIVA 

Tetramer MMU 

Pentamer MAA 

ele 

Oligomers (short-chain polymers) 

Two kinds of polymer may be distinguished: the addition polymer is one 

in which the monomers are molecules with multiple bonds which undergo true 

addition reactions with each other; the condensation polymer is one in which 

a small molecule (usually water) is eliminated in the condensation of any two 

monomer units. It is clear, therefore, that monomers for condensation polymers 

must be (at least) bifunctional molecules in which one function on one mono- 
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mer molecule reacts with the other function on another molecule. Examples 

are listed: 

Addition polymers: 

nR—CH=CH—R — GaGa 

R R 

Vinyl polymer 

neh>—O +CH,—O-; 

Condensation polymers: 

nHO—@@a—COOH — (n —1)H,O + HO CO=07 FH 

Polyester 

nH,N—"§{—COOH — (n—1)H,0 + H,N-+- 9) —CO—NH>,H 
Polyamide 

nHO—“"— OH + nHOCO—§— COOH — 

(2n — 1)H,O + HO+ O—CO—ag—__cO—O>,H 

Polyester copolymer 

The last example implies a variant in which two bifunctional units are 

present on each of two kinds of monomer to create a condensation copolymer. 

Polymers which possess only long sequential strands like those listed are called 

linear polymers. It is also possible, with three functional groups (or two different 

monomers, at least one of which is trifunctional), to have long linkage se- 

quences in two (or three) dimensions and such polymers are distinguished as 

cross-linked polymers. Linear polymers are commonly relatively soft, often 

rubbery substances, and often likely to soften (or melt) on heating and to 

dissolve in certain solvents. Cross-linked polymers are hard and do not melt, 

soften or dissolve in most cases. 

Homopolymers Copolymers 

Linear: A—A—A—A—::: or A—C—A—C—A— ::: 

Cross-linked: A—A—A—A— 

A—A or (ge 

a A 
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The importance of polymers in our life is almost breathtaking. Proteins 

and carbohydrates, which constitute two of the three principal classes of human 

foodstuffs, are natural polymers of high molecular weight. Nucleic acids are 

responsible for transmission of genetic characteristics in living organisms. 

Natural rubber, synthetic elastomers (synthetic rubbers), plastics, synthetic 

fibers, and resins are all polymers having uses that reach into every part of 

our lives. The tonnage of polymers marketed by the American chemical indus- 

try exceeds by a wide margin the volume of all other synthetic organic chemi- 

cals. Most of the structural tissue of living things is composed of polymers. 

In plants these are chiefly cellulose (a polysaccharide) and lignins. In animals 

the main structural polymers are proteins, which take different forms as skin, 

hair, muscle, etc. Highlights of the chemistry of these natural polymers are 

offered in Secs. 25-3 to 25-5. 

25-1 VINYL POLYMERS 

The most common of the commercial addition polymers are vinyl polymers. 

A wide variety of vinyl monomers undergoes addition polymerization to produce 

various high polymers. Familiar products of vinyl polymerization include syn- 

thetic elastomers, Plexiglas, polystyrene, polyethylene, Orlon, and most of the 

ion-exchange resins. Natural rubber is a prototype of the class. 

Natural Rubber 

Natural rubber is a mixture of hydrocarbons having the empirical 

composition C.H,. Rubber is highly unsaturated, and careful study of the ozon- 

olysis of rubber leaves little doubt that it is a linear polymer of isoprene 

[CH,=C(CH,)CH=CH,] in which the residual double bonds are located exclu- 

sively between C-2 and C-3 of the isoprene units in the polymer. Although 

isoprene is not the biological precursor of rubber, the latter may be thought 

of as the product of the 1,4-addition polymerization of isoprene. Production 

of a synthetic material identical with natural rubber was first accomplished 

in 1955. 

a (CH,)2CHCH,];A1 
nCH,—C—CH—CH, ali eae +~-CH,—C=CHCH,,- 

Trely 

“Natural” rubber 

The average molecular weight of rubber is estimated to be in the range 

of 60,000 to 350,000, which corresponds to a degree of polymerization (number 

of monomer units per molecule) of 1,000 to 5,000. The steric configuration 

of the polymer molecules has a critical effect upon their physical properties. 

All, or nearly all, olefinic linkages in rubber have the cis configuration. Gutta- 

percha, a trans isomer of rubber, is horny rather than elastic. Hydrogenation 

of both polymers gives the same saturated polymer product. The difference 
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in physical properties must, therefore, be associated with differences in the 

configurations about the double bonds in the natural polymers. Analysis of 

stretched rubber by X-ray diffraction shows that the polymer has a repeat 

period of 9.1 A, whereas a-gutta-percha has a period of 8.7 A. 

Rubber latex, a colloidal suspension of rubber in water, occurs in the 

interstitial tubules of many plants, including the dandelion, goldenrod, and 

rubber tree. The tree is native to Brazil but has been introduced to the Far 

East. During World War II, interruption of the flow of rubber from the planta- 

tions of Ceylon, Indonesia, and the countries of the Malay peninsula created 

a crisis that stimulated fervid effort to develop substitutes for rubber. While 

the early “synthetic rubbers” were inferior in many respects to natural rubber, 

synthetic elastomers have now been developed that are superior to natural 

rubber for many applications. 

Coagulation of rubber latex by addition of acetic acid and salts gives crepe 

or gum rubber. Gum rubber does not have high tensile strength and becomes 

very brittle at low temperatures. The widespread use of rubber as an elastic 

structural material was made possible by development of the vulcanization 

process in 1839 by Charles Goodyear, who accidentally discovered that addition 

of sulfur to hot rubber causes changes that improve the physical properties 

in a spectacular manner. Vulcanization establishes cross-links between the 

linear polymer chains of rubber. Cross-linking probably occurs both through 

saturation of double bonds and by way of coupling and addition reactions of 

C—H groups a to the double bonds. 

—-CH,C(CH,)—=CHCH,>- 
c --CH,C(CH,;)=CHCH- 

A CHLC(CHS | CHCH=, 

+~-CH,C(CH,;)=CHCH,4- S 

= s —= 

Soft rubber contains about 1 to 2% sulfur, and hard rubber, which has lost 

most of its plasticity, contains up to 35% sulfur, enough to effect complete 

saturation of the rubber if all cross-linking occurred by addition. 

Initiation of Polymerization 

Polymerization of vinyl monomers occurs in the presence of small 

amounts of a wide variety of reagents known as initiators. Since initiators are 

often destroyed, it is not proper to refer to the substances as catalysts, although 

the latter term is sometimes used. Initiators are believed to form some reactive 

species, such as an ion or a free radical, which can add to carbon-carbon double 

bonds to form a new ion or radical, which can in turn add to another unit. 

Various polymerization processes are most easily described in terms of the 

chemical nature of the growing polymer chains. 
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Chain initiation 

ROOR —~> 2Ro. 

RO- + CH,=CH—OCOCH, —> ROCH,CH—OCOCH, 

Vinyl acetate 

Chain propagation 

RO—t—CH,CH—,—CH,CH—OCOCH,; + CH,—CH—OCOCH, ——> 

OCOCH; 

RO—(—CH,CH—) CH,CH—OCOCH, 

OCOCH, 

mee (P:) 
Chain termination 

PAS ——— JU 

FIGURE 25-1 Peroxide-initiated polymerization of vinyl acetate 

Free-radical Polymerization 

The most widely used initiators are those which produce reactive free 

radicals at a controllable rate. There are three principal classes of free-radical 

initiators: 

1 Compounds, such as peroxides and certain azo compounds, that undergo thermal 

decomposition at temperatures not far above room temperature (See Fig. 25.1.) 

100-130° 
(CH3)3COO C(CH3)3. ————> __ 2(CH3)3CO- 

Di-tert-butyl tert-Butoxy 
peroxide radical 

CN CN 
| 60-100° s 

(CH;),;CN=NC(CH3). ———> 2(CH;)SCCN +N, 

a,a'-Azo-bis-isobutyronitrile 2-Cyano-2-propyl 
radical 

2 Photosensitizers, which, on the absorption of light, decompose or react with other 

molecules to give radicals. 
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Oo. O O +» O 

— 

Phenanthrenequinone Excited state 

O + O HO O 

SH AO 
Hydrogen- 

atom 
donor 

Redox systems, in which a one-electron transfer reaction, often involving a metal ion, 

produces reactive radicals. 

Fe? HO, ==> Fe" 4 "OH- + OH 

Although free radicals are highly reactive and short-lived, they show a 

high degree of selectivity in some reactions. For example, a high degree of 

order is found in the structure of all vinyl polymers, which indicates that 

addition virtually always occurs in the sense: 

R: + CH,=CHX —> RCH,CHX 

rather than in the opposite sense: 

R: + CH,=CHX —> RCHXCH,: 

This is, of course, the same observation as was made concerning the addition 

of reagents such as HBr to olefins by the free-radical mechanism (page 828). 

Various other reactions of free radicals can compete with the addition 

reaction. Such side reactions may involve the monomer, the polymer, or foreign 

additives and impurities. ‘Side reactions” may have a spectacular influence 

on the course of a polymerization and are often used to control polymer 

properties and monomer stability. 

Inhibitors are substances that degrade growing radicals to inactive prod- 

ucts. Each time such a reaction occurs ‘a growing chain is terminated. Common 

inhibitors are oxygen, iodine, quinones, and polycyclic aromatic hydrocarbons. 

Typical inhibitor action is that of benzoquinone. 
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? OR OR 

Re — es <> etc. |" inert products 

O L O: 

Benzoquinone Resonance-stabilized radical 
incapable of adding to 

monomer 

Most vinyl monomers are stored with small amounts of added inhibitors 

to protect them against premature polymerization. Slow oxidation of mono- 

mers, which produces peroxides (cf. hydrocarbon oxidation, page 750), is a 

source of initiators that cause polymerization during storage. As a consequence, 

antioxidants, which are not effective polymerization inhibitors in the absence 

of oxygen, are often used to stabilize monomers. Polymerization of a monomer 

containing an inhibitor is characterized by an induction period during which 

little or no polymerization occurs. After all the inhibitor has been destroyed, 

polymerization assumes its normal course. Stabilizers are usually removed 

before polymerization is initiated. 

Chain-transfer agents are molecules that can react with growing chains 

to interrupt the growth of a particular chain. The products, however, are radicals 

capable of adding to a monomer to start the growth process again. The overall 

effect is to reduce the average molecular weight of the polymer without re- 

ducing the polymerization rate. The chain-transfer agents commonly used to 

regulate the molecular weight of commercial polymers include carbon tetra- 

chloride, mercaptans, and toluene. 

CH,—CHX ‘ 
R> + Cel, ——> Rel + e)© ——— Cl.cCH,CHxX 

CH=CH X ; 
R: + R‘SH —> RH+R'S') ————> R’'SCH,CHX 

R: + C,H;CH, —~> RH + C,H;CH; pea C,;H;CH,CH,CHX 

Copolymerization occurs when a mixture of two or more monomers 

polymerizes, so that units from each monomer enter the same polymer chain. 

Such a copolymer has properties quite different from those of mixtures of the 

individual homopolymers (polymer from a single monomer). The high selec- 

tivity of free radicals is reflected in the preferences shown by growing radicals 

in a copolymerization. For example, maleic anhydride, which will not easily 

form a homopolymer, gives high-molecular-weight copolymers with styrene, 

butadiene, and vinyl acetate. In the copolymers, there is a nearly perfect alterna- 

tion of monomer units. 
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eae 

CoH Pat po 

n 

Styrene-maleic anhydride copolymer 

Growing radicals with maleic anhydride “ends” add preferentially to 

styrene, and styryl-terminated radicals add more rapidly to the anhydride than 

to styrene. 

adh te + C,;H;CH=CH, —> ROH afi Chee 

UES VR 
Oo” O No O O No 

CH: 
| 

RCH,CHC,H; + care sass ak Cee 

Ce ALC 
Li IN ZN 

O 5050 

Cationic Polymerization 

Strong acids cause polymerization of a number of vinyl monomers. The 

growing chains are carbonium ions, and the growing ends are probably closely 

associated with anions. Most commonly used initiators are Lewis acids, such 

as boron trifluoride, stannic chloride, or aluminum chloride, assisted by a small 

amount of water. Polymerization of isobutene to give the product known as 

butyl rubber is a typical example. 

BF, +H,O == HOBF, 

B 

Pp Cc 372 2 HOBF, fi + (CH,) C=CH, —> (CH,),¢ BOH —“CH2 C=C, 

(CH3)3 {« ib (—CH, F,BOH —— 

n-+-1 

(CH3)3G cre jong + BF; + H,O 

CH, 
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Isobutene, styrene, butadiene, and vinyl ethers are converted to high 
polymers by acid catalysis, but the process is not nearly as general as radical 
polymerization. The mechanism of polymerization here is essentially that of 
electrophilic addition (Sec. 15-4). 

Anionic Polymerization 

Strong bases initiate polymerization of vinyl compounds that bear elec- 

tron-withdrawing substituents. The reaction is essentially one of nucleophilic 

conjugate addition (Sec. 12-6). In the absence of proton-donor solvents, chain 

growth can occur, following initial conjugate addition of a nucleophilic initiator 

(B:~). Acrylonitrile (CH,=CHCN) is polymerized by sodium amide in liquid 

ammonia. 

H,—CHCN = 
BCH,CHCH,.CHCN —=> 

dx 
Chain 

termination steps 

B: + CH,—=CHCN —~> BCH,CHCN . 

B(CH,CH), CH;CHCN polymer 

Organometallic Initiators 

New types of organometallic initiators for vinyl polymerization have been 

developed recently. The initiators are complex mixtures formed by admixture 

of organometallic compounds with various metallic halides. The halides are 

usually species, such as TiCl, and VOCI,, containing a metal that can be reduced 

to one or more lower valence states. The first organometallic “catalyst” of this 

type was reported by Ziegler and was prepared from aluminum alkyls (R,Al) 

and titanium tetrachloride. Ziegler initiators accomplish some very dramatic 

new polymerizations, including low-temperature polymerization of ethylene 

and polymerization of propylene. In addition, the new initiators produce crys- 

talline (page 1013) polymers from monomers such as styrene and propylene. 

Little is yet known of the mechanism of organometallic polymerization. 

It is possible that the addition step should be regarded as a Lewis acid-Lewis 

base attack on alkene groups. In the following equation, the M’s refer to metal 

compounds. 

N baling = 
wrpali Yau Ma Me R-C_C on 

oS ld 
Lewis base Lewis 
(R~ donor) acid 

As most Ziegler systems contain suspended solids, addition may well 

occur through the agency of two metal atoms located on solid surfaces. Almost 

any terminal alkene (~C=CH,) can be polymerized by Ziegler initiators. Func- 

tional groups interfere with the action of the catalysts that are most effective 

in alkene polymerization. Monomers that bear functional groups polymerize 
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in the presence of other organometallic initiators, many of which have not yet 

been thoroughly described in the literature. It was through the agency of a 

Ziegler system that the first synthetic all-cis polyisoprene was prepared. More 

recently, the natural rubber structure has also been reproduced by polymeri- 

zation of isoprene with metallic lithium. 

Ion-exchange Resins 

A cross-linked polymer of styrene and divinylbenzene is a hard, insoluble 

resin which may be formed into tiny beads. Since the molecular network 

contains pendant phenyl groups (from the styrene units), these may undergo 

electrophilic substitution reactions and thus produce functionalized polymers. 

Many chemical reactions may in fact be carried out on functions which are 

attached to the cross-linked net of the polymer. 

When such a polymer is sulfonated there is obtained an insoluble resin 

with sulfonic acid groups appended to its surface. Such a substance is called 

an ion-exchange resin. 

(Diviny]l- 
benzene 

cross-link) 

Sulfonic acid ion-exchange resin 

While the sulfonate groups are attached to the insoluble resin, the protons 

are only held electrostatically and may easily migrate away in an adjacent water 

phase as long as another positive ion from the aqueous solution can move in 

to take its place and balance the negative sulfonate charge. When packed into 

a column with water the resin can serve to exchange cations. If a solution of 

sodium chloride is passed down the column, the passing sodium ions are caught 

by the resin, releasing protons into the solution so that a solution of HCl 

emerges from the bottom. 

An anion-exchange resin is similarly prepared by chloromethylating the 

original polymer and displacing chloride with trimethyl amine. 

LO) + CH,O-nHCl——= —CH,Cl = 

ci- 
+ 

CH,—N(CHs3)3 
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The two kinds of resin are widely used to exchange ions in solution 

conveniently. When the counterions on the two resins are H+ or OH™ they 

are very convenient for providing acid or basic catalysis to a reaction without 

retaining acid or base in the filtered reaction solution at the end. The resins 

are also widely used to remove all ions from water as a means of purifying 

it (deionizing). This is the principle of commercial water softeners and works 

by using an acidic and a basic resin in sequence: 

H,O + Na + Gla SSSA aA ER ESSA H,O + Ht a Cl- SERPS SNORE ES SEES REE EOIN 2H,O 

H+ Ht Ht -OH -OH ~—OH 

SO; SO; SO;- +NMe; *NMe, *NMe, 
er Sears le ee ee 

25-2 CONDENSATION POLYMERS 

Polyesters, polyamides, polyethers, the products of the condensation of form- 

aldehyde with amines, and reactive aromatic substrates are the common 

condensation polymers. Not all the products are actually made by condensation 

reactions. 

7 
Ht, A 

i I 
HO(CH,);C— |—O(CH;);C— |_-O(CH2)s;COOH + nH,O 

Ht, A 
(n + 1)HOCH,CH,OH + (n + 1JHOOC(CH;),COOH ———> 

Ethylene Adipic 
glycol acid 

liga I 
HOCH,CH,— —OC(CH,),COCH,CH,— —OC(CH,),COOH ct nH,O 

The best known of the polyesters is an ethylene glycol-terephthalic acid 

polyester, which is spun into a fiber called Dacron or Terylene. The polymer 

is made by transesterification of diethyl terephthalate with ethylene glycol. 

Direct esterification is unsuitable, because of the insolubility of terephthalic 

AGIA 
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O O 
| l Ht 

HOCH,CH,OH ote C,H;OC COC,H; a 

Diethyl terephthalate 

? O O 
| | 

HOCH,CH,O—|—C COCH,CH,O—|—C COOC.H, + 2nC,H;OH 
n 

Dacron 

Polyamides, which include nylon, the grandfather of all synthetic fibers, 

are made by techniques similar to those used in the synthesis of polyesters. 

(n + 1)H,N(CH,),NH, + (n + 1)HOOC(CH,),COOH —> 

eee | A 

Nylon 

Polyamides can also be made from w-amino acids or by a ring-opening 

reaction of lactams. 

oO 
| O 
ero | | 

(Hs i H,N(CH,);C—|—NH(CH,);C—| —NH(CH,),;COOH 

e-Caprolactam 

Polyethers are, in principle, derived from glycols with loss of water, but 

they are usually made by polymerization of cyclic ethers. Ethylene oxide is 

a particularly important monomer, which undergoes polymerization in the 

presence of either acids or bases. 

H+ or RO- 
(n+ 2)CH.CH, ——"——> HOCH, CH,— [—OCH,CH,—]—OCH,CH,OH 

O or 

ROCH,CH,— |[—OCH,CH,—] —OCH,CH,OH 

Polyethylene glycol 

Urea and polyfunctional amides condense with formaldehyde to form an 

important class of copolymer resins. The reactants first condense to a liquid 

linear polymer, which is then heated in a mold to effect the secondary, cross- 

linking condensations and yield a hard, infusible product. Such plastics are 
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described as thermosetting. Thermoplastic resins are linear polymers which can- 

not cross-link and these merely soften, without chemical change, when heated. 

| I 
H,NCNH, + CH,O —> HOCH,NHCNH(CH.NHCNH),CH,OH 

fae —H,O 

CH,O 

=N—CH,— 

| =O 

cia CH,—N— 

o= (<0 

Urea-formaldehyde resin 

Phenol and its derivatives also copolymerize with aldehydes to form 

useful resins. The best known is Bakelite, produced from phenol itself and 

formaldehyde. The course of reaction is fairly well understood. Condensation 

first occurs to give hydroxymethyl phenols. 

OH 
Ht 

+CH,O —> Z HO- 

OH OH OH OH 
CH,OH _CH,OH HOCH, /CH,OH 

~ + 4 

CH,OH CH,OH CH,OH 

Acid catalysts cause further condensation of the following type: 

OH oe OH 

Za eeleooes CS ial 

CH,OH 
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At a low degree of polymerization the fluid material is poured into a mold. 

The final cure to produce an infinite network is accomplished by heating, which 

causes further phenol alkylation with loss of water. 

OH 

~CH,— ov alee 

OH 
| | 

Phenol-formaldehyde resin 

PROBLEM 25-1 

Indicate the monomers and the polymerization method which are likely to be 

used in forming each of these commercial polymers. 

a eee ae CH,CHCICH,CH,CH,CHCICH,CH, aie 

Neoprene 

b --:-NHCH,CH,NHCH,CH,NHCH,CH:: : - 

c -:-+CH,OCH,OCH.O - - - 

Gl oo Pea aie emia ue ie as Bc 

CN CN CN CN 

Orlon 

er ae oco—{ -coocn.c.oco-{ _)—cooci.cr. foe 

Dacron 

PROBLEM 25-2 

Write a structure for the polymer (‘“Glyptal’’) formed by heating glycerol (1,2,3- 

propanetriol) and phthalic anhydride in proportions of 2:3. What physical 

properties might you expect of this polymer? 

PROBLEM 25-3 

a One kind of nylon is prepared from cyclohexanone by treating with hydrox- 

ylamine, then strong acid. The monomer so produced polymerizes above 250°, 

especially with a little water present. Show what occurs in this process. 

b Another nylon is made from cyclohexanone and butadiene as starting mate- 

rials. These are first transformed into appropriate monomers and then into 

the nylon, which has the structure below. How would you make nylon from 

these monomers? 

. .. —CO—(CH,),—CO—NH—(CH,),—NH—CO—(CH,),—CO—NH— ... 
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Ht 
oot ory 

R—O eS RO OH 
a SF 

H ne 

CH—OH CH—OH Ht CH—OH Ht 
—H,O CH—OH 0 =>  CH—OH CH—OH == 
+H,O0 | —ROH 

ae CH—OH CH—OH 

tas CH—OH CH—OH 

Glucoside (Acetal formation, 
of R—OH Sec. 12-5) 

1 CH=O Be 

2 CH—OH CH—O 

3 CH—OH == CH—OH 

4 i CH—OH 

5 He: er ee 

6 CH,—OH CH,—OH 

Basic Preferred 
skeleton cyclic 

tautomer 

OR 

HO 
HO T HO ae OR 

2 2 

5 

Oe Conee SNe eevee 
R = H: a-glucose R =H: B-glucose 
R=R: a-glucoside R=R: B-glucoside 

Absolute configuration and conformation 

FIGURE 25-2 Glucose and the formation of glucosides 

25-3 POLYSACCHARIDES AND LIGNINS 

The carbohydrates, or saccharides, consist of compounds like sugar, starch, 

and cellulose. These compounds are of the most fundamental importance in 

living systems, both plant and animal, and their varied functions are discussed 

in Chap. 26. The central molecule in all these compounds is a linear carbon 

chain of four to seven carbons with a hydroxyl group on each carbon and the 

terminal carbon an aldehyde.{ Such molecules spontaneously cyclize (tautom- 

erize) to five- or six-membered hemiacetals (page 215) and these are the 

monosaccharides, or sugars, of nature. 

+In some cases the carbonyl is a ketone on the second carbon of the chain instead. 
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The most common natural example is the six-carbon sugar, glucose, used 

in Fig. 25-2 to exemplify the nature of all sugars. The stereochemical variety 

of sugars is outlined in Chap. 6. One of the central modes of reaction is centered 

at the aldehyde carbon and involves normal formation of a cyclic acetal with 

an external alcohol, R—OH (Fig. 25-2). The acetals of sugars with alcohols and 

phenols are called glycosides, those of glucose being glucosides. Attachment of 

sugars to alcohols and phenols in this fashion is very common in natural 

compounds. Since sugars themselves bear hydroxyl groups, it is not surprising 

that glycosidic linkages between sugar molecules should also be common in 

nature. Thus, disaccharides are formed by joining two sugars, as in the common 

dimers of glucose shown below. 

OH 

HO HO 

oO CH,OH ~° 

ue CH,OH ~O 

a-Maltose 

HO H OH 

GO —=—  CHOn 

HO HO 

Ee CH,OH 
B-Maltose 

HO HO HO HO 
OH 

ae 

HO CH,OH ~o CH,OH ~O 
Cellobiose 

The simple sugars are called monosaccharides (cf. glucose, Fig. 25-2) and 
serve as monomers for the formation of polysaccharides, the corresponding 

condensation polymers with repeating sugar or monosaccharide units joined 

with loss of water. Acidic hydrolysis of glycosides and polysaccharides reverses 
the acetal formation and yields monosaccharides; incomplete hydrolysis may 
yield di- and trisaccharides. 
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The glycosidic carbon atom (C-1) is linked by either an a- or a B-linkage 

to either C-4 or C-6 of the next monosaccharide unit. The commonest polymers 

contain only glucose units; cellulose is an example. 

HO 
ths HO. HO HO. HO 

ab aA HO 3 5 O 

~o fo BN oo ~~ GioH° Me oO CH,OH 2 
CH,OH 2 CH,OH : 

Cellulose 

Starch is stored in the roots, seeds, and fruits of plants (e.g., corn, potatoes, 

wheat, tapioca, and rice). It is one of the principal nutrient materials for the 

animal world. All starches give only glucose on hydrolysis, but both 1,4- and 

1,6-linkages occur in most starches. The glycosidic linkages have the a- 

configuration, so the links between the repeating units look like those in the 

maltoses (see above). Hot water separates starch into an insoluble fraction, 

amylopectin, and a soluble fraction, amylose. Amylose is hydrolyzed exclu- 

sively to maltose by the enzyme maltase. If amylose is methylated and then 

hydrolyzed, the major product is 2,3,6-trimethylglucose and small amounts of 

2,3,4,6-tetramethylglucose are also found. 

CH;O 

Methylated amylose 

HCl 

H,O 

2,3,4,6-Tetramethylglucose 2,3,6-Trimethylglucose 
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—O OO =O — 0 —- OO — © — 9 — 6 

Acetal end 1, 4-linkages Nonacetal end 

Amylose 

O Oo Oo Oo Oo O O——©. O O— ©) 

Acetal end | Nonacetal 

i o end 

©o—o—oO Oo Oo Oo 

| Nonacetal 

] 1, 6-linkage end 

Nonacetalo o Nonacetal 
end | end 

Amylopectin 

FIGURE 25-3 Starch structures 

The free hydroxyl position in the major product indicates that the polymer 

is held together by 1,4-linkages, and the amount of the tetramethylglucose 

produced gives a measure of the number of nonacetal end groups and, there- 

fore, of the average molecular weight of the amylose. The extra methyl group 

at the acetal ends of the polymer chains is lost easily on acidic hydrolysis, since 

it is bound by a glycoside (acetal) linkage. 

Amylopectin gives only about a 50% yield of maltose when digested by 

maltase. Since the enzyme is specific for hydrolysis of 1,4-linkages, there must 

be some other links in amylopectin. Exhaustive methylation of amylopectin 

followed by hydrolysis gives a higher yield of 2,3,4,6-tetramethylglucose than 

is obtained from amylose. However, physical measurements (page 1012) show 

that amylopectin has a much higher molecular weight than amylose. Therefore, 

there must be a number of nonacetal “ends” on an amylopectin molecule; 

hence, the substance must be a branched or cross-linked rather than a linear 

polymer. The conclusion is borne out by estimation of the number of acetal 

end groups, which is larger for amylose than for amylopectin. The structure 

of the two starches can be shown schematically, as in Fig. 25-3. Assignment 

of the branch points as 1,6-linkages is indicated by isolation of 2,3-dimethyl- 

glucose after methylation and hydrolysis. 

Glycogen, the reserve carbohydrate of animals, is stored in the liver and 

muscles. On complete hydrolysis, the polymer gives glucose units. Methylation 

studies and degradation by enzymatic hydrolysis show that the substance is 

linked by f-1,4-glycoside linkages with some 1,6-linkages, such that a cross- 

linked structure results. 

Cellulose is a glucose polymer of high molecular weight found in all plants. 

About 50% of wood and 90% of cotton fiber are cellulose. To the best of our 

knowledge, cellulose is completely linear, and the glucose units are joined by 

$-1,4-linkages. The monomeric units of cellulose are held together by f-1,4- 

linkages, and there are an average of about 3,000 monomer units per cellulose 

molecule. Cellobiose (above) is the disaccharide formed on hydrolysis. 



SEC. 25-3 POLYSACCHARIDES AND LIGNINS 993 

Chemical modification of cellulose produces polymeric materials that are 

familiar commercial products. The principal chemical function of native cellu- 

lose is found in the —OH groups that cover the spine of the polymeric molecule. 

Reaction with acetic anhydride produces cellulose acetate, which can be spun 

into the synthetic fiber known as rayon or formed into photographic film. 

Nitration produces nitrocellulose, which is the explosive binder used in the for- 

mulation of many solid propellants for rockets. Perhaps the best known product 

from cellulose is cellophane, a clear sparkling film having approximately the same 

composition as cellulose, and made from it by a process which brings the 

cellulose into solution so that it may be reprecipitated while being stretched 

into film. 

Lignin 

Wood contains another, noncarbohydrate, polymer known as lignin. The 

structure of lignin has not been entirely elucidated. There is no doubt that 

soluble “lignins’” obtained by digestion of wood with aqueous alkalis and 

alkaline bisulfites (as is done in the manufacture of paper) are polymers con- 

taining a variety of groups. Since there is no unequivocal evidence that native 

lignin can be dissolved in totally inert solvents, a strong case can be constructed 

for the view that native lignin may have a simple repetitive structure that is 

chemically modified during solubilizing processes. Various degradations, such 

as oxidative cleavage, zinc-dust distillation, and dry distillation of lignin, give 

guaiacol and its derivatives. 

OH OCH; 

OCH; ou si sie 

COOH 

Guaiacol Protocatechuic Isohemipinic 
acid aci 

OH 

OCH, aig oe 

CH,CH,CHs3 —CH=—CH, 

pur Vanillin Eugenol 
guaiaco 

Typical lignin degradation products 
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Such degradation studies have led to a partial structure of lignin as 

ortho-dioxygenated benzene rings connected by three-carbon chains. These 

chains have various attached hydroxyls or carbonyls, generally such that the 

oxidation state is the equivalent of two hydroxyls per three-carbon chain, as 

in the hypothetical polymer section shown: 

OCH; 

O CO—CH,—CH,— : °° 

>> + ——CH,—_CH—CH~ te eae, OCH; 

OH OH OH OH 

Hypothetical partial lignin structure 

Lignin is at present a waste product in the processing of wood during 

manufacture of paper and other cellulose products. The future will probably 

see development of significant uses for this source of interesting chemicals. 

There are two principal processes for the conversion of wood into paper. Both 

are primarily designed to remove lignin as water-soluble derivatives. In the 

alkali process, lignin is degraded and solubilized by virtue of the acidity of 

phenolic hydroxyl groups. In the sulfite process, an alkaline bisulfite solution 

sulfonates some of the aromatic nuclei, thus making them water-soluble. 

3 OH O HO SO, SO 

OCH OCH H cy 3 OCH, eave 3 ates OCH; 

a SS —> 

SS& SS SS 

PROBLEM 25-4 

Consider glycogen, the animal starch, to be fully water-soluble. How might 

reaction with periodate be used to determine the proportion of 1,4- to 1,6- 

linkages? What products of reaction would be expected? 

PROBLEM 25-5 

Write a detailed mechanism for the hydrolysis of starch to glucose. 

PROBLEM 25-6 

Consider using glucose as a source for synthesis of higher saccharides. What 

distinctions among the hydroxyl groups can be made with respect to their re- 

activity which might allow rational synthetic schemes to be developed? Try to 

apply these distinctions in a synthesis of the 1,6-linked disaccharide. 
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25-4 AMINO ACIDS AND PROTEINS 

Proteins are omnipresent in living matter. Fibrous proteins constitute the struc- 
tural matter of animals, in the form of skin, muscle, silk fibers, connective 

tissue, and so forth. Soluble, or globular, proteins play critical roles in all life 

processes as enzymes, metabolic intermediates, character-determining genetic 

factors, etc. 

Hydrolysis of proteins with acids, bases, or enzymes, produces mixtures 

of a-amino acids as the principal products. All evidence shows that simple 

proteins are linear copolymers of a-amino acids in which the units are linked 

by peptide (amide) linkages. Molecules that contain only short sequences of 

amino acids are known as peptides or polypeptides. 

Roe & Oo: R | oo 

nes a i ee se , H:0 in a ANN, Sa EN ~ OEE SOE RSG SG serrate Wa 
O;  R’ Oi Rk” H.N COOH 
a eee ee 

a-Amino acid units a-Amino acids 
section of a protein chain 

There are in nature about twenty different amino acids used in the con- 

struction of proteins. Natural proteins commonly contain 100-400 amino acid 

units per chain, with molecular weights of 15,000-60,000. The possible variety 

of protein structure available through different numbers and sequences of 

amino acids is truly staggering. 

The total number of different proteins that can be assembled from these twenty 

different amino acids is N = 20”, where n = number of amino acid units in 

the chain. If we could collect only one molecule each of all the possible proteins 

containing chains which are 20 units in length, this would be 20°° molecules 

and would occupy 25 liters of space, i.e., a sphere of solid protein about the 

size of a basketball with every molecule in it different! With a 30-unit protein 

the occupied volume becomes 60 cubic miles, while the possible variants of 

only a 100-unit protein would fill a space larger than the universe! Fortunately, 

with this variety we are not obliged to find as food the particular proteins our 

bodies require to function. In fact since the functional proteins of the organism 

differ slightly in sequence from one species to another, such a requirement 

would demand our subsisting on human food. However, the body can ingest 

all proteins since they are hydrolyzed by stomach enzymes to a simple mixture 

of the twenty constituent amino acids and these are then resynthesized into 

the particular proteins which the body requires. 
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COOH COOH COOH 

1 Pt 

Sy SK 2 HO—C—H —— He C—=Br —> Ne C—H => 
! is ! Ca \ 

CH, CH; CH; 

L-(+)-Lactic (+)-a-Bromopropionic acid 
acid 

COOH Gl COOCH; Cl COOCH; COOH 

PCI, CH;,OH 
HNC" aa H,N=C—H as H,N—C—H —_—— H,N= C—H 

CH, CH,Cl CH,OH CH,OH 
L-(+)-Alanine L-(—)-Serine 

FIGURE 25-4 Relative configurations of amino acids 

Amino Acids 

The chief amino acids from which natural proteins are made all contain 

an amino group a to the carboxylic acid and are optically active, with the 

structures shown in Table 25-1. All but two (prolines) are primary amines and 

all but one (glycine) have the same absolute configuration at the a-carbon. This 

natural configuration is commonly called t- in the amino acid series and is 

always the s-absolute configuration, although the optical rotation may be 

(+) or (—) as in Fig. 25-4. 

COOH R 

H,N—C—H or Be 

H°/ ~cOooH 
R NH, 

Generalized naturally 
occurring amino acid 

(L series) 

The interrelations in configuration of amino acids have been established 

by the principle that if the configurations of two compounds are established 

in relation to that of a third, the two become known in relation to each other. 

The configurations of lactic acid and alanine are key links in the chain of 

structural relationships recorded in Fig. 25-4. (See also lactic acid on page 220.) 

From lactic acid, relationships in configuration were also extended to the sugars 

(page 210). Only two of these reactions involve the making or breaking of 

bonds to the asymmetric carbon atom. Reactions of (+ )-a-bromopropionic acid 

with either hydroxide or azide ion were found by rate measurements to belong 

to the S,2 reaction-mechanism family, and these transformations have been 

demonstrated to occur with inversion of configuration (Sec. 10-2). 

The side chains R contain a variety of functional groups, including extra 

carboxyl or amino groups which lead to the acidic or basic amino acids of Table 

25-1. Most amino acids are neutral, however, since the a-amino and carboxyl 

groups neutralize each other. Neutral amino acids exist as inner salts with 
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dipolar structures. These saltlike compounds are high-melting (with decom- 

position), relatively nonvolatile, water-soluble, and ether-insoluble. 

= OH- = 
rae COOH ae ee Co, ae Sea Co, 

NH, NH, NH, 

H+] |-H+ 

R—CH— COOH 
NH, 

The lowest solubility of neutral amino acids in water occurs at the acidity 

level that provides the highest concentration of inner salt. This pH, called the 

isoelectric point, ranges from 4.8 to 6.3 for neutral amino acids and varies 

according to the relative effect of structural features on the acidity and basicity 

of the two functions (Chap. 8). Above the isoelectric point, amino acids are 

converted to anions; below the critical pH, they add protons and form cations. 

TABLE 25-1 Amino Acids from Protein Hydrolysates 

Neutral amino acids 

Glycine CH,(NH,)COOH Serine HOCH,CH(NH,)COOH 

Alanine CH.CH(NH,)COOH Threonine CH,;CH(OH)CH(NH,)COOH 

Valine (CH,),CHCH(NH,)COOH Methionine | CH,SCH,CH,CH(NH,)COOH 
Leucine (CH,),CHCH,CH(NH,)COOH Cysteine HSCH,CH(NH,)COOH 

Isoleucine CH,CH,CH(CH;)CH(NH,)COOH Cystine SCH,CH(NH,)COOH 

Phenylalanine C,H;CH,CH(NH,)COOH SCH,CH(NH,)COOH 

Tyrosine Ho )-ch,cHINHCooH Proline Oa 

| 
H 

CH,CH(NH.)COOH Hydroxyproline HO 

\ Ur. Tryptophan COOH 
N N 
| 
H H 

Acidic amino acids 

Aspartic acid HOCOCH,CH(NH,)COOH Glutamic acid HOCOCH,CH,CH(NH,)COOH 

Basic amino acids 

Lysine H,N(CH,),CH(NH,)COOH 

Arginine EEC NEICH) CHINE JCOOH Histidine y \_ 

NH ie ~ ~CH,CH(NH.,)COOH 

| 
H 



998 AMINO ACIDS AND PROTEINS _ SEC. 25-4 

Most reactions of amino acids are those normally expected from the two 

functions separately, such as esterification of the acid or acylation of the amine. 

Acid chlorides, of course, can only be prepared if the basic amino group is 

protected first. 

Amino acids may be synthesized in a number of ways, of which two of 

the most common general routes may serve as examples. In the first, the full 

carbon skeleton is used and the amino group introduced by a-halogenation 

followed by reaction with ammonia. A large excess of ammonia is used to 

suppress further alkylation of the initial primary amines to secondary amines. 

R—CH,—COOH —> R—CH—COOH ——> R—CH—COOH 
| excess 

(p. 748) x NH, 

In the second example, a-aminomalonic ester is used as a source of the 

—CH(NH,)COOH portion and is alkylated (5,2 alkylation with malonate anion, 

page 430) with R—X, the halide corresponding to the side chain of the amino 

acid in question. 

COOEt COOEt COOEt COOEt 

EtO-NO Hae AcOM Base 
Be N—OH ——> CH—NH, —— CH—NHAc —~— 

EtO Pd 
COOEt COOEt COOEt COOEt 

COOEt COOEt COOH 

Np whe x \ H,O+ 
sh —— AcNH—C—R TEST? H,.N—CH—R 

-CO, COOEt COOEt AcOH 

PROBLEM 25-7 

If you had just isolated optically active cysteine and serine for the first time, 

how would you determine their absolute configurations? Assume that the other 

amino acids in Table 25-1 are all known and available to you. 

PROBLEM 25-8 

Ordinary amino acids (such as alanine, etc.) show two pK, values on titration, 

at about 2.4 and 9.0. Explain this in terms of the species present as an aqueous 

solution is acidified from pH 12 to pH 1. Predict the pK, values and species 

involved in aspartic acid and in arginine. 
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Determination of Protein Structure 

Two problems present themselves in elucidating the structure of a protein. 

The first is amino acid analysis, from which may be deduced the number and 

kind of amino acids present. The second problem is concerned with deducing 

their sequence in the chain. Amino acid analysis is conducted by total hydroly- 

sis of the protein with acid, followed by quantitative chromatography of the 

component amino acids in the hydrolysate. A completely automatic amino acid 

analyzer is now commercially available to separate all 20 amino acids chro- 

matographically and record their relative amounts on a graph, as in Fig. 1-1. 

The amount of amino acid in each fraction is ascertained by reaction with a 

compound (ninhydrin) which combines with amino acids to produce a colored 

product, the amount of which is then determined spectrophotometrically. 

The end amino acids in a protein or peptide chain are distinguished from 

the others by possessing either a free carboxyl or amino group. These terminal 

units may be identified by causing them to react with a tagging reagent so 

that they are identifiable after hydrolysis. The idea is illustrated by the most 

common tag for an amino terminal, the dinitrophenyl (DNP) group, attached 

by reaction of the protein or peptide with 1-fluoro-2,4-dinitrobenzene. The 

group is colored for easy identification in paper chromatography and is not 

affected by acid hydrolysis. 

] I (p. 544) 
esas laa nia NH— + EF IN Os: saa 

R R’ 
O.N 

a 
O.N NHCHENHGHENH— SS. 

R R’ 

NO, 

T 
Hydrolysate mixture ; O,N BT ee a8 R’GHCOH + ~~W~ 

NH, 
NO, 

DNP-amino acid Other amino acids 

The sequence of amino acids in a protein may be determined by partial 

hydrolysis of the terminal-tagged protein into peptides of two to eight units 

in length. These are then chromatographically separated and treated as separate 

structure problems. The end groups are tagged and the peptide further hy- 

drolyzed and analyzed, the DNP-amino acids marking the amino end of any 

peptide fragment. The overlapping of fragments from the original chain allows 

deduction of the sequence. 
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The approach may be illustrated with two examples of partial hydrolysis 

of a pentapeptide containing amino acids A, B, C, D, and E. 

H,O+ 
Peptide ——> peptide—DNP ——— 

——__> ACNE 

———> Bit D 
A+B+C—DNP+D-+E + 4 dipeptides H,O* 

Se gl) D) 
Amino acids 

Bae 

Since any nonterminal amino acid can only be linked to two others (and 

terminals with only one), this establishes the sequence: 

LIN-=C=A SD 3} ECONO) 8! 

Alternatively, the hydrolysis might yield the following mixed peptides, 

which also establish the same sequence: 

—— > e—D Nie 

== Al 2b C= IDINIP 

== A ss ID) 4. C—IDINIP 

=) A) JL IB te ID) ae (C=—SIDINIP 

Peptide—DNP ——> Peptides 

Another tool used in connection with sequence studies is that of selective 

cleavages. Hydrolysis catalyzed by certain enzymes is known to be selective 

in cleaving only the amide link adjacent to particular amino acids, so that these 

enzymes may be used to break a protein down into peptide fragments with 

known terminals. Similarly, certain chemical methods have been devised to 

achieve the same specific cleavage, as in the oxidative cleavage adjacent to 

tyrosine by N-bromosuccinimide. 

> + + CONH—CH—CONH— 

CH, 

3 N-bromosuccinimide 

(Tyrosine 
OH unit) 

‘+ + CONH 
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Finally, certain chemical methods have been developed which specifically 

remove only a single terminal amino acid from the chain. Successive use of 
such a reaction with identification of the removed amino acid each time pro- 

vides a specific procedure for determining sequences in proteins. Although the 

procedure is tedious, it has recently been developed to such an extent that 

an automatic machine (“amino acid sequence analyzer”) has been built to carry 

out the successive determinations. 

Uy 

| —N=C=s —co—¢H—NH—CO_—CH—NH, pa a Se 

I 
R’ O CH 

IY eer Ht 
_.—co—di—Nu— 3 

ee 

— NH—@¢ 

i 
R’ CH. 
a vA aS HX 

-—CO—CH—NH,; =~ | O=C N ho 
She ; 
S—C 

\ | Yan] 

i i 
ae yee 

Ve 
Cer NH a) — NH 

H i At 
X N— es 
lo y \ 
¢ O 3 

Identified by 
chromatography 

The detailed sequences of a number of proteins have been determined 

and more are under investigation. Insulin, with two chains totaling 51 amino 

acids and linked by disulfide bridges between their cystine units, was the first 

to be determined. Others include hemoglobin (146 units), enzymes like ly- 

sozyme (129 units; Fig. 25-5), and muscle proteins like myoglobin (153 units). 

Different species produce proteins of similar function which may differ in 

several of the units in the chain. 
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FIGURE 25-5 Amino acid sequence of lysozyme (residues in color are those found in the 
cleft of the molecule, see page 1034) 
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FIGURE 25-6 Right-handed a-helix conformation of protein chain in two representations 

Secondary Structure 

The structure of proteins may be considered at a secondary level, beyond 

that of amino acid sequence, and this will concern the shape or conformation 

of the protein chain. This secondary structure is of enormous importance to 

the functioning of most proteins in living organisms. The amide link contains 

much double-bond character owing to resonance. This in turn restricts rotation 

about the C—N bond and reduces the number of possible conformations of 

the protein chain. 

:0;: :0:— 
| At Barrier to rotation 

—— > 

x N77 Bee SR AE = 10 kcal/mole 

| 
H 

It has also been shown that the C=O and N—H bonds form strong 

hydrogen bonds which link one part of the chain to another. These hydrogen 

bonds are perfectly suited to orient many protein chains into a coiled confor- 

mation, the a-helix, with about 3.5 amino acid units per turn of the coil (Fig. 

25-6). The actual physical appearance of many protein molecules is that of a 

long coil which is itself bent and folded into a roughly globular shape. 
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R 

NH,— Cn—coor 

Protection | 

R 
| 

t-BuOCONH—CH—COOH 

Activation | 
R 
| 

t-BuOCONH—CH—CO—L 

+ Growing peptide: 
R’ 

Coupli | oupans H,N—CH—CONH-— : - - 

' 

| | 
t-BuOCONH—CH—CO—NH—CH—CONH— ::: 

Deblocking | CF,;,COOH 

Uy 

| 
H, N—CH—CO—NH—CH—CONH@— : : - 

(Repeated with new amino acid) 

FIGURE 25-7 Peptide synthesis 

Peptide and Protein Synthesis 

The problem of protein synthesis is simply stated but not so simply 

realized in practice. Amide links must be formed to specific amino acids in 

sequence. For the amino acid being added to the chain the group (amino or 

carboxyl) which is not involved in amide formation must be protected first. 

Following amide formation the protecting group must be removed so as then 

to be reactive for addition of the next protected amino acid unit. Furthermore, 

the carboxyl must be converted to a more reactive acyl form in order to react 

with the amino of the joining amino acid. Hence the addition of just one amino 

acid to a growing chain involves several steps. A sample of such a sequence 

is shown in Fig. 25-7. 

Protecting groups are commonly applied to the amino function in the 

form of easily removed urethans (carbamates), which have enough amide 

character to render the nitrogen nonbasic: 

-Cl— H, 
R—NH, + ClI—CO—O—CH,¢ ————>_ R_-NH-CO—O—CH,¢ ——"= = 

Protection Removal 

“Carbobenzoxy group” 

R—NH, + CO, + ¢CH; 
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CH,Cl " 
= | 

+ OCO—CH—NHCOO—+-Bu —(+aa,) 

R 

cH,—oco—dH—NHCoo—t Bu 

| ws 

®{)-cr,-oco—dann 

2 
DCC HOCOn CH Caoe en (+aa,) 

| ib 
CH,—_OCO—CH—NH—CO—CH—NHCOO—t-Bu 

R R’ 
| 

cH,—0co—cH—NH—co—¢H—NH, 

Dcc | HOCO—CH—NHCOO—++-Bu (+ aa) 

| Final HBr 

O{ p-cuuss + HOCO——~ Peptide~-—NH, 

(P) = insoluble polymer 
aaj, aay, aa; = added, protected amino acids 

DCC = dicyclohexyl-carbodiimide, C;H,,;,N—=C—=NC,H; 

FIGURE 25-8 Solid-phase peptide synthesis 

—N; 
: 

R—NH, + N,—CO—O—C(CH,); => R-NH—CO—O—C(CH,), <=" 
Protection emoval 

t-Butyloxycarbonyl group 

R—NH, + CO, + CH,—C(CHs), 

Activation of carboxyl is usually achieved by formation of an acyl deriva- 

tive containing a good leaving group, such as acyl azide or esters of phenol. 

In other cases carbodiimides are used (page 485) to activate carboxyl and form 

amide in one step. Acid chlorides cannot be used since racemization of the 

a-carbon via enolization is too facile in the acid chlorides. Racemization is a 

severe problem in any case, since it leads to protein mixtures containing some 
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proportion of p amidst the L amino acid units. In a synthesis of some length 

this can drastically reduce the total yield of the correct all-t protein in a welter 

of other diastereomers. 

Such syntheses are long and difficult and give low yields at the end of 

so many steps with the methods currently available. Nevertheless, the peptides 

produced are pure since purification may be effected at each step. An alternative 

procedure which gains speed at the sacrifice of stepwise purification is solid- 

phase peptide synthesis. In this procedure (Fig. 25-8) the first amino acid is 

linked, as an ester, to a benzyl group on an insoluble polymer (often polysty- 

rene). The amino group is then deblocked and a second protected and activated 

amino acid is added, followed by sequential deblocking and coupling so that 

the peptide grows on the polymer support. 

The resin (polymer support + peptide), in tiny granules, is simply steeped 

in excess amino acid derivative, then washed, then treated with acid and washed 

again, and the sequence repeated up to 10 or 20 amino acid additions. Then 

the resin is treated with stronger acid to remove peptide from the polymer 

benzyl groups (via Sy1 solvolysis at benzyl carbons). The purity of the final 

peptide obtained depends on the yields of each step, and these must be 

extraordinarily good to produce even moderately pure product. However, 

peptides of 10 to 20 amino acids have been prepared in apparently fair purity 

by this process, and such syntheses can be performed in a few days. 

PROBLEM 25-9 

In the hydrolysis of the protein, insulin, a certain peptide was obtained and 

allowed to react with dinitrofluorobenzene. Hydrolysis then yielded five lesser 

peptides (A to E) as shown below. Determine the sequence of the original 

peptide. (Amino acids are listed by the first three letters of their names, following 

common practice in peptide chemistry.) 

A —-~ Tyr, Phe, Phe—DNP 

B ==> Thr, Tyr 

DNP—peptide —— 4 C —-» Pro, Ala, Lys 

D —-> Lys, Pro 

IF ss Winn, Pw 

PROBLEM 25-10 

Write out a synthesis of the tripeptide, H,N—Phe—Ala—Asp—COOH, starting 

from the amino acids. Do not use a polymer support (solid-phase) synthesis. 
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25-5 NUCLEIC ACIDS 

Nucleic acids are water-soluble high polymers found in high concentration in 

the nuclei of living cells. These materials have been unequivocally identified 

as the species responsible for the control of genetic processes, i.e., the replica- 

tion of cells and whole individuals in a predetermined fashion. Hence the 

nucleic acids are central to the control of reproduction. Their function in this 

role is discussed in Sec. 26-6, and only their structures are taken up in this 

section. 

Hydrolysis of nucleic acids produces phosphoric acid, either of two sugars, 

ribose or deoxyribose, and heterocyclic bases. The latter are derivatives of either 

purine or pyrimidine. 

5 

HOW ee 
CHOH 

OH OH OH H 

Ribose Deoxyribose 

4 N 9 

x 

Pyrimidine Purine 

The four bases produced in the hydrolysis of ribonucleic acids (RNA) are 

adenine (6-aminopurine), guanine (2-amino-6-hydroxypurine), cytosine 

(4-amino-2-hydroxypyrimidine), and uracil (2,4-dihydroxypyrimidine). The 

only sugar found in ribonucleic acid is ribose. 

O H,N NH, O 

N HN ) \ on \ oO | NH 
ZA Se pe H wos N L N N~ SO NZ-O 

Guanine Adenine Cytosine Uracil 

Partial hydrolysis produces phosphoric acid plus nucleosides, which con- 

tain the carbohydrate residue bound to the various nitrogen bases. The carbo- 

hydrate is attached, by way of the glycosidic carbon atom, to nitrogen of the 

base. In guanosine and adenosine the attachment is made by way of the 

7-positions of the purine nuclei. In cytidine and uridine the sugar is attached 

to the 1-position of the pyrimidine nuclei. Attachment in this position is 

possible if oxygen in either the 2- or the 4-position tautomerizes to a carbony]! 

group. 
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O 

N HN \ 

H,N~ SN~ ~N 

HO—CH, 

O 

OH OH 

Guanosine 

NH, O 

On er 
Nae sate 

O O 

OH OH OH OH 

Cytidine Uridine 

Deoxyribonucleic acid (DNA) is hydrolyzed to give deoxyribose instead 

of ribose. Another difference between RNA and DNA is the fact that the latter 

yields thymine (2,4-dihydroxy-5-methylpyrimidine), rather than uracil, on 

hydrolysis. These are the only differences between RNA and DNA. 

Thymidine, a deoxyribonucleoside 

Nucleotides are phosphoric acid esters of nucleosides in which the phos- 

phoric acid residue is usually attached to the 3’- or 5’-position of the ribose 

(or deoxyribose) nucleus; these are also obtained on partial hydrolysis of nucleic 

acids. 
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\ NH, 

O 

NS Yi pp NN 
o~ ¢ | Adenine 

N ee 
HO O—CH, N 

Lees 
OH OH 

O O N 

hk Uf // NN 
P ¢ | Guanine 

HO” ia Z o—cH, N” ~N* NH; 
O 

NH, 

°3 No 

pe ae | Cytosine 

HO O 
O —CH, 

~- OH 

OH 
ao 
SF Ne 
lis ea | Uracil 

O HOA mg eee anN 

Lone 
Og aH 
Ber 
Ve HO a 

FIGURE 25-9 A section of ribonucleic acid (RNA) ‘x 

Adenosine-3’-phosphate 

The nucleic acids themselves are high polymers in which nucleosides are 

linked, from the 3’- to 5’-positions, by phosphate ester linkages, as in Fig. 25-9. 

Hence, two kinds of nucleic acid are ribonucleic acid (RNA), characterized by 

ribose as the sugar, and deoxyribonucleic acid (DNA), characterized by deoxy- 
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ribose. Each kind has only four bases, thymine in DNA replacing uracil in 

RNA. The four bases of nucleic acid sequences correspond to the twenty amino 

acids of protein sequences. As with proteins, the basic units and description 

of the nucleic acids are simple, but the variety in sequence which is possible 

is not only enormous but is in fact the very code of life. 

The conformation of the nucleic acid polymer is intimately bound up 

with its reproducing function at the heart of the chemistry of life (Sec. 26-6). 

The chemistry and synthesis of nucleic acids is outlined in this section. The 

study of this chemistry is more recent and more difficult than that of proteins 

and amino acids. Accordingly the art is much less sophisticated. Synthesis has 

not really proceeded beyond the trinucleotide stage and even trinucleotides 

are very difficult to synthesize and isolate in pure form. Most of the samples 

used in biochemical research are separated from nucleic acid hydrolysis mix- 

tures. 

While nucleosides behave as normal, rather insoluble organic materials, 

the presence of the linking phosphates, which are ionized and usually in salt 

form, makes nucleotides and polynucleotides very intractable to normal organic 

reaction procedures owing to insolubility in organic solvents. Both nucleosides 

and mononucleotides are commercially available from nucleic acid hydrolysis, 

although they have all been totally synthesized in the past. 

Synthesis of Polynucleotides 

The sequential linking of nucleosides into an oligonucleotide or poly- 

nucleotide is basically an exercise in the placement, use, and mild removal 

of specific protecting groups. The several hydroxyl groups on ribose are a 

special problem for there is little difference in their reactivity, and so little 

control is possible in selective blocking. The 5’-OH, being primary, is somewhat 

less hindered. On acylation all three hydroxyls usually react, but the bulky 

5’-monotrityl ether can be prepared selectively with trityl (triphenylmethy]l) 

chloride, and this group is fairly easy to remove with mild acid. Both reactions 

are facile 5,1 substitutions. The 2’- and 3’-OH groups, on the other hand, 

are only distinguishable by enzyme catalysis. 

The typical synthesis outlined in Fig. 25-10 illustrates the use of protecting 

groups as well as a shorthand notation common in the field: 

B Base—letters A, G, C, T, U also 

used for the particular bases 

Ribonucleoside OH 2’ 
Ribose section (deoxyribose shows —H 

OH 3") oy nothing at the 2’ location) 

5’ HO 
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Preparation of nucleosides: 

B B B 

1) POC), Ribonuclease 
OH  ¢,ccl OH 2)H,0 As 2? enzyme H 9 

HO ;CO TrO TrO bn 
SH 

=Tro— 

|ac0 |as0 

B B B 

Ac Ht OAc Ac O 
arn | 

Ac (CH,;COOH) OAc = oO) F 

TrO HO TrO bu 

I II 

B B B 

DCC OAc OAc Ht+ OAc OAC etc. 
I+ 1] —~> Oo Sa O ean” 

| OAc (CH,;,COOH) oS OAc 

TrO (ao HO Ee 
OH OH 

Protected Dinucleotide, 
dinucleotide ready for reaction with another II, etc. 

(final deblocking = OH™ hydrolysis of —OAc) 

FIGURE 25-10 Typical synthesis scheme for polynucleotides 

PROBLEM 25-11 

Write possible syntheses of the bases, cytosine and thymine, found in nucleic 

acids. 

PROBLEM 25-12 

a Examine the five heterocyclic bases with a view to distinguishing them by 

spectral means, particularly IR and NMR spectra. 

b Which of the five bases will be the most basic, and why? 

25-6 PHYSICAL PROPERTIES OF POLYMERS 

Polymeric materials vary in their physical properties enough to be used as 

elastomers, fibers, adhesives, and rigid plastics. Study of the correlation of 

physical properties with chemical structure is in its infancy, but some reason- 

able conclusions have already been reached. 
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Molecular Weight 

Conventional methods of molecular-weight measurement, which depend 

upon colligative properties such as freezing-point depression or boiling-point 

elevation, are of little value in the high-polymer field. The failure of such 

methods, in which the number of moles of a solute in a dilute solution are 

counted, arises from the relatively small number of molecules in a typical 

sample of a polymer. For example, 1 g of a polymer of molecular weight 100,000 

would depress the freezing point of 100 g of benzene by only 5.12 x 10-*°. 

Such a minute change is essentially impossible to measure accurately. The one 

colligative property that has been useful is esmotic pressure. If a solution of 

polymer is separated from pure solvent by a membrane permeable only to 

the solvent molecules, the solvent molecules pass both ways through the 

membrane. However, the rate of diffusion from pure solvent is faster than from 

the solution (which has a slightly lower vapor pressure). As a consequence, 

a hydrostatic head is created on the solution side of the membrane, which, 

at equilibrium, compensates for the difference in vapor pressure of the solvent 

on the two sides of the membrane. Precise determination of the height of the 

osmotic head gives a delicate method for determination of the small change 

in vapor pressure due to dilution of the solvent with a relatively small number 

of solute molecules. Precision osmometry has been much used as a standard 

for the calibration of other methods of determining molecular weights. 

Empirical observations lead to the generalization that the viscosity of 

polymer solutions increases with increasing molecular weight of the solute. 

No exact theory has been developed to correlate the effect with molecular 

weight. Furthermore, the magnitude of the effect is sensitive to the shape as 

well as to the size of polymer molecules. Since viscosity measurements are 

very easy to carry out, viscosimetry is often used to obtain approximate relative 

values of molecular weights. If viscosity effects for a particular type of polymer 

are calibrated by comparison with another method, the viscosity method can 

be used for routine determinations. 

The rate at which molecules undergo sedimentation in an ultracentrifuge 

is a function of their weight; hence, both sedimentation rate and equilibrium 

are used to measure the molecular weight of polymers. The methods give an 

estimate of the average weight of solute molecules, as contrasted with osmotic 

measurements, which give the average number of molecules per sample unit. 

Weight-average and number-average molecular weights for typical samples are 

usually different, since the former are strongly affected by a relatively small 

number of very massive particles, and the latter may be dominated by a small 

number of molecules of low molecular weight. 

Light scattering has also been used to determine molecular size. The 

measurement depends upon the fact that light is scattered by particles that 

are large in comparison with the wavelength of the light. 

The molecular weights of polymers cover a very wide range. Some useful 

synthetic polymers, such as certain ethylene oxide polymers and some poly- 
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III/IV III/IV 

IIIA III/IV 
FIGURE 25-11 Schematic representation of a crystalline polymer 

amides, have molecular weights of only a few thousand, but many synthetic 

fibers fall in the range of hundreds of thousands. The amylose fraction of starch 

is in the 10,000 to 50,000 range, but amylopectin and cellulose are probably 

as high as 500,000. Proteins show great ranges of molecular weight. Insulin, 

for example, has a value of 50,000, whereas the tobacco mosaic virus, with 

molecules that look like boulders to the electron microscope, has a molecular 

weight of more than 15,000,000. On the other hand many of these large proteins 

are only loose aggregates of smaller protein chains, not connected by normal 

peptide links. The tobacco mosaic virus is in fact a core of DNA surrounded 

by a coating of 2,100 identical protein molecules of 158 amino acids each. It 

is this entire (and crystalline!) aggregate which behaves as a molecular unit 

in molecular-weight determinations. 

If synthetic polymers are cross-linked by bonding between polymer chains, 

their molecular weights approach infinity. An entire sample might be essentially 

one molecule. 

When the molecular weights of polymers become very high, either by 

cross-linking or by linear extension, their solubility in all solvents drops essen- 

tially to zero. The effect is shown by three-dimensional polymers such as 

phenolformaldehyde resins, cross-linked ion-exchange resins, and, possibly, 

by native lignin before chemical degradation to destroy cross-links. 

Crystallinity 

Since polymers never consist of a single molecular species, a sample 

cannot be a crystal in exactly the same way as a pure compound in which 

the molecules pack in a perfectly ordered way. However, some polymers have 

many of the physical characteristics of crystals and are said to be crystalline. 

In a crystalline polymer, long segments of linear polymer chains are oriented 

in a regular manner with respect to one another. The occurrence of an occa- 

sional discontinuity at chain ends has only a negligible effect (Fig. 25-11). 

The best evidence for crystallinity is the X-ray diffraction pattern of a 

polymer. The patterns obtained are of the same type as those given by micro- 

crystalline solids. A crystalline polymer may be oriented by a mechanical stress, 

such as stretching, and the resulting material will be optically anisotropic; ie., 

the refractive index will be different along the direction of the stress than in 

the perpendicular direction. Such an oriented polymer also has different ab- 

sorption spectra along different axes. 

“Crystalline” polymers tend to be relatively strong and nonelastic. The 

best examples are synthetic fibers such as nylon and Dacron. The polymers 
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FIGURE 25-12 Segment of an isotactic polymer chain 

are noncrystalline (amorphous) when spun into thread, but crystallization is 

induced by slow stretching. 

Polymers that have polar functional groups show a considerable tendency 

to be crystalline, and many proteins have been crystallized. Orientation of the 

chains is aided by alignment of the dipole moments of the groups on different 

chains. Furthermore, the regular helix structure of proteins, with the order 

imposed by hydrogen bonds, is a further inducement to crystallinity. However, 

polar groups are not a necessary prerequisite to crystallization, as has been 

demonstrated by production of crystalline polyethylene, polypropylene, and 

polystyrene by polymerization with organometallic initiators. Polypropylene 

and polystyrene are especially interesting, since preliminary evidence suggests 

that the molecules owe their crystalline character to the systematic repetition 

of one configuration of asymmetric centers along a polymer chain. The term 

isotactic is applied to such a configuration (Fig. 25-12). 

In each chain, all asymmetric centers have the same configuration, which 

may be either r or s. Of course, there are equal numbers of r and s chains 

in any synthetic polymer sample. The polymer is, therefore, a racemate. 

Any irregularity, such as introduction of bulky groups or inclusion of 

comonomer units, will tend to prevent crystallinity. A fine example of dis- 

ordering effects is found in the polymerization of methyl methacrylate 

[CH,=C(CH,)COOCH,]. The homopolymer is tough and somewhat brittle 

since it is nearly crystalline. The desirable nonshattering qualities of Plexi- 

glas are obtained by copolymerization of a few percent of ethyl acrylate 

(CH,=CHCOOC,H;) with the methacrylate. The same effect can be obtained 

by adding a plasticizer such as diethyl sebacate [C,H;0CO(CH,),COOC,H;] 

to polymethyl methacrylate. The long plasticizer molecules intrude between 

polymer chains and form a solid solution that is disordered. In order to be 

effective, a plasticizer must be compatible with (soluble in) the polymer. 

Elastomers are highly disordered systems that undergo plastic deforma- 

tion very easily and recover relatively slowly after stretching. The deformation 

of such “rubbery” materials is accomplished by the uncoiling of randomly piled 

polymer chains. 

Stretchi PO OIL a re eee 
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PROBLEMS 

25-13 Write out syntheses of the following compounds from substances ordinarily 

readily available (see Sec. 23-1). 

a SUBS eee e CH,;CHCONHCH,COOH 

NH, NH, 

H ae COOH 
COOH 

N f CsH;CH,CHCONHCHCH,CH,COOH 

NH, 
c H,NCH,CH,CH,CHCOOH 

NH, CH,CH,CH,COOH 
g 

d H,NCH,CONHCH,COOH . | 

H 

25-14 Assume that the compounds BaC!4O, and KC!4N are available and that 

HOCOCH,CHNH,C™“OOH and HOCH,CHNH,C'“OOH have to be pre- 

pared. Write out syntheses. 

25-15 A synthesis of amino acids which has some general value is begun by treating 

glycine with acetic anhydride to yield 5-oxazolone, C,H;NO,. This condenses 

with aldehydes in base to yield a derivative which may be hydrolyzed, hydro- 

genated, and hydrolyzed to yield an amino acid, RCH,CH(NH.)COOH, from 

aldehydes, RCHO. (The hydrolysis merely adds the elements of water; in the 

second, acetic acid is produced.) Delineate the course of this synthesis for 

preparing phenylalanine. 

25-16 Cyanogen bromide (BrCN) is a reagent for cleaving a peptide specifically at 

the peptide bond bearing the carbonyl of methionine. The reagent also reacts 

with cysteine but causes no peptide bond cleavage. Deduce the reaction mech- 

anism involved. 

25-17. What other substances might one add to natural rubber to cause cross-linking? 

Explain. 

25-18 a lon-exchange resins have been used as acid catalysts for certain reactions. 

What special advantage might they have? 

b A weakly acidic ion-exchange resin uses carboxy] as its active group. How 

would you synthesize such a resin? 

25-19 Polymer foams are widely used to provide very lightweight porous material 

(e.g., polyurethan foam). These substances create a gas as they polymerize and 

so “rise” like bread dough to fill molds, or wall spaces if used as insulation. 

The procedure is to allow ethylene glycol and 2,4-toluene-diisocyanate to react 

first to form an oligomer as a thick, gluey liquid. This is mixed with some 
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25-20 

25-21 

25-22 

PROBLEMS 

water in order to cause it to rise. The liquid becomes warm, froths, rises, and 

hardens in minutes. Delineate the chemical processes involved. 

Write equations that illustrate each of the following: 

Condensation polymerization 

Addition polymerization 

Chain transfer 

Initiation of polymerization by an organometallic compound 

Formation of a cross-linked polymer 

Use of carbobenzoxylation in peptide synthesis 

a 

b 

c 

d 

e Photochemical initiation of polymerization 

f 

8g 

h Enzymolysis of a polysaccharide 

_ Copolymerization 

j  End-group marking with DNP 

Each of the following compounds has one or more specialized uses in some 

branch of polymer chemistry. Speculate as to the use of each. 

a n-C,H,,SH 

b (C,H,);CCH(C.H,)s Faugices 
c (HOCH,),C (pentaerythritol) f 

d_ Di-n-butyl phthalate 

e A mercury-vapor lamp CH=CH, 

Explain the following facts: 

a Acrylic anhydride [((CH,—CHCO).O] polymerizes to give a soluble (not 

cross-linked) polymer that contains no residual unsaturation. 

b Vinylbenzoquinone does not polymerize. 

c Nitroglycerine [O,NOCH,CH(ONO,)CH,ONO,]| is an excellent plasticizer 

for nitrocellulose (formed by the action of nitric acid on cellulose). 

d When the compound formulated below is treated with a trace of water, it 

evolves a gas and forms a polymer. Explain the reaction and offer a synthesis 

of this compound from alanine. 

H3C O 
“ee \ 

e Small amounts of cyclopentadiene, C;H,, inhibit the polymerization of 

butadiene. 
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25-23 

25-24 

25-25 

Consider the general hypothetical structure of lignin. Assuming it were ade- 

quately soluble for reactions, what information of a quantitative sort could 

you expect from a periodate reaction? What monobenzenoid products might 

you expect? What other chemical reactions might be adapted for probing its 

structure and what products might they yield? 

One of the standard starting materials for amino acid synthesis is a solid, 

C,H,;NO;, which shows IR bands at 3.0, 5.8, and 6.0 p (1670, 1730, and 3330 

cm!) as well as NMR peaks at 7 3.40 (1H) (diffuse); 4.81 (1H) d (J = 7); 5.72 

(4H) gq J = 7); 7.92 (3H) s; 8.70 (6H) t (J = 7). In D,O the first peak disappears 

and the second becomes a singlet. What is this starting material? 

Chloral hydrate, CCl,CH(OH),, is used medically as a sedative and hypnotic 

for people and as an anesthetic for horses. Under certain conditions of de- 

hydration to the reactive parent aldehyde (chloral, CCl,CHO) one obtains 

polymeric material as well as two isomers of C,H,Cl,O, named a- and /- 

parachloral. The latter shows one clean singlet in the NMR, at 7 4.54, and the 

former shows two singlets (2:1) at 73.85 and 4.33. What are the structures 

of the polymer and the parachlorals? 

READING REFERENCES 

Kopple, K. D., “Peptides and Amino Acids,” W. A. Benjamin, Inc., New York, 1966. 
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THE 
CHEMISTRY 
OF LIFE 
PERHAPS the most important and far-reaching use of the precepts of organic 

chemistry lies in the study of living systems, variously called biochemistry, 

biological chemistry, or molecular biology. This area is of course so vast that 

there is no chance to treat it in any depth in a book of this size. What we 

shall attempt in this chapter is simply to sketch in broad outline the major 

areas and concepts in biochemistry, as presently understood. The chief purpose 

of the chapter will be to show that the chemical reactions which constitute 

the living organism are basically just those we have already discussed in the 

preceding chapters. The understanding of organic chemistry gained already 

will carry us far in comprehending biochemistry and will serve as an indis- 

pensable foundation for further study in this field. 

26-1 THE NATURE OF BIOCHEMISTRY 

The living cell is a dynamic matrix of organic reactions, continuously occurring 

and interdependent. This flux of molecular change is the basis and stuff of 

life. The sum of these reactions is called the metabolism of the cell, and broadly 

consists of two kinds of reactions: 

Those that produce the energy necessary for cell functions 

Those that synthesize new cellular components for growth and regeneration 

These chemical reactions are mechanistically the same ones we have 

already studied. In fact they are fewer in kind than the range of reactions of 

the organic laboratory. There are very few aromatic substitutions, for example, 

and substitution reactions at saturated carbon are usually limited to phosphate 

and sulfide leaving groups. The reactions of the carbonyl group (and its imine 

analogs) are as central to biochemistry as they are to general organic chemistry. 

The functional groups of the major biological molecules are those with which 

we are already familiar, but again are somewhat more limited than the range 

discussed up to now. A rough listing of these functional groups may serve 

as orientation. 
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Common in biochemistry 

NH, 

SH, —SR7 —SSR 

=O (aldehydes, ketones and 

simple imino derivatives) 

—COOH derivatives: 

—COOR 

Phosphate esters 

THE NATURE OF BIOCHEMISTRY 

Uncommon 

—OR (simple ethers) 

==) 

—NO,, —N3 

=N-—Z (derivatives of ketones) 

= €(0,8)| 

—COOCOR 

—CN 
=C=6= 

—SO.Z (most sulfonic acid derivatives) 

SIAC, Zeal 

Nitrogen heterocycles 

Two central facts about biochemical reactions tend to explain the limita- 

tions observed in common functional groups and common reaction types. 

Biochemical reactions virtually always take place in water as solvent. Hence functional 

groups which react with water easily, or which are not readily hydrogen-bonded for 

solubility, are uncommon. 

All reactions occur at about room temperature. 

These are also two of the three salient features which distinguish biologi- 

cal reactions from those carried out in the organic chemical laboratory. The 

third, probably most important, distinction is that biochemical reactions are 

catalyzed and controlled by enzymes and hence are usually exceedingly rapid, 

even at room temperature. 

Universality of Metabolism 

One of the most important generalizations to emerge from the study of 

biochemistry is that virtually the same sets of chemical reactions serve to produce the 

functions of life in all organisms, whether in primitive bacteria or in man. This 

is a vastly simplifying truth, for it allows metabolic studies to be carried out 

in simple organisms with considerable confidence that the same mechanisms 

operate in higher animals. Not only are the reactions and mechanisms the same, 

but even the identical fundamental molecules which pass through these meta- 

bolic pathways are found in all species. The four bases and 20 amino acids 

discussed in Secs. 25-4 and 25-5 are examples. 

This fundamental identity of the metabolic process in all of the literally 

millions of known biological species is believed to be evidence for the common 

origin, and subsequent evolution, of all life forms. In the primitive earth certain 

interrelated chemical reactions spontaneously developed and assembled into 

the first monocellular organisms, which in turn evolved into the myriad variants 

of polycellular creatures. But the basic chemical systems designed to derive, 

store, and use energy and to synthesize tissue components have virtually not 
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changed at all during this evolution and proliferation of species. The situation 
may be likened to a variety of automobile (and motorboat) bodies utilizing 
the same engine. 

Two major qualifications should be made to this generalization. The first 
is that there are two major families of organisms—plants and animals—which 

are distinguished by using a different source of chemical energy (next para- 

graph), so that the segments of their metabolism dealing with energy produc- 

tion are different. The second is that there are secondary metabolic sequences 

particular only to certain families of organisms and that even in the main 

metabolism there are minor species differences. The remarkable feature is really 

just how very minor these differences are in the general scheme of life. 

Functions of Biochemical Reactions 

The first necessity for the metabolic economy of the living cell is a supply 

of energy to power its other functions and of material to use in synthesizing 

its needed chemical components. Plants obtain their energy directly from the 

sun and their organic starting materials principally from carbon dioxide and 

water. These are combined into carbohydrates (sugars and starches) by a process 

called photosynthesis, driven by the energy of sunlight. 

Animals take in their food and energy supplies in the form of food, chiefly 

plant carbohydrates, and oxygen from the air. The food molecules are oxidized 

by oxygen in a series of reactions which liberate energy and, ultimately, carbon 

dioxide, which is expelled. The energy is transferred, as chemical bond energy, 

to labile molecules which transfer their energy in turn into chemical reactions 

producing body heat, muscular work, electrical nerve impulses and sensory 

perception, as well as the synthesis of the molecules needed for growth and 

replacement of cell materials. These labile molecules are similar to the reagents 

of the laboratory, being high-energy substances suitable for driving their 

reaction equilibria to completion thermodynamically. These biochemical rea- 

gents are remarkably few in number but are utilized in many different reactions. 

The energy of all living processes therefore is initially derived from the 

sun, captured in the photochemical reaction driving photosynthesis in plants, 

and stored as the bond energies of carbohydrates. These molecules are thermo- 

dynamically of higher energy—as all organic molecules are—than the carbon 

dioxide and water from which they are formed. Animal energy then derives 

from the controlled, stepwise combustion of plant carbohydrates back to carbon 

dioxide and water. Plants and animals are thus mutually dependent organisms 

with respect to the reaction cycle which distributes solar energy into the life 

process and maintains an oxygen-carbon dioxide balance. 

Plant photosynthesis 
SS 

Suan ocala ale ata 25 60; 
6CO, + 6H,O 

Animal respiration 
AE = 6 X 114 = 684 kcal/mole 
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The sequence of reactions producing energy from the oxidative break- 

down of sugars passes through a series of chemical intermediates. These 

molecules may also be removed from this combustion pathway, as required, 

to serve as starting materials for a variety of synthetic routes which produce 

the many chemicals needed in metabolism and in tissue construction. There 

are 20 intermediates in the complete breakdown of starch, and these inter- 

mediates are commonly used in synthetic sequences of 10 to 20 reactions each. 

The total number of chemical reactions in a simple living cell, such as a 

bacterium, is estimated to be about 3,000, of which biochemists have identified 

and studied perhaps a third. 

The number of different small molecules and monomers in the cell is 

also surprisingly small for so complex an entity, but enormous variety in 

material is possible in the polymeric molecules present (proteins, nucleic acids, 

polysaccharides; Chap. 25), which constitute the bulk of cell material (apart 

from water). The possible number of different proteins or nucleic acids that 

can be made from 20 amino acids or four heterocyclic bases, respectively, is 

virtually infinite. The small molecules in the cell are primarily sugars, amino 

acids, purines and pyrimidines, fatty acids (n-alkanoic acids, usually C,¢ 99), 

as well as various metabolites, vitamins, and hormones, and metabolic break- 

down products. 

PROBLEM 26-1 

How many two-electron steps are involved in the oxidative conversion of a 

molecule of glucose into six of carbon dioxide (see Table 18-1)? What is the 

average energy available per oxidation step? Using specific oxidation reagents from 

Chap. 18 show a series of laboratory reactions which would oxidize glucose to 

carbon dioxide. 

Control of Biochemical Reactions 

When two reactants are mixed in the laboratory, their reaction may be 

very slow even when equilibrium favors the products. This slow rate is occa- 

sioned by the fact that in order to react the molecules must first find each 

other through random thermal collision and even then must approach each 

other in the correct stereoelectronic orientation. This random-collision mode 

of convergence is very inefficient, and so the rate of reaction is slow (Sec. 9-4). 

We can increase the frequency of collision by heating but we can rarely improve 

the probability that collision will lead to successful reaction. 

If the two reactant molecules could be held, as we hold their models in 

our hands, and brought together in the correct orientation, then reaction could 
occur every time and the rate would be dramatically increased. To an extent 
we see this happen when a cyclic (intramolecular) reaction is compared with 
its intermolecular counterpart; cyclization rates are usually orders of magnitude 
faster simply because the reactive sites are held close together by the molecule 
itself. 
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Biochemical reactions occur in just this way. A large protein molecule, 
called an enzyme, picks up the two required reactant molecules, often by means 
of hydrogen bonds or rapidly reversible covalent bonding. The reactant mole- 
cules are attached to the enzyme in a highly specific fashion and so brought 
together in the correct stereoelectronic orientation for reaction. Since the prod- 
uct molecule is not so strongly bound to the enzyme surface, it is immediately 
released and the enzyme is free to repeat the process. 

Enzymes act only as catalysts. While they vastly increase the rates of chemical 

reactions, they have no effect on their equilibria or thermodynamic properties. 

The rates, however, are often increased by factors of 108 to 10!! over their 

uncatalyzed counterparts and are often as fast as the diffusion of reactants 

through the solution to arrive at the enzyme. There are commonly a thousand 

reactions per second at one enzyme site. 

Biochemical reactions are therefore rapid and quantitative at room tem- 

perature. The mechanism of the reaction is not altered by the enzyme, but 

only assisted by it, again as if we demonstrated a mechanism on a molecular 

model by holding it in our hands. Several-step mechanisms are common for 

organic reactions and these often involve acid or base catalysts (Fig. 9-2). In 

related biochemical mechanisms the requisite base catalyst or acidic proton 

is internally supplied to the substrates by the enzyme, and so need not be 

captured from the medium. The side chains of the amino acids incorporated 

into the enzyme protein afford amines and carboxylic acid groups to act as 

internal catalysts of this kind. 

Enzymes are generally quite specific. There is a single enzyme for each single 

metabolic reaction. Its structure is particular to catch a particular substrate and 

compel it to react. Almost every reaction in metabolism is mediated by its 

specific enzyme, but most enzymes will capture molecules chemically similar 

to their intended substrates and cause them to react also, although usually 

with lower rates. 

Nature of the Cell 

All living things are composed of cells, varying in size, shape, and func- 

tion, but all characteristic of the particular organism. An average animal cell 

is very small, with a diameter of only about 20 p (0.02 mm). Nevertheless, it 

is a highly organized structure, surrounded by a double membrane which 

encloses a great number of morphologically different elements set in cytoplasmic 

fluid (Fig. 26-1). The principal structural material is protein. 

Functionally important organization exists at every level in the cell. Amino 

acids are covalently “organized” in a functionally important order into proteins. 

Protein molecules—structural or enzyme—are then grouped into ensembles, 

held together by strong physical forces and having particular functions. These 

ensembles then make up the structures of subcellular components, which in 

turn comprise the cell. Cellular processes are controlled to a large extent by 

their isolation into separate compartments in the cell. Enzymes are generally 
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FIGURE 26-1 Structure of a typical cell 

not free-floating in the cytoplasm but are attached to structural membranes, 

so that the reactions they catalyze are localized in certain places in the cell. 

Hence their reactions are moderated by cell structure, which can allow or deny 

accessibility of substrates to the locale of the enzyme. 

Among the separate structures within the cell (Fig. 26-1), the nucleus is 

the largest. Nearly all of the cell’s DNA is found in the nucleus, where it is 

organized into linear structures called chromosomes. This DNA contains the 

genetic information characterizing the cell. The next largest structures are the 

mitochondria, double-membraned ellipsoids which serve as the centers for 

energy production and transfer. The enzymes involved in the breakdown of 

sugar molecules for energy are localized on the inner surface of the mitochon- 

drion membrane, which is doubled into the mitochondrion interior, presumably 

to attain greater surface area. In green plants the photosynthetic reactions are 

similarly localized in small bodies called chloroplasts. Attached to the surfaces 

of other extended structures in the cytoplasm are tiny granules called ribosomes, 

composed of organized clusters of protein and RNA. The ribosomes are the 

site of protein synthesis in the cell. 

Two major tools are used for the study of cell structure: the electron 

microscope and the ultracentrifuge. The first allows photography of cell sections 

by electron beams, for studying the shape and appearance of cells. The available 

resolution goes down to 20 A in optimal cases (compare with bond lengths 

~1.5 A). Samples for the electron microscope must be dried, however, so that 

no observation of the working cell is possible. Separation of cellular com- 

ponents following physical disruption of the cell (grinding, etc.) is carried out 

with the ultracentrifuge, which separates components as a function of their 

masses. The procedure allows separation at various levels: single proteins, 

organized clusters, or cellular components such as mitochondria or ribosomes. 
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All cells arise from preexisting cells. The cell grows and then divides into two 

equivalent cells in a process called mitosis. This cell self-duplication, or replica- 

tion, lies at the heart of the accurate reproduction of new individuals and 

generations of individuals in any species. In order to duplicate all the substances 

of which it is composed, the cel] possesses a record of what all these substances 

are. This record, called the genetic code, specifies the amino acid sequences 

of all the proteins, structural and enzyme, in the cell and also directs their 

synthesis when new substance is required for growth, regeneration, or duplica- 

tion.t The record is contained in the nucleus in the form of molecules of DNA. 

These molecules are called genes and, prior to mitosis, they aggregate into linear 

chromosomes and cause their own duplication so that two identical records 

result, one for each daughter cell after mitosis. 

Therefore, DNA is the substance in the cell nucleus containing all the 

information necessary to characterize and duplicate the cell. The mode of action 

of DNA in replication was brilliantly elucidated in 1953 by Crick and Watson 

and is surveyed in Sec. 26-6. The related fields of chemical genetics and 

molecular biology have experienced explosive growth since that date and 

witnessed the revelation in some detail of the chemical inner mysteries of 

genetics and reproduction in living organisms. 

26-2 THE BASIC MOLECULES OF LIFE 

The substances that characterize living matter can be grouped into small 

molecules or monomers on the one hand and polymers on the other. Many 

of these have been discussed before in Chap. 25. The three major polymers 

are the proteins, nucleic acids and polysaccharides. The proteins are utilized 

for structural purposes and as enzymes. Proteins are synthesized from 20 

different amino acids in specific sequences which dictate the nature and func- 

tion of the proteins. Protein chemistry is outlined in Sec. 25-4 and the 20 amino 

acids are shown in Table 25-1. The side chains of these amino acids, and hence 

of proteins, carry virtually every functional group—usually one per side chain 

—to be found in biochemical reactions. ; 

The nucleic acids are composed of only four heterocyclic bases (Sec. 25-5). 

Nucleosides contain these bases attached to the sugars ribose (from RNA) or 

deoxyribose (from DNA). These in turn are phosphorylated to form nucleo- 

tides, which condense in long linear chains of particular sequence to form RNA 

and DNA. These specific sequences of nucleic acids serve to code and to syn- 

thesize proteins of specific sequence. 

The polysaccharides (Sec. 25-3) are usually composed mostly of glucose. 

The chief structural (and insoluble) polysaccharide in plants is cellulose, while 

soluble polysaccharides serve as carbohydrate food storage: starches in plants 

and glycogen in animals. A series of sugars (monosaccharides) of from three 

+Since the enzymes in tum dictate the synthesis of smaller molecules and the reactions transforming 

food into energy, it is only necessary in the record to code the synthesis of the enzymes. 
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to seven carbons are utilized in the reactions of photosynthesis for capturing 

carbon dioxide. Sugars are generalized according to their carbon content: 

C, = hexoses; C, = pentoses; C, = tetroses; etc. Ribose and deoxyribose (pen- 

toses) are integral parts of nucleotides. Sucrose, a common plant disaccharide, 

is common table sugar. 

CHO 

OH 
CH,OH 
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Nonpolymeric Small Molecules 

Apart from the monomers intended for polymer synthesis, the cell con- 
tains the small molecules which are synthetic intermediates on the pathways 
for interconversion and synthesis of amino acids, nucleotides, etc. Some of these 

syntheses are outlined in Sec. 26-5. The various dicarboxylic acids of the citric 

acid cycle (Sec. 26-4) are involved in that cyclic pathway both for energy 

production (in converting pyruvic and acetic acid to carbon dioxide) and for 

supply of synthetic intermediates for producing amino acids. These diacids 

are mostly simple molecules like fumaric and a-ketoglutaric acids. 

The fatty acids are straight-chain saturated and unsaturated monocar- 

boxylic acids usually with an even number of carbons around eighteen in 

number. Only about twenty fatty acids are at all common, stearic, palmitic 

and oleic being by far the most ubiquitous. These fatty acids usually occur 

as water-insoluble lipids (fats and oils). The lipids are triesters of glycerol with 

fatty acids, or occasionally with another esterifying function at one hydroxyl. 

The fats constitute high-energy food stored by the organism and utilized for 

energy by stepwise oxidation to acetic acid. Fatty-acid metabolism is outlined 

in Sec. 26-5. 

CH;(CH,),COOH CH;(CH,);CH=CH(CH,);COOH 

Palmitic acid (n = 14) Oleic acid 
Stearic acid (n = 16) 

CH,—O—COR, 

CH—O—COR; 
CH,—O—CO(CH,),,CHs3 

O 

CH—O—CO(CH,),4CH; | 
CH,—O—?’—OCH,CH;N(CHs3)3 

CH,—O—CO(CH,;),,CHs; 

A lipid, A phospholipid, 
glyceryl tripalmitate lecithin 

A number of molecules with special metabolic functions are also syn- 

thesized in the cell. The major compounds in this class are the coenzymes, 

particular reagents which, in conjunction with enzymes, carry out many of the 

metabolic transformations. There are surprisingly few of these versatile rea- 

gents, probably only a few dozen. Many of them are well known as the vitamins 

of nutrition. These are detailed in the next section. Finally, a number of struc- 

turally interesting but functionally mysterious molecules also arise in the cell. 

These are collected as secondary metabolites and include hormones like the 

steroids, products of detoxification of foreign substances, and a surprisingly 

large group of substances of no known function. The latter have been isolated 

+It is common practice in biochemistry to name carboxylic acids as their conjugate bases, the carboxylate 

anions, since at a metabolic pH ~7 most carboxylic acids are largely ionized. Thus acetic acid is called 

acetate, pyruvic acid is pyruvate, etc. 
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(mostly from plants) and studied by organic chemists for decades. They have 

loosely been referred to as natural products and constitute the substance of 

Chap. 27, 

A summary of the interrelations of these compounds in the flux of 

metabolic interconversions in the cell is depicted in Fig. 26-2. 

26-3 ENZYMES AND COENZYMES 

An enzyme is a protein molecule specifically tailored to speed up (catalyze) 

the rate of a certain reaction on a particular substrate. The action of the enzyme 

is fast and specific, and its catalyzed reaction is quantitative. Furthermore, the 

action of the enzyme is under a number of forms of control. The actual amount 

of enzyme present is genetically controlled by the rate of its DNA-directed 

synthesis. Many enzymes may take up an inactive form and only be activated 

for catalytic action on some command from the environment. The enzymes 

are also localized so that their reactions can only occur in particular places 

in the cell, and supply of substrates can be under control by other cellular 

mechanisms. 

Enzymology 

The study of enzymes is concerned with isolating and purifying enzymes, 

determining their protein structure, and examining their mode of action. Isola- 

tion of enzymes is achieved by disrupting the cells and fractionating the solu- 

tion of soluble proteins obtained. Fractions are then tested for the presence 

of the desired enzyme by observing their efficacy when used to catalyze the 

specific reaction in vitro.t The most potent tool for fractionating these enzyme 

proteins is the ultracentrifuge. Enzymes carefully purified by this and other 

fractionation procedures can often then be crystallized. Once purified their amino 

acid sequences can be determined. Full structures of some simple enzymes 

have been determined by X-ray crystallography, which shows not only the 

sequence (“primary structure”) but also the detailed coiling and folding of the 

chains (‘tertiary structure”). Many enzymes fall in a size range of 100 to 400 

amino acids. | 

Enzymes are usually named by adding the suffix “-ase” to a root indicating 

their function or substrate. Oxidoreductases, for example, catalyze oxidation- 

reduction reactions and transferases serve to transfer molecular groups; chymo- 

trypsin (below) is an acyl-transferase. Lactate dehydrogenase catalyzes the oxidation 

(dehydrogenation) of lactic acid (as lactate anion). 

A major strategy in the study of enzyme-catalyzed reactions consists of 

isolating and purifying the protein components and the involved small organic 
components, and then reconstructing a working cell-free system in vitro with 

these components. In this fashion the necessary components and cofactors 

(metal ions, reducing agents, energy-transfer agents, etc., discussed next) can 

{ The term in vitro (“in glass”) refers to reactions carried out in laboratory apparatus in contrast to those, 

in vivo, which occur within the living cell. 
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FIGURE 26-2 General areas of cell metabolism 

be identified. Further, the effects of inhibitors, false substrates, concentrations, 

etc., on the rate and efficiency of the system can be used as probes to infer | 

the molecular nature of events. 

The Active Site 

The central question about an enzyme is how does it work. The substrate 

molecule (or molecules) is loosely held onto the enzyme surface at one site, 

called the active site. The characteristics of the active site must generally be 

these. 

The site must offer a perfect steric fit for the shape of the substrate molecule (in the 

conformation in which it will react). This is the so-called “lock-and-key” hypothesis. 

The site must also offer some mild attractive binding force, specific for the substrate, 

in order to catch the molecule from solution and also to hold it in the correct orientation 



1030 ENZYMES AND COENZYMES SEC, 26-3 

\ ae 
Active site 

Lo 

Enzyme 

AA, AA 

| 
Enzyme-substrate complex 

prot * 
Product 

gual 
\ / 4 
Enzyme 

AA AA 

FIGURE 26-3 Diagrammatic model of enzyme action 

for reaction. Ionic attractions, hydrogen bonds and, less commonly, rapidly reversible 

covalent bonds serve this function. 

The site must provide whatever acidic or basic catalyst is needed for reaction. 

The product molecule must not be so tightly bound to the enzyme that it cannot rapidly 

leave after reaction. 

A diagrammatic presentation of enzyme action is shown in Fig. 26-3. The 

reaction shown is implicitly a cleavage, or its reverse reaction, a condensation. 

The enzyme is pictured roughly as a linear protein shape, only the active site 

region shown. The substrate is drawn from solution by attractive sites—charges, 

hydrogen bonds, etc.—which are symbolized by the matching shapes on the 

two surfaces in Fig. 26-3. These align the substrate and hold it in place for 

catalysis of the required reaction by the enzyme. When reaction is complete, 

the product molecule(s) leave the enzyme free for another capture and catalysis. 

Two other features may be illustrated with Fig. 26-3. 
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Variations in substrate structure can occur and still allow successful catalysis but only 

if they occur in noncritical places on the molecule, such as at the extreme ends (marked 

X) in this diagram. Other molecules may act as substrates in that they bind to the 

enzyme but will not undergo its directed reaction. Such substrates are enzyme poisons 

or deactivators since they usually attach irreversibly to the site and so make the enzyme 

subsequently unavailable for its proper function. 

Variations in the amino acid sequence of the enzyme are acceptable in other regions 

of the enzyme protein chain (as at AA in the diagram) as long as they do not interfere 

with the active site structure and conformation. Small differences in sequence are 

known in different species or mutations and these do not materially change enzymatic 

activity. 

Chymotrypsin 

Several enzymes exist in the stomach and upper intestine to catalyze the 

hydrolysis of amide (peptide) bonds so as to convert proteins taken in as food 

into their constituent amino acids for resynthesis into native tissue protein. 

The stomach wall is coated with lipid so that these enzymes do not hydrolyze 

the protein of the wall itself. When a rupture occurs in the lipid lining, these 

digestive enzymes do operate on the structural protein beneath, causing an 

ulcer. 

Chymotrypsin is the most studied of these enzymes. Most specifically, 

chymotrypsin catalyzes the interconversion of carboxylic acid derivatives. The 

enzyme is described as an acyl transferase, i.e., as an acylating or deacylating 

catalyst. Hence it catalyzes the hydrolysis, formation, or interconversion of 

carboxylic acids, esters, and amides. Chymotrypsin is only optimally effective, 

however, with aromatic amino acids such as phenylalanine and catalyzes the 

hydrolytic cleavage of their peptide bonds in proteins. 

The mechanism of chymotrypsin action is pictured in Fig. 26-4, insofar 

as it is presently understood. The picture serves best to illustrate the kind of 

mechanistic understanding current about enzyme action in a relatively well 

understood case. The substrate is an acyl derivative (ester, amide, etc.) of an 

aromatic amino acid (shown as phenylalanine), either as a separate small 

molecule as shown or embedded in a protein chain. The enzyme grips it in 

a specific fashion and offers it the hydroxyl of its serine side chain for conver- 

sion to the carbonyl addition product. The reaction is both acid- and base- 

catalyzed, utilizing a histidine residue and a water molecule. 

The reaction is mechanistically no more than the general familiar path 

for hydrolysis or transesterification of carboxylic acid derivatives (Sec. 13-1), 

proceeding via the usual two-step substitution mechanism to replace —Z (—OH, 

—OR’, —NHR’) with the serine oxygen. This forms an acylated chymotrypsin, 

ready to transfer the attached phenylalanine acyl group to another ZH ( i.e. 

H,O = hydrolysis; R’OH = esterification, etc.) molecule from the medium. 
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FIGURE 26-4 Possible mechanism of chymotrypsin action 

Lysozyme 

The important function of hydrolyzing certain polysaccharides is effected 

by the enzyme lysozyme, the sequence of which is shown in Fig. 25-6. A full 

X-ray crystallographic analysis of the crystalline protein has resulted in a 

three-dimensional view of this enzyme. Furthermore, an enzyme-substrate 

complex has also been studied, allowing a full view of the enzyme with its 

polysaccharide substrate in position for cleavage. The enzyme is globular in 

shape with a cleft across one side. The linear polysaccharide slips neatly into 

this cleft and is held in place by hydrogen bonding, as illustrated in Fig. 26-5; 

the cleft accommodates and holds six of the sugar units (A-F in Fig. 26-5) of 

the polymer. This particular polysaccharide is made of N-acetylglu- 

cosamine units and represents the structure of the cell wall of a bacterium 

which is thus attacked by this enzyme. The N-acetylamino groups can be seen 

in Fig. 26-5 hydrogen-bonded to the enzyme. 



SEC. 26-3 ENZYMES AND COENZYMES 1033 

NHCOCH, 
N-acetylglucosamine 

The hydrolysis of the C-1 acetal now occurs through initial protonation 

of the ether link by the carboxyl group of glutamic acid (35 in the sequence, 

Fig. 25-6). The ether-stabilized carbonium ion at C-1 is further stabilized by 

an aspartic acid carboxylate ion (52, Fig. 25-6) and is ultimately discharged 

by capture of a water molecule from solution, thus completing a hydrolytic 

cleavage. 
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H OH Oy O Q) | Q Bec LC 
bode 

= O- 
Oo oO 
SF = 
C a | Aan ene Asp—enzyme 

These two acidic amino acids are labeled, above and below the substrate, 

in Fig. 26-5; they are located in exactly the right place physically to catalyze 

this hydrolysis. A further important feature of the enzyme which also serves 

to increase the rate is that the sugar ring attacked (ring D in Fig. 26-5) is forced 

into a boat conformation by hydrogen-bonding when it fits into the enzyme 

crevice. This induces a higher-energy starting material and so lowers AF{ and 

increases the initial rate of ionization (cf. Fig. 9-7). 
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Enzyme lysozyme with substrate polysaccharide (reproduced, by permission, from 
“The Structure and Action of Proteins,” Harper & Row, New York, copyright 

1969 by Richard E. Dickerson and Irving Geis; coordinates courtesy of Dr. 
D. C. Phillips, Oxford) 
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PROBLEM 26-2 

Pure crystalline chymotrypsin is sold commercially and may be used to catalyze 

hydrolysis of esters or amides of appropriate substrates. By selection of artificial 

substrates and comparison of their hydrolysis rates with a standard substrate, 

such as a phenylalanine ester, one may study the nature of the “fit” of substrate 

into enzyme required for active catalysis. What can we conclude from the fol- 

lowing rates? 

Rate 
C,H;CH,CH—COOC,H, 

NHCOCH; 

L-Phenylalanine derivative 6.2 X 104 

D-Phenylalanine derivative =O) 

C,H;CH,CH,COOC,H; 5 

L-CH;—CH—COOC,H; 2 

NHCOCH; 

CH; 

Perc ee ecocn ~0 

NHCOCH; 

CONH 

tae 

D isomer 4.3 x 10* 

L isomer i 

Coenzymes 

The 20 amino acid side chains in proteins do not provide enough func- 

tional-group variation to catalyze all the reactions needed in metabolism. 

Accordingly, many enzyme active sites require specially constructed functional 

groups for their catalytic work. These are supplied to, and bound to, the enzyme 

as small molecules called coenzymes. The lower section of the active site in 

Fig. 26-3, shown shaded above the dashed line, might be a removable small 

coenzyme molecule as loosely attached as the substrate. In the oxidoreductase 

enzymes, the coenzyme is an oxidizing or reducing agent which usually must 

leave after functioning to be “recharged” at another locale, i.e., reconverted 

to its oxidizing or reducing form. Vitamins in the diet are usually coenzymes 

supplied intact in food, since the human body synthesizes some of these 

molecules poorly and must depend on other organisms to make them. 

The most prominent oxidoreductase coenzyme is nicotinamide-adenine 

dinucleotide (NAD) which can accept two hydrogens to become “NADH” (or 
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FIGURE 26-6 Nicotinamide-adenine dinucleotide (NAD) 

NADH.,), the reduced form. NAD is thus an oxidizing agent since it dehydro- 

genates a substrate. Conversely, NADH is a reducing agent which can deliver 

hydride ion, analogous to the metal hydrides. 

Its formula and mode of action are shown in Fig. 26-6. The common 

format for symbolizing biochemical reactions is shown below for the reduction 

of pyruvate ion with NADH, analogous to that of sodium borohydride. The 

delivery of hydride ion is mechanistically analogous to the Cannizzaro reaction 

(page 460), but is given more impetus by the concurrent aromatization of the 

pyridine ring. 

7 OH 
| 

CH;—C—COO- CH;—CH—COO- 

Pyruvate | 

NADH NAD 
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PROBLEM 26-3 

The oxidation-reduction process with the NAD-NADH enzyme system is com- 
pletely stereospecific. 

a Outline the stereochemical information available in this set of reactions. 

b Write the mechanism of the reduction step. 

c How may the particular asymmetry of combination of NADH and pyruvate, 

which leads to asymmetric lactate, be determined experimentally? 

d How may the absolute configuration of lactic acid be determined by relating 

to amino acids? 

NaBH, i CH, COCOOH = — >. CH, CHCOOH: ———_ > _ CH. COCOOH + 
| dehydrogenase 

OH (with NAD) 

Lactic acid 

NADH + CH,;COCOOH — lactic acid + NAD 

Vitamin B,, or thiamine pyrophosphate, is a universal coenzyme, the 

specific catalytic function of which is mechanistically well understood. 

NH, CH; O O 

NA NG | | 
ye | ole ACH Dig ee Beane 

SN 
CH; N H S OH OH 

Thiamine pyrophosphate 

This coenzyme is responsible for the decarboxylation of a-ketoacids, most 

particularly in the conversion of pyruvate ion to the centrally important acetic 

acid thiol-ester, acetyl-coenzyme A. This thiol-ester links the glucose breakdown 

reactions with the final oxidation of acetic acid to carbon dioxide and water 

in the citric acid cycle (Fig. 26-2). 

The key to thiamine action lies in the acidity of the proton shown in 

color. The conjugate base is stabilized electrostatically by the adjacent Nt on 

one side and also by resonance (back-donation into the d orbitals of the adjacent 

sulfur) on the other side. Hence there is significant anion present for reaction 

even at pH 7. The anion attacks the very reactive a-ketone in a-ketoacids, 

following the subsequent pathway shown in Fig. 26-7. 

The chief point of Fig. 26-7 for our purposes is to show that the action 

of enzymes involves no chemical mysteries. The reaction mechanisms involved 

are all those we have previously seen: additions, substitutions, and eliminations, 

with their electron movements directed by unshared pairs, charges, and elec- 

tronegativity as in all the reactions of previous chapters. The five reactions 

in Fig. 26-7 are these: 

NADH 
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FIGURE 26-7 Decarboxylation of pyruvate by thiamine 

= Carbonyl addition by a carbanion nucleophile. 

2 Decarboxylation of a B-ketoacid. 

Q Nucleophilic displacement by enamine carbon (at a sulfur rather than a carbon atom) 

with R—SH as the leaving group. 

4 Elimination of thiamine carbanion to form a carboxylic acid derivative—the usual 

second step in substitutions at carbonyl (Fig. 13-1). 

5 Transesterification for thiol-esters. The acetyl group is transferred to a thiol of known 

structure called coenzyme A and abbreviated as (CoA)—SH. 

Note the importance of the unusual thiamine carbanion for creating the 
necessary 6-ketoacid grouping for decarboxylation; the structure of thiamine 

is mechanistically well designed for this coenzyme function. The central differ- 

ence in biochemical from laboratory reactions is simply that the reactions occur 

on enzyme surfaces which loosely hold and bring together the reactants in 

optimum orientations for reaction, thus improving the reaction rate. 

A second example of coenzyme action is the versatile capability of vitamin 

B,, called pyridoxal. This coenzyme acts in the synthesis and degradation of 

amino acids. 
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The aldehyde group readily reacts with an amino acid to form an imine, 

complexed as a chelate with a metal ion. Acceptance of electrons by the pyridin- 

ium ring allows it to act as a vinylogous carbonyl, for enolization (a) or 

decarboxylation (b), or even cleavage of the C—R bond in appropriate cases. 

The product in any case will be an imine which on hydrolysis readily yields 

either an aldehyde, R—CHO, or an a-ketoacid, R—CO—COOH. The reverse 

reaction is used for synthesis of amino acids from a-ketoacids, such as the 

conversion of pyruvic acid to alanine. All of these reactions proceed in vitro 

with pyridoxal and metal ions alone but are much faster in the presence of 

the proper enzyme. 

RS aa iY i 
H,O == § fe imine —-CO, H,O0 

— ——— es —— —— R—CHO R—CO—COOH Bai ee (a) ~complex ~ ~---ff----- 
N N 

VE Va 
CH CH 

N N 
H H 

When sodium borohydride is added to the operating enzymatic system 

and the enzyme is then isolated and hydrolyzed, the reduced imine complex 

may be isolated from the hydrolysis. Borohydride adds to the imine (colored, 

above) and so stops enzyme action by rendering the complex stable. This kind 

of proof of the molecular species involved in enzyme action is used whenever 

possible in enzyme work. 

PROBLEM 26-4 

Serine is converted to glycine by pyridoxal. Write a full mechanism for this 

transformation. Can it occur on a serine unit in a protein? 



1040 BIOLOGICAL ENERGY PRODUCTION SEC. 26-4 

26-4 BIOLOGICAL ENERGY PRODUCTION 

The chief food, or fuel, for animal metabolism is starches, formed in plants 

by photosynthesis. These polysaccharides are hydrolyzed to glucose first and 

may be converted to glycogen (animal polysaccharide) for storage purposes. 

Glucose is the primary fuel source for animals. As energy is needed for the 

cell’s work, glucose is fed into a metabolic furnace consisting of a sequence 

of chemical reactions that oxidize glucose first to pyruvate and then on to 

carbon dioxide and water. The energy liberated piecemeal in these reactions 

is used to reduce NAD to NADH as well as to produce ATP, the prime molecule 

used for energy storage and transfer in metabolism. 

Adenosine triphosphate (ATP) is a molecule of central importance in me- 

tabolism, acting as a high-energy coenzyme to drive many reactions which 

would otherwise be thermodynamically unfavorable. The high-energy feature 

of ATP lies in its pyrophosphate bonds, hydrolysis of which to the di- or 

monophosphates (ADP and AMP) liberates 7 kcal/mole. However, this hy- 

drolysis is slow unless catalyzed so that ATP has a considerable lifetime in 

the aqueous medium of the cell. 

Attack of alcohols (R—OH) or acids (R—CO—OH) is a common reaction 

utilizing ATP. These reactions (as well as hydrolysis) are symbolized below 

as nucleophilic substitution reactions of phosphoric acid derivatives, attacked 

by Z—OH (cf. page 805). In this reaction alcohols and carboxylic acids have 

their —OH groups converted to good leaving groups (phosphates) for subse- 

quent nucleophilic substitution reactions used in biosynthesis. 

NH, 

N 

ee ee ae 47 
HO=PLO—P—O—P—O—CH, NN yy = 7 ~0—Po,H, + ADP 

OH OH 

Adenosine triphosphate (ATP) 

The first half of the oxidative breakdown of glucose carries it to pyruvate. 
This reaction sequence is called glycolysis and is outlined in Fig, 26-8. The 
pyruvate is then converted by thiamine (page 1038) into the thiol-ester, acetyl- 

coenzyme A, shown as CH,CO—SR in Fig. 26-2. Acetyl-coenzyme A is a central 

biosynthetic starting material, chiefly for fatty acids (Sec. 26-5), and is the fuel 

for the chief metabolic furnace, the citric acid cycle, which is summarized in 

Fig. 26-9. 
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FIGURE 26-9 The citric acid cycle 

The central degradation in glycolysis (Fig. 26-8) is the reverse aldol cleav- 

age [reaction (4)] of a hexose to 2 moles of triose. Both triose fragments continue 

along the path to pyruvate owing to isomerization (5), in which the carbonyl 

enolizes to an ene-diol and then reprotonates in the opposite sense. The same 

mechanism occurs in reaction (2). Two hexose molecules utilize ATP to phos- 
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phorylate alcohol groups [(1) and (3)] and two trioses [(7) and (9)] regenerate 
ATP by phosphate removal. Since there are twice as many triose molecules 
this results in a net gain of two ATP molecules to be stored for use as energy 
sources elsewhere. 

In the oxidation of aldehyde to acid derivative [reaction (6)], NAD is 
reduced and energy is thus made available. This energy allows the stable 
phosphate ion (PO,°-) to be transformed into a phosphoric anhydride with 
sufficient reactivity to transfer a phosphate unit to ADP so as to create more 

ATP in step (7). The reaction is a common one, called oxidative phosphorylation. 

The enol phosphate (PEP) is also a fairly high-energy compound and serves 

not only to generate more ATP but also, in biosynthesis, as an active enol for 

carbon-carbon bond formation via aldol and Michael reactions. 

The second part of the oxidative breakdown of glucose is the citric acid 

cycle, also known as the Krebs cycle or the tricarboxylic acid cycle. This is a 

continuing cyclic reaction sequence into which acetate, as acetyl-coenzyme A, 

is fed and from which two molecules of carbon dioxide are released per cycle. 

Four two-electron oxidation steps (Sec. 18-1) are required to convert acetic acid 

to 2 moles of carbon dioxide. These four oxidations are starred in Fig. 26-9. 

The 10 reactions of the cycle are summarized below. 

The readily enolized thiol-ester (CH;CO—SCoA) enolizes and adds to a-ketoacid 

in an aldol reaction, driven thermodynamically by concurrent hydrolysis of the thiol- 

ester to a more stable carboxylate anion. 

B-Elimination of water, activated by carboxyl carbonyl, represents the second step of 

the aldol condensation. 

Readdition of water in a conjugate addition to the other carbonyl occurs. 

Dehydrogenation of the alcohol serves to reduce NAD to NADH. 

Decarboxylation of a £-ketoacid frees the first molecule of carbon dioxide. 

The same oxidative decarboxylation as that of pyruvate in Fig. 26-7 releases the second 

carbon dioxide molecule. This is a five-reaction sequence. The dithiol freed in step 

(5) of Fig. 26-7 is reoxidized to lipoic acid coenzyme by NAD, producing NADH overall 

in the sequence. 

The hydrolysis of the thiol-ester, like that of an acid chloride, is exothermic and here 

is coupled with phosphorylation of a nucleotide phosphate from the di- to the higher- 

energy triphosphate. The nucleotides here are guanosine phosphates (GDP ——> GTP) 

which serve the same function as the more common adenosine phosphates, i.e., ADP 

and ATP. 

Dehydrogenation is accomplished by another reaction which reduces NAD to NADH 

as in step (4). 

Conjugate addition of water parallels that of reaction (3). 

In the final oxidation, NAD dehydrogenates the secondary alcohol to the ketone of 

oxalacetate [like step (4)], preparing it for condensation with a new activated acetate 

molecule in reaction (1). 
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FIGURE 26-10 Carbon dioxide capture in photosynthesis 

The oxidative steps represent a free-energy decrease in the substrates. 

The energy is picked up by NADH or GTP, which may now continue through 

other, auxiliary reactions to pass this energy on to the phosphorylation of ADP 

into ATP. Overall, these processes afford 12 molecules of ATP (from ADP) 

per molecule of acetyl-CoA completely oxidized. 
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Other foods than glucose can feed the metabolic furnace. Enzymes are 

available to convert other sugars to glucose or fructose. Proteins serve as food 

since their initial fate is degradation to amino acids and we have seen (page 

1029) how amino acids may be converted, by the reactions of the pyridoxal- 

enzyme system, into a-ketoacids. These in turn are transformed into the acids 

of the citric acid cycle and so oxidized to carbon dioxide. Glutamic acid yields 

a-ketoglutarate directly in this fashion, and alanine goes to pyruvate. 

Fats are hydrolyzed to fatty acids which are degraded in turn to acetyl- 

coenzyme A by successive two-carbon cleavages back from the carboxyl group 

of the linear fatty acid molecule. This stepwise fatty acid oxidation is very 

similar mechanistically to the reverse sequence used to synthesize fatty acids 

from acetyl-coenzyme A (described in Sec. 26-5). 

In plants energy is taken directly from the sun to drive all metabolic 

functions. The initial absorption of light energy occurs by excitation of the 

chromophores of the universal green pigment, chlorophyll (Fig. 24-2), and 

several other pigments. The energy is transferred in paths, not yet fully under- 

stood, which convert ADP to ATP with remarkable energetic efficiency. In this 

way light energy is converted into chemical energy in the usable form of ATP. 

In a coupled sequence of reactions not requiring sunlight, carbon dioxide 

from the air is converted into glucose. The carboxylation step is shown in Fig. 

26-10 along with a summary of the other sugar conversions making up the cyclic 

sequence. Aldol reactions are involved to make and break the carbon-carbon 

bonds necessary to reassemble the required pentoses from the trioses which 

are formed in the carboxylation step. The same reactions build up hexoses 

which are stored as food energy. The variety of involved sugars of various 

sizes arises from the necessity of adding the one carbon of CO, to a C,, sugar, 

cleaving to C., then being obliged to build C, for storage and more C,, to retain 

the carboxylation cycle. The plant solution to this problem (Fig. 26-10) is an 

exercise in mathematics! 

PROBLEM 26-5 

a The enzyme phosphoenolpyruvate carboxykinase catalyzes a reaction between 

phosphoenolpyruvate and carbon dioxide. Write a mechanism for the reaction 

which yields H,PO, (or its conjugate base ions, H,PO,-, etc.). 

b Phosphoenolypyruvate also reacts with certain sugars. Depict its reaction with 

a tetrose, forming a carbon-carbon bond. 

PROBLEM 26-6 

Consider the citric acid cycle shown in Fig. 26-9. Each reaction is mediated 

by a specific enzyme and these have all been isolated and separately charac- 

terized. If the isolated enzymes are mixed in aqueous solution with the required 
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cofactors (certain metal ions, NAD, GDP, coenzyme A, etc.), the cycle will 

proceed to oxidize added pyruvate. 

a Detail the fate of labeled pyruvate added, with C' either in the 2- or 3- 

positions. 

b If the malic dehydrogenase enzyme for reaction (9) is not added to the 

mixture, what labeled material(s) will accumulate in the system on addition 

of either of the labeled pyruvates of part a? 

c Suppose that intact mitochondria are isolated and an inhibitor specific to 

deactivate isocitric dehydrogenase is added. The system is then fed unlabeled 

pyruvate and also glutamic acid labeled, in separate experiments, at each of 

its carbons. Where will the labels appear in the compound(s) that accumulate? 

26-5 BIOSYNTHESIS 

Having examined the utilization of food to produce energy in the last section, 

we now turn to the reactions which synthesize the necessary molecules required 

by the cell. These two functions are separated in two columns of the overall 

metabolic chart in Fig. 26-2. The economy of the cell is such that the same 

molecules which appear as intermediates in glycolysis and the citric acid cycle 

are also the starting materials for biosynthesis. 

Amino acids for protein synthesis (Sec. 26-6) may be created by hydroly- 

sis of input food protein, but many may also be created from pyruvate and 

the citric acid cycle intermediates. The final synthetic step will be the reductive 

amination of an a-ketoacid, the reverse of the pyridoxal-enzyme system used 

for their formation (page 1039). Aspartic and glutamic acids and alanine are 

thus synthesized in one step from the appropriate a-ketoacids of Fig. 26-9, 

and other amino acids are made from these. Aromatic amino acids arise by 

cyclization of a seven-carbon sugar (heptose) followed by an aldol addition 

of phosphoenolpyruvate (C,) and loss of an original sugar carbon. This yields 

phenylpyruvate (C,) first for conversion into phenylalanine, and by oxidation 

into tyrosine. The sequence is understood in stepwise detail (see Prob. 26-7). 

The nucleotide bases are built up in a sequence of reactions from aspartic 

acid and glycine, as well as one-carbon units such as formate and carbon 

dioxide. They are built up from a base of ribose (or deoxyribose) which is 

first converted to an amine. 
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HOCH, NH, 
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OH OH c 
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For synthetic purposes acids are converted to acyl phosphates 

(RCO—O—PO,,_~) with ATP in order to effect substitution reactions (acylations) 

in much the same fashion that we convert acids to their acid chlorides first 

for this purpose in the laboratory. An example is implicit in the use of glycine 

above to acylate the ribose-amine. 

The same phosphorylation is used to activate amino acid carboxyls for 

acylating the amino end of a growing protein chain during protein synthesis. 

This reaction is somewhat different in detail from the simple phosphorylations 

by ATP described before (page 1043), since the acyl group here becomes attached 

to a phosphate which is still also esterified to adenosine instead of to a simple 

phosphate group. The effect of creating a good leaving group is the same, 

however. 

O O 
| | «II 

R—CO— OH + HO—P—O—P—O—P—O— adenosine == 

OH OH_”OH 

ATP 

O 

| | | 
R—CO—O—P—O— adenosine + aa es facie 

OH OH OH 

Acyl-AMP Pyrophosphate 
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FIGURE 26-11 The mode of action of fatty-acid synthetase 

The reaction is reversible itself but is rendered irreversible by the im- 

mediate removal of the high-energy pyrophosphate ion from the equilibrium 

via enzyme-catalyzed, exothermic hydrolysis. 

Similarly, in the synthesis of nucleic acids the nucleoside triphosphates, 

like ATP, serve as the activated unit for attachment to the ribose (or deoxy- 

ribose) hydroxyl of the growing polynucleotide chain. Here is another instance 

of cell economy, in which ATP serves not only as a general energy-transfer 

and phosphorylating agent but also as a synthetic unit for creating nucleic acids. 

The synthesis of fatty acids provides an important and interesting exam- 

ple of a biosynthetic pathway. In many organisms this synthesis has the added 

interest that the whole sequence of reactions apparently occurs while the sub- 

strate remains attached to the enzyme. The attachment here is a covalent one, 

as a thiol-ester of the thiol group of a cysteine residue in the protein chain 

of the enzyme. The enzyme may then be regarded as an organized cluster of 

separate enzymes, one for each reaction, around this cysteine site of attachment. 

The attached substrate may then be regarded as rotating around from one 

catalytic site to the next, undergoing the successive steps of its whole synthetic 

sequence while remaining attached to the enzyme. The conception is pictori- 

alized in Fig. 26-11. 
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There is an important feature of efficiency in this mode of action. The 

substrate must first be captured from solution by the enzyme. This process 

will take some time and its costs something to create the covalent CO—S bond 

which holds the substrate in place. Once captured, the substrate is most rapidly 

and efficiently transformed through several steps if all the enzymes necessary 

can operate while it is trapped. In other synthetic sequences the substrate 

apparently is released from the enzyme after each reaction, but it is very likely 

that it is merely passed on directly to the next enzyme in the sequence without 

going loose into solution. This affords virtually the same efficiency and probably 

occurs because the successive enzymes are all organized in a line on a cellular 

superstructure and so pass the substrate from hand to hand like a bucket 

brigade—or, more accurately, an assembly line. 

The first step in Fig. 26-11 is the carboxylation of acetyl-coenzyme A 

to malonyl-coenzyme A in order to create an active methylene for aldol con- 

densation. This malonyl unit, seen at the top in the diagram, is then transferred 

to the thiol on the synthetase enzyme in step (1). Here it reacts—in a Claisen 

acylation (2)—with either acetyl-coenzyme A or a short fatty acid attached to 

another synthetase enzyme on which it was built. Carbon dioxide is lost in 

the acylation, leaving a 6-ketoester still attached to the enzyme and providing 

a thermodynamic driving force to carry the equilibrium reaction to completion. 

This B-ketoester now swings around to the next site for reaction (3), a hydride 

reduction of the ketone by NADH. The substrate thiol-ester continues to move 

around to accept catalysis for the subsequent £-elimination (4) and hydro- 

genation (5) which finally yields a fatty acid two carbons longer than the 

original. This may be the final product (C,, ,,), and, if so, it is transferred to 

coenzyme A for removal from the enzyme. If reaction (5) yields a lower product, 

the entire acyl-enzyme complex is involved in a new acylation reaction (2) at 

another synthetase enzyme bearing a fresh malonyl unit. Thus each cycle 

around the synthetase surface adds two carbons to a fatty acid chain. Eight 

such synthetase cycles convert acetate to stearate (stearic acid, n-C,,H,,;COOH), 

ready to be esterified to glycerol and stored as fat. 

The number of synthetic reactions used in metabolism is not large. In 

this synthesis—and the closely analogous reactions used for fatty acid de- 

gradations—we see the same kinds of transformations that were used in the 

citric acid cycle. 
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PROBLEM 26-7 

The chief biosynthesis of aromatic rings is shown below in the creation of 

phenylalanine from sugars. Fill in the blanks and identify the mechanism of 

each step. How might tyrosine be formed? 

HO COOH 

3 steps 

Problem 26-5b —~> C,H,;,0,; —~> eter 

OH 

OH 

Acidic Dehydroquinic acid 

COOH 

ane t 
shikimic acid phosphate —- a. 

~ O,PO O~ SCH, 

H 

COOH 

O 

COOH CH,COCOOH 

—_——_> C) ———— phenylalanine 

OH 

Prephenic acid 

PROBLEM 26-8 

Propose a reasonable biosynthesis for adenine which fills in the details of the 

route outlined in the text. Identify the mechanisms and the necessary activating 

groups probably required. 

PROBLEM 26-9 

The metabolic route for oxidation of fatty acids to acetic acid is called “B- 

oxidation.” This route is employed in order to utilize fats as food, for energy 

production. 

a Outline a stepwise sequence of reactions to accomplish this conversion. Use 

fatty acid synthesis as a model for the kinds of reactions the cell is capable 

of performing. 
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b Which of the reactions is most unusual in terms of laboratory precedent? 
c Only one molecule of ATP is required to convert stearic acid (C,,) into all 

nine molecules of acetic acid (as acetyl-coenzyme A). Account for this obser- 
vation. 

26-6 REPLICATION 

A keystone in any definition of life must be the ability of living things to 

reproduce themselves. Furthermore, the offspring must be accurate, functioning 

replicas of the parents. At the most primitive level this reproduction is observed 

in the self-duplication of a cell by division (mitosis). In order for a cell to live 

it must possess a record of the amino acid sequences in its metabolic enzymes 

and structural protein since these need to be constantly manufactured, both 

for production of new cells and for replacement of chemically damaged parts 

in existing cells. These enzymes in turn, as we have seen, define and direct 

the metabolism which constitutes the life of the cell. 

When a cell divides, both new cells must be equipped with the same 

accurate record of the particular enzyme content in order to function. With 

higher, multicellular organisms the record, or genetic code, defining all the cells 

(and their enzyme proteins) for the whole organism must be present in the 

initial egg cell which will grow into the organism. 

The Watson-Crick hypothesis, now extensively supported with experi- 

mental evidence, states that the genetic code is contained in the DNA found 

in the cell nucleus and that this DNA can duplicate itself for cell division. A 

DNA molecule is a long chain defined by the sequence in which the four 

nucleotide bases appear along the backbone of ribose and phosphate (Fig. 25-9). 

This sequence is in turn a code for the sequence of amino acids in an enzyme 

or structural protein molecule. The DNA molecule holds the information to 

build protein molecules. This DNA molecule is the gene of genetics, holding 

the key to one characteristic of the organism. Each DNA molecule directs the 

construction of its characteristic protein (or several proteins), with complete 

sequence accuracy, whenever this synthesis is required either for replacement 

in the cell or for cell growth in preparation for mitosis. 

Nucleotide Pairing and Self-duplication 

The key to both the use and the duplication of the code contained in 

a sequence of bases in a DNA molecule lies in the concept of the comple- 

mentary pairing of nucleotide bases by hydrogen bonding. In Fig. 26-12 is 

shown the strong hydrogen bonding which can hold a pair of nucleic acid bases 

together. Among the four DNA bases the only pairs that form these strong 

hydrogen bonds are adenine-thymine and guanine-cytosine, one purine and 

one pyrimidine base in each pair. 

Hence a long DNA molecule, its sequence of bases evenly spaced along 

the regular backbone, couples with another DNA molecule bearing the com- 
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FIGURE 26-12 Complementary hydrogen bonding of base pairs in DNA 

plementary sequence of bases. The two chains then coil together into a dou- 

ble helix held together by these numerous hydrogen bonds, as shown in Fig. 

26-13. 

A——C—)— 1A G— CG DNA chain, (base sequence) 
H bonds: Pm th ee he cies all 

T==6 A A-_1-G__G__€__ > * * Complementary ONAtciann 

This is the heart of the Watson-Crick proposal. It is essentially simple but 

has far-reaching consequences for replication and directed-sequence protein 

synthesis. 

In order accurately to replicate its own sequences of bases a double helix 

of DNA need only separate into two isolated strands. Each strand then serves 

as a template for synthesis of another complementary strand. For this synthesis 

the separate nucleotides from the surrounding medium are first attracted to 

align themselves by hydrogen bonding only to their opposite numbers in the 

chain. Then a molecule of DNA-polymerase enzyme links these separate, 

hydrogen-bonded nucleotides into a new and necessarily complimentary strand 

of DNA, and the two strands coil up together into a new and accurately 

duplicated double helix. Following this self-duplication of its genetic code 

material, the DNA now becomes organized as the genes of two identical sets 

of chromosomes to provide two nuclei on cell division. 
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Protein Synthesis 

The use of the code is to direct the synthesis of cell proteins—mostly 

enzymes—with the correct amino acid sequences. Since proteins form the 
structure of the cell and catalyze all of its reactions, their synthesis completely 
defines the cell. In a primitive cell (e.g., a bacterium) with about 3,000 chemical 

reactions there must be 3,000 enzymes and, in the nucleus, a corresponding 

3,000 genes (DNA molecules) to direct the correct sequential syntheses of these 

enzymes. 

In order to synthesize protein, the parent DNA in the nucleus first causes 

a strand of RNA of complementary sequence to be created, using the DNA 

as a template, just as in replication. The RNA differs in that the base uracil 

(U) replaces thymine (T) but this does not affect the hydrogen bonding. It is 

this complementary RNA, called messenger RNA (m-RNA), which travels out 

of the nucleus to the ribosomes to direct protein synthesis there. 

The sequence of bases in the DNA, and the complementary sequence 

in RNA, is composed of only four bases. If this sequence is to record a corre- 

sponding sequence composed of 20 amino acids in a protein, there can be no 

fewer than 3 nucleotide bases in a row to specify 1 amino acid.t Hence a group 

of 3 bases in a row in the RNA is called a codon for a single amino acid. The 

correspondence can be visualized as follows; the codons shown are those 

actually utilized in the cell, with the initials (A, C, G, U) of the four ribo- 

nucleotide bases used to identify them (see Fig. 25-9). 

RNA sequence: ee GAC CA GCAICU UGCA Ass 

corresponds to | | | | | 

Protein, sequences. — 1° =——-Asp——His — |. nt — (rp |Glu-—— = - 

Codons 

Bases Amino acids 

GAC Aspartic acid (Asp) 

GAG Histidine (His) 

ACCIUL Threonine (Thr) 

UGG Tryptophan (Trp) 

GAA Glutamic acid (Glu) 

The molecular mechanics involved in utilizing a messenger RNA for 

accurate stepwise protein synthesis are complex and fascinating, but very 

sensible for the job required. Details of this process are now beginning to be 

+I£ two bases were used there would be only 4” = 16 possible combinations, not enough for 20 amino 

acids, With three bases, 4° = 64 combinations exist and this is ample. Some of the extra triplet com- 

binations are used for auxiliary directions—punctuation of the code—such as “stop synthesis after this 

amino acid,” etc. 
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FIGURE 26-13 Hydrogen bonding in double helix of DNA 

clear and are outlined in Fig. 26-14. The essential logic of the process is that 

the messenger RNA is a long molecular “sentence” spelling out the amino acid 

sequence of the corresponding protein in three-letter words (codons). The 

amino acids are brought up in order and in line along the RNA chain by 

molecular units bearing at one end the matching three-letter codon and at the 

other the amino acid. After these units are snapped into their places on the 

messenger RNA (by base pairing), the amino acids at their other ends can be 

linked with peptide bonds so as to form the correspondingly ordered protein. 

The matching unit molecules which bring in the amino acids are called 

transfer RNA (f-RNA). These are relatively small (70 to 80 nucleotides in se- 

quence), soluble, nucleic acid molecules, the nucleotide sequences of some 

having been recently deduced. Transfer RNA is most conveniently regarded 

as a long loop with the critical codon triplet at one end, free to hydrogen bond 

to matching sites along the m-RNA chain. Many of the other bases in the t-RNA 

are hydrogen-bonded across the loop down the center and hence are not 

available as triplet codons to bond to the m-RNA. At the other end of the 

loop the amino acid is attached to an adenosine as an acyl derivative. Here 

we recognize the ATP function (page 1047) of activating the carboxyl group 

for effective acylation. 
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The process of protein synthesis (Fig. 26-14) begins with attachment of 

a ribosome particle at one end of the messenger-RNA chain. In the surrounding 

medium the 20 kinds of transfer RNAs and their corresponding 20 amino acids 

are being brought together by 20 amino-acid-specific enzymes. From this pool 
of amino-acylated t-RNA the messenger RNA, with some help from the ribo- 

some, sequentially selects the complementary tRNAs by hydrogen bonding 

(base pairing) their codons. Then at the other end of the f-RNA molecule the 

amino acids may be linked together by an enzyme. This forms the protein 
and also frees the t-RNA to release itself from the m-RNA template and return 

to the medium to seek another molecule of its particular amino acid. 

Some present evidence implies intriguing features of molecular mechanics 

in protein synthesis such as the view that the ribosome particle rolls along 

the m-RNA chain as synthesis occurs and that a second and more ribosomes 

may start synthesis of a new protein afresh at the front end of the m-RNA 

chain even before the first protein has been completed at the other end. A 

mammalian protein of 150 amino acids is synthesized in about 3 minutes. 

FIGURE 26-14 Protein synthesis at the ribosomes 
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Viruses 

A virus may be regarded either as the simplest form of life or as the 

dividing line between the living and nonliving. A virus may be crystallized 

like any ordinary organic chemical and is then completely stable and unchang- 

ing in the absence of living cells. The virus itself does not have cell structure. 

In the presence of cells, however, viruses replicate and multiply, using up the 

material of the living cell to do so. Even simple one-celled bacteria suffer from 

viral parasites (bacteriophages, meaning “bacterium eaters’’). 

A virus particle is simply a chromosome of viral-specific nucleic acid 

(DNA or RNA) in a limited number of genes, surrounded by a protective coat 

of protein. This virus particle enters a cell wall (or merely injects its nucleic 

acid into it) and then simply uses the nucleotides, amino acids, enzymes, and 

ribosomes within the living cell as components for its own replication and 

protein synthesis, in competition with those processes of the cell. The virus 

nucleic acid chain is duplicated many times (until it has used up the cellular 

supply of nucleotides) and is also used to synthesize its protective-coat protein 

and a few specific enzymes it may require for this work. For most of its replica- 

tion the virus uses normal cell enzymes. At least one viral gene also serves 

to create an enzyme which will break through the cell-wall protein. The material 

of the living cell is thus reordered into the construction of many virus particles, 

directed by the nucleic acid of the one original virus particle. When the cell 

is thus exhausted and its wall broken through, these virus particles swarm out 

to attack many other cells. 

Because of their simplicity the study of viruses is a very useful tool for 

studying the basic nature of replication, but it also affords a potent probe of 

the nature of viral diseases. While this study may illuminate the course of these 

diseases and point to some mechanisms for their containment, it also focusses 

on the difficult medical problem that the virus and its mode of multiplication 

are exceedingly similar to the nature of healthy metabolism in the organism 

attacked. The same medical difficulty applies to cancer, which is a subtle change 

in the course of normal cell replication, operating by virtually all the same 

mechanisms as the normal cell. This metabolic similarity to the healthy cell 

makes selective destruction of cancer or virus an exceedingly subtle and difficult 

medical problem. 

PROBLEMS 

26-10 The nature of nucleic acid self-replication implies a procedure for simplifying 

laboratory synthesis of particular sequences. Suppose a very small amount of 

a particular oligonucleotide, of about a dozen units in length, were synthesized 

in the laboratory. 

a How might larger quantities of this substance be obtained? 
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26-11 

26-12 

26-13 

26-14 

26-15 

26-16 

26-17 

b If for practical reasons the longest chain available by stepwise chemical 

synthesis were a dozen units long, how might a 77-unit transfer RNA 

of specific sequence be made? 

The number of reaction types in primary metabolism is small. List the number 

of kinds of reaction which occur in the whole system of sugar oxidation to 

carbon dioxide and fatty acid synthesis and degradation. An example of a kind 

of reaction would be 

OH 
ee 24 

a How many different enzymes are required to synthesize any protein from 

twenty amino acids. Assume that any reaction that does not demand speci- 

ficity for a single amino acid may be catalyzed by one enzyme equally well 

for all twenty amino acids. 

b Similarly, how many enzymes are required for DNA synthesis from the 

four deoxyribonucleotides? 

Examine the life cycle of a virus and roughly determine the minimum number 

of DNA molecules, or genes, which it requires. Assume one DNA molecule 

per protein which will be synthesized under its direction. 

Write out the specific reactions necessary to fill in the photosynthesis chart 

shown in Fig. 26-10. 

In the synthesis of fatty acids the loss of CO, in the initial malonate condensa- 

tion may serve to drive the reaction to completion thermodynamically. Consider 

the condensation in detail, at pH ~ 7, taking note that it requires the presence 

of magnesium, and formulate a particular mechanism for the reaction. 

The biosynthesis of proline takes place using glutamic acid as a starting 

material. Devise such a biosynthesis that occurs following biochemical prece- 

dents established in this chapter. 

Mevalonic acid is an important intermediate for biosynthesis of a number of 

natural compounds, including turpentine, rubber, steroid hormones, and the 

odors of spices. The sole source of carbon is in acetyl-coenzyme A. Devise 

a biosynthetic route to mevalonic acid consistent with rational mechanistic 

precedent. 

HO, /CH; 

HOCH, COOH 

Mevalonic acid 



1058 READING REFERENCES 

READING REFERENCES 

Mahler, H. R., and E. H. Cordes, “Basic Biological Chemistry,” Harper & Row, New 

York, 1966. 

Watson, J. D., “Molecular Biology of the Gene,” W. A. Benjamin, Inc., New York, 1965. 

Lehninger, A. L., “Bioenergetics,” W. A. Benjamin, Inc., New York, 1964. 

Ingram, V. M., “The Biosynthesis of Macromolecules,” W. A. Benjamin, Inc., New 

York, 1964. 

Dickerson, R. E., and Geis, I., “The Structure and Action of Proteins,” Harper 

& Row, New York, 1969. 



CHAPTER TWENTY-SEVEN 1059 

THE 
CHEMISTRY 
OF NATURAL 
PRODUCTS 
27-1 INTRODUCTION 

Man/’s earliest interest in organic compounds goes back to prehistory. Pigments 

for dying and painting, perfumes, and folk medicines are all organic com- 

pounds, and all required some crude extraction from their natural sources, 

usually plants. Over sixty perfume components were known in the Renaissance, 

usually prepared by distillation from crushed plant leaves. The extraction of 

medicinals from leaves and bark by grinding and boiling has a worldwide and 

ancient history. 

Many such organic compounds from natural sources, often crystalline, 

were isolated and purified in the early nineteenth century. The study of their 

reactions constituted the beginnings of organic chemistry, and indeed during 

the whole of that century these natural products constituted the main source 

of organic chemicals and afforded the main problems of organic chemistry. 

Only with the growth of synthesis was the field freed from a dependence on 

compounds available from natural sources. However, the variety of structures 

found in natural products is astonishing, and the most subtle and challenging 

problems of structure elucidation and of synthesis have been and still are those 

of natural products. 

The common procedure for obtaining natural products involves drying, 

grinding, and extracting plant material with some solvent like methanol or 

chloroform. Evaporation of the solvent then yields a mixed gum or oil which 

must be separated into its component compounds. Chromatography is the usual 

procedure, although in a number of cases one or two components may be 

crystallizable from the mixture. There may however be literally hundreds of 

compounds in the gum. A number of these may be the familiar and common 

chemicals of general metabolism (i.e., citric acid and others in Fig. 26-9), but 

more will be compounds which are characteristic of the plant species extracted. 

Once a pure natural product is isolated, attention is focused on the 

elucidation of its molecular structure. In the older tradition—prior to about 

1940—this was achieved by deducing structural information from the nature 

of the products obtained in particular chemical reactions. In current practice 

the chemical approach has been largely supplanted by the use of physical tools 

(Chap. 7). The essential logic of structure determination was initially presented 
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in Sec. 3-3 while the protocols for the use of physical methods were offered 

in Chap. 7. It is appropriate, now that we have explored chemical reactions, 

to select some which have proved useful in structure determination by chemical 

means in order to expand the discussion of Sec. 3-3. 

Structure Determination 

The first focus in structure determination is to establish the nature of 

the functional groups implied by the number and kind of heteroatoms in the 

empirical formula. In terms of chemical methods, it is common to determine 

the number of hydroxyls and (primary and secondary) amino groups by acety- 

lation. Amines are recognized by their basicity (solubility in aqueous acid); 

primary and secondary amines lose their basicity on acetylation, changing to 

nonbasic amides, but tertiary amines are unchanged. Primary, secondary, and 

tertiary alcohols may also be distinguished. Tertiary alcohols are not normally 

acetylated and do not oxidize with chromic oxide, while primary alcohols give 

aldehydes or acids with that reagent and secondary alcohols yield ketones. 

Carboxylic acids are recognized by their acidity (solubility in aqueous 

bicarbonate), and the number of acid groups may be determined by titration 

or by methylation with diazomethane. The presence of methylene groups 

adjacent to ketones may be determined by aldol condensation with benzal- 

dehyde, yielding a “benzylidene derivative.” 

In all of these chemical procedures the product is analyzed and its 

empirical formula compared to that expected from such a procedure on the 

starting compound. 

Consider a possible natural product, C,H,,O0,, which is soluble in aqueous 

bicarbonate. The following reactions are carried out. 

CH.N, ;H; CHO 
C;H,20; a Ol Lae C,H,.0; su no change 

C Cro OH 
[2] xO} [2] s 

<< 
Rm 

~OH]| (CH;CO),O CH,.O CH,N, C;H;CHO 
in pyridine 3) iil SR D8 SEP ae Eaoe = On © eur 

C)H,40¢ AN 

[3] a A 

cro, no CO, evolved C;H,.O +2CO, no change 

(1) crn pat Sree A seus lb eee 

h C,H; CHO no change — C,sH,,0 

{11] 
In order to deduce the structure of the acid we first examine each formula 

to determine the index of hydrogen deficiency; these are shown as colored 
numbers in brackets. Next we must examine each reaction in terms of the 

expectation of chemical change (see Sec. 3-3), as follows. The initial problem is 
to define the functionality represented by five oxygens and an index of hydro- 
gen deficiency showing two rings and/or double bonds in C,H,,O; . 
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CH,N./OH™~. Diazomethane yields a methyl ester from an acid, R—COOH ——> 

R—COOCH,. The expectation is a net increase in the empirical formula of +CH, 

for each carboxyl group.t The observed change is +C,H,, implying two —COOH 

groups. The implication is tested by applying the common saponification of esters 

(with OH), which in fact yields again the starting diacid, as expected. The formula 

allows two carboxyl groups since the four requisite oxygens are present in C;H,,O,. 

Two carboxyl groups also require an index of 2 (one C=O double bond in each 

carboxyl) and so we may deduce that the rest of the molecule is saturated and has 

no rings. There is one more oxygen to uncover, but with no unsaturation this can 

be only an alcohol or an ether. 

(CH,CO),0/OH-. Acetylation is applied to distinguish alcohol from ether. Ethers do 

not acetylate, while acetylation of an alcohol occurs with a formula change of + C,H,O. 

This is exactly the change observed in going to CJH,,O, and the ester (acetate) nature 

of the product is again confirmed by saponification, which recreates the starting 

material. As in the previous case this confirmation is important to prove that no 

unexpected skeletal change (rearrangement) has occurred. 

CrO,. The nature of the alcohol is shown to be secondary by oxidation with chromic 

oxide. A tertiary alcohol would have shown no change. A secondary alcohol proceeds 

to a ketone with a molecular change of —2H and an increase of one in the index 

of hydrogen deficiency, as observed here. A primary alcohol, however, under the 

conditions used would be transformed into a carboxylic acid (R—CH,OH — > 

R—COOHB), with a formula change of —2H + O; this is not observed. The deduction 

is confirmed by sodium borohydride reduction to starting material and by the inertness 

of the acetylated alcohol to CrO;. The same oxidation is also available to the diester, 

giving Cj,H,,O; as expected. 

These reactions establish the original compound as a secondary alcohol as well 

as a diacid. The formula shows that there are no more functional groups. The original 

alcohol diacid yields an alcohol diester (CH,N,) and both are oxidized (CrO;) to a 

keto-diacid and a keto-diester, respectively. We can summarize these functions in the 

following way and it now remains to locate their relative positions on the acyclic 

C.H,= carbon skeleton. 

+Phenols also yield methyl ethers with diazomethane, but the presence of a phenol would require at 

least six carbons and an index of hydrogen deficiency of at least four. Since the latter is not available 

a phenol is ruled out. 
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COOH COOCH3 
CH.N, 

C,H,.0O, = GH, COOH aa CH, COOCH; 

OH (sec) OH (sec) 

(Acyclic; no double bonds) 

NaBH, |} CrO, NaBH, || CrO, 

COOH COOCH, 
CH,N; 

C;H, COOH = C;H; COOCH,; 

O O 

Keto-diacid Keto-diester 

4 Pyrolysis. Mild heating of the keto-diacid yields a neutral compound, C,H,,O. It is 

neutral since to be basic it must contain nitrogen and to be acidic it must contain 

two oxygens for —COOH. Two molecules of carbon dioxide are lost on heating. These 

must arise by decarboxylation of the two acid groups since when they are esterified 

no change occurs on pyrolysis. This decarboxylation of ketoacids is characteristic only 

of B-ketoacids. Hence one of these two groupings must be present: 

HOOC— CG ECO G—_ COOH HOOC—C—_ EOE 

COOH 

The second of these would require the initial diacid to be a substituted malonic 

acid. This would have decarboxylated, in the original diacid with no ketone present, 

but pyrolysis of the original diacid shows that this is not the case. Hence the malonic 

acid structure is ruled out. 

5 Aldol condensation. Benzaldehyde in alkali is now used to examine whether the carbons 

adjacent to the ketone are methyl or methylene (CH,) as required by the aldol reaction 

(Sec. 12-5) 

—CO—CH, + OCHC,H, — ~CO—C=CHCH, 

The expected formula change is +C,H, and the index of hydrogen deficiency of the 

product must be increased by 5, i.e., one double bond, one ring (benzene), and the 

three nominal double bonds of a formal benzene ring. There is no ketone in the initial 

hydroxy-diester (C,H,,O;) and the ester groups are not adequately activated to support 

an aldol condensation. hence this diester is unaffected, but the keto-diester reacts with 

one benzaldehyde to form a benzylidene derivative representing the correct molecular 

change. 

The ketone, C;H,,O, remaining after decarboxylation of the keto-diacid, is found 

to form a bis-benzylidene derivative from two molecules of benzaldehyde. From this 

data we conclude that the keto-diester possesses only one methylene alpha to the keto 
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group while the final ketone has two. The following two formulas show the only 

allowable deductions. At least one a-carbon substituent must be present in the ester, 

but only one is allowed at that a-carbon in the ketone. 

COOCH, 

= - C—CH, « 

ge bs 

Be a CH; « 

Coca 

Keto-diester Ketone (C,H, )O) 

Of the C3H,,O of the ketone this reasoning accounts for all but CH;, and these 

remaining atoms can only be attached at the colored a-carbon substituent, and in only 

one way—to form 2-pentanone. The final structures are therefore rigorously proved 

to be the following. 

COOH ee 

CH,CH,—CH CH,;,CH,—CH 

CH.N; | 
CH—OH Mm CH—OH 

—-OH | 

CH, ae 

COOH COOCH, 

Original 
acid 

(C;H,205) 
NaBH, crO, 

NaBH, CcrO, 

peed COOCH, 

peoat sk eae cn 

9 iN Nous 
| OH | 
sig ee 

COOH COOCH, 

Avi —2CO; 

CH;,;CH,—CH, 

| C;H;CHO 
Ee—@ ae 

C,H;CHO 
—_—————> no change 

COOCH; 

C,H;CHO | 
=D C—=©0) 

—~OH | 

C=CHC,H; 

COOCH; 

CH,CH,—C=CHC,H; 

C=O 

CH —=CHC,H; 
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This sort of logical proceeding is used in all chemical determinations of 

structure, and certain examples from known natural products are presented 

in the succeeding sections. 

Apart from structure elucidation, the chief activities in the natural prod- 

ucts field are synthesis of these natural compounds and studies aimed at 

deducing their bioxynthesis. Our present knowledge of their biosynthesis 

allows a classification of the thousands of known natural products into several 

broad families: 

Sugars 

Acetogenins 

Terpenes (and steroids) 

Alkaloids 

Most, though not all, natural products fall into these categories. Many 

which do not fit into these groups have specific functions in the central metab- 

olism, such as the citric acid cycle acids or the coenzymes of Chap. 26. The 

biological purpose or function of most natural products in the last three major 

families above has in most cases, however, eluded detection. Indeed there is 

a suspicion that many may serve no function at all in the life of the producing 

organism, that they may be merely “metabolic accidents.” However that may 

be, many natural products serve mankind as medicines, pigments, flavors, 

perfumes, solvents, and in other various uses, not least of which is to furnish 

organic chemists with a fund of fascinating structures and unusual reactions, 

many of which have provided the springboard for new areas of theoretical 

advance. 

In the sections that follow only the barest outline and suggestion is 

possible of the enormous variety in the chemistry of natural products. A survey 

of representative structures and their biosynthesis is offered, followed by a 

few examples from each family illustrating structure elucidation, synthesis, 

biosynthesis studies, and stereochemistry. 

PROBLEM 27-1 

Construct the set of spectral data you would expect from the diacid, C;H,,O,, 

in the preceding structure problem. Show how they might serve to solve the 

structure problem without carrying out any chemical reactions. 

PROBLEM 27-2 

In the structure problem elucidated, certain other facts might have been gathered 

which need accounting for in the final analysis. Account for these: 

a The original diacid and its diester are optically active but their two products 

from chromic oxide oxidation are not. 

b The borohydride reductions of these two oxidation products (ketones) actually 

afforded starting diacid and diester in less than 50% yield. A second product 

was formed in each reduction which was very similar in properties. 
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c The pyrolysis of the initial diacid yielded an optically inactive neutral com- 

pound, C,;H,O,. 

d The yield of keto-diacid on saponification of the keto-diester (CjH,,O;) was 
quite poor, although saponification of the hydroxy-diester (Cj,H,,O;) was 

quite free of by-products. What other product(s) might be expected from the 

saponification of the keto-diester (CjH,,O;)? 

27-2 BIOSYNTHESIS OF NATURAL PRODUCTS 

Natural products are usually secondary metabolites, synthesized from the 

primary molecules which constitute the central metabolism of the living cell 

(Chap. 26). By far the most important starting material is acetic acid (as acetyl- 

coenzyme A). The other major sources are several amino acids, notably lysine, 

tryptophan, phenylalanine, and tyrosine (Table 25-1). 

The reactions utilized in natural-product biosynthesis are all mechanisti- 

cally familiar from the previous chapters. The enzymes that catalyze most if 

not all of these synthetic steps are often quite nonspecific. For example there 

are enzymes capable of reactions such as oxidation-reduction by transfer of 

two hydrogens, as is observed in the interconversion of alcohols and ketones, 

and these may often be quite effective on substrates other than those for which 

they are intended. Some of the key reactions are capable of proceeding sponta- 

neously in neutral aqueous media without any enzymic mediation. 

Each of the three major families, apart from sugars, is characterized by 

certain structural features which are in turn the result of a common general 

biosynthetic mode for that family. Hence introduction to this general bio- 

synthesis pattern for each family offers an opportunity to survey the main 

characteristic structural types of natural products. 

Acetogenins 

The biosynthesis of fatty acids was outlined in Sec. 26-5. The sequence 

consists essentially of an acylation of an acetyl group attached to an enzyme 

to yield an acetoacetyl group esterified to the enzyme. This is then followed 

by stepwise reduction of the £-keto group. A very large body of natural 

products appears to arise from a variation in the normal fatty-acid biosynthesis 

whereby the further acetyl units are added, by acylation, without the inter- 

mediacy of the ketone reduction steps. This leads to a poly-f-keto, or poly- 

acetyl, linear chain still attached to the enzyme. Natural products derived from 

further reactions of this linear polyacetyl chain are called acetogenins. 

Enzyme—S—CO—CH,—CO—CH,—CO—CH, 

Many of these natural compounds are characterized by long linear carbon 

chains with functionality at alternate carbons along the chain, reflecting the 

initial poly-@-keto periodicity in the precursor. In the examples the original 

carbonyl carbon of the polyacetyl chain is marked in color. 
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CH,;— C=C— C=C— C=C— CH=CH— COOCH; 

Matricaria ester 

H H H CH,— COOH 
S Pa ~ 
c—E—E Gc=G@ 

Noe a 
HC=C— C=C C—E H 

oO 
H H 

Mycomycin 

vee 
ay O peau 

Erythromycin 
(an antibiotic 
from fungi) 

The examples show occasional reduction of the several original keto 

groups to alcohols and these are sometimes dehydrated to double bonds. One 

original carbonyl site (top, right) in erythromycin is fully reduced, as in normal 

fatty acids. The colored lines on the erythromycin periphery indicate methyl 

groups, always attached to a site a to the original polyacetyl carbonyls. These 

arise in two ways, either by methylation of the B-diketone (cf. Sec. 11-7) or 

by substitution of propionic for acetic acid in the original acylations on the 

enzyme which creates the chain. The alkylation of these B-diketone anions is 

a very facile process and can occur on the carbon between two carbonyls or 

on the oxygen of the 6-diketone enolate. 

Almost always the only groups introduced by alkylation in biosynthesis 

are methyl groups, and the terpenoid C. (isopentenyl, see page 1070) groups. 

Oxidation of the £-diketone enolate (i.e., “OH*” or its equivalent) can also 

produce hydroxyls at the a-position, as seen in two sites on erythromycin. 

CH; CH; 
wea 

Accessory changes: CH; . \ OH 

[ole sie et aes 
Polyacetyl chain: eee Care aic Fah eS re Soc 

2H 
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The most common fate of the polyacetyl chain is an aldol-type cyclization. 
This can occur in two ways to yield aromatic rings with meta-oriented phenolic 
hydroxyl groups, shown below for a tetraacetyl precursor. 

oS loo 3 “tes 6 ol 
Breymen 5 c= CH CECH CCH CCH, 

A 2210 

pees: 7 

O C0 
Enzyme-S” 

8 
CHg 

O 

+H,O 

HO OH HOOC OH 

eS) CH; 

O OH OH 

Phloroacetophenone Orsellinic acid 

This biosynthesis is one of the two methods used in nature to produce 

aromatic rings. The phenols produced all exhibit the meta orientation of hy- 

droxyls. The other route is one from sugars used to synthesize phenylalanine 

and tyrosine (see Prob. 26-7), and these in turn are the source of ¢—C—C—C 

skeletons in many natural products.t| These aromatics are characterized by 

oxygen para to the C, chain (as in tyrosine) and sometimes second and third 

oxygens ortho to that first one. The lignin skeleton (page 993) shows molecular 

units from this source as do the examples in Fig. 27-1. 

The aromatics from polyacetyl cyclization can also exhibit the pattern 

of methylation (or attachment of isopentenyl groups) on oxygen as in Fig. 27-1, 

or on the carbons originally between ketone groups in the initial polyacetyl 

chain. The cyclization can also produce more rings than one, including oxygen 

heterocycles which are merely the initial poly-G-keto chain in cyclized disguise. 

Examples of these processes are found in the natural products of Fig. 27-2, 

in which the linear polyacetyl precursor is traced in color with its original 

carbonyl sites marked. The pathway for their biosynthesis should be clear from 

+The usual first step in plants is elimination of ammonia from the amino acid to yield a cinnamic acid: 

COOH SK COOH 

—NH;, 
—<—<—— 

NH, 

Phenylalanine Cinnamic acid 
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CH,CH CH, CH,CH=CH, CH,CH=CH, 

OCH; O 

va 
OCH; OH O—CH, 

Anethole (from Eugenol (found Safrole (chief 
anise seed) in cloves) constituent of oil 

of sassafras) 

CH=CHCH,OH CHO 

Ss 

CH;O OCH; OCH, O 

OH OH 

Syringyl alcohol Vanillin (fragrant Coumarin 
(from syringa blossoms) component of (perfume in clover) 

vanilla bean) 

FIGURE 27-1 Natural phenolic compounds arising from phenylalanine 

their structures. Indeed the original ‘“acetate hypothesis” for their biosynthesis 

was first proposed because of these suggestive natural structures. This under- 

standing of the biosynthetic process in return has allowed errors in several 

published structures to be discovered when they did not fit a polyacetyl origin. 

The oxidative coupling reaction of phenols (page 823), or of 6-diketone 

enols, is a very widespread biosynthetic reaction which may be illustrated in 

a synthesis of the common yellow lichen pigment, usnic acid. The two identical 

coupled units are simple acetogenins, and the biosynthesis of usnic acid is 

presumably roughly the same as this laboratory synthesis modeled after it. 

Ow CH; 

HO OH HO OH K;Fe(CN), OH 
2s oxidative 

SS ot Ee ae) dimerization O 

CH; CH, ve A 
OH OH CH; OH O CH, 

Identical acetogenin precursors 

Usnic acid 
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ie to Deel 
| CH; CH; CH; | 

CH;O OH oO CH;O 0” cy 
CH; CH; OCH; : 

Ua OneS Dehydroangustione Eugenone 
(from peonies) 

eee ie 
CH; | seen 

CH;0 CH; oO SO 

CH; 

Angustifolionol 

Colupulone 
(from hops) 

? rm 
CHs OH 

O O CH; CH;0~*"—\_ 1 COOH 

HO 

HO OH 

Visnamminol Ustic acid 

r 

COOH 
O OH OH OH O OH 

a-Sorigenin Alternariol Endocrocin 

FIGURE 27-2 Examples of natural aromatic acetogenins 



1070 BIOSYNTHESIS OF NATURAL PRODUCTS SEC. 27-2 

Terpenes and Steroids 

Many of the components of essential oils from fragrant plants were 

grouped into families very early when it became clear that they all had formulas 

containing a multiple of five carbons. As structures became known, these 

compounds exhibited carbon skeletons composed of isoprene units. 

CH; i 
CH Cc Cc 

Eee (eae 
Isoprene Isoprene unit 

of structure 

These compounds (including rubber, a natural polymer of isoprene, page 

977) were labeled terpenes and subdivided by the number of isoprene units 

they contained in their structures: 

Monoterpenes Cy, Two isoprene units 

Sesquiterpenes C,; Three 

Diterpenes C5 Four 

Triterpenes Cag SBE 

Tetraterpenes Ci, Eight 

The isoprene units can be found, attached to each other in a head-to-tail 

fashion, by inspecting the representative terpene formulas shown in Figs. 27-3 

and 27-4. The isoprene units are outlined in color. 

It is clear that this dissection of terpene structures into isoprene units 

must reflect a general biosynthesis from an isoprenoid precursor which links 

several times with itself in a head-to-tail fashion. The biosynthesis of terpenes 

has been extensively studied using compounds containing C'* at “labeled” 

positions in order to trace the path of particular compounds during biosyn- 

thesis. The actual biosynthetic isoprene unit is mevalonic acid, which is syn- 

thesized from 3 moles of acetic acid (as acetyl-coenzyme A) via normal acyla- 

tions to a branched skeleton. Formation of the branched skeleton follows a 

mechanistically sound aldol reaction; this branching constitutes a major bio- 

synthetic departure from the linear fatty acids and acetogenins. Mevalonic acid 

is then phosphorylated and decarboxylated to isopentenyl pyrophosphate, the 

actual biosynthetic isoprene unit. 

This biosynthesis is outlined in Fig. 27-5 with color to follow the C14- 

labeled methyl group of acetate, as was actually done in the tracer studies. 

The isopentenyl pyrophosphate isomerizes and then dimerizes to form geranyl 

pyrophosphate in an attack of a double bond on the carbonium ion left by 

ionization of the pyrophosphate, the common leaving group of biological re- 

actions (Chap. 26). Several linkings of isopentenyl pyrophosphate lead to C,o, 

C,;, and C,,, acyclic skeletons, and these may dimerize head to head to form 

precursors of tri- and tetraterpenes. Squalene is the general precursor of triter- 

penes and is very widespread in living organisms. 



SAC, Af 

Monoterpenes 

H, H; 

l = 

CH, CH,OH 

CH; CH; CH; CH; 

Myrcene Geraniol 
(bayberry) (gingergrass) 

Q 9. 
d-Limonene 

(lemon, orange) 
A’-Carene 

(oleoresin of 
Pinus longifolia) 

Sesquiterpenes 

Hs; 

SS 

HOCH 7 GH: 
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oe 
CH; GH? H; CH; 

Citral Menthol 
(oil of lemon grass) (Japanese 

peppermint oil) 

CH; CH; CH; 

K Vag ie 
CH; CH; ( 

O 

a-Pinene 
(turpentine oil) 

Camphor 
(camphor tree) 

CH; ‘CH; 

Farnesol Cadinene Santonin 
(ambrette-seed oil, (oil of cade and (an anthelmintic from 

lily of the valley scent) of cubebs) species of Artemisia) 

CH, 

SONS 
ai of cloves) 

FIGURE 27-3 

OH 

Partheniol 
(sage resin) 

Cedrol 
(cedar-wood oil) 

Representative natural mono- and sesquiterpenes 



Diterpenes 
CH, 

“SCH, 

Te lls. 

o~ 7 ~~ 2 ~CH,OH 

CH, COOH CH, CH, CH, CH, 

Dextropimaric acid 
(pine rosin) 

Triterpenes 
CH; CH, 

HO 

Tetraterpene 

CH, 
ie CH, CH, CH, CH, 

CH; CH, CH, CH, | 
CH; 

8-Carotene 
(carrot pigment) 

FIGURE 27-4 Representative higher terpenes 

The steroids are a group of tetracyclic molecules, ubiquitous in both plants 

and animals, that have been much studied. The two examples shown indicate 

how similar they appear to higher terpenes in that they show polycyclic ali- 

phatic structures with several methyl substituents. However, they rarely possess 

an even 30 carbons; cholesterol has only 27 carbons. 

Cholesterol Progesterone 



i i X 2. Cc — c= 
CH,;—CO—S— (CoA) ———> CH,— C —CH,— C— S — (CoA) ee oe es) 

C-acylation Aldol 

CH, OH 
OH O 
| | | Reduction Nc a 

GHC GH G6 = (Cunjo Sree eae ne eens 
CH, CH, 

CH,COS (CoA) | | 
CH,OH COOH 

Mevalonic acid 

® Be 
— S 

XY 

ep ose 
Isopentenyl 

pyrophosphate (Cs) 

Isopentenyl 
aa e pyrophosphate ° if 

sce ae Ore ee —> Monoterpenes 

TNF - ~o=®) — S o—® 
O 
| H Geranyl pyrophosphate (C 0) 

: | (Allylic isomer) 

® e 

——> Sesquiterpenes 
pre ow ae O— ©) 

Farnesyl pyrophosphate (C;;) 

in emis 

An Ay sachin idan ba —— > __Triterpenes 

Squalene (C 39) 

C or © =C" tracer incorporated in initial acetic acid (C’* H; COOH) fed to the organism 

i 
() = P — O—P—OH (pyrophosphate) 

| 
OH OH 

S— (CoA) = coenzyme A 

FIGURE 27-5 Biosynthesis of terpenes 
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In fact the steroids are merely modified triterpenes and all arise by a 

remarkable cyclization of squalene epoxide followed by a concerted series of 

four rearrangements, all of which are trans diaxial on the ring system for facile 

migration. This biosynthesis of cholesterol has been extensively studied. When 

CH;,C™“OOH or C'*H,COOH is fed to experimental animals, the cholesterol 

produced in the tissues of those animals is labeled with C'*. The origin (in 

terms of CH, and COOH groups of acetic acid) of all the carbon atoms of 

cholesterol has been determined by chemical degradations of the radioactive 

product steroid in such a way as to isolate specific single carbons and measure 

their radioactivity. The specific pathway whereby the 2-carbon molecule is 

converted to the complex 27-carbon substance has been investigated in great 

detail. The methyl-labeled (C") squalene of Fig. 27-5 is followed through the 

biosynthesis of cholesterol below; the C' radioactivity from labeled acetate 

appears only in the marked carbons of the cholesterol. 

Squalene oxide 
(C'4-labeled at ®) 

5 oe H @ 

wie Rearr. 

HO | 
Lanosterol 

(high concentration 
in wool fat) 

iG 

whic 
Cholesterol 

(source of other steroids) 
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Alkaloids 

The widest structural variety and the greatest number of individual repre- 

sentatives among natural products are to be found in the alkaloids. In fact these 

thousands of natural products are only grouped together by their common 

possession of a basic nitrogen atom. The name alkaloid refers to their basic 

(alkaline) properties such as solubility and salt formation in aqueous acid. 

Nevertheless, the major source for the biosynthesis of alkaloids is just a few 

amino acids, and one major reaction—a Mannich reaction—is the common 

pathway for building the many diverse skeletons of the alkaloids. This bio- 

synthetic route was deduced over half a century ago simply from examination 

of known alkaloid structures. 

The Mannich reaction can be generalized as the linking of a carbanion 

site (enolate or phenolate) with an aldehyde and an amine. 

te _¢- cH 

or l | or 

a ae aa 
R 

Both the amine and the aldehyde components required can be obtained 

from amino acids, by decarboxylation (page 1039) or oxidative decarboxylation. 

-CO, 

Za 
ee 

-CO, = CH —_O NH RCH 
+H,O 

In a simple example in which lysine affords both aldehyde and amine 

and the anionic center is acetoacetate, the following biosynthesis of methyliso- 

pelletierine is presumed. 
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O 
+ 

(Loon ar CH, 
NH, NH, NH, 

COOH 

Lysine 

a 

N CH; N CH, 
H | 

COOH CH; 
Methylisopelletierine 

The comparable case for phenols is the biosynthesis of the opium alka- 

loids from phenylalanine, discussed in more detail in Sec. 27-6. 

COOH HO 
——— ———— 

cl NH, 

: HO CHO 

Phenylalanine \ 

OH 

OH 

HO 
ee —» opium alkaloids 

NH 
HO 

OH 

Norlaudanosine 

Oxidative coupling of phenol rings is a frequent variant after forging the 

skeleton in a key Mannich reaction. Methylation of —OH or ~NH is also 

widespread. Both of these features are at work in the further elaboration of 

the family of opium alkaloids, of which thebaine is an example. The bio- 

synthesis of another (morphine) is discussed on page 1119. 
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OH 

NS 
HO CH; = <<, Nee 

ae CH, 

OH 

See rotations 

ey HO Oo 

CH;0 

Reticuline 

Norlaudanosine ——y 

CH;0 

Reticuline 

[O] 

I 
O 

CH;0 CH;0 

\\cH aS Eo © ne ae 
HO ies) 

CH;O 

OH Salutaridine 

CH;0 

Isoboldine 

1) [H) 
2) Sy2’ 

cyclization 

Thebaine 

A group of representative alkaloids is shown in Fig. 27-6, which illustrates 

the striking richness of structural diversity which they exhibit. There are over 

600 known indole alkaloids all derived from tryptophan. The other 9 to 10 

carbons of most of these actually arise from a monoterpene precursor. 
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N Yn OH CH=CH, 
| i. 
CH N 

: HO—CH 

CH; CH;0O Ss 

Ajmaline 
(Rauwolfia serpentina) NZ 

Quinine 
(Cinchona tree), 
antimalarial 

CH;0 

Harmine 
(South American liana 

extract is native 

drug “yage’’) Ibogaine 
(root bark of African 

medicinal plant) 

CH; 

N= CH; 

= N 

COOCH, NZ CH; 

OCOC,H; 

Cocaine Nicotine 
(coca leaves), (tobacco plant), 

powerful anesthetic, stimulant, increases blood 
produces fever, stimulant pressure 

FIGURE 27-6 Representative alkaloids 
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CH; 

CONHCHCH,OH 

N 

H, 
N. 

OCH; 

Ergonovine Sparteine B-Erythroidine 
(parasitic fungus), (e.g., Lupinus arboreus), (Erythrina genus), 
uterotonic activity toxic curarizing agent 

CH;0 

CH;CH, 

Berberine Emetine 
(barberry root), (South American creeping 
paralytic effect, plant), emetic used in 
increases blood amebic dysentery 

pressure 

N 

N 

O O 

Strychnine 
(Strychnos nux-vomica), 
poison, used to exter- 

minate pests 
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PROBLEM 27-3 

Show the steps in the biosyntheses of these compounds from acetate and/or 

other sources that may be noted. 

a Angustifolionol (Fig. 27-2) f Atrovenetin 

b_ Alternariol (Fig. 27-2) 

ce Griseofulvin (page 1095) 

d Sparteine (Fig. 27-6), from lysine 

e Cularine, from tyrosine 

CH;CH, 

Pterostilbene, from tyrosine, etc. CH,O ic Nw 8 2 

O OCH; 

ere ~ ic OCH; 
OCH; 

HO 

PROBLEM 27-4 

One of the original triumphs of the “acetate hypothesis” was Birch’s correction 

of the published structure of eleutherinol, shown below. He revised the locations 

of the same functions shown into an isomer which was in accord with polyacetyl 

biosynthesis, and then proved that this isomer had the correct structure. Can 

you devise the correct isomeric structure? 

Incorrect structure of eleutherinol 

PROBLEM 27-5 

Show a reasonable biosynthetic pathway for these terpenes: 

a Menthol from geraniol 

b Cadinene from farnesol 
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27-3 SUGARS 

The term carbohydrate arose historically from the observation that a group of 
compounds isolated from natural sources possessed molecular formulas that 
could be fitted to the general formula C,(H,O),. After the structures of these 

compounds were elucidated, many other substances were discovered whose 

constitution placed them within the carbohydrate family but whose molecular 

formulas were in conflict with the implications of the term. Carbohydrates are 

now classified as polyhydroxylated compounds, many of which contain alde- 

hydic or ketonic groups or yield such groups on hydrolysis. 

Simple carbohydrates are referred to as sugars, or saccharides, because 

they are sweet to the taste. Usually their names end in -ose. Sugars are classified 

as monosaccharides, oligosaccharides, or polysaccharides, depending on the num- 

ber of simple sugar units linked together in the molecule (Sec. 25-3). Mono- 

saccharide units usually consist of chains of five or six carbon atoms and are 

called pentoses and hexoses, respectively. If monosaccharides contain an alde- 

hyde function, they are classified as aldoses; if a ketonic group, as ketoses. Thus, 

a monosaccharide might be an aldopentose, aldohexose, ketopentose, or keto- 

hexose. Monosaccharides that contain from three to eight carbon atoms are 

found in nature. 

The present section focusses on the chemistry of the monosaccharides, 

while the polysaccharides are discussed as natural polymers in Sec. 25-3. Sugars 

are unlike the other natural products of this chapter since they do serve a central 

metabolic function as a source of food for energy production and biosynthesis. 

The metabolic functions of sugars are a part of Chap. 26, chiefly discussed 

in Sec. 26-4. 

Structures and Configurations of Glucose and Other Monosaccharides 

Many of the principles associated with the simple sugars, and many of 

their reactions, can be illustrated by an argument for the structure of the 

commonest aldohexose, glucose. This substance is readily obtained by acid 

hydrolysis of starch, cellulose, cane sugar (sucrose), and a host of other natural 

products. Glucose, in free or combined state, is one of the most plentiful of 

all organic compounds. 

The molecular formula of glucose is C,H,,O,. The gross structure of the 

sugar is established by the following facts: 

Reduction of the substance with hydrogen iodide and red phosphorus gives n-hexane 

and reveals an unbranched chain of six carbon atoms. 

Glucose reacts with reagents such as hydroxylamine and phenylhydrazine, which are 

used to characterize aldehydes and ketones (page 469). 

Oxidation of the compound with bromine water gives gluconic acid (C;H,,O,;COORH), 

a monocarboxylic acid. This fact and fact 2 establish that glucose is an aldehyde. 

Reduction of the aldehyde with sodium amalgam gives sorbitol, C,H,,O,, which upon 

acetylation gives a hexaacetate. 
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Thus, sorbitol must contain six hydroxyl groups, one due to reduction 

of the aldehyde and five originating in glucose. Each of the six carbon atoms 

of sorbitol would appear to be linked to one hydroxyl group.t If the structural 

formula of glucose is assigned as HOCH,(CHOH),CHO, all the reactions can 

be readily formulated. 

Te ie CH,OH CH,OAc 

CH, *CHOH CHOH CHOAc 

| Hie Na-Hg | AcOuy| 
CH, <— *CHOH ——— CHOH -—-> CHOAc 
| 2 aP Ht Pyridine 

ae *CHOH CHOH CHOAc 

las *CHOH CHOH CHOAc 

CH; CH,OH CH,OH CH,OAc 

n-Hexane Glucose Sorbitol Sorbitol 
hexaacetate 

Br, | HO NH,OH 

COOH CH—=NOH 

CHOH CHOH 

CHOH CHOH 

CHOH CHOH 

CHOH CHOH 

CH,OH CH,OH 

Gluconic Glucose 
acid oxime 

Four asymmetric centers are found in the glucose molecule, and the 

number of possible stereoisomeric structures is 24, or 16. The task of relating 

the configurations of these four asymmetric centers to one another was com- 

pleted by Emil Fischer in 1896, and the essential portions of the work in slightly 

modified form are reproduced here. Although the work was done long before 

most of the modern methods now available, it still stands as a classic of clear 

structural reasoning. 

} Examples have been given of compounds that contain two hydroxyl groups per carbon atom. In each 

case, however, strong electron-withdrawing groups occupy adjacent carbon atoms, as in chloral hydrate 

and ninhydrin. 

O 

OH 
CCl,;CH(OH), OH 

Chloral 
hydrate O 

Ninhydrin 



SE@ 2723 SUGARS 1083 

At that time, three aldohexoses, (+)-glucose, (+)-mannose, and (+)- 

gulose, were known, together with the aldopentose, (—)-arabinose, and the 

ketohexose, (—)-fructose. The gross structures of these substances were known, 

but their relative configurations were not established. Three general reaction 

sequences were available for interrelating and characterizing monosaccharides. 

1 Osazone formation. Compounds containing the group CHOHCHO, when treated with 

three moles of hydrazine or phenylhydrazine, produce 1,2-bis-hydrazones, known as 

osazones, which are usually nicely crystalline compounds. One mole of hydrazine is 

involved in oxidizing a hydroxyl to a carbonyl group, and the other two moles give 

the osazone. 

(sy C,H;NHNH, CHOH C,H;NHNH, 

(GHOH) en ao (CHOH),, Seek 

CH,OH CH,OH 

An 

aldose 

ieee CH=NNHCG,H; 

Nae C,H;NHNH, C—=NNHC,H; 

(CHOH),, SAS (CHOH),, 

CH,OH CH,OH 

An 

osazone 

CH,OH CH=NNHCG,H; 

C=O 3C,H;NHNH, C=NNHC,H,; 
a | 

ne (CHOH), 

CH,OH CH,OH 

A ketose An osazone 

2 Oxidation of aldoses to glycaric acids. When treated with nitric acid, aldoses are converted 

to glycaric acids. 

CHO COOH 
HNO, | 

(CHOH), > (CHORH), 

CH,OH COOH 

An A glycaric 
aldose (saccharic) 

acid 
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Chain extension. Aldoses or ketoses when subjected to the cyanohydrin reaction (page 

462) give mixtures of diastereomeric nitriles, which may be hydrolyzed to mixtures 

of diastereomeric carboxylic acids. 

CN CN COOH COOH 

CHO H—C—OH + HO—C—=H H—C—OH + HO—C—H 
| HCN H,o+ 
(CHO) aaa Vc (CHOH), (CHOR),, (CHOH),, 

CH,OH CH,OH CH,OH CH,OH CH,OH 
l i (WP on) 

Diastereomeric nitriles Diastereomeric acids 

At the time Fischer did this work, no absolute configurations were known, and 

he assumed (and by chance correctly) that the absolute configuration about 

carbon 5 in (+)-glucose was as written. 

‘CHO 

2CHOH 

3CHOH 

“CHOH 

Pee Caton 

°CH,OH 

(+)-Glucose 
(Fischer projection, 

page 211) 

The compounds (+)-mannose and (+)-glucose were found to yield the 

same osazone. This fact demonstrates that the two compounds are epimers and 

differ only in their configurations at carbon 2. The same osazone was formed from 

(—)-fructose. This experiment shows that the latter substance has a carbonyl 

group at carbon 2 and that carbons 3, 4, and 5 possess configurations like those 

of (+)-mannose and (+)-glucose. 

1CHO CH—=NNHCG,H; nel 

*CHOH C—NNHC,H; 2cC=0 
3 | 3C,H;NHNH, 3 C5N;NHNH, 3 | 

CHOH ————> cucH <—_——_—— CHOH 

4CHOH CHOH 4CHOH 

H—C—OH H—C—OH H—C—OH 

°CH,OH CH,OH 6CH,OH 

(+)-Glucose or Glucosazone (—)-Fructose 
(+)-mannose 

Configurations about carbons 3, 4, and 5 are the same 
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When (+)-mannose and (+)-glucose were oxidized with nitric acid, two 

different optically active glycaric acids, mannaric and glucaric acids, were produced. 

Because these glycaric acids have identical terminal groups, the total number 

of stereoisomers is reduced to ten, two meso forms and four enantiomeric pairs 

(see Table 27-1). The fact that mannaric and glucaric acid are optically active 

indicates that neither one can correspond to structures I and II. Structure III 

is also eliminated, since mannaric and glucaric acid, like their parents, glucose 

and mannose, differ in configuration only at carbon 2. Should structure III apply 

to either mannaric or glucaric acid, the structure of the other would have to 

correspond to I or II, both of which are optically inactive. Since both mannaric 

and glucaric acid are optically active, they must possess two of the last three 

structures, IV, V, or VI. 

ies veto COOH aa 

(CHOH); HNO, ae (CHOH); HNO, eee 
———> ———__—_ 

H—C—OH H—C—OH H—C—OH H—C—OH 

CH,OH COOH COOH CH,OH 

(+)-Glucose Glucaric Mannaric (+)-Mannose 
acid acid 

The aldopentose, (—)-arabinose, was subjected to the cyanohydrin re- 

action, and the cyanohydrins produced were hydrolyzed to give two glyconic 

acids. These substances were found to be identical with the two glyconic acids 

obtained by oxidation of (+)-glucose and (+)-mannose with bromine water. 

Thus, the configurations about carbons 2, 3, and 4 of (—)-arabinose must be 

the same as the configurations about carbons 3, 4, and 5, respectively, of 

(+)-glucose and (+)-mannose. 

TABLE 27-1. Glycaric Acidst 

COOH COOH COOH COOH COOH COOH 

| — —— = as =| 

es = Fes = = i 
= — | — -— |= 

COOH COOH COOH COOH COOH COOH 

I I II IV V VI 

Meso Meso and and and and 

enantiomer enantiomer enantiomer enantiomer 

+Horizontal bonds stand for positions of hydroxyl groups. 
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CHO 

(CHOH), 

H—C—OH 

CH,OH 

(—)-Arabinose 

yates 

—<$—$—$$$$ > 

2) HOF H—C—OH 

CH,OH 

Gluconic acid 

ns | ino 

HO 

(CHOH); 

H—C—OH 

CH,OH 

(+)-Glucose 

COOH 
| 

(CHOH); 
+ 

H—C—OH 

CH,OH 

Mannonic acid 

Br, Ino 

CHO 

Crees 

anos 

CH,OH 

(+)-Mannose 

SUGARS SEG, 27-3 

When (—)-arabinose was oxidized to the corresponding dicarboxylic acid, 

an optically active product was obtained. The two possible meso structures 

for this acid were thus eliminated, and only the asymmetric structure remained. 

‘CHO 

*CHOH 

3CHOH 

non 

H—C—OH 

6CH,OH 

(+)-Glucose 
or (+)-mannose 

yee 

2CHOH HNO, 
———- 

3CHOH 

H—C—OH 

°CH,OH 

(—)-Arabinose 

OOH 

ibe 
Il 

CHOH 

H—C—OH 

COOH 

Optically 
active 

COOH 

COOH 

Optically 
active 

COOH 

COOH 

Meso 

COOH 

COOH 

Meso 

This chain of interlocking configurational relationships eliminated con- 

figuration V for either glucaric or mannaric acid, and limited the configurations 

available for these two acids to IV and VI. Hence, only two configurations, VII 

and VIII, remained for (+)-glucose and (+)-mannose, and the structure of 

(—)-fructose was established. 
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CHO CHO CH,OH 

weer Aca ‘=e 

tele race Aecn 

avon es elles 

pCon neers FCon 

eran ee Let 

VI Vill (—)-Fructose 

TABLE 27-2 Configurations of the p-Aldoses 

CHO CHO CHO CHO CHO CHO CHO CHO 

CH,OH CH,OH CH,OH CH.,OH CH,OH CH,OH CH,OH CH,OH 

(+)- (+)- (+)- (+)- (=); (a (+)- (+)- 
Allose Altrose Glucose Mannose Gulose Idose Galactose Talose 

CHO CHO CHO CHO 

CH,OH CH,OH CH,OH CH,OH 

(—)-Ribose (—)-Arabinose (+)-Xylose (—)-Lyxose 

CHO CHO 

H,OH H,OH 

(—)-Erythrose (—)-Threose 

CHO 

H,OH 

p-(+)-Glyceraldehyde 
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A final experiment distinguished between configurations VII and VIII for 

(+)-glucose. The third available aldohexose, (+ )-gulose, was not enantiomeri- 

cally related to either (+)-glucose or (+)-mannose. This substance, when 

oxidized with nitric acid, gave glucaric acid, which was identical with a sample 

of the substance similarly obtained from glucose. Hence, (+)-glucose and 

(+)-gulose must differ only in that their aldehyde and hydroxymethylene 

groups are interchanged. Such a relationship is incompatible with structure 

VIII for (+)-glucose, and only structure VII is compatible with the evidence 

for glucose. Thus, (+)-mannose must have structure VIII. 

CHO COOH CH,OH CHO 

HCOH HCOH HCOH HOCH 

HOG HNO, Hoy ENOL HOCH or HOCH 
HCOH HCOH HCOH HCOH 

HCOH HCOH HCOH HOCH 

H,OH boon HO H,OH 
| | 

(+)-Glucose Gluearic acid (+)-Gulose 

With experiments of the above type and similar reasoning, investigators 

have established the relative configurations of a multitude of sugars, including 

all the aldoses (see Table 27-2). Since the absolute configuration of (+)- 

glyceraldehyde is now established (page 221), the absolute configurations of 

the compounds in Table 27-2 are known to be correct as shown. 

Structures of Methyl Glucosides 

When treated with hot methanolic hydrogen chloride, glucose gives two 

mixed acetals at carbon 1, called methyl glucosides. The two methyl glucosides 

differ only in their configurations at carbon 1, the new asymmetric center. These 

isomers are diastereomers but are also designated as anomers. 

Formulas written in perspective are superior for configurational desig- 

nation to the flat Fischer formulas. Ring size is indicated in names by the suffix 

-pyranoside, which relates to the parent heterocycle, pyran. This term is neces- 

sary, since five-membered acetal rings are also encountered, and these are 

designated as furanosides. The class name glycoside has been given to mixed 

acetals of aldoses, irrespective of ring size or the nature of the group attached 

to the noncyclic ether oxygen. The principles of conformational analysis (Sec. 

6-6) apply to the chemistry of the pyranosides. In the following formulas, the 

pyranosides are written in the conformation that places the hydroxymethylene 

(largest) group in an equatorial position. 
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Methyl a-p-gluco- Methyl B-p-gluco- 
pyranoside pyranoside 
(a@-anomer) (henomen 

nee 

HOCH H 
OH H 

O 

H OCH 

O @ | / \_/ H OH 
Pyran Furan Methyl a-p-gluco- 

furanoside 

Although glucose itself has been represented as an aldehyde, the more 

stable form of the substance in either solution or the solid state contains a 

pyranose structure. (See pages 989 to 993.) Both the a- and £-isomers of glucose 

have been isolated in crystalline form. When dissolved in water, these anomers 

equilibrate both with the open aldehyde form and with each other. These 

changes are followed by observation of change in rotation with time, the 

equilibrium value being [a], + 52°. The change in rotation that occurs when 

either the a- or the 6-epimer goes to the equilibrium mixture is called muta- 

rotation. Configurational assignments given to the anomeric carbon in these 

cyclic hemiacetals and to the methylglucosides depend partly on physical 

measurements, partly on enzymatic reactions, and partly on chemical syntheses. 

Although the aldehyde is present in very small amounts at equilibrium, there 

is enough so that glucose undergoes aldehyde reactions, such as hydrazone 

formation above. The equilibrium pool rapidly replenishes the aldehyde form 

as it is used up in reaction. 
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H OH 

a-p-Glucopyranose 
[a]p + 113° 

H 

Aldehyde form B-p-Glucopyranose 
[a]p + 19° 

In B-p-glucopyranose, all the bulky substituents (hydroxyl and hydroxy- 

methylene groups) occupy equatorial positions in one of the chair conforma- 

tions and axial positions in the other. Clearly, the former arrangement is by 

far the more stable, a conclusion confirmed by X-ray crystal-structure studies. 

Among the aldohexoses, glucose is probably the most thermodynamically 

stable diastereomer and is also by far the most widely distributed in nature. 

This correlation suggests the possibility that the enzymatic reactions finally 

responsible for the configuration of glucose are reversible and that to some 

extent equilibria are reached with respect to possible configurations. 

H CH,OH OH 

CH,OH yy OH 

HO — H 

HO OH H 

More stable conformation 
of B-p-glucopyranose 
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Reactions of Monosaccharides 

When acetylated, glucose forms the cyclic pentaacetate, a-p-glucopyra- 

noside pentaacetate. A special method is employed to prepare the acyclic 

pentaacetate of glucose. The superiority of sulfur over oxygen as a nucleophile 

(page 393) is demonstrated by the fact that an open-chain thioacetal (unlike 

an acetal) of glucose can be prepared directly. This material is then acetylated, 

and the thioacetal group is removed by hydrolysis. 

Yikes CH(SC,H;), sas 

C,H;SH Ac,O HgCl, p-Glucose ————> (CHOH), © ———> (CHOAc), —=> (CHOAc), 
HCl | AcONa CdCO,; 

CH,OH CH,OAc H,0 CH,OAc 

p-Glucose Aldehydo-p-glucose 
diethyl pentaacetate 

mercaptal 

Although simple sugars are unstable in alkaline solution, the methyl 

glycosides are stable enough to permit formation of ethers from the hydroxyl 

groups by means of the Williamson synthesis (page 414), using dimethyl sulfate 

and alkali to obtain the methyl ethers, which are often used for structure 

determination owing to their relative unreactivity. 

Triphenylmethyl chloride (trityl chloride) is a selective reagent for ether 

formation since it reacts much faster with the less sterically hindered primary 

hydroxyl groups than with secondary hydroxyl groups. Use of this property 

is made in reactions of the saccharides in which hydroxymethylene groups 

(CH,OH) are selectively converted to some other groups, as in the examples 

of Fig. 25-10. 

OCH; 

Carbohydrates react with such reagents as acetone or benzaldehyde and 

dry hydrogen chloride to form isopropylidene (ketals of acetone) or benzylidene 

(acetals of benzyaldehyde) derivatives, respectively. In some cases these deriv- 

atives are used as protective groups, which are easily and sometimes selec- 

tively removed (dilute acid), in others for purposes of obtaining furanosides 

difficult to prepare by other means. The cyclic ketal or acetal formation is 

generally specific for cis-vicinal hydroxyls on a ring. 
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re OH, 

(CHs3)2C 

a CH H 

(CH;),CO ca OH . H 
p-Glucose = ae Sa 

H O 

H O——C(CHs), 

1,2:5,6-Di-O-isopropylidene- 
a-p-glucofuranose 

When treated with either strong acids or bases, the monosaccharides 

suffer rather profound chemical modification. In strong base, a series of reverse 

and forward aldol condensations occur that lead to very complicated mixtures. 

Similarly when formaldehyde, glycolic aldehyde, or glyceraldehyde are treated 

with strong alkali, complex mixtures of sugars arise from which racemic glucose 

has been isolated in very low yields. 

PROBLEM 27-6 

When a sugar is fully methylated the methyl ether at carbon 1 can be removed 

selectively. Explain why this is so in accounting for the following procedure used 

to prepare tetramethylglucose. Write out perspective formulas for the series: 

(CH;).SO, CH;0H . 
Glucose as methyl glucoside ——>p 

A 

H,0 
pentamethylglucose aca tetramethylglucose 

PROBLEM 27-7 

Periodic acid is a very valuable reagent for distinguishing sugar derivatives. Two 

observations are commonly made in quantitative determinations: the number 

of moles of HIO, consumed by a mole of sugar, and the number of moles each 

of formaldehyde and formic acid produced. 

CH,OH CHO 
CHOH ——“> + 

CHO 
R 

1 mole 
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CH,OH CH,O 

HIO es 
CHOH > HCOOH 

2 mol 
| x 
ee Ee 

R R 

Show how the following derivatives may be distinguished by periodic acid. 

a Methyl glucopyranoside 

b Methyl glucofuranoside 

c Tetramethyl glucose (Prob. 27-6) 

d Methyl fructofuranoside 

e The theoretically possible seven-membered cyclic methylglucoside 

PROBLEM 27-8 

Write a perspective structure for mannose as a pyranoside. How might 4-mono- 

ethylmannose be prepared, using the several specific protecting groups discussed 

in this section? 

PROBLEM 27-9 

Would you expect the sugar altrose (Table 27-2) to exist preferentially as a 

furanoside or a pyranoside? In making this decision, note that on a five- 

membered ring the most favored steric situation has all substituents trans. 

Assume for simplicity that the basic five- and six-membered rings themselves 

have equal strain energy. 

PROBLEM 27-10 

One product of treating the several aldopentoses with acid is furfuraldehyde 

(furan-2-carboxaldehyde), which is also a widespread natural product. Write a 

reasonable mechanism for this transformation and consider whether the steps 

might be acceptable for a biosynthetic route also. 

27-4 ACETOGENINS 

Most of the acetogenins are complex phenols, very often colored substances. 

They constitute much of the pigmentation of the natural world; flowers, autumn 

leaves, lichens, insects, and tropical woods all owe their colors to the presence 

of acetogenins. Virtually the only other major coloring matters in fact are 

chlorophyll (page 967) and the tetraterpenes like carotene (Fig. 27-4). 

Another group of acetogenins are a collection of structurally diverse 

products of mold or fungus metabolism, many of which are antibiotics, like 

erythromycin (page 1066). Many pharmaceutical research groups grow various 
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molds in culture media, causing them to mutate, and harvest the acetogenins 

they produce in order to look for medically active substances. Penicillin is such 

a mold metabolite (though not an acetogeninf) as are the acetogenins erythro- 

mycin, terramycin, griseofulvin, and a number of others. 

CH;0H OH N(CH;), OCH, O OCH; 

SOSee CONH, CH;O0 

OH O HO Cl CH; 

Terramycin Griseofulvin 

Two syntheses of griseofulvin may be examined. The first is modeled 

after the biosynthesis, the key step of which is an internal oxidative coupling 

of a phenolic benzophenone, synthesized in the laboratory by a Friedel-Crafts 

reaction. 

OCH,O OCH; 

K3Fe(CN)g 
a 

(~2H) 

H ; 
O ae griseofulvin 

The second synthesis was designed to create the cyclohexenone ring in 

one step by a double Michael addition. Not only was this design successful, 

but it created the correct relative stereochemistry at the two asymmetric centers 

in griseofulvin. 

} Penicillin is synthesized by the microorganism from amino acids and has the structure shown, in which 

amino acid groups can be discerned. 

C,H;CH,CONH s 
) CH; 

HN CH 
0% ° 

COOH 

Penicillin G 
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CH,O 

ne OCHO ~ OCH, O ata 

4 iS ja 

oe Pa <0 — ue Cc 
CH,O SEACH CH,O O NET 

cl 
CH, <} CH, 

Griseofulvin 

Flavonoids 

A main family of some 300 flower pigments is based on the flavone 

skeleton, bearing hydroxyl groups located in accord with polyacetyl biosyn- 

thesis. These compounds represent a variation on polyacetyl biosynthesis, for 

the polyacetyl chain here is terminated in a cinnamic acid, from phenylalanine 

(or tyrosine), which is the source of ring B in the flavones. 

O O 

| Biosynthesis 

O S 

enzyme (OH) 

ey ee 

Triacetyl Cinnamic 5,7-Dihydroxy flavone 
chain unit 

Since the heterocyclic ring is a disguised B-diketone, it is cleaved by hot 

alkali. This has been a standard procedure for structure elucidation since it 

divides the molecule into two simpler and readily synthesized aromatic acids. 

Some phenolic hydroxyls will be found methylated in various natural flavo- 

noids. In order to distinguish these and also to protect the phenolic rings 

themselves from alkaline depredation, the free phenolic groups are first ethyl- 

ated. A typical procedure is shown below. The whole structure of rhamnetin 

may be simply deduced from its molecular formula and the structures deduced 

for the two product acids. The phenolic acid must come from ring A. Rhamnetin 

comes from cactus flowers. 
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C,H;O 

(C.H;).SO, 
—_— 

Pas al 

Rhamnetin wh 

OC,H 

ae bee HOOC CI] OC.H; 

CH;O OC,H; 

Synthesis of flavones is usually effected through condensation reactions 

of the type involved in the preparation of fisetin, a pigment of yellow cedar 

and sumac. The steps of the synthesis are recorded in Fig. 27-7. 

Anthocyanins are one of the main classes of plant pigments. They occur 

in flowers and fruit as glycosides (often glucosides), hydrolysis of which pro- 

vides colored aglycones known as anthocyanidins. The vivid blues and reds 

of anthocyanins are associated with the distribution of positive charge through- 

out an aryl-substituted chroman ring system. 

Anthocyanidins are usually isolated in the form of chloride salts and are 

frequently hydroxylated in the 5-, 7-, 3’-, 4’-, and 5’-positions. The character 

of the resonating system is seriously affected by the presence of mineral salts 

and by the pH of the environment. Consequently, colors of flower pigments 

sometimes vary markedly with type of soil. Thus, cyanin, the pigment of 

the red rose and blue cornflower, is pale violet in neutral solution, red in dilute 

acid, and blue in dilute base. The flowers themselves often change color on 

immersion in water at various pH values. Other anthocyanins differ only in 

number and position of hydroxyl groups and in the character of the sugars 

to which they are attached. 
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few chemi 
OCH, —> 

C,H;O 
OCH, 

a OCH. 
H,SO, 

C.H;O H eee 

O 
NOH 

OCH Cj ee as we On O i OCH: “Tso, 

OCH; 
OCH; 

A flavanone 

O O 

OH OH 

JC) 2 1 OCH 

OCH; OH 

Fisetin 

FIGURE 27-7 Synthesis of fisetin 

O-glucoside O-glucoside 

O-glucoside O-glucoside 

OH 

Cyanin cation Cyanin color 
(red) base (violet) 

or 

O-glucoside 

Cyanin anion 
(blue) 
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The synthesis of cyanin is representative of methods applied to the 

preparation of a number of these plant pigments. 

med 
a »OC,H,O(OAc), 

a room eu =e 

A tetraacetylgluco- 
pyranoside 

OC,H,O(OAc), O-glucoside 

O-glucoside OC,H,O(OAc), 1) NaOH SSs 8 

2) > HCl 

Chemical and Physical Structure Proofs 

It is typical of the polycyclic phenols that they react with and are often 

x e) 

Cyanin 

cleaved by alkali since their structures incorporate the original poly-B-keto 

chain, itself an entity very labile to alkaline cleavage (page 532). The flavones 

represent a family in which this works very well. In other cases the variety 

of possible reactions of these polycarbonyl systems with base can lead to 

unexpected results and incorrect structural inferences. 

On the other hand the power of physical methods for structure elucidation 

will be clear on inspecting the formula of evodionol, the structure of which 

was originally determined chemically by oxidation (KMnO,) of the double bond 

followed by acidic cleavages to two fragments, a phenolic acetophenone and 

a-hydroxyisobutyric acid. These products were then synthesized as proof of 

structure. The work involved was considerable. 

CH, OCH; 

Z COOH 
1) (CH;0),SO, O COOH _H:0+ 

2) KMnO, A 
= CH;O ok cH, —CO, 

CH, 

Evodionol 

CH, OCH; 

Om COOH 
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In a contemporary solution of this structure problem, the IR and UV 
spectra would show the characteristic hydrogen-bonded o-hydroxyacetophe- 
none chromophore. Models would furthermore make the 2,4,6-oxygen pattern 
of the phloroglucinol chromophore clear just from the UV and NMR spectra. 
The NMR spectrum would appear roughly as shown, with all 16 protons unsplit 
except the olefinic pair, and all well separated into characteristic chemical shifts. 

Evodionol 

Intensities: 1 

H-bonded i pope Aromatic U__/ OCH, ye ~ /CUs 

Vinyl pair ow 
doublets CH,CO CH; 

Thus this spectral solution, available in a few hours, immediately reduces 

the structure problem from C,,H,,O, to these three isomeric possibilities, 

differing only in the placement of functions: 

CH, CH, 

cH, ? 

Oo” 

HO OCH, 

A B Cc 

PROBLEM 27-11 

a Structure A for evodionol, above, is rendered unlikely since it does not 

produce any of a new isomeric phenolic ketone (not B or C) on acid catalysis. 

Show why such a result would be anticipated for structure A. 

b Trace the steps in a chemical proof of structure for evodionol. 

c Evodionol is actually structure B. How might you distinguish between the 

three choices A, B, and C? 
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PROBLEM 27-12 

Suggest syntheses of the starting materials used in the two syntheses shown 

for griseofulvin. 

PROBLEM 27-13 

A pigment from Hibiscus sabdariffa was named hibiscetin. Its formula was shown 

to be C,;H, Oo. Full methylation with dimethyl sulfate yielded a derivative, 

C,.H,,O,. This derivative was boiled in alkali and afforded two acids, soluble 

in bicarbonate. Acid A, C,yH,,O0;, yielded C,,H,,O; with diazomethane. Acid 

B, CypH,,04, yielded C,.H,,0, with diazomethane. Acid A was sublimed un- 

changed on heating, while acid B yielded CJH,,O,, soluble in strong alkali (but 

not in bicarbonate), when it was heated. Armed with this information and an 

acquaintance with the biosynthesis of flower pigments, the investigators could 

write two very likely structures for hibiscetin. Can you? 

PROBLEM 27-14 

In some cases the events attendant on hydroxide reaction with acetogenins are 

more complex and lead to erroneous deductions of structure. The initial incorrect 

structure and the biosynthetically revised (and later proven) structure for flavo- 

sperone, a mold pigment, are illustrated. The wrong structure arose in part from 

the production of orcinol (3,5-dihydroxytoluene) on heating flavosperone with 

alkali. 

a Write the biosynthetic pathway for flavosperone. 

b Taking account of keto tautomers of phenols, vinylogous substitution, and 

other carbonyl reactions expected in alkali, deduce a pathway for the forma- 

tion of orcinol in the ill-fated reaction. 

CH,O O CH; O 

CH,O OH 
OCH,O0 OH 

Incorrect structure Flavosperone 
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H,COOC,H COOC,H 
COOC,H; { : foes C.H,ONa O=C~ i — + C(CH,), = OT OC(CH ne 
Cooc:H; | o=c 2) CHI 

CH,COOC.H; SCHCOOC,H; 
Diethyl Diethyl B,B- Diethyl 
oxalate dimethylglutarate diketoapocamphorate 

= Aaa _CHCOOH ACCOOH 
Se ecicn) 1) (H} | HOCH \ um HC 1) HB 

CH or aa SCH S| cic) o=C_ HO va P H.C. 7 2) AcOH 
CCOOC,H; ian CCOOH Zn 

H; : CH; CH; 

Diethyl 
diketocamphorate 

CH CH _oticoon 3 3 a CH3 CH; 

2 c; cicHy, 222 Na, Hg KCN 
CH, / Ht \ 

CCOOH S p | CH, GH, ae ia 
CH; O O 

Camphoric acid Camphoric anhydride Campholide 
(racemic) 

gCHCHLCN o7jCHicHCooH CH,~ CH; 
, ; 

OR C(CH) OR [CCH ee celoh 
SO? = 55 CH, Je Heat 

CCOOK ieee 
CH, CH, CH, . 

Camphor (racemic) 

FIGURE 27-8 Synthesis of camphor 

27-5 TERPENES AND STEROIDS 

Monoterpenes (C,, Compounds) 

These volatile substances (cf. Fig. 27-3) provide plants and flowers with 

much of their fragrance, and certain of them are used commercially in perfumes 

and flavors. Some of the terpenes were known in antiquity and were employed 

_ as medicines. Camphor (from the camphor tree) and a-pinene (from pines) are 

among the commercially important terpenes. The former is used as a plasticizer 

in the manufacture of celluloid and photographic film base, and the latter is 

the chief component of turpentine (paint thinner). The total synthesis of cam- 

phor is recorded in Fig. 27-8. 

A number of open-chain terpenes, when heated with acid, undergo ring 

closure to give other terpenes, as in the following example: 
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CH; CH; CH; 

Ht a 

CHi—oOn—— CH=OH <— CH—OH — 

| |_A 
va BS 

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

Citronellal 

CH; CH; 

_Ht+ 
— 

‘< OH OH 

a 

CH; CH; CH; CH, 

Isopulegol 

Aromatization of the more plentiful terpenes provides such compounds 

as p-cymene, which can be oxidized to useful phenols and to terephthalic acid, 

for plastic manufacture. The device of aromatization was often used in early 

structure determination also since the resultant aromatics were easier to syn- 

thesize for confirmation. 

CH; COOH 

>= —, 

CHO =H 

Ps, COOH 
CH; CH; CH; CH; 

Citral p-Cymene Terephthalic 
acid 

For many years a controversy existed over the structure of eucarvone, 

which had been formulated as A since it yielded some cis-3,3-dimethylcyclo- 

propane-1,2-dicarboxylic acid on ozonolysis and also as B since it afforded 

a,a-dimethylsuccinic acid with permanganate oxidation. The structures are now 

recognized as readily interconvertible by a six-electron (disrotatory) electro- 

cyclic reaction of their enols. Such a reaction apparently supervenes in certain 

reactions of eucarvone and leads to the not uncommon situation in which 

chemical methods will not serve to prove a structure. The NMR spectrum, 

however, clearly indicates three olefinic protons and so confirms structure B. 
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O OH —N\ -OH O 

Electrocyclic \ | 

B 

| 0, co, 

COOH 

HOOC | a 

Sesquiterpenes (C,, Compounds) 

Compounds of this group are composed of three isoprene units, which 

are arranged in enough different ways to provide open-chain, monocyclic, 

bicyclic, and even tricyclic structures (Fig. 27-3). Elucidation of the structures 

of these substances has led not only to the discovery of new organic reactions 

but even to new aromatic systems (e.g., azulene). Dehydrogenation of par- 

theniol (and other terpenes of like skeleton) with hot sulfur or palladium affords 

guaiazulene, a blue hydrocarbon also found naturally in geranium oil. Such 

dehydrogenations are widely used in structure determinations. 

os, oe 
Azulene 

Guaiazulene 

Diterpenes (C,,. Compounds) 

The diterpenes (four isoprene units) can have either cyclic or acyclic 

structures. Phytol occurs as an ester of the porphyrin portion of the chlorophyll 

molecule (page 967). Vitamin A, which contains one ring and an isoprenoid 

side chain, is a fat-soluble substance found in fish oils, particularly in shark- 

liver oil. The substance is required for normal eyesight and for the growth 

of mammals. The light-sensitive pigments that function in photoreception in 

. the retina of the eye are synthesized in the body from this vitamin. 

Vitamin A was first synthesized in 1947 and is currently produced for 

use in vitamin preparations both by synthesis and by extraction from shark 

liver. The synthesis was given in detail earlier (page 1073) as an illustration 

of the repeated application of condensation reactions in a complex commercial 

process. 

COOH 
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The most abundant constituent of pine rosin is abietic acid, apparently 

produced in the rosin from primary diterpenes like dextropimaric acid (Fig. 

27-4), via methyl migration. Vigorous oxidation of optically active abietic acid 

yielded the optically inactive triacid shown. Since this acid is meso, there are 

only two possible configurations for it. The correct one, with trans carboxyl 

groups, was established by a comparison of its pK, behavior with that of 

synthetic model acids. This simple study at once established the relative stere- 

ochemistry of three out of the four asymmetric centers in abietic acid. 

Hood ~ # 
Abietic acid Meso triacid 

[a] p = —110° [a] p = 0° 

Higher Terpenes 

Triterpenes are the most common terpenes in plants, usually as solids 

with pentacyclic structures like those of amyrin and lupeol (Fig. 27-4). All of 

these compounds are formed in the living cell by cyclizations of squalene 

epoxide, just as with steroid biosynthesis. Lanosterol (page 1074) is the common 

triterpene of animal origin and the source of the steroids. The different tri- 

terpenes are formed according to the conformation in which the squalene 

epoxide is folded when it undergoes the sequential additions that form the 

several rings. 

The most common examples of the tetraterpenes are the carotenoids, 

which are pigments widely distributed in vegetables and animal fats. These 

substances contain long conjugated systems of double bonds, which are re- 

sponsible for their color. Lycopene, which contains no rings, is the red coloring 

matter of tomatoes and other fruit. This substance is structurally related to 

the carotenes (Fig. 27-4), which provide the carrot with its characteristic orange 

color and are also found in green leaves. 

CH; CH; CH CHs CHs CH; CH; 

ZA CH=CHC—CHCH=CHC=CHCH=CHCH+CCH=CHCH=CCH=CH: 

CH; 

Lycopene (red) 

CH; 

CH 

= 
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Steroids 

Steroids are a family of compounds that contain the perhydro-1,2- 

cyclopentanophenanthrene ring system with a side chain of varying length on 
the D ring. 

Perhydro-1,2-cyclopentanophenanthrene 
ring system 

The compounds of this group are widely distributed in plants and animals 

and are among the most important natural products, having first been isolated 

and studied in the early nineteenth century. As a consequence, the chemistry 

of the steroids has been so thoroughly explored that almost all the principles 

of the science could be illustrated with this class of compound as a vehicle. 

To this family belong the sterols, bile acids, sex hormones, the hormones of 

the adrenal cortex, and the cardiac aglycones. 

Cholesterol, the most common steroid, is found in almost all tissues of 

animals, particularly in the brain, in the spinal column, and in gallstones. 

Derivatives of the substance are deposited in the arteries of human beings, 

causing high blood pressure and hardening of the arteries. The human body 

contains about half a pound of cholesterol, far less of other steroids. Gallstones 

are practically pure crystalline “stones” of cholesterol. 

Cholesterol has eight asymmetric centers and thus is one of 2° = 256 

possible stereoisomers. When the double bond is saturated the skeleton is a 

rigid collection of chair cyclohexane rings. For this reason the whole theoretical 

area of conformational analysis (Chap. 6) was developed largely in the chem- 

istry of steroid derivatives. The steroids generally possess the same absolute 

stereochemistry as cholesterol, the most common variation being at C-5 in 

saturated steroids and the hydroxyl configuration at C-3. The two possible 

dihydrocholesterols are cholestanol, with the hydrogen at C-5 below the ring 

plane and thus a trans-A/B ring juncture, and coprostanol with the hydrogen 

“up” at C-5 and a cis ring junction. Substituents on the periphery of the steroid 

nucleus are labeled a or £ if they lie below or above the ring plane, respectively. 

The hydroxyl at C-3 in cholesterol and the side chain at C-17 are both f- 

substituents. 
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CH; 

Cholesterol 

Establishment of the actual relative stereochemistry at these various 

asymmetric centers constituted a major part of the total steroid structure 

problem. The most potent chemical technique involved the formation of rings 

to demonstrate cis placement of substituents. As a typical example, cholesterol 

was converted to a diacid derivative with a saturated C-5. The configuration 

of C-5 relative to that of the hydroxyl at C-3 is demonstrated to be cis by 

lactone formation and confirmed by showing that the alternative configurations 

at either C-3 or C-5 (trans) afford no lactone. 

x7 

HO 1 

Several 

HO-; steps 

Cholesterol NO 
(or other steroids) ______, (B) COOH ON AGLONE 

HO~: Ss 
H H COOH 

Trans 

A second example involves the nature of the ring junction between rings 

C and D. In a multistep degradation by oxidation the D-ring portion of the 

molecule is isolated as a diacid without loss of the configuration at atoms C-13 

and C-14. This diacid on vigorous pyrolysis, slowly yields an anhydride, which 

on hydrolysis affords an epimeric diacid. This second diacid is reconverted 
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to the same anhydride very easily on heating. Hence the second diacid must 

have cis carboxyl groups so that the original diacid, and also the steroid C/D 

ring junction, must have been trans. The proof is completely analogous to that 

of the maleic and fumaric acids on page 181. In the slow pyrolysis of the trans 

diacid, the lower carboxy] is first enolized and so epimerized by its own acid 

catalysis on heating. 

CH;R 
Hoo sot HOOC.. 

oo Percale maa evera slo ee 

steps Hoo’, HOOC 7) a 

Various steroids Trans Cis 

The steroids mediate a number of bodily functions although these are 

not generally understood in any chemical detail. One group of steroids is the 

bile acids. Bile is an emulsifying agent generated by mammals, which aids the 

absorption of fats and other lipids into the body fluids. The substance is a 

mixture of amides derived from bile acids and the amino acids glycine 

(H,NCH,CO,H) and taurine (H,NCH,CH,SO.H). Hydrolysis of these amides 

produces the bile acids, which contain a carboxyl group in the side chain of 

the steroid nucleus and varying numbers of hydroxyl groups in the 3-, 7-, and 

12-positions of the ring system. These hydroxyl groups are invariably oriented 

a (below the plane of the page), and the A/B rings are fused cis. Cholic and 

deoxycholic acids are the most abundant bile acids, and possess the coprostanol 

(B-H at C-5) skeleton. The a-OH at C-7 in cholic acid provides an axial sub- 

stituent for elimination to the C-6,7 double bond and then oxidation to the 

diacid needed for the proof of C-5 configuration described above. 

OOH 

Cholic acid Deoxycholic acid 

Conformational analysis explains why acetylation occurs more easily with 

hydroxyl groups at C-3 of cholic acid than with those at C-7 and C-12. Equa- 

torially oriented hydroxyl groups are less hindered than those in axial positions 

and are therefore more easily attacked by acylating agents. Only the hydroxyl 

on C-3 of cholic acid occupies an equatorial position. Furthermore, the hydroxyl 

at C-7 is very much sterically hindered, because the cis fusion of rings A and 

B places one of the methylene groups of ring A axial and cis to this function. 
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CHs 

Equatorial 

Cholic acid 

Sex hormones are steroids generated by the gonads (ovaries or testes) 

and subsequently liberated into the blood stream. These steroid hormones are 

responsible for development of sex characteristics and for sexual responses 

of male and female mammals. Female hormones are called estrogens and male 

hormones androgens. Both estrogens and androgens are produced by the adrenal 

glands of each species. 

Of the estrogens, estradiol is the primary hormone, and is distinguished 

by an aromatic A ring. The isolation of estradiol represents one of the feats 

of organic chemistry. Less than 12 mg of the compound was isolated from about 

18,000 pounds of hog ovaries! One of the agents used in contemporary anti- 

fertility pills is a synthetic steroid, ethinylestradiol, which is closely related. 

OH 
TL c=cH 

HO 

Estradiol Ethinyl-estradiol 

A second type of hormone, called progesterone, is secreted by the corpus 

luteum, a tissue of the ovary. This hormone is involved in the preparation for 

and maintenance of pregnancy. Unlike the physiological activity of proges- 

terone, which is limited to a few steroid molecules, estrogenic activity is found 

in many other types of compounds, among which are substituted stilbenes such 

as stilbestrol. 
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ee 

c= 
CH; 

CH; 

O 

Progesterone Stilbestrol 

Male sex hormones (androgens) bear a structural resemblance to proges- 

terone with respect to the character of the A and B rings and to the estrogens 

with regard to substituents at C-17. Testosterone and androsterone are the 

prominent members of the androgen group. 

Testosterone Androsterone 

Testosterone is excreted by the testes and is the primary hormone. Androsterone 

is produced from the primary hormone and is excreted in the urine. About 10 

mg of testosterone was isolated from 100 kg of testes tissue of bulls. The total 

synthesis of epiandrosterone is outlined on page 923. 

PROBLEM 27-15 

Eucarvone forms a monobenzylidene derivative, C,,H,,0, on treatment with 

benzaldehyde and base. The derivative shows two unsplit vinyl protons, five 

aromatic protons, and three unsplit methyl singlets in the NMR spectrum. What 

is its structure? 

PROBLEM 27-16 

Santonin (Fig. 27-3) on treatment with strong acid yields desmotroposantonin, 

an isomeric but phenolic substance which exhibits only one aromatic proton in 

the NMR spectrum as well as bands at 2.8 and 5.65 p, (1770 and 3600 cm~') 

in the IR spectrum. 
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PROBLEM 27-17 

Medically valuable steroids are usually obtained by transformation of plentiful 

ones, such as the bile acids (obtained from the bile fluids of cattle, via the 

slaughterhouse). The following such transformation converts a derivative of 

deoxycholic acid to cortisone; only the side chain operations are shown. Fill in 

the missing information. 

CH3 

CHs3 

G COOCH; 

Fragment of deoxycholic 
acid derivative 

? N-Bromo- Base 
SE ee 

N-Bromo- 

succinimide 

—OAc 
———— f a CH; 

COCH,OAc 

-OH 

Changes in 

rings A, B, C 

Cortisone 

27-6 ALKALOIDS 

Alkaloids are nitrogenous bases (usually heterocyclic) widely distributed in 

plants. Many of these substances have marked physiological effects, a fact 

discovered by many ancient peoples long before organic chemistry developed. 

For example, cinchona alkaloids occur in the bark of the Cinchona species, 

indigenous to the high eastern slopes of the Andes. Quinine, whose structure 

is indicated in Fig. 27-6, is one of the chief constituents and active principles 

of the bark extract, which was found in 1639 to be an effective antimalarial 

medicine. As a result, cinchona trees were cultivated in the Dutch East Indies 

to serve as a commercial source of the compound. 

The striking characteristic of alkaloid chemistry is the extraordinary 

variety of structural features exhibited. (See Fig. 27-6.) The challenge presented 

by the elaborate ring systems, from the point of view both of elucidation of 
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structure and of synthesis, has absorbed the efforts of some of the most talented 

research chemists of the past century. 

Reserpine is one of a family of Rauwolfia alkaloids whose remarkable 

physiological properties have led to its extensive use in treatment of nervous 

and mental disorders. Elucidation of the structure of quinine took about 25 

years, and its synthesis was achieved only after a period of about 50 years. 

In contrast, reserpine, an alkaloid of comparable complexity, was isolated in 

1952. Its structure was determined, and the compound was synthesized within 

a span of 5 years; the synthesis is discussed on page 934. 

Coniine and Tropine 

Many alkaloids are simpler than quinine and reserpine and many have 

histories, at least as crude plant extracts, that are much interwoven in human 

affairs. The hemlock of Socrates’ poison cup contains chiefly coniine, an alka- 

loid with the modest constitution C,H,,;N, the structure of which is readily 

deduced. Coniine cannot be hydrogenated catalytically, but dehydrogenation 

with zinc dust yields C,H,,N, a pyridine derivative yielding pyridine-2- 

carboxylic acid on permanganate oxidation. Chromic acid oxidizes coiine itself 

to n-butyric acid. 

SS 
A/Z KMnO, 

Coniine (C,H,,N) ars CH — ( 
7~COOH (No double bonds, N 

hence one ring) N 
CcrO, 

iH CH,CH,CH,COOH 

no change 
catalysts 

This information requires that coniine be formulated as a saturated six- 

membered ring containing nitrogen{ and bearing on the adjacent carbon the 

remaining three required carbons as a linear side chain. The latter is converted 

to n-butyric acid when chromic acid attacks the nitrogen. 

KMnO, 

Coniine 

Among the tropane alkaloids are many well-known medicinal substances 

such as cocaine (Fig. 27-6), scopolamine (the “truth serum”), and the constitu- 

ents of such plants as belladonna, henbane, and deadly nightshade. The 24-hour 

continuous-action capsules sold in drugstores for relief from symptoms of the 

common cold contain tropane alkaloids sealed in tiny pellets with coatings 

+The index of hydrogen deficiency is 1. The saturated formula is C,Hp,,3N, or C,H,,N, and this is 

two hydrogens more than those in coniine (C,H,;N). 
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designed to dissolve in the stomach at various rates, thus continuously releasing 

the alkaloids into the system over a long period of time. 

Many of these alkaloids are esters of tropine, C,H,,NO. The structure 

proof for tropine is rendered relatively simple by the important fact that it 

is optically inactive and hence must be a meso compound (or else have no 

asymmetric centers). The molecule has a secondary hydroxyl, oxidizable to a 

ketone, a tertiary amine with N—CH,, and no double bonds (by hydrogenation). 

The ketone tropinone (C,H,,;NO), produced by oxidation of tropine, possesses 

two a-methylene groups since with benzaldehyde and alkali tropinone is con- 

verted to a bis-benzylidene derivative (C,,H,,NO = C,H,,NO + 2C,H;CHO — 

2H,O). This accounts for all the functionality and demonstrates that there are 

two rings since the index of hydrogen deficiency is 2 (saturated = C,H,,NO; 

C,H,,NO — C,H;,NO = H,). 
The meso molecule must have a plane of symmetry. Hence we can build 

up the molecule by adding the structural pieces equally on each side of this 

mirror plane. The secondary ~CHOH and >NCH, are each present as only 

one of a kind and hence must be placed on the plane of symmetry. There are 

two CH, groups, one on each side of the ~CHOH (which is oxidized to ~C=O), 

and the remaining four carbons and six hydrogens must also be placed in pairs 

across the plane, as shown below. 

3H \ 
= | 

ee plane of CH, —Ne--- TW... CHOH...--- | : 
symmetry | tings oe ; 

C= cea 
———" | 

3H 

OH 

a 
W-Tropine 

Ignoring unstable three-membered rings this analysis allows only two 

structures for tropinone. Each of these in turn corresponds to two stereostruc- 

tures for tropine since the hydroxyl (lying on the symmetry plane) can be up 

or down (cis or trans) with respect to the ring-junction hydrogens. The correct 

formulas for tropine and its hydroxyl epimer, -tropine, are shown above, with 

the plane of symmetry in color. 

In 1917 Robinson developed his ideas for alkaloid biogenesis via the 

Mannich reaction (page 1075). He envisioned tropinone as arising in the plant 
by a symmetrical two-part Mannich reaction from succinic dialdehyde, meth- 
ylamine, and acetone. To test the possibility of this notion he mixed these three 
compounds in water at room temperature and was able to isolate authentic 
tropinone from the mixture. This feat was especially astonishing at the time 
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since a previous synthesis of tropine had required a laborious 18-step se- 
quence from cycloheptanone! 

Physical Methods in Structure Proof 

The development of spectroscopic methods (Chap. 7) has revolutionized 
the elucidation of structure of these complex alkaloids, since most of the 
extensive and time-consuming chemical degradation formerly necessary is 
replaced by analysis of spectra. An example of such a structure proof may 
be found in the alkaloid vindoline, one of a complex of indole alkaloids found 
in the periwinkle plant and used in the treatment of certain cancers. A variety 
of modern techniques is exemplified in this elucidation. 

Vindoline is a white crystalline substance, mp 155°, with a constitution 

of C,;H3,0,. The UV spectrum is practically identical with that of 6-methoxy- 

dihydroindole and the IR spectrum implied hydroxyl (2.8 ») and ester (5.75 

u.) functions. The ester functions were defined by lithium aluminum hydride 

reduction, and by saponification and reacetylation, to be —COOCH, and 

—OCOCH,. A single unconjugated double bond was also detected by NMR 

and by hydrogenation. 

--COOCH; 

B 
t+-OCOCH; 

a C,;H3.N,04 = CooHosN, 
CH;0 N -—-OH 

H 
Vindoline 

(index of hydrogen -—OCHs 
6-Methoxy-dihydroindole deficiency = 11) ce 

The index of hydrogen deficiency is 11, composed of two for the esters, 

three for the unsaturation in the benzene ring, one for the double bond, and 

hence five rings. Two of these rings must be those of a 6-methoxy-dihy- 

droindole skeleton to account for the UV spectrum. 

The indole skeleton suggested that the alkaloid was formed in the plant 

from tryptophan and this was confirmed by growing the plant in a medium 

containing radioactive tryptophan, then isolating radioactive vindoline. Fol- 

lowing common biosynthetic experience the dihydroindole skeleton was there- 

fore extended by —CH,CH.N in the f-position as it is in tryptophan after 

decarboxylation. 

The NMR spectrum is tabulated in Table 27-3. This spectrum distin- 

guishes and accounts for all 32 protons on the skeleton of vindoline, and these 

are identified in the table. In examining the table, note that each coupled 

hydrogen finds its coupling constant duplicated in the signal of the other 

hydrogen which couples with it. A large part of the carbon skeleton can be 

assembled from this data as shown at the bottom of the table. In fact all but 

three carbons are incorporated in the partial skeleton plus its pendant func- 
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TABLE 27-3. NMR Spectrum of Vindoline with Assignments of Signals 

ip Oisy2 lel () | = WS Ces —Ch alas 

8.65 EG) eo C— CH) —¢CH:; 

7.93 H (s) —O—CO—CH, 
7.0-7.9 4H (multiplet) CCH —CHESN 

7.35 H (s) N—C—H 

182, H (s) N—CH, 

6.60 2H (dd) J = 2, 5 N—CH,—CH=CH— 
6.25 1H (s) See text 

6.20 6H (s) 20—CH: 

4.77 En (Cl) ee — a0 —CH=CH—C 

4.57 1H (s) GH.CO—0O—G_i 

a2 1H (ddd) J = 2, 5, 10 CH,—CH=CH— 

= SH 

3.92 IH (d) J = 2.5 H 

3.70 TH dd) sir 55 

3.09 1H (d) J] =8 
— ro 

_H 

1.00 1H (s) C—OH 

i CH,—CH, CH, COOCH 
H Ee N Dia x 

Cis ees ee ‘ x eee ie CH——OCOCH 

| x 7 | OH 
ci, x * 

at CH,—CH, 
x 

Each peak is reported with chemical shift position in 7 units, number of hydrogens 

involved, the splitting and splitting constant(s), J: 

(s) = singlet 

(d) = doublet 

(dd) = pair of doublets 

(t) = triplet 

The hydrogens responsible for the signal are shown in color. The neighboring hydro- 

gens which cause splitting are in black. There can be no more hydrogens on adjacent 

atoms than those shown in black, owing to the observed splittings. 
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tionalities. These several attached functions (on the bracket) must be linked 
to the three skeletal carbons still unplaced. 

Heating dihydrovindoline with acid yields a ketone (IR: 5.85 p = six- 

membered ring) with the same UV spectrum as vindoline but with the IR 
showing disappearance of the hydroxyl and both ester functions. The new 
ketone shows two a-hydrogens in the NMR as a doublet signal, split by one 

adjacent hydrogen at 7 7.5. When treated with base in deuteromethanol (i.e., 

CH;ONa/CH,OD) the two a-hydrogens are exchanged for deuterium via enoli- 

zation.{ The split signal of the adjacent hydrogen then goes to a singlet (still 

at 7 7.5) since the two vicinal deuterium atoms now cause no splitting. 

The chemical change occurring in the acid reaction may be deduced on 

mechanistic grounds. With the limited skeleton and groups allowed by the 

foregoing analysis there is only one way to unite them into a single molecular 

unit which will account for the observed chemical change in acid. 

OH OCOCH, OCOCHs3 

| | | c Ht | ei Cc Ester 
eae eo als —H,O joe Nl one haa hydrolysis 

T6.25 4.57 

Vindoline 

OH O 

ese — ens on Ny Coane —N—C—_C=> —C —_— —N—C— —— —————$> ——— NI — (0 »—C— 

ieee es ite, Fes Tee | 
H COOH H COOH 

V 77.5 

Ketone product 

This molecular subunit contains all the remaining carbons and must be 

fitted together with the partial skeleton in Table 27-2 in order to deduce a 

full formula for vindoline. The nitrogen of the subunit is one of the two 

nitrogens of the partial skeleton and the linking up must be done so as to 

create three new rings (and the ketone ring six-membered) and not place any 

hydrogens in a new vicinal relationship which would imply NMR splittings 

not actually observed. 

The structural logic involved offers an interesting challenge which we 

can examine by selecting arbitrarily one nitrogen to be common to the two 

formulas, as shown below. The other nitrogen is therefore attached to the 

hitherto unassigned —CH [r 7.35 (s)] which in turn must be connected to atoms 

not bearing hydrogen since it has a singlet NMR signal. What remains is the 

connection of the open (colored) bonds to form three rings. Note that neither 

the —CH,CH, nor the —CH—OCOCH, may be attached to the N—CH— (nor 

| The fact that exactly two hydrogens are exchanged for deuterium is discerned from the mass spectrum, 

which shows a new parent peak two units higher. 
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to each other) since this would require new splittings of vicinal hydrogens, 

which are not actually observed. The combination shown can only lead to one 

formula for vindoline; the final bond connections are shown in color. 

CH,O oe CH,O N OAc 

| | HO” CoocH; 
CH;  \ i Hs 

~——_CH CH.CH, WIRE 
| ~~ Vindoline 

SEES OCOCH; 

Strychnine Stereochemistry 

The establishment of the relative stereochemistry at several asymmetric 

carbons in a natural product can often be a very difficult task, as the case of the 

steroids (page 1106) implied. However, this task can also be relatively simple 

if the asymmetric centers are interlocked in a rigid polycyclic bridged ring 

skeleton. The infamous poison strychnine provides a happy example. Crystal- 

line strychnine was first isolated in 1817, but the elucidation of its structure 

was not complete until 1948. Chemists were engaged in this effort throughout 

nearly the entire history of organic chemistry. 

Strychnine 

The two-dimensional structure contains six asymmetric carbons (colored 

dots), theoretically capable of 2° = 64 possible stereoisomers. Yet so inter- 

dependent are the configurations at these six carbons that we may deduce the 

full relative stereochemistry and conformation without further experiment! 

Start with an examination of ring IV in a chair conformation. Ring VI 

is fused across this ring at 1,3-positions, which can only be bridged from 

cis-diaxial bonds (refer to Fig. 6-14). This in turn requires one bond of ring V 

to be axial (the bond to N) so that the other bond of ring V must be cis and 

equatorial. This arises as a consequence of the impossibility of bridging 1,2- 

trans-diaxial positions with an ordinary-sized ring. 
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(a) 
ee (a) 

VI 

V 

(e) 

(a) 

Continuing to move about ring IV, we find that its bond to the aromatic 

ring is now necessarily axial. As with ring V above, ring II must also therefore 

be cis-fused, thus obliging the bond to the lactam nitrogen to be equatorial. 

Working in the other direction from the cis-diaxial fusion of ring VI, we find 

that ring VII must be cis-fused since one bond in that ring is already axial. 

The other then must be cis and hence equatorial. This leaves the juncture of 

rings III and IV trans and defines the ring system as shown below. 

Strychnine 

Tracer Studies of Biosynthesis 

Illumination of the routes utilized by living organisms to synthesize the 

molecules of natural products is usually achieved through tracer experiments. 

Radioactive precursors are fed to the organism and radioactive product isolated 

and degraded to find where the radioactive, or tracer, atoms have gone. In 

studying the biosynthesis of alkaloids from amino acids, the technique involves 

the following steps: 
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Synthesis of the amino acid with isotopic atoms in known positions of the molecule 

Metabolism of the labeled molecule by the plant 

Isolation of the alkaloid in question 

Determination of the isotope level in the alkaloid and degradation of the molecule 

to show the exact positions of the tracer 

The principles involved in the use of this technique will be illustrated 

in their application to the biosynthesis of morphine. 

Morphine is one of a group of alkaloids that occur in poppy seeds and 

their crude extract, known as opium. The compound and its phenolic methyl 

ether, codeine, are both powerful analgesics and have been used as painkillers 

for several centuries. The drugs are highly toxic in any but small doses and 

are habit-forming. Considerable research effort has been devoted to the syn- 

thesis of a molecule with the analgesic but not the addictive properties of 

morphine. 

The structure of morphine suggests that the molecule might be mainly 

derived in the plant from two molecules of phenylalanine or tyrosine, as out- 

lined on page 1076. This hypothesis was tested by the following experiments. 

HO 

~~ HOOC. NH, 

CH,—CH—COOH 
HO HO NH 

2 

Morphine Tyrosine Phenylalanine 

Phenylalanine labeled with C1 (radioactive isotope of carbon) on the 

carbon attached to nitrogen was prepared as indicated from malonic ester 

labeled in the a-position. Labeled tyrosine was prepared by a similar route, 

except that p-acetoxybenzyl bromide was employed as the alkylating agent in 

place of benzyl bromide. The p-acetyl protective group was readily removed 

by hydrolysis. In the synthesis outlined and in subsequent formulas, the pres- 

ence of the C™ label is indicated with a heavy dot and use of color. 
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Br, + CH,(COOC,H;), ——> BrCH(COOC,H;), 

O 
| 
G 
X= + e 

Cr pois + BrCH(COOC,H;), ——> 

C 
| 
O 

Potassium salt 
of phthalimide 

O 

d 
N e NaOC,H, 

Egle N—CH(COOC.H3), a 
C 
| 
O 

O 

st 
\ e C,H;CH,Br 
N—C(COOGHs)2 SSS 

1 
O Na’ 

O 

| 
Q ° 1) KOH ° 

CL a eeeects: > Hota Sire a pepe 

‘ CH,C,H; NH, 
O Labeled 

phenylalanine 

Opium poppies were grown with labeled phenylalanine added as nutrient 

in one experiment and labeled tyrosine in a second experiment. Morphine was 

then isolated from the seeds of the plant and found to contain the C! label 

in both experiments. Thus, both amino acids appear to be precursors of 

morphine in the biosynthesis of the alkaloid. The next step was the location 

of the labels in morphine to see if they corresponded to the positions expected 

if two moles of amino acid were utilized per mole of morphine. The morphine 

isolated from poppy plant fed with labeled phenylalanine was degraded as 

follows: 
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Morphine from Methiodide 
labeled-phenylalanine 
feeding experiments 

= 

CH,O~ 

:N(CHs)> 
7 Ye 55 (CH,CO),0 ae 

O CHz,—-CH.N(CHs)» ciog noe ea Seen CH27-CH2 

y p\ 
CH,O c CH;O~ ~~ 

Tertiary 
amine 

SS 

| oe CH; CHy . 

NeZ CH;COOH ae 
te xX m6 CH;COOCH;CH.N(CHs). 

CH;COO | SS CH; CH, 

CH,Os <2 
1-Acetoxy-2- 

1-Acetoxy-2-methoxy- dimethylamino- 
phenanthrene (half ethane (half 
original C™ in this original C’* 

molecule) in this molecule) 

In the first step, morphine was alkylated both at nitrogen and at oxygen 

with methyl iodide. The methiodide product, when heated with base, under- 

went a Hofmann elimination reaction to produce a new carbon-carbon double 

bond and a tertiary amino group. The elimination reaction occurred in this 

direction because the proton a to the phenyl group was the most acidic (Table 

8-2). Application of the Hofmann elimination reaction to alkaloid degradation 

has played a very important role in determining the structure of this class of 

compounds, and the combination of methylation with the elimination reaction 

is often referred to as Hofmann degradation. 

The tertiary amine, when heated with acetic anhydride in the presence 

of a trace of acid, underwent eliminations as indicated to give 1-acetoxy-2- 

methoxyphenanthrene and 1-acetoxy-2-dimethylaminoethane. Each molecule 

contained half the radioactive carbon originally present in the morphine. The 

driving force for this last reaction derives from the facts that an aromatic ring 

was produced, a mole of methanol eliminated, and the breaking of the carbon- 
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carbon bond was aided by participation of the neighboring dimethylamino 

group of the side chain. 

The position of the label in the phenanthrene nucleus was further deline- 

ated by oxidation of the 1-acetoxy-2-methoxyphenanthrene to give phthalic 

acid, which was converted to phthalic anhydride. All the radioactive label 

present in the starting material was retained in the product. This oxidation 

reaction illustrates the general principle that benzene rings substituted with 

electron-donating substituents are more subject to oxidation than other benzene 

rings. Retention of all the label in the phthalic anhydride indicates that none 

of the label could have been at those carbon atoms lost in oxidation. When 

submitted to a Schmidt rearrangement (page 707), the phthalic anhydride gave 

anthranilic acid, which contained only half the label present in the phthalic 

anhydride. Clearly, the label must be restricted to the carbonyl groups of the 

anhydride. 

. ° O 

A 
1) KMnO, WA H,SO, 

CH;COO 2) A NH; 

CH;0 

1-Acetoxy-2-methoxy- Phthalic anhydride 
phenanthrene (contains (contains all the 
half the label present label present in 
in original morphine) phenanthrene 

compound) 

+ 

COOH NH, 
NH; OOH 

Anthranilic acid 
(contains half the 
label present in 
phenanthrene 
compound) 

In a second set of experiments, the morphine grown with tyrosine as 

nutrient was carried through the first two steps of the above procedure to yield 

the tertiary amine with the same level of activity as the original morphine. 

The two nonaromatic double bonds of this amine were catalytically reduced, 

and the resulting substance was submitted to a second Hofmann degradation. 

The trimethylamine produced was free of label, which demonstrates that the 

methyl group originally in morphine was free of C™. 

The olefin produced in the Hofmann elimination reaction was hydroxyl- 

ated with osmium tetroxide (page 635), and the resulting 1,2-diol was cleaved 

with periodic acid (page 761). The formaldehyde produced was converted to 
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a crystalline derivative with the 6-diketone, dimedone. The reaction is an aldol 

condensation followed by Michael addition. The derivative contained half the 

total label originally present in morphine. The other aldehyde fragment from 

the periodic acid reaction contained the other half. 

CH3;0 CH;O 

_1) 2H, Pd | 2H, Pd poems: g2,0 
CH - t =CH N(CH). 2) CH, I H,-—-CH,N(CHs3)3 Spe ee 

CH,;0 CH;0 

Tertiary amine derived 
from morphine extracted 

from labeled-tyrosine-fed plants 

CH;0 

te OH 

OsO, HIO. CH=CH, ——> fede, aes 

CH3;0 CH;0 

CH;O CH, CH; 

H CH, 

. tes CH, oF Dimedone 

CH;0 

Alde yee (contains Dimedone derivative 
half of label present of formaldehyde 
in original morphine) (contains half of label 

present in original 
morphine) 

PROBLEMS 

27-18 Papaverine, one of the alkaloids in opium, has the formula C,,H,,NO,. Hot 

permanganate oxidation yielded the following three acids, as proved by syn- 

thesis. What is the structure of papaverine? (Note: Acid A is not the source 

of acid B under these conditions.) 

COOH 

CH,O COOH  CH,O COOH COOH 

CH,O COOH’ CH,O N~ “COOH 

A B Gc 
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27-19 

27-20 

27-21 

27-22 

The structural reasoning for tropine as shown in the text implies a second 

possible structure. What is it and how would you distinguish between the two 

structures so derived for tropine? Show both a physical and a chemical method 

of distinguishing them. 

The structural reasoning for vindoline proceeded to its final conclusion from 

an arbitrary assignment of one nitrogen atom common to both partial struc- 

tures. Deduce one or more other complete structures for vindoline assuming 

the other nitrogen to be common to both partial structures. How would you 

distinguish your new structure(s) from the correct one given for vindoline in 

the text? 

In the original assignment of stereochemistry to reserpine, “isoreserpinol” was 

treated with toluenesulfonyl chloride in pyridine and yielded a quaternary 

ammonium salt. 

a Show what reaction occurred and what stereochemical conclusions may be 

drawn from the result. 

b Write the reaction sequence used to prepare “isoreserpinol” from reserpine. 

CH,O 

HO—CH; 

OCH, 
Isoreserpinol 

In structure studies on the alkaloid mitraphylline, pyrolysis led to recovery 

of mitraphylline as well as a diastereomer named isomitraphylline. A third 

product obtained was C,)H NO. The arrows drawn on the structure of mitra- 

phylline constitute what is believed to be the first reaction in pyrolysis, i.e., 

a tautomerism and, with the reverse reaction, an equilibrium. 

a How many diastereomers of mitraphylline could be produced in principle 

by this equilibrium? 

b What is the structure of C,,H,NO? 

c What IR and NMR spectra do you expect for C,y)H,NO? 

N~ SO 

a O CH,O0OC~ 

Mitraphylline 
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27-23 

27-24 

27-25 

27-26 

27-27 

27-28 

PROBLEMS 

Outline a biosynthetic pathway to fisetin (Fig. 27-7). 

In the early structure work on quinine (Fig. 27-6), the alkaloid was first dehy- 

drated and the olefin (i.e., enamine) product cleaved by acid hydrolysis to form 

6-methoxy-4-methyl-quinoline and an amino acid. Considering the quinoline 

ring, protonated in acid, as capable of ketonic behavior (Fig. 24-1), write a 

mechanism for the cleavage and a structure for the amino acid formed. 

In biosynthetic studies the Kuhn-Roth oxidation is a very potent degradative 

tool for the isolation of small parts of the molecule after labeling. In this 

oxidation a compound is oxidized with hot chromic acid, which destroys all 

of the carbon skeleton except for methyl groups attached to carbon, which 

are converted to acetic acid nearly quantitatively. The acetic acid is then quan- 

titatively determined by distillation and titration. The method is also called 

a C-methyl determination. 

| ‘ch 
—¢—CH, S's HOOC—CH, 

a_ In squalene biosynthesis from C!4H,COOH, what proportion of the total 

radioactivity of the squalene is found in the acetic acid isolated by Kuhn- 

Roth oxidation? 

b In cholesterol biosynthesis from C!'4H,COOH, what is the proportion? 

c In cholesterol biosynthesis from CH,C'COOH, what is the proportion? 

Similarly, examine the following compounds from the chapter, using either 

of the two labeled acetates for feeding experiments: Menthol, vitamin A, 

B-amyrin, griseofulvin. 

An alkaloid of unknown structure possessed a molecular formula C,H,,;NO. 

The substance, when acetylated, formed a monoacetate and in a C-methyl 

determination gave 0.7 mole of acetic acid (Prob. 27-25). The alkaloid also gave 

an iodoform test. When oxidized under controlled conditions, the alkaloid 

produced C,H,,NO, a neutral substance that gave no acetic acid in a C-methy] 

determination. Hydrolysis in acid of C,H,,NO gave an amino acid, C,H, ,;NO,, 

which gave no nitrogen gas on treatment with HNO,. With correct structures, 

trace the above interconversions. 

Design a series of experiments that would differentiate L-arabinose from the 

other t-aldopentoses. 

Devise synthetic schemes for the following: 

a Preparation of mannonic lactone from glucose. 

b Preparation of the pentaacetate of galactonic acid from galactose (simple 

acetylation of galactonic acid leaves one hydroxyl unacetylated owing to 

the lactone). 

c Preparation of 3,5,6-triacetylglucose from glucose. 

Preparation of phenyl B-p-glucopyranoside from glucose and phenol. 
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e Conversion of p-gulose into 

CH,OH 
| 

HCOH 

HOCH 

CH,OH 

f Conversion of p-allose into 

CH; 

CH,OH 

g Conversion of p-mannose into 

CHO 

CH; 

h Preparation of 3-O-methyl-p-glucose from glucose. 

i Preparation of 6-methylcoumarin from p-methylphenol. 

j Synthesis of the following from resorcinol and anisole: 

OCH; 

k Synthesis of the following flavanone from resorcinol and phenol: 
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27-29 

27-30 

27-31 

27-32 

27-33 

27-34 

27-35 

PROBLEMS 

Interchange the functions on the ends of the eight p-aldohexoses without 

otherwise disturbing the configurations of the asymmetric centers, and name 

the products of this operation. 

A ketohexose of p, but otherwise unknown, configuration upon oxidation gave 

a mixture of (+)- and (—)-tartaric acid. What is the total structure of the 

ketohexose? 

Two different aldohexoses gave the same glycaric acid (six-carbon dicarboxylic 

acid) when oxidized. Degradation of the aldohexoses to their aldopentoses and 

oxidation of these substances gave two different five-carbon dicarboxylic acids, 

of which one was optically active, the other inactive. Both aldohexoses were 

converted to their methyl glycopyranosides, which when oxidized with periodic 

acid gave the same compound as that obtained from similar treatment of methyl 

a-p-glucopyranoside. With the correct formulas, trace the above reactions. 

Indicate the steric structure of the product you would expect to obtain from 

the following reactions: 

a_ Epoxidation of acompound that possesses the structure of cholestanol except 

for the presence of a double bond in the 9,11-position. 

b Hydrolysis in strong acid of the above epoxide. 

c Bromination of a compound that contains the structure of coprostanol except 

for a double bond in the 9,11-position. 

a Develop a synthesis for mevalonic acid labeled with C™ at the carbon a 

to the carboxyl group. Presume that C'4H,CO,H was one of the available 

starting materials. 

b Presume that mevalonic acid labeled at the carbon a to the carboxyl group 

was fed to an organism that produced squalene and cholesterol. Indicate 

the positions of the labels in these compounds. 

A neutral, optically active solid isolated from plant material gave the NMR 

spectrum illustrated and an analysis for C,)H,.O,. The IR spectrum exhibited 

no carbonyl band and the UV spectrum showed only weak (€ ~ 1000) absorp- 

tions around 270-280 nm, typical of polyalkoxybenzenes. Mild oxidation 

yielded C,j,H,,)O, with a new IR band at 5.85 », (1710 cm—!). Derive a structure 

for this natural product and assign it to a structural family of natural products. 

A neutral solid was isolated from the leaves of Lomatium columbianin and puri- 

fied. This optically active natural product, named columbianetin, yielded an 

analysis for C,,H,,O, and the accompanying NMR spectrum (Fig. P27-35). The 

UV spectrum was essentially identical to that of 7-methoxy-8-methyl-coumarin 

and the IR showed no other carbonyl absorption. Acid-catalyzed dehydration 

yielded an optically inactive compound, C,,H,,O3. Derive a structure for 

columbianetin and deduce some features of its biosynthesis if possible. 
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+ Peak disappears in D2O 

FIGURE P27-34 

fesaaueetausitns 
LULL 

4h 

+ Peak disappears in D2O 

FIGURE P27-35 
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27-36 A pleasant-smelling, optically active oil, C,)H,,O, can be isolated from caraway 

seeds. The IR spectrum shows no bands below about 3.2 p (above 3100 cm) 

but shows two strong bands at 5.95 and 6.08 , (1640 and 1680 cm~!). The UV 

spectrum, A,,,, 236 nm (loge 4.3), is unchanged on catalytic hydrogenation to 

the dihydro compound but disappears in the tetrahydro compound. The NMR 

is illustrated (Fig. P27-36). What is the structure of the compound (and its two 

hydrogenation products)? Is it recognizable as a member of a family of natural 

product structures? 

8 i 6 5 4 3 2 1 (OMaKO 

~ {(6) 

ii 

(2) (5) 

7 TMS 
(1) | 

2 3 4 5 6 7 8 9 HO 

FIGURE P27-36 

27-37. Articulone, C,;H,.O, is an oil isolated from a West African plant (Cyperus 

articulatus). Catalytic hydrogenation yielded successively a dihydroarticulone 

and a tetrahydroarticulone, and ozonolysis afforded acetone, isolated as its 

2,4-dinitrophenylhydrazone. Dehydrogenation studies were carried out by 

heating with palladium both the crude product from LiAIH, and that from 

CH,Mgl treatment of articulone. The first yielded 1,6-dimethyl-4-isopropyl- 

naphthalene and the second produced 1,6,8-trimethyl-4-isopropylnaphthalene. 

Relevant spectral data are shown below. Deduce a structure for articulone and 

classify it in a family of natural products. 

IR UV NMR 

Articulone 5:95,.6.12, 4 240 nm One vinyl H 

(1630, 1680 cm~!) (log € 4.0) 

Tetrahydroarticulone 5.83 p, None with No vinyl H 

(@7Alsrcmm) € > 100 
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27-38 Construct reasonable biosynthetic pathways to 7-hydroxycoumarin and 6,7- 

dimethoxycoumarin from tyrosine. 

27-39 Comment on the biosynthesis of helenalin, a constituent of “sneeze weed.” 

CH, 

O 

O 

CH; 

O H CH, 

Helenalin 
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THE 
LITERATURE 
OF ORGANIC 
CHEMISTRY 
THE development of organic chemistry has created a vast and sprawling litera- 
ture, which reaches into physics on the one side and biology on the other. 
In spite of the many languages, different systems of nomenclature, and millions 
of organic compounds known, a good library readily supplies the organic 
chemist with available information he needs on a given subject. It is important 
that he be able to locate previous work which relates to research he has in 
progress. It is more important that he not undertake unwittingly a project that 

has already been done. He must be able to find recipes for preparing compounds 

he needs which have previously been made. Types of source material include 

the following. 

Advanced general textbooks provide a general picture of the state of development of the 

field as a whole. 

Reference books provide specific information regarding special topics, synthetic proce- 

dures, and properties of organic compounds. 

Reviews of research literature summarize advances made in particular fields of investi- 

gation. 

Handbooks and dictionaries provide physical constants for particular organic compounds, 

and in some cases references to the original literature. 

Encyclopedias are exhaustive collections of information regarding organic compounds. 

They frequently include physical data and references to the original literature. 

Abstracts of research literature summarize the content of individual articles printed in 

all significant journals. 

Research journals themselves are the primary source of all scientific information. They 

consist of articles setting forth research results and detailed laboratory accounts of 

the experiments involved. 

With the accelerating increase in research support and numbers of prac- 

ticing research chemists there has been a nearly explosive increase in the 

volume of primary literature in research journals. New journals are being 

founded each year, and older ones expanded, to accommodate this outpouring 

of new information. In consequence it has become increasingly difficult for 

chemists both to read (or even scan) all the new work relevant to their own 

and also to locate specific details of information they require from the tradi- 
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tional format of indexes, compendia, and reviews. Accordingly, new modes 

of information retrieval are being vigorously examined. 

This chapter is designed as an introduction to the chemical literature in 

its traditional format of the seven categories above as well as some of the newer 

retrieval techniques. A large and representative collection of book titles on 

special topics is included (Sec. 28-1) but is not intended to be comprehensive 

for even such a list would be beyond reasonable lengths. Books written in 

English are stressed. 

28-1 REFERENCE AND REVIEW BOOKS 

A number of the books available in organic chemistry are advanced or spe- 

cialized textbooks. The paperbacks and short texts in this category are listed 

as reading references at the ends of the appropriate chapters. Others which 

are more general in nature and do not specifically pertain to only a single 

chapter are included in the lists below. One of the most exhaustive general 

reference books written in English is that edited by Rodd. This work presents 

the whole field of organic chemistry in an integrated and systematic way and 

has been recently updated in a new edition. 

“Chemistry of Carbon Compounds,” E. H. Rodd, 2d ed., edited by S. Coffey, Elsevier, 

Amsterdam, 1964-1970. 

The greater number of books on organic chemistry are in the nature of 

reviews and discussions of particular topics and serve the research chemist 

as reference books. Many of these monographs are collections of separate-topic 

chapters written by different specialists under the overall editorship of one 

person. A selection of these books is collected into the several lists below. In 

most cases the titles are self-explanatory. A number of works are in several 

volumes, and some are so organized as to be continuing series, with new 

volumes appearing on a roughly regular basis every year or two. These works 

are indicated by the notation “(continuing).” 

Physical and Theoretical Organic Texts 

These books are concerned with such topics as resonance, reaction 

mechanisms, stereochemical principles, steric effects, and correlations between 

structure and reactivity and between structure and physical properties. 

“Mechanism and Structure in Organic Chemistry,” E. S. Gould, Holt, New York, 1959. 

“Physical Organic Chemistry,” J. Hine, McGraw-Hill, New York, 1962. 

“Rates and Equilibria of Organic Reactions,” J. E. Leffler and E. M. Grunwald, Wiley, 

New York, 1963. 

“Advanced Organic Chemistry: Reactions, Mechanisms, and Structure,” J. March, 

McGraw-Hill, New York, 1968. 

“Physical Organic Chemistry,” L. P. Hammett, McGraw-Hill, New York, 1940. 
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“Advanced Organic Chemistry,” G. W. Wheland, Wiley, New York, 1960. 

“Physical Organic Chemistry,” K. B. Wiberg, Wiley, New York, 1964. 

“Introduction to Physical Organic Chemistry,” E. W. Kosower, Wiley, New York, 1968. 

“Resonance in Organic Chemistry,” G. W. Wheland, Wiley, New York, 1955. 

“Steric Effects in Organic Chemistry,” edited by M. S. Newman, Wiley, New York, 

1956. 

“Molecular Orbital Theory for Organic Chemists,” A. Streitwieser, Wiley, New York, 

1961. 

“The Molecular Orbital Theory of Organic Chemistry,” M. J. S. Dewar, McGraw-Hill, 

New York, 1969. 

Analytical and Other Techniques 

A large number of books have been published on techniques of organic 

chemistry, which range all the way from simple laboratory methods to the use 

of spectrophotometers and the interpretation of spectra. 

“Techniques of Organic Chemistry,” 13 vols., edited by A. Weissberger, Interscience- 

Wiley, New York, (continuing), 1956- _. (Physical methods of Organic Chemistry. 

Catalytic, Photochemical and Electrolytic Reactions. Separation and Purification. 

Laboratory Engineering. Distillation. Adsorption and Chromatography. Micro and 

Semimicro Methods. Organic Solvents. Investigation of Rates and Mechanisms 

of Reactions. Chemical Applications of Spectroscopy. Fundamentals of Chroma- 

tography. Elucidation of Structures by Physical and Chemical Methods. Thin-layer 

Chromatography. Gas Chromatography.) 

“The Systematic Identification of Organic Compounds, R. L. Shriner, R. C. Fuson, and 

D. Y. Curtin, Wiley, New York, 1964. 

“Quantitative Analysis Via Functional Groups,” S. Siggia, Wiley, New York, 1963. 

“Infrared Absorption Spectroscopy,” K. Nakanishi, Holden-Day, Inc., Publisher, San 

Francisco, 1962. 

“The Infrared Spectra of Complex Molecules,” L. J. Bellamy, 2d ed., Wiley, New York, 

1958" 

“Theory and Application of Ultraviolet Spectroscopy,” H. H. Jaffe and M. Orchin, 

Wiley, New York, 1962. 

“Interpretation of the Ultra Violet Spectra of Natural Products,” A. I. Scott, Pergamon, 

New York, 1963. 

“Handbook of Ultraviolet and Visible Absorption Spectra of Organic Compounds,” 

K. Hirayama, Plenum, New York, 1967. 

“Organic Electronic Spectra Data,” 4 vols., Interscience-Wiley, 1946-1959. 

“Applications of Nuclear Magnetic Resonance Spectroscopy in Organic Chemistry,” 

L. M. Jackman, Pergamon, New York, 1960. 2d ed., 1969. 

“Applications of NMR Spectroscopy in Organic Chemistry: Illustrations from the 

Steroid Field,” N. S. Bhacca, and D. H. Williams, Holden-Day, Inc., Publisher, 

San Francisco, 1964. 

“High Resolution Nuclear Magnetic Resonance Spectroscopy,” 2 vols., J. W. Emsley, 

J. Feeney, and L. H. Sutcliffe, Pergamon, New York, 1966. 
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“Mass Spectrometry: Applications to Organic Chemistry,” K. Biemann, McGraw-Hill, 

New York, 1962. 

“Mass Spectrometry of Organic Compounds,” H. Budzikiewicz et al., Holden-Day, 

Inc., Publisher, San Francisco, 1967. 

“Applications of Mass Spectrometry to Organic Chemistry,” R. I. Reed, Academic, 

New York, 1966. 

“The Mass Spectra of Organic Molecules,” J. H. Beynon, R. A. Saunders, and A. E. 

Williams, American Elsevier, New York, 1968. 

“Structure Elucidation of Natural Products by Mass Spectrometry (Vol. I. Alkaloids),” 

H. Budzikiewicz, C. Djerassi, and D. H. Williams, Holden-Day, Inc., Publisher, 

San Francisco, 1964. 

“Structure Elucidation of Natural Products by Mass Spectrometry. (Volume II. Steroids, 

Terpenoids, Sugars, and Miscellaneous Classes),” H. Budzikiewicz, C. Djerassi, 

and D. H. Williams, Holden-Day, Inc., Publisher, San Francisco, 1964. 

“Optical Rotary Dispersion: Applications to Organic Chemistry,” C. Djerassi, 

McGraw-Hill, New York, 1960. 

“Optical Rotatory Dispersion and Circular Dichroism in Organic Chemistry,” 

P. Crabbe, Holden-Day, Inc., Publisher, San Francisco, 1965. 

Organic Reactions and Functional Groups 

The discussions in the following books are organized either around func- 

tional-group types and their reactions or around types of reactions. “Organic 

Reactions” is the central collection of studies on specific reaction types. A new 

volume of “Organic Reactions” appears every 18 months. It summarizes the 

facts concerning five or six different general organic reactions, such as the 

Friedel-Crafts alkylation reaction or the Mannich synthesis. Each chapter is 

written by a different author familiar with the field and contains discussions 

of scope and limitations of reactions, sample procedures, tables of examples, 

and numerous references. 

y 
“Organic Reactions,” various editors, Wiley, New York, (continuing) 1942- 

“Chemistry of Functional Groups,” Interscience-Wiley, New York, (continuing) 

1964- 

“Oxidation Mechanisms: Applications to Organic Chemistry,” R. Stewart, W. A. 

Benjamin, Inc., New York, 1964. 

“Mechanisms of Oxidation of Organic Compounds,” W. A. Waters, Barnes & Noble, 

New York, 1964. 

“Oxidation in Organic Chemistry,” K. B. Wiberg, Academic, New York, 1965. 

“Carbanion Chemistry,” D. J. Cram, Academic, New York, 1965. 

“1,4-Cycloaddition Reactions,” J. Hamer, Academic, New York, 1967. 

“Cyclobutadiene and Related Compounds,” M. P. Cava and J. J. Mitchell, Academic, 

New York, 1967. 

“Steroid Reactions: An Outline for Organic Chemists,” C. Djerassi, Holden-Day, Inc., 

Publisher, San Francisco, 1963. 
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“Organic Compounds with Nitrogen-Nitrogen Bonds,” C. G. Overberger, J-P. Anselme, 

and J. G. Lombardino, Ronald Press, New York, 1966. 

“The Chemistry of Organic Fluorine Compounds,” M. Hudlicky, Pergamon, New York, 

1961. 

“Organic Sulfur Compounds,” 4 vols., N. Kharasch and C. Meyers, Pergamon, New 

York, 1961-1970. 

“Hydroboration,” H. C. Brown, W. A. Benjamin, Inc., New York, 1962. 

“The Chemistry of Open-Chain Organic Nitrogen Compounds,” 2 vols., P. A. S. Smith, 

W. A. Benjamin, Inc., New York, 1965-1966. 

“Oxidation Mechanisms,” R. Stewart, W. A. Benjamin, Inc., New York, 1964. 

Organic Synthesis 

The works below contain collections of synthetic methods as well as 

exhaustive compendia, discussed below. 

, 
“Organic Syntheses,” collective vols. I-IV, and subsequent single volumes, various 

editors, Wiley, New York, (continuing), 1948- 

“Newer Methods of Preparative Organic Chemistry” (English trans.), edited originally 

by W. Foerst, Interscience-Wiley, New York, (continuing), 1948- 

“Methods of Organic Chemistry” (in German, referred to as Houben-Weil), 14 vols. 

published, edited by E. Miller, Georg Thieme Verlag, (continuing), 1952- 

“Synthetic Methods of Organic Chemistry,” W. Theilheimer, S. Karger, Basel, and 

Interscience-Wiley, (continuing), 1946- 

“Reagents for Organic Syntheses,” L. F. Fieser and M. Fieser, Wiley, New York, 1967. 

“Modern Synthetic Reactions,” H. O. House, W. A. Benjamin, Inc., New York, 1965. 

In “Organic Syntheses,” detailed and verified procedures for preparations 

of particular organic compounds are set forth. A new volume, edited by a 

different author, is published almost every year, and every 10 years collective 

volumes appear. Great emphasis is placed on reproducibility of experimental 

results in these volumes, and a representative group of reactions is selected. 

In the multivolume “Synthetic Methods of Organic Chemistry” (fre- 

quently referred to as “Theilheimer”), a systematic classification of organic 

transformations was developed and into this are fitted organic reactions taken 

from the literature each year. An elaborate general index aids in locating 

procedures for the preparation of particular classes of compounds, irrespective 

of starting material. This compendium contains the most comprehensive and 

up-to-date listing of organic synthetic methods. 

The single volume by the Fiesers is an especially valuable collection of 

modern synthetic usages arranged in an alphabetical order of the reagents used; 

nearly 1,200 reagents are discussed, with leading references. 

Heterocycles and Natural Products 

A number of the central works on natural products and heterocycles are 

listed here, while the main lists of naturally occurring compounds are included 
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in Sec. 28-2. Such biochemistry texts as are cited are listed at the end of Chap. 

26, but no effort has been made here to provide any coverage of the vast volume 

of published work in biochemistry. 

“Tetracyclic Triterpenes,” G. Ourisson, P. Crabbe, and O. Rodig, Holden-Day, Inc., 

Publisher, San Francisco, 1964. 

“Steroids,” L. F. Fieser and M. Fieser, Reinhold, New York, 1959. 

“Indole Alkaloids,” W. I. Taylor, Pergamon, New York, 1966. 

“Vitamins and Coenzymes,” A. F. Wagner and K. Folkers, Interscience-Wiley, New 

York, 1964. 

“The Chemistry of Flavonoid Compounds,” edited by T. A. Geissman, Macmillan, 

New York, 1962. 

“The Terpenes,” 5 vols., edited by Sir John Simonsen, Cambridge, 1947-1957. 

“The Alkaloids,” edited by R. H. F. Manske, Academic, New York, (continuing), 

1950- 

“Ergebnisse der Alkaloid-Chemie bis 1960,” H. G. Boit, Akademie Verlag, Berlin, 1961. 

“The Biosynthesis of Terpenes, Steroids and Acetogenins,” J. H. Richards and J. B. 

Hendrickson, W. A. Benjamin, Inc., New York, 1964. 

“Medicinal Chemistry,” A. Burger, Interscience-Wiley, New York, 1960. 

“The Chemistry of Heterocyclic Compounds,” edited by A. Weissberger, Interscience- 

Wiley, New York, (continuing), 1950- 

“Heterocyclic Compounds,” edited by R. C. Elderfield, 9 vols., Wiley, New York, 

1950-1965. 

“Physical Methods in Heterocyclic Chemistry,” edited by A. R. Katritzky, Academic, 

New York, 1963. 

Special Topics 

Those works which supplement the latter chapters of this textbook have 

been selected. 

“Non-benzenoid Aromatic Compounds,” edited by D. Ginsburg, Interscience-Wiley, 

New York, 1959. ; 

“Grignard Reactions of Nonmetallic Substances,” M. S. Kharasch and O. Reinmuth, 

Prentice-Hall, New Jersey, 1954. 

“Reduction with Complex Metal Hydrides,” N. G. Gaylord, Interscience-Wiley, New 

York, 1956. 

“Organic Photochemistry,” O. L. Chapman, Marcel Dekker, Inc., New York, 1967. 

“Mechanistic Organic Photochemistry,” D. Neckers, Reinhold, New York, 1967. 

“Organic Photochemistry,” R. T. Kan, McGraw-Hill, New York, 1966. 

“Molecular Photochemistry,” N. J. Turro, W. A. Benjamin, Inc., New York, 1965. 

“Macromolecular Syntheses,” 2 vols.: vol. 1 edited by C. G. Overberger, 1963; vol. 

2 edited by J. R. Elliott, Wiley, New York, 1966. 

“Bioorganic Mechanisnis,” 2 vols., T. C. Bruice, and S. J. Benkovic, W. A. Benjamin, 

Inc., New York, 1966. 

“Carbene Chemistry,” W. Kirmse, Academic, New York, 1964. 
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“Structure and Mechanism in Organophosphorus Chemistry,” R. F. Hudson, Academic, 

New York, 1965. 

“The Organic Chemistry of Phosphorus,” A. J. Kirby and S. G. Warren, American 

Elsevier, New York, 1964. 

“Divalent Carbon,” J. Hine, Ronald, New York, 1964. 

“Organo-Sulfur Chemistry,” M. J. Jansseen, Interscience-Wiley, New York, 1967. 

“Vistas in Free-Radical Chemistry,” edited by W. A. Waters, Pergamon, New York, 

1959, 

“Free Radicals,” W. Pryor, McGraw-Hill, New York, 1966. 

Problems 

Several collections of problems on synthesis, mechanism, structure 

determination, etc., have recently been compiled from the literature. Many of 

these problems are suited to the level of students using this textbook, and the 

intellectual challenge of these puzzles provides pleasure as well as instruction. 

“Seminar Problems in Advanced Organic Chemistry,” T. Goto, Y. Hirata, and G. H. 

Stout, Holden-Day, Inc., Publisher, New York, 1968. 

“Problems in Organic Structure Determination,” A. Ault, McGraw-Hill, New York, 

1967. 

“Fascinating Problems in Organic Reaction Mechanisms,” S. Ranganathan, Holden- 

Day, Inc., Publisher, San Francisco, 1967. 

“Problems in Spectroscopy: Organic Structure Determination by NMR, IR, UV, and 

Mass Spectra,” B. M. Trost, W. A. Benjamin, Inc., New York, 1967. 

Reviews of Research Literature 

A number of journals and books are published each year by publishers, 

and by chemical societies of various countries, with the purpose of reviewing 

the research literature. Chemical Reviews is a journal published every two months 

in which review articles appear covering topics that range over the whole field 

of chemistry, and not restricted to recent work. Annual Reports is a series of 

books published once a year (since the beginning of the century) which reviews 

the chemical research literature of the prior year. Quarterly Reviews, which is 

published in England four times a year, resembles Chemical Reviews. Angewandte 

Chemie, published in Germany monthly, contains valuable review articles as 

well as short communications; an International Edition is published in English. 

Chemical Reviews, published by the American Chemical Society. 

Annual Reports, published by the Chemical Society (London). 

Quarterly Reviews, published by the Chemical Society (London). 

Angewandte Chemie, International Edition in English, published by the Gesellschaft 

Deutscher Chemiker. 

Special reviews on the current state of understanding in various special- 

ized areas are to be found in a variety of review volumes which appear on 

a regular periodic basis, commonly annual. The following list includes the chief 

review series in organic chemistry. 
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Advances in Alicyclic Chemistry 

Advances in Carbohydrate Chemistry 

Advances in Free-radical Chemistry 

Advances in Heterocyclic Chemistry 

Advances in Magnetic Resonance 

Advances in Organic Chemistry 

Advances in Organometallic Chemistry 

Advances in Photochemistry 

Advances in Physical Organic Chemistry 

Advances in Protein Chemistry 

Annual Surveys of Organometallic Chemistry 

Progress in the Chemistry of Organic Natural Products 

Progress in Organic Chemistry 

Progress in Stereochemistry 

Progress in Physical Organic Chemistry 

Progress in Polymer Science 

Progress in the Chemistry of Fats and Other Lipids 

Topics in Phosphorus Chemistry 

Topics in Stereochemistry 

With such a vast literature just of review articles on the primary literature, 

it is necessary to have available an index of the topics to be found in review 

articles. These indexes of reviews are provided in the following books. 

“Index to Reviews, Symposia Volumes and Monographs in Organic Chemistry,” 

(1940-1960), N. Kharasch and W. Wolf, and supplements, Pergamon, New York, 

1962, 

Bibliography of Chemical Reviews (Chemical Abstracts Service), annually from 1958. 

28-2 COMPENDIA OF ORGANIC COMPOUNDS 

Handbooks and Dictionaries 

Handbooks and dictionaries containing lists of organic compounds are 

useful for looking up the physical constants of common substances. A number 

of these are available in single volumes, as listed below, and most organic 

chemists own one or more of these. The two “Handbooks of Chemistry” also 

contain extensive lists of tables of constants and physical properties, conversion 

and mathematical tables, and equations of value. The -“Ring Index” lists all 

possible ring systems, carbocyclic, heterocyclic, and polycyclic, of which ex- 

amples are known, with references. The “Buyers Guide” (“Chem Sources”) 

lists the thousands of commercially available organic compounds with their 

suppliers. The last three works on the list are comprehensive lists of specific 

natural products, Karrer’s containing, for example, the 2669 nonalkaloid plant 

products characterized by 1958. 
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“Ring Index,” 2d ed. and supplements, A. M. Patterson, American Chemical Society, 

Washington, D. C., 1960. 

“Composition Tables: Data for Compounds Containing C, H, N, O, S,” G. H. Stout, 

W. A. Benjamin, Inc., New York, 1963. 

“Handbook of Organic Structural Analysis,” Y. Yukawa, W. A. Benjamin, Inc., New 

York, 1965. 

“Chem Sources Chemical Buyers Guide,” Directories Publishing, 1968. 

“Handbook of Chemistry,” N. A. Lange, McGraw-Hill, New York, 1966. 

“Handbook of Chemistry and Physics,” Chemical Rubber Company, Cleveland, new 

edition annually. 

“The Merck Index of Chemicals and Drugs,” 8th edition, Merck Sharp & Dohme 

Research Laboratories, 1968. 

“Tables for Identification of Organic Compounds,” Chemical Rubber Company, Cleve- 

land, 1962. 

“Konstitution und Vorkommen der organischen Pflanzenstoffe (exclusive Alkaloide),” 

W. Karrer, Birkhauser, Basel, 1958. 

“The Pfizer Handbook of Microbial Metabolites,” M. W. Miller, McGraw-Hill, New 

York, 1961. 

“Physical Data on Indole and Dihydroindole Alkaloids,” Eli Lilly Research Labora- 

tories, 1960, and later supplements. 

Two more ambitious works run to several volumes with more compre- 

hensive lists. The Elsevier volumes are especially valuable for collections of 

complex polycyclic compounds such as steroids. 

“Dictionary of Organic Compounds,” 4th ed., 5 vols. with supplements, Oxford, New 

York, 1963- 

“The Encyclopedia of Organic Chemistry,” Elsevier, New York, (continuing), 1946- 

Beilstein 

With the number of organic compounds that have been described rising 

into the millions, the need for a catalog of all known compounds is obviously 

imperative. In the early part of the century an effort was begun in Germany 

to fulfill this need. The result was the “Handbuch der organischen Chemie,” 

commonly referred to as “Beilstein,” after its first editor. The Beilstein Institute 

continues this important cataloguing but it is increasingly difficult to keep up 

with the rate of publication of new compounds. However, in approximately 

one hundred volumes Beilstein lists all the organic compounds known through 

1929 and is usually considered the only source necessary for searching com- 

pounds reported previous to that date. 

Beilstein consists of three sets of volumes. The main series covers the 

literature through 1909, the first supplementary series from 1909 through 1919, 

and the second supplementary series from 1919 through 1929. A third supplementary 

series, covering the 1930-1949 period, is currently being prepared. Each supple- 
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Acyclic Isocyclic Heterocyclic 

vole 1 2 S 4 5) | oi Uf E 2 | OR |e 12}13|4 is) | 16 lis 19 etc. 

COOH HC] OH| CO | COOH NH, | Others etc. 

Class One 

SO,H oxygen| 2-9 

HC | OH | CO x | NH2| « SO3H in ring | oxygens 

Rubric C,,H2,02 G,,H:,—-2 O2 CnrH2n-6O2 etc. 

(Index of 1 2 
hydrogen () 2) 
deficiency) 

Group 

(4) 

= CoH O, 

OH OH 
CH On cH: 

Entry | --- ww 0 etc. 
OH 

* Other classes not shown 

FIGURE 28-1 Schematic diagram of the “Beilstein’’ system 

mentary series contains the same number of volumes as the main series, and 

the arrangement of material in each supplementary series parallels that of the 

main series. For example, page 341 of volume 3 of the main series lists 

3,3-dimethyl-2-hydroxybutanoic acid. Volume 3 of the first supplementary series 

lists this same compound on a page that has two numbers. The conventional 

page number appears at the top right (e.g., page 125). In the top middle appears 

the number 341. As soon as a compound is located in any series, it can quickly 

be found in any other series. 

Three procedures are available for locating a particular compound in 

“Beilstein.” The simplest method involves use of the cumulative formula in- 

dexes. Here compounds are listed by name in order of increasing complexity 

of their molecular formulas. Structural isomers are differentiated on the basis 

of names of the compounds. 

Tetraols |etc.| | Mono} Di|Tri---| O3 | O, [Os O; | O, | 0, Jere 
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A second cumulative index exists in which names of compounds are 

arranged in alphabetical order. The requisites for using this index are a knowl- 

edge of German nomenclature and some knowledge of the organization of 

“Beilstein.” Use of this method for finding a particular compound is perhaps 

the least satisfactory. 

The third method of finding a compound in “Beilstein” requires famili- 

arity with the system of organization used in the volumes. 

The system is a general and logical arrangement of compounds by struc- 

ture such that any compound will have a place in the order whether it is known 

or not. In order to find this place for a given structure, we need to understand 

the system. 

A book has been written (“A Brief Introduction to the Use of Beilstein’s 

Handbuch der organischen Chemie,” E. H. Huntress, Wiley, New York, 1938) 

to describe the organization of this compendium and facilitate its use. Another 

aid is the “Programmed Guide to Beilstein’s Handbuch,” O. A. Runquist, 

Burgess, Minneapolis, 1966. The categories of arrangement follow this outline, 

which is diagrammed schematically in Fig. 28-1. The categories are listed in 

the order in which they appear. 

Divisions 

Acyclic compounds Volumes 1-4 

Isocyclic (carbocyclic) compounds Volumes 5-16 

Heterocyclic compounds Volumes 17-27 

Subdivided by number and kind of heteroatoms in the rings 

Indexes Volumes 28-29 

Natural products not otherwise classified Volumes 30-31 

Classes (within each division) 

Arrangement by functional groups; most of the entries are found in the starred classes. 

*1 Hydrocarbons 

*2 Hydroxy (“oxy”) compounds 

3 Carbonyl (“oxo”) compounds 

4 Carboxylic acids 

5 Sulfinic acids 

6 Sulfonic acids 

7 Selenium compounds 

*g Amines 

9 Hydroxylamines 

10 Hydrazines 

11 Azo compounds 

{2-28 Other relatively rare groups mostly involved with compounds containing 

elements other than C, H, O, S, N, X 

Subclasses (within each class) 

Arrangement by number of groups present or, for hydrocarbons, by increasing un- 

saturation. 
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Rubrics (within each subclass) 

Arrangement by increasing unsaturation, i.e., increasing index of hydrogen deficiency. 

The order for oxygenated compounds, for example, would be the following (with the 

index of hydrogen deficiency in parentheses): 

C,,Hp,, 20 (0); CeO (1); C,,H2,_20,, (2); C20, (3); etc. m 

Groups (within each rubric) 

Arrangement by increasing number of carbons. Thus monocarboxylic acids of the 

formula C,H,,,_,O, will be arranged: C,H,O,, C;H,O0., CgHgO2, C7H oO, etc. Indi- 

vidual isomers are listed in each group. 

In order to find a compound in Beilstein one must locate the volume and 

page(s) bearing the desired functionality class, with the correct index of hydro- 

gen deficiency and molecular size. The tables of contents in each volume greatly 

assist the rapid scanning of the system for the correct location. 

Polyfunctional molecules are found under that class which appears last in the 

above list. For example, hydroxy-carboxylic acids appear under carboxylic acids, 

and amino-carboxylic acids under amines. This organization is called the 

“principle of latest position.” 

Compounds that contain groups not found among the functional classes 

of compounds above are considered derivatives of these functional classes. These 

derivatives are listed immediately after the parent compounds and in the order 

shown. For instance, after propionic acid are listed its amide, ester, etc. These 

derivatives are arranged in the following order: 

Functional derivatives, or compounds that can be hydrolyzed to the parent compound. 

Substitution derivatives, or compounds that contain halogen, nitroso, nitro, or azido (—N,) 

groups, replacing hydrogens on the carbon skeleton. These derivatives are offered in 

the order: F, Cl, Br, I, NO, NO,, Ns. 

Sulfur (and selenium) compounds, which are listed as derived from the corresponding 

oxygen compounds (except for separate classes 5 to 7, above). 

When a functional derivative can be hydrolyzed into two or more organic 

molecules, the substance is listed as a derivative of the hydrolytic product 

appearing latest in the list of basic classes of compounds, i.e., the principle 

of latest position. For example, esters are listed as derivatives of carboxylic acids. 

Ethers are listed as derivatives of the parent alcohol, and secondary and tertiary 

amines as derivatives of the parent primary amine. The parent alcohol or 

primary amine in each case is the one of latest position in the system. With 

polysubstituted derivatives, the principle of latest position also applies, as it does 

in any ambiguous situation. 

Heterocyclic compounds are defined as any compounds with one or more 

atoms other than carbon in the ring. Even cyclic anhydrides and lactones appear 

as heterocycles although they are always cross-referenced with their corre- 

sponding acyclic acids. 
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Each entry for a given compound is arranged in this order, with literature 
references running through it as required: 

Structure and configuration 

Occurrence, formation, preparation 

Physical properties 

Chemical reactions 

a_ Physical means (e.g., heat and light) 

b Inorganic reagents 

c Organic reagents 

Physiological action and uses 

Analytical methods for determination 

Addition compounds and salts 

Transformation products of unknown structure 

Although the system appears complicated at first sight, it will be clear 

that some complexity of definition is necessary to obtain a rigorous logical 
organization for all the possible variations of organic structure. In fact Beilstein 

is easier to use than to describe, as a little practice, with the assistance of the 

generous tables of contents in each volume, will quickly demonstrate. 

The following examples illustrate the procedure. 

O 
£00H 

CH,CHBrCONH, Ol GH CH=GHCH 
ON ~ NHC,H, 

O 
A B G 

The structure above is a functional derivative (the amide) of propionic acid and a 

substitution (bromo) derivative of that. The order of various derivatives of propionic 

acid appearing under the propionic acid entry will be this: 

CH,CH,COOCH;, CH;,CH,CONH,, CH,;CHCICOOH, CH,;CHBrCOOH, 

CH,CHBrCONH,, etc. 

Propionic acid will be found in the acyclic division under the carboxylic acid class, 

monoacid subclass, C,,H,,,O, rubric, and C;H,O, group. The physical location of the 

entry will be in volume 2 of the main series (see Fig. 28-1), and the table of contents 

quickly guides us to pages 234 to 264. Scanning these pages turns up the entry on 

page 256. Information subsequent to the year 1909 (main series) is now found by 

examining the three supplementary series volumes 2 for II-256 marked at top center 

of the page. 

This compound is a nitro substitution derivative of phthalic anhydride listed in the 

heterocyclic division under heterocycles containing one oxygen atom in the ring. It 

is then classed as a dioxo (carbonyl) compound of the C,H, ;,03 rubric, and found 

in volume 17, page 486. 
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This amino acid will appear under amines, as the function of latest position. The 

particular parent primary amine could be either C;H;NH, or C,H;CH=CHCH- 

(COOH)—NH, and the latter is chosen for reasons of latest position in the system. 

The latter primary amino acid is listed in the isocyclic division after monoamines, 

diamines, amino alcohols, etc., as a monoamine-monoacid in volume 14. It is listed 

as an amino derivative of the parent acid, CJH;CH=CH—CH,COOH, or C, 9H, 9O2- 

(C,,H,,,_ 190»), in the contents of volume 14, as page 525. Both the parent amino acid 

and the N-pheny! derivative are found together on that page. Had we required the 

ethyl ester we should not find it in the main series, nor under pages marked XIV-525, 

in the supplements. However, we know its place in the system. When it does not 

appear there, we know that the compound had not been prepared prior to 1929. 

28-3 ABSTRACTS AND INDEXES 

The American Chemical Society publishes an abstract journal known as Chemi- 

cal Abstracts, which summarizes, in a paragraph or so each, all original articles 

on chemistry that appear in journals in all countries of the world. This journal 

is published twice a month, and each year exhaustive author, subject, and 

formula indexes appear. Since 1960 these indexes have been assembled every 

six months owing to the vast, and growing, content of Chemical Abstracts. 

Every 10 years a decennial index is published, and since 1957 these collective 

indexes have been reduced to 5-year instead of the previous 10-year (decennial) 

collections. These collective indexes include separate author, subject, and for- 

mula indexes, just like the annual indexes. 

In 1951 a cumulative formula index appeared which covers the period 

from 1920 to 1946. Unfortunately, large numbers of organic compounds were 

not included in the index prior to 1945, and therefore the cumulative formula 

index should not be considered exhaustive. The decennial and collective in- 

dexes take up formula indexing following the 1920-1946 volume. 

Chemisches Zentralblatt is the German counterpart of Chemical Abstracts and 

serves as a second source of abstracts of research articles. The formula index 

of Chemisches Zentralblatt is very useful. Collective indexes (formula, subject, 

and author) have appeared every five years up to 1939. Before 1939, the cover- 

age of this journal was more complete than that of Chemical Abstracts. 

28-4 THE PRIMARY LITERATURE 

Research journals are fundamental to science. Almost every country in which 
chemical research is conducted publishes at least one research journal. The 
following list includes the major chemical journals of the world. In recent years 
many new journals have been founded to deal only with growing publication 
in specific areas of interest, such as steroids or photochemistry. These journals 
are not included in the list below. The boldface portions of the names indicate 
how the names of these journals are abbreviated. 
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Journal of the Americal Chemical Society, in English (USA), all branches of chemistry. 

Journal of Organic Chemistry, in English (USA), organic chemistry. 

Journal of Biological Chemistry, in English (USA), biological chemistry. 

Journal of the Chemical Society, in English (British), all branches of chemistry. 

Journal of the Indian Chemical Society, in English, all branches of chemistry. 

Biochemical Journal, in English (British), biological and natural-product chemistry. 

Canadian Journal of Chemistry, in English, all branches of chemistry. 

Chemische Berichte, in German, all branches of chemistry. 

Annalen der Chemie, in German, organic chemistry. 

Zeitschrift fiir physiologische Chemie, in German, organic and biological chemistry. 

Helvetica Chimica Acta, in German, French, Italian, and English (Swiss), all branches 

of chemistry. 

Monatshefte fur Chemie, in German (Austrian), all branches of chemistry. 

Bulletin de la société chimique de France, in French, all branches of chemistry. 

Bulletin des sociétés chimiques Belges (Belgian), in French, English, and Dutch, all 

branches of chemistry. 

Recueil des travaux chimiques des Pays-Bas, in English, French, German, and Dutch 

(Dutch), all branches of chemistry. 

Acta Chemica Scandinavica, in English, German, and French, all branches of chemistry. 

Arkiv for Kemi, in English, German, and French (Swedish), all branches of chemistry. 

Gazzetta chimica italiana, in Italian, all branches of chemistry. 

Collection of Czechoslovak Chemical Communications, in English, Russian, and 

German, all branches of chemistry. 

Bulletin of the Chemical Society of Japan, in Japanese, English, German, and French, 

all branches of chemistry. 

Bulletin of the Academy of Science of the U.S.S.R., in Russian (English translation 

available), all branches of chemistry. 

Journal of General Chemistry (U.S.S.R.), or Zhurnal Obshchei Khimii, in Russian, 

(English translation available), all branches of chemistry. 

Tetrahedron, various languages, international journal of organic chemistry. 

When a chemist has completed a piece of research, he writes his experi- 

ments and results into a research paper which he sends to one of these journals. 

The editor in turn forwards the manuscript to one or two other chemists with 

like research interests and these referees review the paper and advise on its 

acceptability for publication. Following its acceptance (in original form or with 

recommended revisions) the paper is then published in the journal. The 

common format for organic chemical papers consists of an abstract, or one- 

paragraph summary of results; a brief introduction placing the work in the 

context of current understanding; a discussion of the experiments, their results 

and the authors’ conclusions; and lastly, an experimental section devoted to 

detailed recipes for all the experiments and the new compounds prepared. 

The publication process can consume a number of months. For this 

reason there exist several journals devoted solely to the quicker publication 

of “preliminary communications,” more concise and without experimental 



1146 INFORMATION RETRIEVAL DEG, 28-5 

sections. A number of the important journals of this kind are listed below 

(Some of the major journals above also carry a section for communications.) 

Angewandte Chemie (German, and international edition in English) 

Chemical Communications (British) 

Experientia (Swiss) 

Nature (British) 

Science (USA) 

Tetrahedron Letters (international) 

The Journal of Chemical Education (USA) carries articles of interest to teachers and 

students. 

28-5 INFORMATION RETRIEVAL 

In order to keep abreast of current publication in his areas of interest the 

chemist has several options. One of these consists in scanning the relevant 

abstracts of papers in Chemical Abstracts. In order to locate certain subjects or 

concepts rapidly in the abstracts, a Keyword Index is provided. The Keyword 

Index is an alphabetical listing of the key words in the titles of every paper. 

The full title is oriented for each entry such that the key word alphabetized 

is centered on the page and printed in boldface. This provides an alphabetical 

center column of words easily scanned and located. An example is found in 

Fig. 28-2. 

Besides Chemical Abstracts there are several publications which simply 

publish the titles or tables of contents of current research journals, in order 

to make the subject matter of current journals rapidly available to view. These 

publications include: 

Chemical Titles, (USA), from Chemical Abstracts Service, includes keyword index. 

Current Chemical Papers (British), from The Chemical Society (London). 

Current Contents (USA), photoreproduced tables of contents from journals. 

In order to be placed in context a scientific paper always contains many 

references to previous papers and reviews in the same area. The Science Citation 

Index provides an index of references cited in current papers. Hence knowledge 

of an older paper allows one to find all the papers published more recently 

which cited this older paper as a reference. Advantage can be taken of these 

references to locate papers published recently on specific matters for which 

only older references are known. Thus, if one wishes to know what work has 

been done this year to extend the results in a paper of 5 or 10 years ago, he 

can quickly find all the papers this year which cited the known, older paper. 

Ultimately, the process of gathering, storing, and sorting chemical infor- 

mation will have to be done by computer. Indeed great strides have already 

been taken in this direction, but there are special difficulties. Computers take 

in and put out information in simple linear form, as in a sequence of letters 

and numbers. Hence a system is necessary for transforming three-dimensional 
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organic structures into some linear sequence of information bits. Several 

systems for doing this have been worked out, but they are very complex to 

describe and to use. 

Nevertheless, the Chemical Abstracts Service is currently coding all the 

published literature with one of these systems and filing all compounds in this 

fashion into computer memory. They can also retrieve on request any known 

structure and its attendant references. In principle the computer is ideally suited 

to store and quickly retrieve references for any given structure. We may hope 

that every library will soon have a machine which will offer a series of journal 

references every time a structure is written onto its sensor pad! 

Meanwhile, the most rapid way of finding all original references toa given 

organic compound is the following: 

Calculate the molecular formula for the compound, and name the substance in two 

or three ways. 

Consult the cumulative formula index of “Beilstein,” and differentiate among possible 

structural isomers by the name of the compound. Alternatively, find the location of 

the entry by means of the system of organization (Fig. 28-1). The first procedure is 

faster but the second is more certain should the formula index not produce the com- 

pound. 
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Consult the collective formula indexes of Chemical Abstracts, which cover the years 1920 

through 1956. 

The years 1956 to the present are covered by the yearly formula indexes of Chemical 

Abstracts. 

Should the preceding steps not succeed in finding the compound, then it must be looked 

up by name in the collective and annual indexes of Chemical Abstracts after 1929. 

Practice in this searching procedure and in the use of “Beilstein” can best 

be obtained by picking compounds at random from the previous chapters in 

this text and proceeding as indicated to locate the original research papers 

which describe them. 

READING REFERENCES 

Crane, E. J., A. M. Patterson, and E. B. Marr, “A Guide to the Literature of Chemistry,” 

Wiley, New York, 1957. 

Mellon, M. G., “Chemical Publications: Their Nature and Use,” McGraw-Hill, New 

York, 1965. 

“Searching the Chemical Literature,” American Chemical Society, Washington, D.C., 

1961. 
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NOMENCLATURE 
OF ORGANIC 
COMPOUNDS 
DURING the first half of the nineteenth century, scientists working in organic 
chemistry discovered many new compounds and bestowed upon them names 
with little or no structural significance. Such common or trivial names might 
reflect the source of the material (e.g., formic acid means ant acid), the method 
of preparation of the substance (e.g., dichloride of ethylene), or the name of 

a person (e.g., barbituric acid is said to perpetuate the name of a certain 

Barbara). The confusion was not helped by the fact that chemists frequently 

used their classical education by choosing Latin or Greek roots for the names 

they invented. While such a system of nomenclature has a certain charm, the 

increasing number of compounds and names began to turn organic chemistry 

into Babel. Development of a structural theory in the 1860s was gratefully 

received for many reasons, principal among which was the prospect of using 

interrelated names that reflected structural relationships among compounds. 

Many such names were coined during the next few decades. However, many 

individualists continued to create new common names; in many instances 

common names were necessary to permit discussion of newly discovered com- 

pounds of unknown structure. Furthermore, it became obvious that several sys- 

tematic names could be given to most compounds because of the multiplicity 

of structural relationships. For example, CICH,CH,Cl obviously is both the 

dichloride of ethylene and dichloroethane. 

An obvious answer was to draw up rules for systematic nomenclature 

to be used by all chemists. In 1889, the International Chemical Congress ap- 

pointed a committee to formulate definitive rules. The committee found that 

the multiplicity of both chemical structures and logical structural relationships 

made progress slow. However, a definitive report was made and accepted at 

Geneva in 1892. Although the report covered much ground very well, it was 

admittedly incomplete. However, organized work on nomenclature was not 

resumed until the project was taken over by the International Union of Chem- 

istry (IUC) in 1919. The first report of the IUC committee was made in 1930 

(Liége Rules). In 1947, a new Commission on Nomenclature was appointed 

by the union, which had become the International Union of Pure and Applied 

Chemistry (IUPAC). The commission has issued periodic reports since that date. 

Many problems of nomenclature arise for reasons that are not immedi- 

ately obvious. For example, organic chemistry is reported and discussed by 

people who use many languages and a number of alphabets. Committees on 
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nomenclature have wisely refrained from attempts to strike all common names 

from systems. Such an act would render future chemists unable to read the 

invaluable literature of the past century and a half unless they learned two 

chemical languages. Furthermore, judicious use of common names provides 

a convenient goup of parent names from which large numbers of derived names 

can be built. For example, no one has been seriously tempted to rename 

naphthalene as bicyclo[4.4.0]2,4,6,7,9-decapentaene, a name that would be both 

cumbersome and misleading because it would imply fixed positions of double 

bonds in the compound. 

One of the greatest problems of nomenclature is the variety of purposes 

that names must serve. Names that are most valuable for the preparation of 

indices to the chemical literature may seem cumbersome and stilted if they 

are used repeatedly in other forms of literature such as research papers or 

textbooks. Similarily, names that are acceptable and useful in a textbook may 

be insufficiently graphic or too long for use in lectures or conversation. 

The upshot is that all chemists use several kinds of nomenclature. They should 

all be familiar with the basic rules of the IUPAC system and should have access 

to the definitive reports issued by the international committee. The most recent 

report appeared in The Journal of the American Chemical Society, 82, 5545 (1960), 

and contains references to the earlier reports. In addition, an organic chemist 

must know a considerable number of common names and understand the 

general principles of nomenclature. 

This chapter is organized with emphasis on types of nomenclature. 

Consequently, nomenclature of the members of the various functional classes 

of compounds is not integrated. The following guide will assist readers who 

wish to compare systems for nomenclature as applied to a particular class of 

compounds. 

Compound class Pages 

Acid (carboxylic) IVE, Walsyoyy Mikey, ilikexsy, Ike, Inyo», ily ale! 

Acid (other) ney, Wale 

Acid halide and anhydride 1160, 1161, 1172 

Alcohol islsrey, IMs), Iilerey, Ib. TILA 

Aldehyde Iksy7/, iiliexey, WA, IIS, IA) 

Amide MMIusy/, IiKexs), Id, Ie, WAL 

Amine USPS}, ilies), IA, ly 

AZO, azoxy PST AUL6S, TAG 7 74! 

Ester 66m 7S 

Ether iLileye), Tiere, I, IY, TAS 

Halide ilsts), Witets, I), aly! 

Ketone TACOP MAGGI 2 rate: 

Mercaptan (thiol) Sd GOOhMe Seats 74 

Nitrile WIS, MUNeysy, IIA, V/A 

Nitro, nitroso iii), I, 
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Phenol 1158 

Sulfide 1160, 1174 

Sulfone, sulfoxide 1160, 1174 

Unsaturated hydrocarbons lS, WSs), Wales, Tes), UyAo), TAA Tals 

General Principles 

There are, broadly speaking, seven kinds of names in organic nomen- 

clature: 

Functional names, which are designed to specify the principal functional group and the 

degree of unsaturation of the molecule. 

Substitutive names, which enumerate the substituents attached to some simpler parent 

structure. The parent structure is given a functional name. 

Additive names, in which compounds are considered to be formed by addition of one 

or more atoms to a parent structure, e.g., ethylene oxide. 

Replacement names, in which a compound is considered to be fabricated by replacement 

of one or more atoms in some related structure, e.g., C;H;SH, thiophenol. 

Conjunctive names, which are formed from the names of two molecules joined together 

either directly or through some designated group, e.g., C,)H;CH,COOH, naphtha- 

leneacetic acid; C,H;N—NC(C,H,),, benzeneazotriphenylmethane; C,H;—C,H., bi- 

phenyl.t 

Radicofunctional names, which couple the name of a radical (group) and the name of 

a functional class, e.g., acetyl chloride, ethyl alcohol. 

Common names. 

All systems of nomenclature attempt to define a relatively small number 

of parent structures and name all other compounds as derivatives of these 

parent structures through substitution names, replacement names, conjunctive 

names, etc. The IUPAC Commission uses a special definition of the term 

systematic name; it maintains that a systematic name is one in which every 

syllable is especially selected to indicate a structural feature (e.g., pentane, 

cyclopentanol). All names in which only some syllables are especially coined 

are called semisystematic (e.g., methane, cholesterol). The distinction is obviously 

one of terminology and does not imply that no system is involved in the 

formation of other kinds of names. 

The utility of various names for the same compound may be illustrated 

by the following compound, which is known variously as pivalic acid, tri- 

methylacetic acid, and 2,2-dimethylpropionic acid. 

(CH,),CCOOH 

The common name, pivalic acid, is well entrenched in the chemical literature; 

it is the shortest of the available names and would surely be the name of choice 

if one were writing or speaking for an audience very familiar with the names 

+The 1957 IUPAC report does not classify replicate names, such as biphenyl, as conjunctive; in fact, the 

names are not classified at all. The classification is slightly artificial but useful. 
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and structures of the fatty acids. The name trimethylacetic acid indicates the 

limited symmetry of the molecule in a way that would be immediately recog- 

nizable to any reader familiar with organic chemistry. The IUPAC name, 

2,2-dimethylpropanoic acid, is the most cumbersome of the three; however, 

since the name is a part of the most extensive system of names, it has many 

uses. Although Chemical Abstracts uses many IUPAC names, the common names 

of simple carboxylic acids are retained. For example, one is certain to find an 

entry under propionic acid, 2,2-dimethyl.} 

Both hydrocarbon and functional groups are given names so that they 

may be designated as substituents in the formation of substitutive names. 

Functional Names 

Functional names contain two or three parts: a root, which indicates the 

number of carbon atoms in the molecule; an ending, which shows the nature 

of the functional group and the degree of unsaturation; sometimes a prefix 

(such as cyclo- or iso-), which specifies a particular skeletal arrangement. The 

names of hydrocarbons and carboxylic acids provide the roots used to form 

functional names of other classes of compounds. 

Hydrocarbons. Since the names of hydrocarbons are basic to a large 

portion of organic nomenclature, a large number of hydrocarbons are named 

in Table A-1. 

The uses of several prefixes and suffixes are illustrated in the table. The 

suffix -ane indicates a hydrocarbon structure containing no double or triple 

bondst; the ending -ene indicates the presence of a double bond. Use of the 

ending -yne to indicate the presence of triple bonds is restricted almost ex- 

clusively to IUPAC names (page 1169). The prefix n- (normal) designates an 

unbranched chain, and the prefix iso- indicates the presence of a (CH,),CH— 

group at the end of a major chain.§ The prefix neo- indicates a (CH,),C— group; 

cyclo- shows the presence of a ring; spiro- indicates that two rings have a single 

carbon atom in common. The use of sym- and unsym-, meaning symmetrical 

and unsymmetrical, differentiates between isomers. The prefixes o0- (ortho), m- 

(meta) and p- (para) indicate, respectively, 1,2-, 1-3-, and 1,4- disposition of 

two substituents attached to a benzene nucleus. The latter terms are most often 

used in substitutive names, e.g., m-chlorotoluene, but may also be used as a 

part of common names, e.g., m-xylene. 

+ It is interesting to note that the entry is “see pivalic acid.” It is also noteworthy that IUPAC names 

can be used to locate subjects in Chemical Abstracts. The entry under “propanoic acid” in the index 

is “see propionic acid.” 

tNote that the ending does not indicate the degree of hydrogen deficiency, since the presence of cyclic 

structures is indicated by a prefix. 

§There are exceptions to this generalization. The prefix iso- sometimes merely indicates that the com- 

pound is an isomer of some other compound that has a well-recognized common name, e.g., leucine, 

(CH,),>CHCH,CH(NH,)COOH, and isoleucine, CH,CH,CH(CH,)CH(NH,)COOH. 
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TABLE A-1 Names of Hydrocarbons 

Formula Name Formula Name 
SS 

Alkanes 

CH, Methane CH.(CH.,),,»CH, Dodecane 

CH.CH, Ethane CH,(CH,),,CH, Tridecane 

CH.CH.CH, Propane Gr (CH) .CH: Tetradecane 

CH.(CH,),CH,; Butane CH.(CH.,),,CH, Pentadecane 

(CH,),CH Isobutane CH.(CH.),,CH, Hexadecane 

CH.(CH,),CH, Pentane CH.(CH.,),;CH, Heptadecane 

(CH,),CHCH,CH, Isopentane CH,(CH,), CH; Octadecane 

(CH,),C Neopentane CH,(CH,),,CH, Nonadecane 

CH.(CH,),CH, Hexane CH,(CH.,),,CH; Eicosane 

CH.(CH.).CH. Heptane CH,(CH,),.CH, Heneicosane 

CH.(CH,),CH; Octane CH,(CH.,).,CH; Docosane 

CH.(CH>) CH. Nonane CH,(CH,)..CH, Triacontane 

CH,(CH,),CH, Decane CH.(CH.,),,CH, Pentatriacontane 

CH.(CH,),CH, Undecane CH,(CH,),.CH, Tetracontane 

Alkenes 

CH,=CH, Ethylene CH,CH,CH,CH=CH, a-Amylenet 

CH,CH=CH, Propylene CH,CH,CH=CHCH, £-Amylenet 

CH,CH,CH=CH, unsym-Butene (CH,),CHCH=CH, Isopentene 

CH,CH=CHCH, sym-Butene (CH,),>C=CHCH, Trimethylethylene 

(CH,),C=CH, Isobutene (CH,),C=C(CH:;). Tetramethylethylene 

CH,=—CH—CH=CH,, Butadiene CH= Ce StH, Isoprene 

CH,=C=CH, Allene GH: 

Cycloalkanes and cycloalkenes 

Vas Cyclopropane Cyclopentane oS Cyclohexene 

Vex. Cyclopropene Cyclopentene Eel Spiropentane 

1,3-Cyclohexadiene 

Cyclohexane 

S 
() Cyclopentadiene 

eA 

S oe) Decalin 

+ IUPAC names 1-pentene and 2-pentene are now used almost universally, but the root amyl persists in some 

names, e.g., amyl alcohol. 
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TABLE A-1 Names of Hydrocarbons (Continued) 

Formula Name Formula Name 

Aromatic hydrocarbons 

S Benzene Naphthalene 

GH 

. Toluene eo Tetralin 

CH: 

CH, 

o-Xylene Anthracene 

Cl m-Xylene Phenanthrene 

CH, 

i p-Xylene (oe Pyrene 

ti < 
CH, CH, 

Mesitylene iets 

GHE oe Coronene 

GEE CH, 

LI Durene 

Oak, CH: 

CH, 
C,H;CH=CH, Styrene 

p-Cymene 

C,H;CH=CHC,H, Stilbene 

CH(CH:;). 
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Hydrocarbon Groups. Hydrocarbon groups (sometimes called radicals), 
formed by removing single hydrogen atoms from hydrocarbon structures, are 
usually named by replacing the suffix -ane by -yl, -enyl and -ynyl. The two groups 
that can be derived from propane are distinguished by the prefixes n- and iso-. 

CH;CH,CH,— (CH;),CH— 

n-Propyl Isopropyl 

Four groups are derived from butane and isobutane. The discriminants 

sec- and tert- stand for “secondary” and “tertiary.” A secondary group always 

has the part structure (C),CH—, and a tertiary group has the part structure 

(C);C—. The terms “secondary” and “tertiary” lead to unique structural desig- 

nations only with the simpler groups and are useful in specific nomenclature 

only when used without ambiguity. 

Nas ce 

CH;CH,CH,CH,— CH;CH, CH— CH;CHCH,— (CH;)3C— 

n-Butyl sec-Butyl Isobutyl tert-Butyl 

Only four of the eight hydrocarbon groups that contain five carbon atoms 

can be named uniquely, and the prefix sec- as applied to this system is useless. 

CH; 

CH;(CH,)3;CH;— (CH;),>CHCH,CH,— CH3;CH,C— (CH;)3;CCH,— 

Cn, 
n-Pentyl Isopentyl tert-Pentyl Neopentyl 
(n-amyl) (isoamyl) (tert-amyl) 

Simple unsaturated hydrocarbon groups have very important names of 

more or less obscure origin. The more important of these are listed below. 

CH,—=CH— CH,—=CHCH,— CH;CH=CHCH,— HC=CCH,— 

Vinyl Allyl Crotyl Propargyl 

p-CH3C,H4— C,H;CH,— C,H;CH= C,H;C= 

-Tolyl Benzyl Benzal Benzo 
Sa / 4 (benzylidene) 

Phenyl Phenylene a-Naphthyl B-Naphthyl 

Saturated hydrocarbon groups are referred to as alkyl groups and are 

designated by the general symbol R. Unsaturated hydrocarbon groups are called 

alkenyl groups, while the aromatic hydrocarbon groups are called aryl groups and 

are represented by the general symbol Ar. 
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TABLE A-2. Names of Common Carboxylic Acids 

APPENDIX 

Name 

Related acyl or aroyl groups 

Formyl 

Acetyl 

Propionyl 

n-Butyryl 

Isobutyryl 

n-Valeryl 

Isovaleryl 

Pivalyl 

Acryloyl 

Crotonyl 

Benzoyl 

Cinnamoyl 

Phenylacetyl 

a-Naphthoyl 

B-Naphthoyl 

Maleic acid 

Fumaric acid 

Phthalic acid 

Isophthalic acid 

Structure Name Structure 
<== ann 

Acids 

HCOOH Formic acid HCO— 

CH,COOH Acetic acid CH:CO— 

CH,CH,COOH Propionic acid CH CH GO — 

CH,(CH,),COOH n-Butyric acid CH,CH,CH,CO— 

(CH,),;CHCOOH Isobutyric acid (CH) CHieo— 

CH,(CH,),COOH Valeric acid CH. (Gii,); CO — 

(CH,),CHCH,COOH _Isovaleric acid (CH,),;CHCH,CO— 

(CH.),CCOOH Pivalic acid (CH,)\CCO— 

CH,=CHCOOH Acrylic acid CH,=CHCO— 

CH,CH=CHCOOH — Crotonic acid CH,CH=CHCO— 

C.H-COOH Benzoic acid C.H-CO— 

C,H;CH=CHCOOH = Cinnamic acid C,H,;CH=CHCO— 

C,H;CH,COOH Phenylacetic acid C,H;CH,CO— 

COOH 

Copy ie a-Naphthoic acid a-C,,H,;,CO— 

Le COOH 

B-Naphthoic acid B-C, ,H,CO— 
— 

Diacids 

HOOCCOOH Oxalic acid H—C—COOH 

HOOCCH,COOH Malonic acid H—C—COOH 

HOOC(CH,),COOH = Succinic acid HOOC—C—H 

HOOC(CH,),COOH  Glutaric acid eo  eayare 
HOOC(CH,),COOH = Adipic acid COOH 

HOOC(CH,);COOH  Pimelic acid 

ee a eee (CH,), zelaic aci COOH 

HOOC(CH,),COOH — Sebacic acid 

COOH 

COOH 

COOH 

Terephthalic acid 
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Carboxylic Acids. A second group of enumerative roots are derived from 

the names of carboxylic acids. For purposes of nomenclature, the acids are 

considered parents of most compounds containing acyl (RCO—) and aroyl 

(ArCO—) groups. Table A-2 gives the names of monoacids and the acyl or 

aroyl groups that they contain. The names of a few dibasic acids are also 

included. Groups having names derived from those of dibasic acids are bifunc- 

tional, e.g., —COCH,CO—, malonyl. 

Other Acids. Acids such as sulfonic and phosphonic acids are given 

functional names by coupling the name of the parent hydrocarbon to the class 

name. The same system is occasionally applied to carboxylic acids. 

CH,SO;H p-CH;C,H,SO;H C,H;PO;H, 

Methanesulfonic acid p-Toluenesulfonic acid Benzenephosphonic acid 

COOH 

om oO 
Cyclopentanecarboxylic acid a-Naphthalenecarboxylic acid 

Other Functional Names. Several classes of compounds whose names are 

derived from those of carboxylic acids are given functional names. These classes 

include aldehydes, amides, and nitriles. 

Aldehydes: 

CH;,;CHO (CH;)3;CCHO C,H;CHO OHC(CH,),CHO 

Acetaldehyde Pivalaldehyde Benzaldehyde Adipaldehyde 

Amides: 

C,H,CH,CONH, CH;(CH,),CONH, C,H;CONH, H,NOCCH,CH,CONH, 

Phenylacetamide Butyramide Benzamide Succinamide 

Nitriles: 

(CH;),;CHCH,CN CH,—=CHCN CH,;,CH=CHCN B-C,j)H;CN 

Isovaleronitrile Acrylonitrile Crotononitrile B-Naphthonitrile 

Acid halides and anhydrides, which are also given names derived from 

those of carboxylic acids, are given radicofunctional names (next section). Some 

of the other common classes of compounds are given functional names under 

the IUPAC system. In other systems of nomenclature, they are usually given 

radicofunctional names. 
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Radicofunctional Names 

A radicofunctional name is formed from the name of a group (radical) 

and the name of a class. The parts of the name are separated if the class name 

is not the name of the parent compound of the series. Thus, ethyl alcohol 

(C,H,—OH) is written as two words because “‘alcohol” is not the name of the 

parent structure (H—OH). The name “‘triphenylcarbinol” is run together be- 

cause “carbinol” is a little-used name for methyl alcohol, the parent of the 

series. Names of amines are run together, e.g., trimethylamine, since “amine” 

is a contraction of the name of the parent, ammonia. 

Alcohols. Alcohols are named by two systems. The system for desig- 

nation as alkyl alcohols is straightforward as long as the alkyl groups are easily 

named. 

CH;0H (CH;);COH 

Methyl tert-Butyl 
alcohol alcoho 

Alcohols are also given radicofunctional names in which they are con- 

sidered to be derivatives of methanol (the functional unit). However, the word 

“carbinol” is substituted for the words “methyl alcohol.” 

(C;H;);COH CH,—CHCH(OH)CH; 

Triphenylcarbinol Methylvinylcarbinol 

Phenols. Very familiar common names such as phenol,{ naphthol, and 

cresol are always used. Other phenols are named by the IUPAC system in 

which the suffix -ol is added to the name of the parent hydrocarbon (or the 

root of the name). 

HO 
OH OH 

ek ey ee 
CH; 

Phenol B-Naphthol 2,4-Xylenol 9-Phenanthrol 

Halides. Halides are given names closely related to those of the corre- 

sponding alcohols. Most simple aliphatic halides are simply named as alkyl 

halides. 

Cl 

Ethyl bromide Cyclobutyl Vinyl Benzylidene 
chloride iodide chloride 

(benzal chloride) 

t Note that phenol is really a contraction of phenyl alcohol. 
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Halides that contain complex alkyl groups are sometimes named as carbinyl 

halides. The use of the suffix -carbinyl corresponds exactly to the use of -carbinol 
in the nomenclature of alcohols. 

CH,—=CHCH,C(CHs),. 

1 

Allyldimethylcarbinyl chloride 

Ethers. Attempts to make the nomenclature of ethers systematic has 

rendered the systems more complex than seems necessary. Formerly ethers 

were given radicofunctional names in which the names of both groups attached 

to the oxygen atom were designated. A few aromatic ethers have common 

names. 

CH;CH,OCH,CH; C,H;OCH3; 

Diethyl ether Methyl phenyl ether 
(anisole) 

At the present time Chemical Abstracts omits the prefix di- from the names 

of symmetrical ethers and indexes unsymmetrical ethers under the name of 

the alcohol corresponding to the more complex of the two groups. The latter 

system generates names that are unusable in ordinary writing or conversation. 

CH;CH,OCH,CH; CH;CH,CH,CH;0CH; 

Ethyl ether Butyl methyl ether 

To make things worse, the IUPAC system (page 1174) names ethers as 

alkoxy and aryloxy substituents of hydrocarbons. 

Amines. The radicofunctional names of amines are really based upon 

consideration of the compounds as derivatives of ammonia. Many arylamines 

and heterocyclic amines are always known by common names. Some secondary 

and tertiary amines are named as derivatives of well-known parents, such as 

aniline, and a capital N, rather than a number, is used to locate the substituents. 

When sec- and terf- appear in the names of amines, they are always part of 

the names of hydrocarbon groups and never give an indication of the classifica- 

tion of the amine. 

eee CH;CH,CH,N(CH;), 
NH, 

sec-Butylamine N, N-Dimethyl-n-propylamine 
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NH, 

ee 
CH; CH; 

p-Toluidine N-Methylpiperidine 

Ketones. Ketones are named by naming the groups attached to the car- 

bonyl group and adding “ketone.” The functional names assigned to ketones 

under the IUPAC system (page 1172) are being used more and more commonly 

in ordinary writing and conversation. Phenyl and naphthyl ketones have com- 

mon names, such as acetophenone, benzophenone, and acetonaphthone.t 

CH;CH,COCH,CHs; (CH;).CHCH,COCH; 

Diethyl ketone Isobutyl methyl ketone 

COCH, 
C,H; COCH; (C,H;),CO 

Acetophenone Benzophenone B-Acetonaphthone 
(methyl 8-naphthyl ketone) 

Sulfur and Phosphorus Compounds. Compounds of sulfur and phospho- 

rus, except for the oxy acids, are usually given radicofunctional names. 

CH, 0 
jos ++ 

ee pe (CH;CH,).S CH;SSCH; (CH;),S5—O C,H;5C,H; 

CH; O 

tert-Amyl Diethyl Dimethyl Dimethyl Diphenyl 
mercaptan sulfide disulfide sulfoxide sulfone 

(ethyl sulfide) (methyl (methyl (phenyl! sulfone) 
disulfide) sulfoxide) 

Phosphorus compounds: 
+ _ 

Triphenyl- Ethylmethyl- Triphenyl- 
phosphine phosphine phosshane oxide 

As with ethers, Chemical Abstracts uses radicofunctional names of sulfides, 

disulfides, sulfoxides, and sulfones but omits the prefix di- before the names 

of symmetrical species. 

Acid Halides. Acid chlorides are always given radicofunctional names 

using the names of acyl groups (Table A-2). 

| The names are derived from the old names of the acyl groups plus hydrocarbon names plus the ending 

-one. Note the derivation from phene, an old name for benzene. 
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ocl Ocl 

CH;COCI 

Cocl 

Acetyl chloride Benzoyl Isophthaloyl 
chloride dhlonide 

Acid Anhydrides. Symmetrical anhydrides are simply named as anhy- 
drides of the parent acids. 

I 
eee 

(CH;CO),0 — (C,H;CO),0 | o 
SS i 

O 

Acetic anhydride Benzoic Phthalic anhydride 
anhydride 

No student of nomenclature seems to have made a careful study of the 

nomenclature of mixed anhydrides. Relatively few of these compounds have 

been characterized so the need for a nomenclature system has not been press- 

ing. Various haphazardly chosen ways are used to designate the two acyl groups 

in mixed anhydrides; Chemical Abstracts double-indexes mixed anhydrides under 

both the parent acids. 

LT 
COCCH, 

Acetic benzoic anhydride 
(acetyl benzoyl anhydride) ; 
(mixed anhydride of benzoic and acetic acids) 
(acetic acid—anhydride with benzoic acid) 
(benzoic acid—anhydride with acetic acid) 

The chaos existing in the nomenclature of a rare group of compounds 

such as mixed anhydrides illustrates the need for commonly accepted systems 

of nomenclature. 

Carbonium Ions, Carbanions, and Free Radicals. No consistent scheme has 

been devised for the nomenclature of these species, which usually occur only 

as transient reaction intermediates. It is, therefore, necessary to distinguish 

carefully between desirable nomenclature and actual practice. Free radicals are 

commonly given radicofunctional names. The name of the group is followed 

by “radical.” Groups are frequently named as derivatives of the methyl group. 

CH; CH,’ 2, (CgHs)3C: 

Ethyl radical Phenyl radical Triphenylmethyl radical 
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Common nomenclature of cations and anions is not as desirable. Logically, 

carbonium ions should be given names analogous to those of radicals in which 

the charge type of the group is indicated by the words “anion” and “cation.” 

CH, CH: (CH;),CH* 

Ethyl anion Isopropyl cation 

The words “carbonium ion” and “carbanion” could then be reserved for 

names in which the species are considered as derivatives of methyl cation 

(carbonium ion) and methyl anion (carbanion). The methyl anion can also be 

conveniently designated as methide ion in substitutive names. 

CH; 

cH! C,H;CH,* 

CHs 

Trimethylcarbonium ion Benzyl cation 
(tert-butyl cation) 

CH,:— 

(CASS 

B-Naphthylcarbanion Phenyl anion 
(6-naphthylmethide ion) 

Unfortunately, the words “carbonium ion” and “carbanion” are often used 

in the way that cation and anion are used in the above examples; thus, (CH,),Ct+ 

is often called “tert-butyl carbonium ion.’’+ Use of the compound term “car- 

bonium ion” in place of the simple name “cation” seems unnecessary, and 

the opportunity is lost to use the former name in a useful way for naming 

complicated branched cations. 

Substitutive Names 

Substitutive names, sometimes called derived names, are assigned to the 

majority of organic compounds. Compounds are named as derivatives of 

simpler parent molecules. The system is very useful, especially in chemical 

discussion, as a means of assigning picturesque names to convey a clear visual 

image of structural formulas to a reader or listener. The best substitutive names 

for oral communication are those which make maximum use of symmetry or 

use very familiar compounds as parents. The IUPAC system (page 1149) is 
fundamentally a carefully devised system for the choice of parent structures 

for the formation of substitutive names. 

Compounds that contain two or more functional groups are almost always 

given substitutive names in which the parent structure is defined to include 

+ Note the divided spelling. 
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one of the functional groups and the others are designated as substituents. 

Occasionally, all the functional groups are considered as substituents on a 

hydrocarbon parent. The only rigid rules for assignment of substitutive names 

are those of the IUPAC system. 

Hydrocarbons. Hydrocarbons provide good illustrations of the use of 

substitutive names. Methane, ethane, ethylene, acetylene, cycloalkanes, cyclo- 

alkenes, benzene, and other aromatic nuclei are often chosen as parent struc- 

tures. Carbon atoms in the parent skeleton are assigned numbers or Greek 

letters to show the location of substituents. The following hydrocarbon could 

be given a variety of names: 

CH; 
| 

SEBS 

Neopentane 
(tetramethylmethane) 
(2,2-dimethylpropane) 
(1,1,1-trimethylethane) 

The common name, neopentane, is sufficiently familiar to be the name 

of choice for most purposes. However, tetramethylmethane would be instantly 

recognizable to anyone familiar with organic chemistry because of the simplicity 

of the units used in the name. In Chemical Abstracts the compound is indexed 

under the IUPAC name, 2,2-dimethylpropane. It is hard to see any advantage 

at all in the name in which ethane is chosen as the parent. The following 

provide further examples of useful substitutive names: 

CH, CH,CH(CHs)>2 

CH,CHCHCH; (C;H;)sCH 
1 2 Cy 

2,3-Dimethylbutane Isobutylbenzene Triphenylmethane 

C,;H;CH,CH.C,H; (C.H;)2CHCHs (CH3CHy,)2C—=C(CH,CHs3)» 

1,2-Diphenylethane 1,1-Diphenylethane Tetraethylethylene 
(bibenzyl) 

CH; 

CH3;C=CC(CHs)3 CHsCHCHCH:CH, (CH;);CCH,CH=CH, 

CoH; 

tert-Butylmethylacetylene 2-Methy]l-3- Neopentylethylene 
phenylpentane 

CH, 

4 CH 
CH; CH; 3 = 

+_C(CHs)s ; 

: CHz CH; 
CH(CHs3)>2 

1-tert-Butyl-2,2- 1-Isopropyl-4-methyl- 1,2,3-Trimethylcyclopropane 

dimethylcyclopentane cyclohexane 
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The terms ortho, meta, and para are used as prefixes to designate relative 

positions of substituents on disubstituted benzenes. The words are also used 

as adjectives and are sometimes employed to indicate substituent relationships 

independent of a particular name. An alternative method uses numbers, as 

in the following examples: 

CH; CHs3 CH; 

CH3 

CH; 

CH; 

o-Xylene m-Xylene p-Xylene 
(o-dimethylbenzene) (m-dimethylbenzene) (p-dimethylbenzene) 
(do-aintetnyiberzene) (1,3-dimethylbenzene) (1,4-dimethylbenzene) 

CH; CH(CHs)2 CH.C,H; 
1 

CH: 

Co. . 3 
Lee CH; 
4 4 

(CH,)3CHs CH.C,H; 

1,2-Dimethyl-4- 1-Isopropyl-3- p-Dibenzylbenzene 
n-butylbenzenet methyltetralin (1,4-dibenzylbenzene) 

Polycyclic aromatic rings are numbered according to rigidly fixed rules, 

as illustrated with naphthalene, phenanthrene, and anthracene. Within the 

limitations of these fixed assignments, the numbers used in names are chosen 

in such a way as to have the lowest possible values. The 1- and 2-positions 

of naphthalene are also designated as a and £, respectively, and 1- and 

8-positions in the same molecule are referred to as the peri positions. 

6 

5 7 

8 1 8 9 1 4 8 

2 7 2 3 

6 3 6 Sienee 9 
5 4 5 10 4 1 10 

Naphthalene Anthracene Phenanthrene 

CH; CH; 

CH,CH(CH:). CH; CH=CH, 

CH; 
3-Isobutyl-1-methylnaphthalene —_9,10-Dimethylanthracene 2-Methyl-9-vinylphenanthrene 

j This name is identical to the IUPAC name except for inclusion of n- in the name of the four-carbon 

substituent. Although the discriminant is actually superfluous, it is often included when a name is used 

in a context that does not make clear what system of nomenclature is being used. 
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If alkenes other than ethylene are regarded as parent compounds, the 

double bond must be located in the carbon skeleton by number. The longest 

hydrocarbon chain that contains the double bond is numbered from the end 

closest to the double bond. Numbers are assigned in such a way as to place 

the double bond between two consecutively numbered carbon atoms, and the 

parent name contains the lower number to locate the position of the double 

bond. The following examples illustrate these conventions. 

CH CoH 5 CH,CH=CH, 

CH3;CHCH,CH—CHCH; CH;C—=CHCH+CH, 1 A 
4 pel 6 5 3 ke) 4 3 1 

5-Methyl-2-hexene 4-Phenyl-1,3-pentadiene 3-Allylcyclobutene 

Compounds Containing Functional Groups. Compounds that contain func- 

tional groups can frequently be named as derivatives of hydrocarbons, and 

the function can be located on the parent carbon skeleton by number. Such 

a system works particularly well with functional groups that are not themselves 

part of the major carbon chain. 

Cl, /Cl CH; NH, 
1 2 3 

a CH,;CH—CHCHCH; CH,=CHCH,CHCH3 
1 2553 4 

3 
Cl OH OH 

1,1,3-Trichlorocyclopentane 2,3-Dihydroxy-4- 4-Amino-1-pentene 
methylpentane 

ees 1 COOH 

Pa ik 
poe ieee Sa ee Lak 

NO, SH CN =X 
2-Nitropropane 2-Mercaptobutane 2-Cyano- 2-Chlorocyclobutanecarboxylic acid 

3-phenylbutane 

O CH,OH 
1 

1-COOCH; H; 

C,;H;N=NC,H; 

Azobenzene 1-Carbomethoxy-2- 1-Hydroxymethyl-2- 
ketocyclopentane methylcyclohexane 

In an alternative system, a parent structure containing a functional group 

is chosen and numbered in such a way as to give the functional group the 

lowest possible number. This system works best when a functional group itself 

is part of a major carbon chain, as with many aldehydes, acids, and ketones. 
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CH3 

HOCH,CH,COOH Ba tes 

CH; 

3-Hydroxypropionic a,a-Dimethylpropionaldehyde 
acid (2,2-dimethylpropionaldehyde) 

BrCH,CH,OCH,CH; Ne ie 

O 

2-Bromodiethyl Hexamethyl 
ether acetone 

Use of Greek Letters. Greek letters are often used in place of numbers 

to form substitutive names. When the parent structure contains a principal 

functional group that has no carbon atom, the first carbon atom, i.e., the one 

bearing the functional group, is a, the next £, etc. If the principal functional 

group contains carbon (i.e., aldehyde, ketone, carboxylic acid, ester, nitrile, or 

amide), enumeration starts with an adjacent carbon atom. The carbon atom in the 

functional group is not assigned a letter. The letter w always designates the 

last atom in a chain irrespective of its length. 

C—C—C—C—OH C—C—C—C—COOH 

Oy Beene Oy a Oey 

(@) (@) 

CH;CH,CHOH CH;CH,CHCOOH 

C,H; NH, 

a-Phenylpropyl alcohol a-Aminobutyric acid 

CICH,CH,COCH,CH3 HO(CH,);NH, 

B-Chloroethyl ethyl ketone w-Hydroxyheptylamine 

Multiple Numbering and Lettering. Two or more branches of symmetrical 

parent structures may be numbered or lettered independently by the use of 

prime signs. 

B a a’ Bp’ 
CH,CH(NH,) COCH, CH, Br f 

CH3; 

a-Amino-'-bromodiethyl ketone 2-Methyl-2- nitrobiphenyl 
(a-aminoethyl B-bromoethyl1 ketone) 
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Conjunctive Names 

Sometimes compounds are broken into two parent structures. Each is 

named, and the names are joined. It is understood that the parents are joined 

with the loss of hydrogen from each. 

o CH,COOH 

B-Naphthaleneacetic acid 

Azo, Hydrazo, and Azoxy Compounds. These are all given essentially con- 

junctive names. However, the name of the nitrogen function is placed before 

the name of the parent structure in the case of symmetrical systems and 

between the names of the two parents if the molecule is unsymmetrical. 

CH;N—=NCH, Cs;H;N=NC(C,H;)3 

Azomethane Benzene azotriphenylmethane 

Ie 

C.H;N=NC,H;  CjsH;CH,NHNHCH,C,H; 
Azoxybenzene w, w'-Hydrazotoluene 

(N,N'-dibenzylhydrazine) 

Replicate Names 

Symmetrical compounds may be named by dividing the compound into 

two equivalent groups and naming the substance as a dimer of the radical. 

The prefix bi- (rather than di-) is used to indicate the dimeric structure. 

Bn Be Oi 
Biphenyl Bibenzyl 

Larger assemblies may be named by an extension of the system. The Latin 

prefixes, ter-, quater-, quinque-, etc., are used to show the number of times the 

fundamental unit is repeated. The concept of repeating units is no longer perfect 

since the structure includes bifunctional internal units and terminal monofunc- 

tional groups. Names of hydrocarbons, rather than radicals, are usually used 

to form replicate names, although well-established names, such as terphenyl, 

are retained. 
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ilies 
i) 

p-Terpheny] m-Terphenyl Quatercyclopropane 

Additive Names 

Compounds that can be considered as derived from bivalent radicals are 

sometimes given additive names. The commonest examples are compounds 

actually formed by addition to carbon-carbon double bonds, e.g., ethylene oxide 

and ethylene dibromide. However, the system is sometimes extended to include 

other symmetrically substituted systems. 

BrCH,CH.Br CH,—CH, 

O 

Ethylene dibromide Ethylene oxide 

) CICH,CH,CH,CH,Cl 

Tetramethylene oxide Tetramethylene dichloride 
(tetrahydrofuran, preferred) 

1,4-Dihydronaphthalene Decahydronaphthalene 
(decalin) 

Subtractive Names 

Compounds that can be considered as formed from well-known structures 

by removal of groups or atoms are frequently named accordingly. The com- 

monest of such subtractive operations is removal of a pair of hydrogen atoms, 

indicated by the prefix dehydro-. 

CH, CH; 

CH; O 

1,2-Dehydrobenzene 5,6-Dehydrocamphor 
(benzyne) (1,7,7-trimethylbicyclo[2.2.1] 

hept-5-ene-2-one) 
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Fusion Names 

Some bicyclic compounds are considered, for purposes of nomenclature, 
as formed by the fusion of a pair of cyclic systems. Such fusions always involve 
sharing of two adjacent ring members. The names of the two parent structures 

are mentioned in sequence; the letter ““o” is introduced after the name of the 

first ring system. The first name is often shortened, e.g., benzo- instead of 
benzeno-. 

Benzofuran 2,3-Cyclopentanophenanthrene 

The IUPAC System 

The system of nomenclature developed by the International Union of Pure 

and Applied Chemistry is based upon the following principles for assignment 

of substitutive names: 

The longest sequence of carbon atoms containing the principal function is the parent 

structure of acyclic compounds. 

The common names of familiar cyclics are frequently chosen as parent structures of 

compounds containing cyclic structures. 

An order of preference is assigned to various functional groups. The groups higher 

in the order are given preference in the definition of parent structures. Some functional 

groups are always considered as substituents. 

Only the highlights of the IUPAC rules can be presented here. The 

definitive reports should be consulted for further details. 

Aliphatic Hydrocarbons. The names of aliphatic hydrocarbons illustrate 

many of the principles of IUPAC nomenclature. The names of the unbranched 

members of the group are the same in all common systems and are found 

in Table A-1. Since all branched compounds are given substitutive names, 

prefixes such as n- and iso- are never used to modify the names of principal 

chains. The endings -ane, -ene, and -yne mean “saturated,” “double bond,” and 

“triple bond,” respectively. The name of a parent structure is chosen so as 

to include the multiple linkage when one is present and to include as many 

as possible when there is more than one such group. Numbers are assigned 

so that the numbers of the carbon atoms involved in multiple bonding are 

as small as possible. 

+ (1) International Union of Chemistry Definitive Report, J. Am. Chem. Soc., 55, 3905 (1933); (2) International 

Union of Pure and Applied Chemistry Reports, J. Am. Chem. Soc., 82, 5545 (1960). 
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CH;CH,CH, CH; CH;CHCH; CH;CHz, CHV CH(CHs3)2 

CH, CH; 

Butane 2-Methylpropane 4-Ethyl-2,5-dimethylheptane 

CH(CHS), CH; 

| | 
CH,CH,CH,CHCHCH,CH;, = CH,;,CH=CHCH, CH,;CH=CCH,CH; 

CH: 
4-Isopropyl- 2-Butene 3-Methyl-2-pentene 

3-methylheptane 

Sen dee ree CH;CH=CHCH,CH=CH, CH3;CH,CHC=CH 

CH3 

4,5-Dimethyl-3- 1,4-Hexadiene 3-Methyl-1-pentyne 
propyl-1-hexene 

Preferences. If a molecule contains both double and triple bonds, no 

distinction is made between -ene and -yne structures in seeking the lowest 

number combination as long as assignment can be made unambiguously. 

CH;CH=CHC=CH CH;C=CCH=CH, 

3-Penten-1l-yne 1-Penten-3-yne 

However, if two methods for assignment will give the same set of numbers, 

preference is given to the name that assigns the lowest numbers to -ene struc- 

tures. 

HC=CCH=CHCH=CH, 

1,3-Hexadien-5-yne 
(not 3,5-hexadien-1-yne) 

Group Names. Univalent groups (radicals) derived by removal of hydro- 

gen from a terminal carbon atom are named by replacing the suffix -ane of 

the name of the hydrocarbon by -yl, e.g., CH;(CH,),—, pentyl. Univalent 

branched groups are named using the longest branch as a parent structure and 

assigning the number 1 to the carbon atom having a free valence. Shorter 

branches are included as substituents. Note that the longest sequence must 

begin with the point of attachment. 

CH;CH,CH,CH; CHCH; CH;(CH,)3; CHCH; 

CH;(CH, veneer 

1-Methylpentyl 7-(1-Methylpentyl)tridecane 
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Common names of a number of groups are retained; these include the 
following: 

Isopropyl (CH,),CH— 

Isobutyl (CH;),CHCH,— 

sec-Butyl SEEN 

tert-Butyl (CH,),C— 

Neopentyl (CH,),CCH,— 

tert-Pentyl CoHSC(CHs)p 

Isohexyl (CH;),CHCH,CH,CH,— 

Benzyl C,H,-CH.— 

Allyl CH,—CHCH,— 

Vinyl CH -Ci 

Phenyl C5 

Order of Substituents. The order in which substituents are listed is either 

(1) alphabetical or (2) in order of increasing complexity. Chemical Abstracts 

always uses alphabetical listing, as has been done throughout this book. Be- 

cause spelling varies in different languages, alphabetical listing is not entirely 

desirable for a universal system of nomenclature. However, establishment of 

a system for unequivocal determination of group complexity is complicated. 

The IUPAC committee has completed a system for ranking hydrocarbon groups 

(1957 Rules) and will presumably address itself to the problem of ranking other 

substituents. 

Monofunctional Compounds. The IUPAC Rules define systematic (or 

semisystematic) names for many functional classes. The endings -ane, -ene, and 

-yne of hydrocarbon names are shortened to -an-, -en-, and -yn-, and an addi- 

tional ending is added to indicate the nature of the functional group. Other 

functional groups are always indicated as substituents. Table A-3 summarizes 

the devices to indicate the presence of the various functional groups. If both 

a prefix and a suffix are included in the table, the former is ordinarily used 

only in naming polyfunctional compounds. Sometimes groups such as carboxyl 

and cyano are treated as substituents in naming monofunctional compounds 

if the systematic name is unduly complex; for example, monofunctional de- 

rivatives of cycloalkanes and cycloalkenes are often named in this manner. 

The following examples illustrate the use of Table A-3 for the formation of 

IUPAC names. 
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Systematic names: 

ie 2 
ar vee OH CH,;CH=CH iva Een Se COOH 

CH, O OH 

2,3-Dimethyl-1-butanol 3-Penten-2-one 5-Hydroxy-5-methylhexanoic acid 

i 

ats CN CH,;0CH,CH, CHO HOOC(CH;), COOH 

NH, 

3-Amino-2-chlorobutanonitrile 3-Methoxypropanal Octanedioic acid 

CH,CH,OH Br 

np iemt prsenneb CH;CH,CH COCI HC=CC=CCH, COOH 

OH 

4-Hydroxy-3-[2-hydroxyethy]] 2-Bromobutanoyl Hexa-3,5-diynoic 
pentanoic amide chloride acid 

Substitutive names: 

NO, NO, 

as igs es (CH;)>CHOCH(CHs)» N;CH,CHCH, 

I 

2-lodo-3-nitrobutane 2-Isopropoxypropane 1-Azido-2-nitrato- 
propane 

O 

COOH CH,—CHCH,Cl CH;SO,.C3H; Sy 

2-Carboxycyclohexanone 3-Chloro-1,2- Methylsulfonylethane 
(not preferred, see below) epoxy propane 

Acids. If inclusion of a carboxyl or related group in the parent structure 

is clearly inconvenient, the attached group is given a parent name and the name 

of the functional group is added to the name of the parent. The system is 

preferred to the one illustrated above in which carboxy, etc., are given sub- 

stituent names. The suffixes formed in this manner must always contain some 

indication of the presence of carbon atoms not found in the parent structure. 

Names such as acid, amide, and aldehyde are class names and are not sufficient 

to show the presence of carbon atoms. 
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O 

COOH 

ie See 

2-Oxocyclohexanecarboxylic Cyclopentanecarboxaldehyde 
acid (not cyclopentanealdehyde) 

CONH, 

pa COOC,H, 

Cyclobutanecarboxamide Ethyl cycloheptanecarboxylate 

The same system is always used for the nomenclature of other acids, such 

as sulfonic, sulfinic, sulfenic, and phosphonic acids. 

CH;SO;H CH;CH,CHCH, 

SO.H 

Methanesulfonic acid 2-Butanesulfinic acid 

CH, PO3H, 

eos 

én, 
2-Methylbutane-2-sulfenic Bensenephosphonic 

acid acid 

Polyfunctional Compounds. When two or more different functional 

groups for which suffixes are given in Table A-3 occur within the same 

molecule, only one suffix can be used to form a systematic name.t The other functional 

groups must be considered as substituents. For example, the compound 

HOCH,CH,COCH, must be named 4-hydroxy-2-butanone, not 4-butanol-2-one. 

The name 3-oxo-1-butanol does not violate the rule against multiple suffixes 

but is not preferred because the hydroxyl group is designated as the principal 

function. An order of preference is established for the assignment of the role 

of principal function. 

1 First preference is given to acidic groups and to other groups that by their nature must 

terminate chains. Although variations occur, the following order is usually followed 

for choice among members of the class: COOH > SO.,H, SO,NH,, SO,R > CONH,, 

CN, COOR > CHO. 
2 The nonterminal groups, keto, amino, and hydroxyl, dre given last preference, with 

the order among them usually being CO > N > OH. 

3 All other groups are listed as substituents. 

+ As the table is formulated, double and triple bonds are exceptions. The designations -ene and -yne are 

considered to be part of the root of the names of compounds containing other functional groups. 
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The following examples illustrate the rules: 

COCH; 

NH,(CH,);COOH CH,CH,.CH,CHCH,CH,COOH 

7-Aminoheptanoic 4-Acetylheptanoic acid 
acid 

SC,H; 

HCOCH,CO(CH,),COOC,H; CH,(CH,),CHCON(CHs)>2 

Ethyl 6,8-dioxooctanoate N,N-Dimethyl-2-phenylthio- 
heptanoic amide 

se 

CH;(CH,),COCH,NH, H,N(CH,)3;CH(CH),)3;NH, 

1-Amino-2-heptanone 4-Hydroxy-1,7-heptanediamine 

TABLE A-3 TUPAC Nomenclature of Principal Functional Groups 

Functional class Prefix Suffix 

Acid (carboxylic) carboxy- -oic acid, -carboxylic acid 

Alcohol hydroxy- -ol 

Aldehyde oxo-, aldo-, or formyl- -al; -carboxaldehyde 

Amide carboxamido- -amide, -carboxamide 

Amine amino- -amine 

Azo azo- 

Azoxy azOxy- 

Double bond -ene 

Ether alkoxy- or aryloxy- 

Ethylene oxide epoxy- 

Halide halo- 

Hydrazine hydrazino- or hydrazo- (RNHNHR) 

Ketone oxo- or keto- -one 

Mercaptan mercapto- -thiol 

Nitrile cyano- -nitrile, -carbonitrile 

Nitro nitro- 

Nitroso nitroso- 

Quaternary nitrogen -onium, -inium 

Sulfide alkylthio- or arylthio 

Sulfone alkylsulfonyl- or arylsulfonyl- 

Sulfoxide alkylsulfinyl- or arylsulfinyl- 

Triple bond -yne 

Urea ureido- 
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Bicyclic Compounds. Polycyclic compounds, in which two or more carbon 

atoms are common to two or more rings, take the name of an open-chain 
compound having the same number of carbon atoms, and suffixes such as 

bicyclo- and tricyclo- indicate the number of rings. The points of fusion of 

the rings are indicated by listing the numbers of carbon atoms in each of the 

bridges, i.e., the number of atoms between the fusion points (bridgeheads). 

The bridges are listed, within brackets, in order of decreasing length. 

H 
Cc 

H,C | CH, 

C 
H 

Bicyclo[1.1.0]butane Bicyclo[3.2.1]octane 

Numbers are assigned to the carbon atoms by beginning at a bridgehead 

and moving along the bridges. The longest bridge is numbered first, the second 

largest next, etc. 

Bicyclo[2.2.1]hept-2-ene 

A polycyclic system is considered to contain a number of rings equal 

to the number of bond scissions necessary to convert the skeleton to an open 

chain. Tricyclic and tetracyclic systems are named by first specifying a bicyclic 

system containing the three principal (longest) bridges; the location of addi- 

tional bridges is then indicated by a superscript number. 

7 

pa 

Tricyclo[2.2.1.0’*] heptane 

In the above name the superscript numbers show that the zero-membered 

bridge connects ring members 2 and 6. 

Replacement Names. Compounds containing hetero atoms are sometimes 

given names based upon those of hydrocarbons that have the same total 

skeleton with the hetero atom replaced by carbon. The presence of a hetero 

atom and its nature is indicated by a characteristic prefix. The prefixes charac- 

teristic of common hetero atoms are listed in Table A-4. Since the prefixes 

all end in a, the system has been referred to as a nomenclature. The a is sometimes 

elided if the name of the parent skeleton begins with a vowel. 
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CH;CH,CH,NHCH,CH,CH; CH;,0CH,CH,OCH,CH,OCH; 

4-Azaheptane 2,4,6-Trioxanonane 

Heterocyclic Compounds. A vast number of heterocyclic compounds are 

known, including many important substances. Rules for their nomenclature 

are too extensive for presentation here; only a brief synopsis can be given. 

The common names of many ring systems have been accepted by the IUPAC 

system; the 1957 Report lists 71 such names. In addition, the Hantzsch-Widman 

system for monocyclic rings containing hetero atoms is recommended for use 

in modified form. The system combines prefixes, which indicate the nature 

of the hetero atom present, with stems, which indicate the size of the ring. The 

prefixes are the same as those listed in Table A-4 for use in substitution names, 

except the terminal a is usually elided since the stems, which are listed in Table 

A-5, all begin with vowels. The prefixes listed in columns 2 and 4 under 

“unsaturation” are used for naming rings that contain the maximum number 

of conjugated double bonds. The names listed in the “saturation’”’ columns are 

used only for compounds containing no double bonds. Compounds of inter- 

mediate degrees of saturation are named by using the prefixes dihydro-, tetra- 

hydro-, etc., with the unsaturated name. The following are representative 

names: 

ia a 
wes aN N 

H,C—CH, HC==—CH “S~\ 
H 

Oxirane Azirine 1-H-Azepine 

CH, Ht 
1,3,5-Triazine 3-Methyl-1,3-oxazetidine Perhydro-1,3-thiazine 

TABLE A-4 Characteristic Prefixes for Replacement Names 

Element Prefix 
a a ee a ee 

Oxygen Oxa- 

Nitrogen aza- 

Sulfur thia- 

Phosphorus phospha- 

Silicon sila- 
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TABLE A-5 Stems for Use in Nomenclature of Heterocyclic Compounds 

Rings containing nitrogen Rings not containing nitrogen 
No. of ring 

members Unsaturation Saturation Unsaturation Saturation 

3 -irine -iridine -irene -irane 

4 -ete -etidine -ete -etane 

5 -ole -olidine -ole -olane 

6 -ine tT -in -ane 

7 -epine Tt -epin -epane 

8 -ocine ij -ocin -ocane 

) -onine i -onin -onane 

10 -ecine T -ecin -ecane 

+ Use perhydro with the unsaturated name 

PROBLEMS 

1 Assign an IUPAC name and, if possible, at least one other name to the following 

compounds: 

a (CH;),;>CHCOCH; k GCE COOH 

b SCC C= CeHs NH, 

CH, 1 C.H;SSC,H; 

OH m_ (CH;)s;CCH,CH,NHCH, 

Cc Cae eset n )>—cH.CI 

C,Hs 

d ONC 0 oat \« 

CH; 
CH(CH;)» 

e Cs;H;CH,OC,H; 

= 
f (CH,),C—=CHCHO p | 

Z 
CH, N 

g Be eect CH=CH, 

Br 

h CH,—CHCHCH=CHC=CHCH; q 

CH, CH,CH.CH; 
Cl 

1 BrCH,CH,SO,CH3 

O 

; OHC(CH;),COOH r es CH, 
CH,CHCH; 
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OH N(CH3)> 

CH; CH; 

NO, COOCH; 

x 

wie) : 
N 
| 

u 

Vv 

CH,O N7~ *CH.C,H; 

2 Write structural formulas for the following compounds. Give an IUPAC name to 

each compound not already designated by that system. 

Pivalic acid o f£-Phenylbutyramide 

tert-Amyl bromide p m-|sec-Butyl|-benzoic acid 

a,B’-Dibromodiethyl sulfoxide q_ Divinylcarbinol 

2,4-Dinitro-5-methylbenzoic acid r 

b 

c 

d Ethylmethylphenylcarbanion 

e a-Naphthyl 6-naphthoate 

f 

8 

h 

s 2-Carbomethoxycyclobutanone 

2,2’-Bipyridy] t a-Phenylethanol 

Trieicosylcarbonium ion u 9,10-Dihydroxy-1-methyl-4- 

Acetylacetone nitroanthracene 

i 4-Methyl-2-cyclohexenone Isobutyl isobutyrate 

[2.2.1]Bicycloheptane 

4-Oxanonane 

4,8-Dithiaundecane 

2,4-Dinitrophenylhydrazone 

j  Tetrabutylammonium bromide 

k Allyl benzyl ether 

] 2-Methyl-4-methoxy-2-hexene 

N-Methyl-N-acetylaniline 

3-Hexene-1-carboxylic acid of acetophenone 

N< x ¢ < 

a5 
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3 Criticize the following names, and where possible write the correct name and 

structure for the compound. 

a [2.2.2]Bicycloheptane k Bibutyl 

b 5-Methyl-a-chlorobutanoic acid 1 Tetraphenylcarbinol 

¢ 3-Carboxy-1-butanol m_ sec-Valeric acid 

d 4-Propylhexanal n_ trans-Maleic acid 

e 2-Methyl-4-chlorobutanoic amide o Dibenzoylmethane 

f 1-Cyclohexanone p Methyl 3-nitrophthalate 

g 4-Isopropyl-5-octanone q 3-Naphthoic acid 

h 4-Methyl-8-nitronaphthalene r a-Methylglutaric acid 

i Methyl propyl cation wn 3-Methyl-3-ketohexanoic acid 

j Triphenylmethyl carbonium ion t 2-Vinylhexanoic acid 

[for (C.H.).C*] 

4 Give the page reference for the entry of each of the following compounds in the 

subject index of Chemical Abstracts for 1959: 

a C,H;OC.H; 

NH, 

O(CH2)3CHs 

b 

CH;(CH;);0 

c CH,—CH, 

HN——CH, 

d CH,—CHO(CH,),OCH=CH, 

NHCH 

f CH;(CH»)isNH, 

CH; 
| 

Bue sete 

S CH; CH, 

SO,NH, 

» C,H;O 

NH, 
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N—N 

ye O 
j CcoH;COCHCN 

CH,CH,CH; 

COOH 

OH 

k 

NH, 

CH;0 

H 
va 

l Cc=E€ 
Va 

H 

OCH, 

COCH,CH, 

" 
O 

"CT» 
O 

OH 

(CH3)3C 

CH; 

NH, 

APPENDIX 
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ANSWERS 
CHAPTER 1 

1-2 Each peak represents a pure substance, the intensity (area) of the peak 

equivalent to the relative quantity. B and C have the same three com- 

pounds in different quantities, A has those three and more; when heated 

the first substance in the A trace is converted to the third. 

1-7 a 87.8 + 12.2 = 100, hence no elements besides C and H; C,H,, CgH),, 

GeHis, ete 

c Another element; assuming oxygen = 100.0 — (73.1 + 7.4) = 19.5%: 

(C5H,O),, 

1-8 C,H,O 

1-11 a C,.H,O,; b C.H,,O, d C,H,;NO 

1-127 AC Hig, B= Colic, C= Ci HLO 

1-13 (CH,), 

CHAPTER 2 

2-3 a CH,—S—CH,, CH;—CH,—S—H 

c CH,—N—CH,, CH;—CH,—NH—CH,, CH,;—CH,—CH,—NH, 

CH; 

f CH;— re CH= Gay —CH OH CH —O— CH) CH;_0OH, 
;OH sO :OH 

and six more 

h CH,—CH,—CH,—CH,—CH,—F:, CH,—CH—CH,—CH,—F:, 
| 
CH; 

ee 

Le a me and five more 

F 

/CH;—CH,—CH=G, CH;—C—CH;, CH,=CH—CH,—OH, 
| 

:O: 

> CH—CH. CH.— CH—CH,. 

CH,—O: 

HO—CH—CH—CH,, CH,=C—CH, 

:OH 
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2-5 

ANSWERS 

We Br 

CH, 
= 
C=CH—CH,—OH 

vi 
CH, 

ee 

CH 
a <x CH, 

CH, ve 
C 

‘é CH; 

CH, 

ch.—¢H—cH ccc 

:OH CH, CH; 

CH; 

ee aera ae 

CH, :O: 

eh 
OE Na Oia nae od 
HOOF ee 

i :‘L—I—I 
O cme oe 

aa + ats = = _. 

LOS N= ©: k ie 

O :O: 

‘OF ‘Qe 
a p a | bo ee 

GHG. 1 SEAR G 
0: Cr: 

= 2 
[>C=O: 

UE on SE 
(CH;),NH f CE —G— GE CH>—O— GH, 

+ 
CF,, NF, 

4 C—H bonds = 4 X 99 = 396 kcal/mole 

6 C—H +2 C—C +1 C=O = (6 X 99) + (2 X 83) + 179 = 939 
6 C-H+2 C—O+1 C=C= (6 X 99) + (2 X 86) + 146 = 912 
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O CH 

RHO. faci: Ne 

oe 

OH OH CH, CH, 
N=C C=N | Se 

g N 

e = Ve ON 
CH, GH: 

N=C C=N 

oe aie On) oe aie AG =— AS a ote ie ans a ae eta are 

O—=C—90, O=N=O, O=B=O0, N=N=O, N=N=N, O=C=N, 

N=cC=N, etc. 

a Bonds broken: C—C_ 83 Bonds formed: C—H 99 

O-H 111 C=O 179 
C—O 86 278 

280 
Endothermic by 2 kcal/mole 

b Bonds broken: H—Br 88 Bonds formed: C—H 99 

C=C 146 C—Br 68 
234 C—C 83 

250 
Exothermic by 16 kcal/mole 

Stability = energy to cleave weakest bond:d >e >b>c>a 

ao ag aS 
a CH,—N and CH,—N=N 

Ve 
s ote + Eo 

be H—-©— CN: and H—_C__N—_©: 

CH; 

f CH;—G—S—CH, and eee) 

CH; 

pI 

Ke OF 
SF: 

c | | 
FC 
cn GH 

7 

dc—C_NEH. 

++ 
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CHAPTER 3 

3-1 a 1 ClO Le 

lp, 2 DR £ d 

oe Compare: a ) and 

d > and CH,C=CH or CH.—=C=CH, 

4 

6 

I ee 
3-5 CH,—C—CH,—OH —> CH;—C—CH,—OH but not 

O N—OH 
| | 

CH.— CH.— C— OH > CH.—CH,—C— OH; there are two more possible 

C;H;O, compounds which would give oximes 

3-6 Ethers and alcohols 

3-7 a C;H,;NO, + H,O —— C,H,0, + CH;CH,NH, and 

| 
C,H,0,5=C,H;,—C— 

OH; compound 
A is 

I T | 
CH,CH,CH,—C—NH—CH,CH, or (CH;),CH—C—NH—CH,CH, 

O 
d ath COOH 

NH NH, 

3-8 S + 30; —> 30=CH—CH=—O 

CH; 

3-10 CT + O; —~> CH3;COCH,CH;CH,CHO 
ee 

O 

[ hs ss 3-12 or etc. 

2-Methyl-1-butanol 

2-Methyl-2-butenoic acid 

Methyl 2-hydroxy-2-methyl-3-bromobutanoate 

2-Chloromethyl-3-ethylamino-2-butenal 

2-Methyl-2-propyl-3-buten-1-ol 

2-Chloro-4-cyano-6-propyl-cyclohexanone 

1-Cyclopropyl-4-hydroxy-1-butanone 5S oe = SOO A DBD 

3-14 b (CH;);CCH,;CONHCH, 

d CH,C=CCH—CHCH=CHCHO 
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OH 

3-17 Indexes:a 1 7 te ep 

b 4 al § fae 

Compare d 
\ J named as 1-hydroxy-3-amino-4-pheny]l- 

benzene 

3-19 CH;,;COCH,CH,CHO 

CHAPTER 4 

4-2 2,6-Dimethyl-4-isopropyl-octane 

1,3-Dimethylcyclohexane 

1,1-Dimethyl-1-phenyl-ethane or t-butyl-benzene 

=> ey fos f5) 1-Vinyl-4-methyl-cyclohexane 

CH, f (CH,),CHCH,C=CCH, 
aoRD Ge CH.CH, 

a 

ie] 2 

4-10 CH,;—Li+H,O ——> CH, + Li* + OH™ 
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4-11 a 2 Cano e 6 

1 ded eset ia 6 

4-14 a c{ coor f <>-co0c., 

e ES Ors COUCH CH i Sree rac} 

CH, CH, 

NOH 

“oO CH, 

O 

b | O h CH,COCH,CH,COCH, 

1 CH,CH=NNHCONH, 
O 

le 

4-17 b HC=C—C(CH,CH;), 

f 

on 

CHs better named as 3,4-dimethyl-4-ethyl-5-hepten- 

2-one 

4-18 c 4,4-Dimethyl-2-amino-pentanoic acid 

2-Methyl-5-amino-2-cyclohexenone 

g 2-Methyl-2-ethyl-4-ethylamino-butanal or 2-methyl-2,N-diethyl-4- 

amino-butanal 

i 3-Hydroxy-3-(2-hydroxyethyl-)-pentanoamide 

CHAPTER 5 

‘O: Om 

Ci ON | 
5-2 b CH;—N—O: Se CH,— N= 

+ 

+NH, ‘NH, 
Clie Loe 

c R~—C“NH, <> R—C=NH, 
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ca { PoaL]ak)— 

a] od _ 
5-3 a CH;—C=CH—CH <—~ CH;—C—CH=CH 

| | | 
HO: ) HO - » 0 = 0: 

c nA yoy niie{ bec 
We 

5-4 Only a is a resonance form 

1187 

N: | 

5-6 Aromatic =a, c, e, f, h, i, k, l; others are antiaromatic 

Compare: 

:O:- 

Ss on a oe ZA 

ik 
CH; 

N A 
HB~ + BH 

f k | | 
HN*+_ +NH 

Sie 

H 

:O: 

| 
5-7 a CH;,—C—NH, <> CH,;—C=NH, 

+ 

ae oe ne a oe 

k CH,=CH—N=06 <— CH,—CH=N—O:- 
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Gieel Cl cl Cl Cl 
) On OH 

Syit +Ht 0) 
5-11 a — See 

O O O 
OH 

= — +Ht (Octet Onl 
o- OH a 

—Cy -CyY 
— On OH 

—Y —-Cy 
O O 

CH, CH; 
5-14 —— interconvert via formation of interme- 

CH, CH, 
o- 

CH; 

diate enolate 

CH; 

5-16 a C,H;CH=CH—CH,* more stable because of added resonance of con- 

jugated phenyl 

Ss 
b Only (> has aromatic 6 7-electron resonance stabilization 

No 
| 
CH; 

d if \ has aromatic stabilization 
~ V 

f Identical (only resonance hybrids, not different ions) 

CHAPTER 6 

6-1 a Trans b Cis c Trans e Cis 
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6-3 The conformer with fewest axial groups is more stable in each pair; ina, d, 

and e there can be no distinction. Stability: f=c >b >e=d>a. 

OH 

6-5 d i /-CH; 

OH HO COGEH 
OH 

7 COOH 

i Kel CH, 

6-6 a Stability:1>2>5=6>3=4 

OH 

6-7 ESSE Sao (unique answer) 

CH; 

6-8 aR el im tt © 

6-13 a 3 asymmetric centers = 2? = 8 stereoisomers, or 4 pairs of enantiomers; 

COOH 

CH: 
most stable = y 

OH 

6-14 Only c and g can be asymmetric; d would be asymmetric if it did not ro- 

tate freely 

6-22 a  s-Lactic acid (s-a-hydroxy-propionic or s-2-hydroxy-propanoic acid) 

d_ Rk,R-2,3-Diphenylbutane 

6-25 a,b 2° = 8 stereoisomers or 4 diastereomeric pairs of enantiomers (4 

diastereomeric racemates) 

c All substituents equatorial: 

COOH HOOC 
(2 enantiomers) 

Br Br 
HO OH 

OH 
COOH : 

d,e 2-Epimer = a HO =, 
Br Br. 

COOH 

(HO, Br trans; Br, COOH cis; 
HO, COOH trans) 
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6-27 O 
COOH 

Br Br 

COOH 

Positive Cotton effect; other enantiomer = negative 

COOH 

6-29 

This is the only comformation since it includes rigid trans-decalin systems. 

The hydroxyl is axial, hence less stable than the equatorial hydroxyl epimer. 

Number of asymmetric carbons = 8; 2° = 256 stereoisomers. 

ee ai = 

6-33 cut Fi Gas Saas 

A Rae CH; CH; 

Owing to resonance there is partial double bond character in bonds A and 

C but less than in bond B which is a double bond in the predominant 

(uncharged) resonance form. If the charged form accounts for ~25% of the 

resonance character, then A, C ~ +(60) =15 kcal/mole and B ~ 45 kcal/mole. 

CHAPTER 7 

7-2 Dipole moments in a, d, i, and j 

7-3 Solubility in H,O:f >e>a>d>b>c 

7-5 HOCH,CH,OH ( \-coon (Vin, cl 

A B G D 

7-6 b 248 — 215=33 nm=12+12+10=8+ 8+ a; index of hydrogen defi- 

ciency = 2, which requires acyclic unsaturated ketone: 

CH; CH; 
N Ye 

cHy Nee 
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CH,;O CH,;O CH; 

7-7 Thebaine = + or 

CH, CH;O0 3 

OCH, 

CH;O 

2.8, 6.0-6.1, 6.2-6.3 w (~1600, 1650, 3500 cm-!) 
4.7, 5.70  (1750,'2100 cm-') 
~3.0, 5.70, 5.75, 5.95 @ (1690, 1740, 1750, ~3300 cm-) 

i 2.8, 5.65 u (1770, 3500 cm-') 
so es 

© 
7-10 a Must be saturated ether, index = 1; oe , etc. 

c Two triple-bond bands with only one nitrogen must be C=C and 

C=N. Only carbonyl could be ketone or ester (not amide; nitrogen 

already placed) and not in a small ring. Index = 5; the three functions 

account for it, hence no rings or more unsaturation, and four of the 

carbons are placed, an ester accounts for the fifth and both oxygens. 

Unique solution is N=C—C=C—COOCH. 

7-11 a C,H;COCH,CH,COOH: phenyl = 5H ~ 2 7; methylenes = 4H ~ 7.6 7; 

aeiel = Wel = ile 

d CH,(COOC,H;),: methylene = 2H ~ 7 7; —OCH,CH; = 4H ~ 6.5 7 and 

6H =~ 8.87 

h CH,—CH—CH(OCH,),: 3 vinyl peaks (1H each) from 3.5-5 7; 1 acetal 

H ~ 5.5 7; 6 methoxyl H (one peak) ~ 6.6 7 

7-12 a First signal = CHO without adjacent CH; second two are aromatic and 

split only by each other with a large ] = 9, hence two identical pairs of 

ortho H, implying a para-disubstituted benzene; last is a methyl with- 

out adjacent CH; hence the second aromatic substituent is CH;, COCH;, 

or OCH;; chemical shift best for CH; or COCH:: 

H H 

O—CH CH, or ocr{_\-coces 

H H 

IR =~ 5:95 » (1680 cm *) in either case 

7-15 UV = 250 — 215 = 35 = 10+ 12 + 12 or a,8,B8-trisubstituted unsaturated 

ketone of index = 2, hence acyclic: (CH3)2C—=C(CH;)COCHs3. Alternative = 

acyclic diene (+ ether or —OH) with 35/5 = 7 substituents = impossible. 
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7-17 

ANSWERS 

Index = 2; UV = no conjugation; IR = ester or 5-ring ketone, no OH; 

aN 
NMR CH—CH, (8.85 7), —CO—CH,—CH,— (7.65 7 chemical shift for e. ei) peeder 

CH, next to CO, splitting for 2 adjacent H), and 3H more at O—CH posi- 

tions. Hence if ester, must be ring (index = 2) and = 6-membered; with C, 

this leaves no CHCH, possible. Therefore, 5-ring ketone + ether. The isomer 

~ 
has 2H and 6H without adjacent H; the latter is pees IR = 4-ring 

lactone. 

1 
cx 

a H.C ree 

CH, O 

O 

| | 

Sllemeiig ete ang AR 
CH,—C(CH:), (CH;).C —CH, 

Index = 6; UV = no conjugation, probable aromatic; IR = OH(or NH), 

normal ketone, amide. NMR: 2.82 and 3.20 = pair of ortho H doublets = 

para-disubsituted benzene; 5.66 = 2H adjacent only to NH or OH and also 

to something else (f, CO, etc.) for low 7; 6.24 = —OCH; and 6.63 = CH; 

between two unsaturated groups (¢, CO, etc.); 7.79 =—COCH,. Total func- 

tional groups = NO; = CO + CO—N + OCH:;; hence CONHR and no OH. 

H H 

| H 
Summary: *; *—C—CH;; »—C—N—CH,—x; —OCH,;; leaves 

H H 

no rings or other unsaturation and CH, to be placed between 

any two groups marked +* 

Structures: CH,O CH,CONHCH,COCH;; 

cH.0-{ _)--cHNHCoCH.CocH, 

or interchange CH;0— and —COCH. 

7-22 a Mol. wt. = 102; 7 2.6 with 5 H implies C;H;—, mol. wt. 77; difference = 

102 — 77 = 25 = GH. Only C,H,C=CH fits. 
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7-24 

Index = 2; no H has neighbors; no C=C—H or —O—CH; 12 H = 

Be 

[(CH;),C  ].; 4 H = [x—CH,—-x], (in each case these are two identical 

molecular units); 2 H = x—CH,—~x; total = C,H, X 2 + CH, X 3= GoHig, 

leaving C=O and one ring (index = 2): 

O 
| 

CH, CH; 
Cie ecu, 
GH cis ar 

Mol. wt. = 131 + 14 = 9 first-row atoms (C, N, O); NMR shows typical 

—O—CH,CH, as low quartet (CH,), high triplet (CH,); IR implies ester, 

.e., —COOGH,, mol. wt. = 73; difference = 131 — 73 = 58; N = 14, and 

58 — 14 = 44 or about 3 carbons left; NMR shows N(CHs3), and x—CH,—x. 

(CH3),NCH,COOCH,CH, is the compound. 

CHAPTER 8 

8-1 Base must have equal or higher pK, than H in compound 

Cs5H;NH, = only ¢3C:~ 

cu-{ on, all except CH,COO- 

CH,O- + CH,COCH,COOCH, —= CH,OH + CH,;COCHCOOCH,; 
pk. = 10.2- 16=—5.8 K, = 10°8 = 630,000 (essentially goes to completion) 

COs ~ a sO) SS AKG OS SHON pak, = 9, = 10 21 ee, = 10 

or ~70% completion 

Resonance stabilizes conjugate base more than acid and is more effec- 

tive in para isomer 

p-cyanophenol is stronger acid (lower pK,) 

Ketone conjugate base more stable since e” pair is sp”; protonated ke- 

tone is stronger acid 

“ NGS | vax . : : 
Resonance in C-“C~O— competes with cross-conjugation from 

oxygen, hence is weaker in ester than ketone; ketone = stronger acid 

8-10 Most basic site is e~ pair on carbonyl (sp*): CH3;—C 
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ANSWERS 

Initial protonation at most basic carbonyl e pair; protonated B-diketone 

enol then has more resonance stabilization and is weaker acid. Similarly, 

enolate anion after proton removal is more stabilized and £-diketone is a 

stronger acid. 

OH 

a d—CH—C—OR == d—C=—C—OR; resonance favors enol more 

| 
COOR COOR 

than in simple ester but not enough to overcome bond-energy prefer- 

ence of keto over enol 

d From bond energies triketone more stable than aromatic triol; actually, 

triol appears to be preferred, however 

i Two main tautomers identical 

I i 
a CCH st Om ———5 6 — © Bu Ol pO ell Ker Ole 

i am =; x = 0.24 moles enolate present = 

b Weaker base, hence less enolate present to do second reaction 

No enolate adjacent to C—CI can occur in three cases; these are slower, 

but in the phenyl-substituted compound, the CH in the 2-position is 

more acidic and more easily removed so that reaction is faster 

Nonsense; no neutral oxygen functional group is basic enough to be ob- 

served in water (pK, 0-12); see Table 8-2 

a Index = 4 like pyridine, pK, 5; e.g., | 

CH, N CH; 

c Normal saturated acyclic (index = 0) amine with asymmetric carbon: 

CH; 
| 

g Index = 6, allowing aromatic; phenols = pK, ~ 10; nitrogen neutral; 

HO. 4 

e.g., | 

SS N O 

| 
CH; 

I 
a Acid, pKa < 7 = RCOOH; index = 2 = C + one ring (no double bond); 

CH, 

COOH 

e.g., 

c CH;CH,CN nonbasic; HC==C—CH,NH, basic, dissolves in HCI 
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8-23 Nitrogen is nonbasic in amides owing to resonance Keo which 

creates much double-bond character in the C—N bond; the rigid structure 
of B does not allow double-bond character at the bridgehead (Bredt’s rule) 

and prohibits this resonance 

CHAPTER 9 

9-1 a Substitution b_ Elimination d_ Addition 

i ie | 
9-4 a Poon es c os ee 

fA 
lal <= —H 

9-6 a Concentration of B at equilibrium = 100 = 0.033; 
30,000 . 

K = 0-033 __ 3.4 x 1972 
@ = 03033) 

9-7 a Rates = CH;0 > CH; > CH;CO: Fig. 9-7 effects D, standard, B, respec- 

tively 

9-9 a Nucleophilic substitution 

i Nucleophilic addition, base-catalyzed so that active nucleophile is 

CN 

probably CN~, giving CH;CH—O™ which is finally protonated 

9-13 The rate-controlling step is the first ionization and CH;CO, is not involved 

in this; hence its concentration does not affect rate 

9-15 a First reaction faster owing to ring-strain release; effect C, Fig. 9-7 

Protonation of —OH and ionization to H,O and carbonium ion are the 

initial and rate-controlling steps; the secondary, allylic carbonium ion 

is more stable, hence faster: Fig. 9-7, effect B 

9-16 c Second equilibrium more favorable since product has added aromatic 

resonance stablization 

CHAPTER 10 

10-2 a Racemic 1-phenyl-1-acetoxybutane via Sy1; s-1-phenyl-1-acetoxybu- 

tane via Sy2 

10-4 a Racemization via Sy1 solvolysis of the tertiary alcohol to its formate 

ester 

b Sy2 reaction with inversion produces the enantiomer, which is an- 

other Sy2 of identical rate returns to initial enantiomer; net result is 

ultimate racemization 
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10-5 b AgNOs;: (CH;)CCI > (CH;),CHBr > C,H;Br (no reaction at room tem- 

perature) Nal: C,H;Br > (CH;)2CHBr and no reaction with (CH;)3CCl 

10-6 b First reaction slower (Sy2) owing to steric hindrance; products = CN 

replacing I 

CH, CH; 
| Ht | ¢ Ht p 

Cc @.He ii OH Bre > C,H; es and Pa 

CH; CH; OH Br 

Second is slower (Syl) because of steric hindrance to forming planar 

carbonium ion with coplanar phenyl in resonance 

10-10 b Cis —— two cyclohexeneacetic acids; trans —— 6-lactone 

Cis —— two cyclohexeneacetic acids; trans —— y-lactone 

10-12 a _ Triphenylethylene; 1,1,2-triphenylethyl formate 

c 1-Methylcyclopentene; 3-methylcyclopentene 

10-13 R-2-Phenylpentanonitrile by Sy2/inversion + some 1-phenyl-1-butene 

an Racemic 1-phenyl-1-acetoxybutane by Sy1 (racemization) + some ex- 

cess inverted R isomer + some racemic 1-phenyl-1-ethoxybutane and 

some 1-phenyl-1-butene 

S 
Vi 

ee 

10-14 ox XX 

10-16 Cis Fleck peeves} ——> (> 

O 

10-19 a Carbonium-ion order: C,j)H;CH,Cl, CsH;CH.Cl, (CH;),CHCI, 

CH;CH,CH,Cl 

10-22 (1) HBr; two diastereomers possible from either cis or trans starting 

ether owing to Sy1 giving both epimers; (2) propionic acid solvolysis, Sy1, 

to distinguish two bromines best; (3) AgBF, in CH;0H; CH;O7 will lead 

largely to elimination; both choices are bad in this way 

CH; 
10-23 a 

(Gl 

o¢3;CCH,OH 

CH;CH,CH—CHCH,Br 

pb 
ae 

on 
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10-26 b 

1197 

Sy1 reaction via carbonium ion slower when ion adjacent to positive 

carbon of C=O dipole and so destablized 

Steric crowding released as three bulky groups go from 109.5° to 120° 

angles (sp* to sp”); this release favors the carbonium ion 

Compression of larger bicyclic system to a flat carbonium ion is easier 

the larger the ring 

CHAPTER 11 

11-1 b 

11-3 c 

11-4 ¢ 

11-5 b 

HC=CNa + CHI 

(CH;)2>CHONa a CH;CH,CH,I 

HC=CNa + CH;CH,CH,CH; Br —> 

HC=C(CH,);CH; + 2H,/Pt —— n-hexane 

Nat :CH(COOC,H;).; CH;—CH(COOC;H;),; CH,C(COOC.H;), Nat; 

COOC,H; 

Cie co0GH, 
CH; 

CH,COCHCOOCH,Nat + (CH;),CHI —> 
COOCH, 

CH,0- ~— CHI 
(CH;)>CH—CHCOOCH, ———~ ———> 

H,O 
ri product 

COCH; 

ae CHCOOCH, == CH;COCH;,;COOCH; CH,(CH,),Br CH;(CH2); 3 CHI 

COCH,; 

—OH 
Se ame product 

CH, 

(CH;),C—=CHCH:; SS ere ye (CH;)3;CCH,OCHs (very little) 

OCH; 

CH;CH=CHCH;; CH;CH,;CHOHCH;; CH;CH,CH=CHb»; 

C,H;Br + CN- 

O 

CH,—CH, + CN- —> HOCH,CH,CN —°4 TsOCH,CH,CN “> 

OH 

H, H,O 
HC=CNa + CH;3I —> HC=CCH; ee CH,—=CHCH; ——> 

Cl 
HCl | 
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2CH;I 

n CN~ + CICH,COOCH; —> NCCH,COOCH; —75-> 
H,O 

O 

q HC=CNa + CH.—CH, —> HC==CCH,CH,OH ——> 

+HC=CNa 
He=—CEGH: CH. 01s 

H, 
HC=CCH, CH,C=CH ser ee n-hexane 

O : 

u CH3Li Sif CH,—CH, Sy CH;CH,CH,OH se 

CH;CH(COOO,H;)2 

OCH: 

H,O 
CH;CH, CH,OTs > Sia cues “Ht 

CH; 

ee ae ee 

CH; 

11-9 a The reaction will go well but some amines may arise from Sy2 reaction 

of NH3; use another base such as NaH. Reaction as written also yields 

NH,CL. 

b 

COOCH; 

c No cyclization owing to linear acetylene; polymers will form 

d_ Cis cyclizes, trans polymerizes; cis —> 
N(CH): Br- 

O 
CH;0H (E 1-11 ¢ éCH—CH, [> $CHCH.OH ees: éCHCH,OTs = OCHGET| 

| ei OCH; OCH; OCH, 

Ht H, éCH—CH, —> oCH=CH, <> $CHCH, 
OH 

O 
—OCH; d= CH, GOGH; COOCH, + CH,CH-- GH, = 

CH, 
CH;COCHCOOCH, —~ocu, | H,0 aa CHsCo¢coocH, = "> 

CH,CHOHCH,; $ ee 
CH,CHOHCH, 

CH, 
CH,COCCH.CHCH, 

OH 
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11-12 

11-14 

b — Se pees 

Cl Cl a J 

CN 

O 

Ignoring epimerization @ to CO, the bridge from ethylene oxide must 

form trans to the —Cl for Sy2 displacement; hence CN is cis to Cl and 

original Br was trans to Cl since Sy2 displacement by CN~ goes with 

inversion 

IR = ketone (5.85 «) + ester (5.75 uw); NMR shows two kinds of —CH.CHs;, 

one at 9.25 (CH3) and 8.1 (CHz), the other at lower fields, 8.75 (CH;) and 

5.8 (CH,), the latter being —O—CH,CH,; of the ester; the former ethyl 

signal is twice as intense, therefore aes CH;CO also from 3H 

singlet at 7.9 7 

CH.CH; 

CH;CO—C—COOCH,CH; (mol. wt. 186) 

CH,CH; 

Mass spectrum shows loss of CH, (186 — 15 = 171), loss of CH,==CH, 

(182 — 28 = 158), and units COOC,H, (m/e 73) and CH,;CO* (m/e 43). 

CHAPTER 12 

12-2 a CH;COCH,CH,;CHOHCN 

12-3 

12-4 

O 

c ; other CO is conjugated and less reactive 

OH CN 

COCH; 

¢ cis-OCHCH=CHCHO + CH;0OH + H* 

a 4-Cyano-2-pentanol 

b  1-Chloro-3-pentanol; 3-pentanol 

e Cyclohexanol + acetone 
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12-6 a CH;CH,CHO + C,H;MgBr 

HB 

d CH,COCH, + CH;Li —> (CH,);COH ——> (CH;),CBr 
Ht+ 

h ¢MgBr + CH,CH,CHO —> ¢CHOHCH,CH, ——> 
H, 

o@CH—CHCH; Saree oCH,CH.,CH; 

12-7 b (CH,),.CO + H,NOCH;/pyridine 

O 

pec 

d ; /OH- 

OH 

i dCH—C(CH;),./OH- 

NO, 

m_ p-Bromobenzaldehyde/CN- 

t CH,CH=Pd¢,; + o-{ )-0ine catalyst 

1,3-Cyclopentanedione + 3-penten-2-one 

Cyanide ion + 2-cyclopentenone 

NH; + CH,=CHCN 

(C,H;).NH + HC=CCOCH; s—> > Q& wD 

12-11 a C,H;CH,CN + C,H;MgBr 

f C,H;CH,CN + CH,=CHCOOR, followed by hydrolysis of RCN to 

RCONH,, which cyclizes spontaneously 

12-13 a Owing to repulsion between the two positive carbons in a-dicarbonyl 

compounds, the carbonyls are less stable and more reactive than 

normal 

d RMgxX acts as a base to remove readily ionizable protons, as in R,NH, 

ROH, and £-dicarbonyl compounds: 

CH,COCH,COOC.H; + RMgX —> SE Sol aeretolste ns +RH?t 

Mgx 

fee 4) 

12-15 -  +CH,0 == | = 
7 CH.OH 

O O 

COOR COOR 
O 

Ne we ae Aldol 

Michael O é ; » 
O 

The mechanism can also be written via prior aldol reaction of CH; COCH; + 

CH,0O to CH;COCH=CH, and Michael addition of acetoacetate 
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12-16 a 

12-17 a 

12-18 a 

12-19 a 

12-23 a 

1201 

O; b OH- 

CH,OH 

; 6CH,CH,OH; a eceaa 

Cl CH; 
COOH CH,OH 

CHO 

a é Oe 
cl Cl. b 

oCH=C(CH;)COOH + ¢CH=C(CH;)CH,O0H 

9 O 

i SS ;as in b; 

O OH 

; 6CH,CHOHCN; 

Cl Cl 

¢—CH—CH—CHO 6 or its cyanohydrin) 

CN CH, 

All three RCHO —> RCH=CHCN 

CH;Li + CH;CHO 

CN— H, 
a + TsCI——\(CH3),CHOTs ——— (CH3),CHCN Ren 

cat. 

(CH3),CHCH, NH, 

O. 
Ht 

CH,—CH, + CN~ — > HOCH,CH,CN—~ CH,—CHCN 

CH;SCH,CH,CN 

CH;SH 

H,O +HOCH,;CH,OH 
CH;CN + C,H;Mgl ara CH;COCH, CH; aa? ear al product 

o3P—CH, + 4-heptanone b_ Perkin or Doebner e Stubbe 

Aldol condensation of 6CHO at 2-position and racemization of asym- 

metric carbon at 4-position by base-catalyzed enolization: 
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o@CHO 

d org ap bs aa are —> HO—CH,—CH—CN ——> 
ae 

Oo CH=CH CHL OH = OCG = CLLOH 
2) —H,O 

O- "CN CN 

if OF CN CN 
Oo oo | SON | =@Na 

f | ~C—0H — (OH 
= CHO” GHO CHO CHO 

oe ve 

CH O CH O 
\ FG -eN ica —CN- 

va ete Liem 
CHO CHO CH | 

| CN 
OH 

ie OH 

| Enolize 

€ 
CH= <0 SOH 

ih OH 

12-26 Index = 5; ketone = 1, remaining 4 suggests aromatic; NMR shows two 

doublets in aromatic region as for para-disubstituted benzenes; remain- 

ing protons are three methyl groups: two different O—CHs; groups, one 

from the oxime ether, R—C==N—OCHs, formed in the reaction, one CH; 

R’ 

on an unsaturated carbon: 

cno-{ cock, + H,NOCH, —> 

C,H,0 

cxo-{ \-cn—ocr, 

CH; 

12-28 C,H »NO,; index = 2; NMR: 5.47 = C=C—H with no adjacent C—H; 

6.38 = OCHs; 8.08 = C—CH,; with no adjacent C—H; other 2H are prob- 

ably —NH, from reacted NH; and exchange in D,O 
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| 
Reaction: C—C—(CH) + NH, —> 

original | 
Summary: CH;0— ketone 

ee VP ea INS + 

pee ag C—C—(CH) = c—c=c— 
Me | | 

Required = (C)—C=CH— CH, C,H,O, 

CNH; ar (Sarto) 

>» = C;H,NO, 

al 
CH;— C—CH— C—OCH, from CH;COCH,;COOCH; 

NH, 

(CH,0—CO— C=CH— CH;: CH—CH; impossible for singlet CH3) 

CHAPTER 13 

13-1 a HOOCCH,CH,COOCH; i CH;COOCH(CHs), + C;H;COOH 

c C,H;COOCH; k HOCH,CH,CH,CONHOH 

f CH;CH,CN 

COOH Cocl 
CHLOH OC CH;NH, 

> 

dipetie a Se 

O 
CONHCH; . 

es N—CH, 

CH,OH | Ht/A oes 
O 

COOCH, COOH CN 
—OH OCNSO,Cl NH; 
—> —_—_—_—_—_—_—_—> ——— 

A RN 
COOCH, COOH CN 

NH 

N 
f 
NH, 

13-4 a Sa cent f oCOCHCOCH(CH;). 

CH; aes 

b No change i O O 
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13-6 

13-10 

NCCH,COOCH, + #CH,Br ss NCCHCOOCH; ——~> 

ANSWERS 

CH,I 

base 

CH, ¢ 

CH, CH; 

| HO | 
NC—C—COOCH, —— NG__ CH CO, 

| HF 
CH, CH, ¢ 

Br 

COOCH,; 

a 2, [C00 te. [coon 
coocH, 4/4 

COOCH, 
Br 

OH O 
N—COOH COOH COOH 

a Ze = 

HO 
COOH OH 

COOH 
= 

HO OH 

—~CN CH;0H 

see j. 

COCI, or CO, + LiAIH, 

COCI, + CH;0H 

A i 

HEOOCH 2 NH HCONH) = HEN 
CH,COOLi + CH,Li 

OCH 
CH,COOC.H; CH;COCH,COOC,H; + (CH;),CHI 

—OC,.H; 
a DLOCUCt 

O 
\ ~OCH; 

CH;(COOCH;), + CH,—CH, ———> HOCH,CH,CH(COOCH,;), — 
H 

HOCH,CH,CH;,COOH and distill (—H,O); CH,==CHCOCH, + 

icnae 

O O OH 

Ch we] CH,Mgl ie CH,Li or 
—— 

pers ae 

COOCH; 
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19211 ore wo and Paes IR 5.60 and 5.70 « (1790 and 1750 cm~), 
Oo O O Oo respectively 

O COCH. OH OH 3 

YY Re coon ™E" d From part b: 

One O OH 

OH OH 
COOH coou 

Lo nt = CLOH(H*) —= 
OH Q~* “CH; 

CH, eee 
OH OH(H*) 

COOH COOH 
DH = = eee 

07) cH; QF CH; 

| 
COOH COOH 

Oe CH; 9 e - 
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13-15 a  Claisen condensation; LiAlH, 

O O 

-OC.H; CHsI 

O 

CH, COOC,H, COOC.H; 
COOC;H; -oH CH,OH CH; —-OC.H; 

pee ae ay 

O 

C,H;0CO CH; 

NH 

CN CN 
6 —~OMe 

[ea Lob O O O 

N 

| Sle 
13-16 d CH;,COCN + CN" —> CH;—C—O, ?*C+CN — 

CN CH; 

N 
leon | 

ae CCH, =F CN- 

C N 

aoe 
For Vi OR COOR 

Nl and Ce OR ho es 
~]~COOR COR a 
COOR COOR A 

O R 

COOR COOR 
H = 

COOR=—s COOR 

SEO “\COOR 

Ok (More stable 
product 
anion) 

° fe) 
CH; a 

13-18 a Succinonitrile + C,H;MgX —~> ——> EELON 

CN 
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lead Lo) 

1207 

Glutaric diester/acyloin reaction 

Methyl vinyl ketone + 2-methylcyclopentane-1,3-dione (Robinson 

annellation) 

13-19 a, wo, com, wees yews CHI 

base 

13-20 a 

13-21 a 

COOR _ 0H. 

O 0 
CHOH Grn CHOCH, 

HCOOR/OR- —> a 

fo) 
ce CHOCH, 
CH,I 

O 

NaBH,; b3PBr3; Mg/Et,O; CH,—CH, 

Enamine + CICOOCH;; CN- 

Michael addition of malonate to 1-cyclohexene carboxylate ester 

CH;Li; HBr; Li/Et,O; CH;COOLi; CH;COOR/OR-; OH™ on 2-car- 

bethoxycyclohexanone; SOCI,; (C,H;).Cd; ¢;P—=CH, 

o;P—=CHCH, CH, CH(OCH;),; H,O/H* 

NCCH,COOH/pyridine; CN~; H,O(H* or OH~); (—H,O) 

Block one a@-position with HCOOR/OR- + CH,N,; dimethylate; re- 

move —CHOCH, and reduce ketone. 

c = 

OOR ‘or = H,O+ 
SSS ————— SSS 

3} _OR cleaves C=O O 
C strained | OR 

Lp) pag BER © COOR 
FO; TOR 
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13-26 a Internal Claisen condensation of ketone enolate on lactone carbonyl 

and enolization of cyclic 6-diketone product to a di-phenol 

c Enol attacks HO—N=—O to place —N=O on a-carbon, then cleavage 

of O=N—C—C=0 as with B-diketones 
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CHAPTER 14 

14-1 1,3-elimination is an S,y2 reaction forming a 3-membered ring 

OH 

H H Po gd 

Trans 

OH 
CH;,CO H CH;CO\ H 

x oH & H 

Cis 

higher-energy starting transiton state for cis formation owing to CH; CO— 

and ¢— crowding 

14-4 a Trans 1,2-isomer gives epoxide; cis 1,2-isomer has H and Br trans 

and gives enol by elimination of H on the C—OH side; enol then 

yields cyclohexanone; 1,3-isomers give allylic alcohol on elimination 

c Lactone cannot enolize (Bredt’s rule) and no H is trans to Br 

f Fastest proton removal is a to C=O (enolization), hence fastest 

elimination 

14-5 a fdCH=CHCHs, probably trans (see Prob. 14-3); conjugation and most 

substituted double bond 

d Least substituted is Meese are 

CH, 

Both products about equally likely 

Four diastereomers (d, |, and two meso): 

Br Br 

Oi — eG ion no elimination; 

Meso Racemic Meso 

Br 

d, | 

Each enantiomer yields one enantiomer 

14-6 b H,/cat.; CHI, excess; OH7/A 

c CH,I to tertiary amine; H,O,; A 

14-7 a BrCH,CHOHCHOHCH,Br 

c £-Bromobutyrolactone 

1,3-Propanediol monomethyl ether + H,SO, 
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CH; OAc CH = 
Wass 

14-9 a o¢—CH—N:_+ Hg —— o—-CHa-N-_ He Onc —— 

ig sl seca ears ; 
H CH, OAc H CH; OAc 

Hg(OAc),. 
2 —> $—CH=N(CH,), + Hg + HOAc 2HgOAc 

OAc” 

c CH,;CHCH—C=O + Pb(OAc)3 —> ik oe ale ae men 

ene on HO: Ye c : 
ad je ve 

(AcO),.Pb 
NX 
OAc 

CH;,CH,CH—C—O —— CH,;,CH,CHO + CO, + Pb(OAc), 
(SS 

O (o 
Sea 4 
ee 

SS 
OAc OAc 

CH, CH, CH, 
O—t-Bu 

14-10 a i CF, COOH 

O—t-Bu 

CH; CH; 

OH 

om Ale CH,—C(CHs3). 

OH 

Ht 

b t-Bu—OCOCH,CH,CCOO—?-Bu ie HOOCCH,CH,CN + 
| 
N—OH 

2CH,—C(CHs)>» ate CO, ail H,O 

f Cyclododecyne 

i 2-Hexyne 

14-12 a 2-Methyl-2-pentene 

b 2-Methyl-1-pentene 
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14-13 

oa 3B san 

14-14 a 

14-16 b 

1211 

since H and Br cannot become trans peri- 

H, 
planar to eliminate into ring, even though that product is more sub- 

stituted 

H,SO, —~> RCH=CH,;; Br.; OH7/A 

¢,CO + CH;CH.CH=P¢, 

NH,OH; SOCI, 

CH;I, excess; OH~/A; CH3I; excess; OH~/A 

Br; OH~/A 

1,3-Diol fragmentation on 1,2,3-triphenyl-1,3-butanediol 

3,5-diacetoxy-3,5-dimethylcyclohexanone 

= Cy ae — = — CH=CH, + ZnBr, mie er oa o¢ —> 2¢—CH=CH, nBr, 

Br <:Zn Br 

14-18 Convenient to use partial chair cyclohexane forms. 

OH 
SOCl, 

14-19 aaa boven ae se rea taay e a 

H; CH; 

(258 nm) + eee Goa (220 nm) 

CH, 

(H*) 

O 
14-22 Ketone cannot enolize toward epoxide, c / — 

a 
O 

co 

HO. COOH O 
— 

O 

ee + O O(H*) OH 
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CH,OH 
14-24 b 

7 ~CHs 

CH; 

CHAPTER 15 

15-1 a Trans addition yields only one diastereomeric racemate; starting ma- 

terial is not optically active so products cannot be; other diastereomer 

comes from cis addition 

Br 

d — 

Br 

Br BrH 
H. CH; H CH, \ 

15-2 a D-< — or ) CH, 

H H 
2 e Br cy yy 

HBr 

Br Br 

OH 
CH, eH 

i + HOCI — — 

k 

1,3-Diaxial 

Cl 

Cl OCH, 

b CICH,CHCICH,CH,CH=CHCOOH 
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f (angle strain released: sp? —— sp”) 

Cl 

Cl 

15-4 a dCH=CHCH, + CH,;OH/H+ 
c CH;CH,CH,C=C: Na + CH,I; HgSO,/H,SO,; CH3Li 
e 4-t-Butylcyclohexene + AgOAc + Br, + HOAc/H,O/A 

15-6 a_ trans-2-Methylcyclopentanol 

cis-1,3-Diphenylpropene 

f CH; 

Cl 

Cl 

h_ Replace double bond by cyclopropane trans to CH; 

15-8 a O;/H,O.; CH.N, to octadiendioic acid diester; Na (acyloin reaction; 

NaBH,) 

c O;3; OH; NaBH,; TsCl; LiAlH, 

e HgSO, or B,H,/H,O, 

f NaBH,; TsCl; OH~; CH;COCI/AICI,; H,/cat. 

15-10 O;; OH- 

B.H,/H,O,; CrO;; 6;P—=CH, 

Br; OH /A; H,O/H* 

O,/H,O,; Leuckart (NH,* HCOO7); CH,I, excess; OH7/A aoa f 

15-12 A (index = 3) has 2 double bonds, one ring; O; cleaves CH,=C< and 

C—CH=C to CH,O + acyclic ketone-dialdehyde (index = 3) which 

gains O, with H,Cr,O;, to keto-diacid C; this is B-ketoacid —CO,/A to 

ketoacid D, which reduces to hydroxy-acid E, C;H,9O3, with asymmetric 

center, —CHOH—-; D cannot be CH;CH,COCH,COOH which would 

lose more CO,/A. Only 2 structures for D: 

COOH 
O 5 CHO CH, 

: i ye ai ae viens 
COOH COOH 

CHO 
D (G B A 

O O 

Pa ae — COOH <— CHO 
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(Eig). s+ 
Gee (LOCH, (/OCH; 
eee nb: OH 15-15 || (| — — | COH __, 

Ht 

H 

2d Con ¢ (OH O 
ae 

| Cae > 

Ht 

UV = 227 nm 

Ow 

15-17 ie 
@ B an. 

CHAPTER 16 

16-1 AS ESC SDB 

Br 

Br 
16-2 O 

Br 

Br 

16-4 a Much 4-nitro-3-methylphenol, little 2-nitro-5 methyl-phenol 

b Same two with CN replacing CH; 

e 2,4-Dinitroacetanilide 

OH 

COOH 

16-6 

OH HO COOH 

COOH 

OH must be ortho or para with ortho preferred: 

(ON 
Ht As 

acai , 
pare SUae /O +<CO, 

H c 

O 

Reaction in base is an equilibrium which can be forced in the direction 

of carboxylation by using a large amount of CO, 



ANSWERS 1215 

OH OCH; 

pas _(CH)),S0, 0 _KMn0, “= en 

COOH 

OCH, OCH, 

CH,Cl H,; 
_BBr: . 

i 

COOH COOH 

mp 

neers E “B. 
+Ro. CO—CH,COCH, rho 

On) 

ele 2 
16-11 ee 

a eee 
ca OH(H*) 

‘| G 

eee, tee eh 

R 
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Mannich: 

— Low) i OH a 

Bs :NHCH,, —> 7 on (Cel, —— 

“ys HC=O(H*) 
ee ene 
R 

on R R 

J G-un— Vp ae 
UA ce 
| R 

COoo- 
OH 

-—OH 
16-12 CHS ~~ 

CH,~ 
HO~ \7 “o~ \cu, 

OH 
a Bees 

_— > CH,CHO } —-> 

“aes cH 
COO- 

CH.CH 

N—NH NO, + _CH, 

HO O~ ‘CH, 

OH 

16-13 b Steric hindrance 

again, faster than benzene 
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NO,+ 

Br Br Br ae Br NO, 
i, ee 

——- == + Brt 
+ 

Br Br Br Br Br Br 

Br i SS Br Br Br 

Br A ~Br 
ete: 

Br Br 

16-14 a HNO,/H,SO,; KMnO,; Zn/HCl 

c Br./FeBr,; KMnO,; LiAlH,; TsCl; Nat :CH(COOR),; H,O/H* 

Cl Cl 

g HNO,/H,SO,; Cl,/AICI;; SnCl,; AcoO0 —> ad 

NHCOCH; 

HNO./H.SO,; OH~; HNO.,; NaBH, 

o) ob b w) 
Wee Ne 4 
~ ~ 

aa Ce" ia ad Vo 
Cc C 

wow~ IN 
% ( CH,H*) b CH, 

H b b 

b oe b 
————- 

ea CH; 

a) d 

OH eu 

COOH Bree es 
c a Br—Br —— | ~ cB 

Br 

FOmnlnes OH 
fake “ij --OH Br Br 

| Br as 

eA 

Br Br 
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OCH, OCH,O(H*) 

c—¢ -“CH,(H*) Z 

OCH, 

NHCOCH, NHCOCH, 

FING te ESOrnes HCl 
16-16 a 3—— rine 

Macoca! 

CH; 

HOYH.O ” Oo 

CHO CHO =C 

d + HNO +CH;COCH, ETO SOSH COOUS. 

3 So... oe 

NO, 

CH,Mgl; H,/Pt 

KMnO, 
car eerie mellitic acid 

Graphite 

CHCOCH, 

O, 

16-l7aran Di 

OH 
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eee ecocn—{ ctu {)cu.cow 

OCH, 

CHO 

CH;0 

CH; 

16-20 a C,H, + HNO;/H,SO, —~ C,;H;NO,; Sn/HCl; HNO,; H,O/A 

d C,H, + Br,/FeBr, —> C,H,Br —> C,H,MeBr —“> C,H,COOH —=> 
C;H;CN; HNO;/H,SO,; SnCl,; Ac.O; 6NO, + ¢COCI/AICL, —> m- 

nitrobenzophenone; SNCI,; HNO,; Cu,Br, 

h p-H,NC,H,NO, —— p-diaminobenzene; HNO,; Cu,(CN)> 

m OH + SO; —> p-HOC,H,SO3H; 1Br.; 1Cl,; H.SO,/H,O(—-SO;) 

CHAPTER 17 

17-1 a (CH;)CCHBrCH:; a Eee ee Bae ee oe eae 

CH, CH; 

1 
ct aimee cu (CH,),CCH(CH;). (X = HO, RO, Bn); 

CH; 

(CH;)2C—=C(CH3)» 

17-2 a ie 

CH; 

c oCH==C(CH;)C,H;; ; 6CH,CH(CH;)CH=CH,; 

o@CH,C(CH;)=CHCH; 

17-4 a D-=cyclopentylamine 

HN. NH CONHOH © NEG 
Oo —> ne or NH,OH —> —7 

O Oo~ SO OH OH 

A 

g SOCI,; NaN,; /f-BuOH; CF,COOH 

17-5 a COOH + HN;/H,SO,; 

g 1,2-Diacetyl-4-chlorobenzene + CF;CO;H, then OH™ 

h SOCI,; CH,N,; Ag,O/CH;OH —> CH,;OCO(CH,),COOCH;; OCH;” 

(Dieckmann); H,O/H*t 
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17-6 b C,H;NHCOCH;— phenyl better migrating group via phenonium ion 

a 

e 

e ; NH, at a eliminates trans periplanar 

H 

to axial H; NH, at e rearranges —— ; CH,OH 

g Product is cis-3,4-dimethyl cyclopentanone (meso) 

ag Ob o@CH.Br 
17-7 a dCOCH,N(CH;),;CH,CH—CH, ——~> ¢COCH—N(CHs3), 

CH,CH=CH, 
OH= 

7 o—CO— CH + 6CH,N(CHs3)> 

CH—CH=CH, 

(245 nm) 

c Favorski rearrangement to a-bromo-6-methylsuccinic acid mono- 

methyl ester and elimination 

17-10 a _ Benzilic acid rearrangement to 

decarboxylation 

CH,CON—OAc 

b_ Diacetylate and enolize to 

17-11 d @dMgBr + CO,, then two Arndt-Eistert extensions 

H, 
f ¢H—> NO, — ¢NH, — ¢O0H —> cyclohexanone, then CH,N; 

i Benzidine rearrangement, HNO,, Cu,Cl, 

17-12 b_ cis-3-methyl cyclopentanol f R-2-aminobutane 

17-14 c Stable anion forms at —CH,— and displaces —OTs: 

CH; 
es 

O.N CH | 
Ss 
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Hoe 

+ 

no 
CH; 

CH; O as 

CH 7 

VIEL om ae Ve sess 
(HOD RS) HO HO 

oe 

either cyclopentane bond can rearrange a second time 

GE 

17-19 Enolization is impossible (Bredt’s rule): oe ——— 

COOH 

CH 17-20 > pe CHs Rear. 

+ 

CH; 
=H 

Pa B= 
_Rearr. . 

O COOH do 

HO~ Com") 

OH 
+O OH 

CHAPTER 18 

18-2 a One carbon oxidized, one reduced; no overall change 

b Overall change = one oxidation step, presumably by O,; overall 

oxidation 
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an) 
COOC.H; 

18-3 Ngee 
216) (+4) 

COOC.H; 

Y=+6 0 
CH—OH ae 

( +4Na*t + 2C,H;0H + 40H™ 

ae =8 ane) (HO) sited 0 
g HOOC—CH,—NH, + HO—N=O =o HOOC—CH.,—OH + N, 

Nea 
Acid H,O 

18-4 a R—COCH;—R’+4—N=0 a R=CO= C= 
base 

(via enol) 

R—CO—CO—R’ 

18-5 b R—CH—C—OH + NBS —> | R—CH-—-C~OH | —> 
kK | 

OH O Onno 

Ss 

CO 
R—=CHO + CO; a NH 

Co 

18-6 a NaBH,; H,/Pd; A/KMnO, 

d o#COCH;, + SeO, + OH; NalO, or Pb(OAc), 

18-8 NBS; HCO;H; OH-; (CH;),SO/BF;; NaIO, or Pb(OAc),; CH.N,; Et,N; 
OH-; HN;/H,O; CH,(COOCH,),; H,O* and H,/Pt 

18-9 a Cyclopentane b_ Toluene or methylcyclohexane 

18-10 a Unlikely b Unlikely; probably 3-methyl-2-ethyl-benzaldehyde first 

RO z\ RO 

16-212 a | | —— Lx 

RO RO 
& H 

OR 

A=-5 
so 

0-CH, ee en “CoCr 
18-14 a 5 | + 6MnO,- + 18H+ —> 5 + 6Mn*+ + 9H,O 5 COOH 

1 7) 
er A=+6 

S45 
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A=-3 
2) Se +3 
CH,CH, COOH 

b CL +7 CI ay ned 
+ 6MnO, + 6Ht — > + 6MnO, + CO, + 6H,C 

CH, COOH 
i +3 

»=-—8 eae > > =+6 + 4= +10 (carbon) 

O 

! +7 COOH 43 +2 45 
g oe CHO _ + CH,;,COOH + HCOOH + 310,— 

OH CHO 

OH 

y=+43 Y=+44+34+2=49 

—e 

O 
2 —)) 

=2—2 (OH) 0 
ate H,NNH, eae ae oF H,O ate N2 

18-15 a Phenol + H, 

Vis 
c oMgBr + CH,—CH,; CrO, 

+O3 

HNO; 
j CeH, + CH;COCI/AIC], —~> ¢COCH; = a 

COCH3 C,H; 

tls: 

O 

CH(COOR), ies 

n at :CH(COOR), —> a 

O 

CH(COOR), 
3 

A 
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if Sa + CH;(CH.,),Br; H,O, 

OH O 

A Pd 18-17 OO-U0=CO+ 

| 
18-19 b R,’C— —N5NH £$0.4 — Ry’ Cen RH con te 

R,’CH + Np 

\\ oe CH,OH 
NaN] j 

“CH; CHs S “} CH; 

== [> 
/ \ i \ H,O 

/ os \ 

CHS S67 Fist CH, CHS] S67 SCH, 
OCH, B OCH; 

ue, ——z 
Coleen Wea Go ot CHK] No 

OCH 

(H*) 

LiAIH, 
1821 “Index ='5; RCOOG,H, — > RCH_OH GH. OH CG He On hasibens 

zene (index = 4) + ester and an asymmetric carbon; the asymmetric carbon 

must be 

CH,OH 

LiAlH, 
oe =cooe Hn. ca CHO CH, . 

(meso) 

since UV shows only one carbon on ring (as in toluene) 
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i le 
C—OGNE ons. - —OGH; 

18-22 eas — 

Gesu Ie 

O O- 

O- a 

— C—OR 
NH, oe oR 

(-NH-) C=0 
| 

—C—OR OR 
\ 
Co- 

H 
\ 
NH, 

CHAPTER 19 

19-1 a Anion stabilization in —:CCl,; by back-donation, not possible in 

Cl: 

—:CFE;; :Cl=C etc. 
ETN 

Cl: 

19-2 b Si—O bonds shorter than Si—Si bonds (large second-row atom) and 

resonance via back-donation: 

Popes rel 
—H sj a ae me 

d_ The pentacovalent phosphorus has a bond angle of 90° available so 

that 4-ring has no angle strain at phosphorus 

19-4 b C,H;—I—O: — C,H;—I=O (back-donation important to collapse 

charge Separation, as in —SO,_, =PO, etc.) I~ (—1); ¢I* (+1); 10 (+3); 

dlO, (+5) 
Aan S:Pé. (> + Soot 

19-5 a R—C50 RESON R06, —> R—C=N: +N, t + ¢,PO 
8 eee 

N=N=N N--N=N 
ray SS oe oe ray Aw xs 

O—Pd, 
| :P ds, ap 

ACICer “Ga NICH), => (CLC = nes 

(NCH). 
Cl,;C=C==N(CH;) So Ge 

Cl- + ¢,PO Cl 
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CH; 
pa D) 

po o- 
+ 

8 (CHOP CHACHA c-LO — (CHO oo = 

OH CH,—CH 

(CH;0),POCH,CH,COOCH, 

CH;0H 
19-8 c 2CH,;MgX + PCl; —~> (CH;),PCl ————> (CH3),.POCH, 

h PCl, + CH;0H —> P(OCH;), + RCOC] —> 

OCH; 
ff 

RCO—P—OCH, —> R—C—P(OCHS), 

O—CH, Cl O O 

aie aE 

i oN; + Pd; —> ¢—N—Pd4; + Np Tf 

HOCH,CH, CH; 
OZ. | ley 

19-10 C td Ob Ob OP ©) he 
OR | | 

HOOCCH, HO: O OH OH 

Good leaving 

group 

HOCH, CH, CH; 

See —Cco, 
————> 

O OH OH 

HOCH, CH, 

Same reagent 
C= CH: We. 3 

CH, 

i let 
Tl cele Ueeben. os oom 

OH OH 

19-11 a_ Slow step (rate-determining) is internal displacement, hence first order 

and 3 > 4-ring: 

(CH), = 11,2 (CH»), Fast 
2 Slow rs va SOH an 

R—S: ——— R= > K-_9 (CEH), CH _OS 
~ ote NSS (solvent) 

CH,—Cl CH, Che 

AD RS UNG 

SCN- ae S S 
any, % \ 

o2 Ny, Oo 
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(as 

deR=s0;-0- | Pole cl = Rh -=s0--0™ Pcl“ 

Se Ne ees TOC aia Clas 

H 

Cl—SO,—_CH=CH, + SO, + HCl 

SO, R H 
yoo < 

19-13 a,c R----C—SO, — > ,G——G€,. > GE 

Ey 4 \H ij 
H HC Gl H R H R 

R Trans 

b RCH,OTs + R’SO,:- 

a= p-CH,OCH,CON;-NH-£SO,CoH, = 

HwW:B 

- [CH,OC,H,CON=NH] + C,H;SO,- ——> CH,OC,H,CHO —> 
p-methoxytoluene 

CH,OC,H,CH=N—NHSO,C,H; — > p-methoxytoluene 

19515) aS ee 60 165 On GH SO) Mali CH.SO. Cl 
e,f ¢MgBr—> ¢$SO,: then LiAIH, or Cl,, then CH3SH 

H 
| 19-17 Re~0 ‘NH—SO,C;H; —> RCOOH + C;H;SO,NH, 
ie 

bi CS DAE Or  L- 
aw +Pds . A 

19-18 ik = L | => 
+ _ ere 

WSS 6° Nyy, $~ ~N=N—P¢ 
ae 

b0 b 0 es 
=, +N,——> se] —> ¢C=Co + ¢,PO 

oT 5%! SPs ee 
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On 
- + + 

19-20 a a CE Osama be P¢; —> C > 2 
Dd 

Lo\ 
a or a 

b 
| 

[ + i OKAY + $sPO 

CHAPTER 20 

OH OH 

hv H,SO, 
20-1 a (CH;),CO + (CH;),;CHOH “000 Ay (CH;),€—C(CH,), ———=> 

1) NaOl 

(CH,),CCOCH, >"? (CHs),CCOOH 

Cl, N 

d CH,CH=CH, ——> 2CICH,CH=CH, aq? 

CH,—=CHCH,CH, CH=CH, 

T 
COOH Cue t) aCOOGH 
Is foes ue s CH,OH ake NaOH 

g « 2)3 HO NY: ae to pH 7 

COOH ‘ COOH 

O 
COOCH, 

Electrolysis (CH), 2 5 CH, OOC(CH,),COOCH. 

COONa 
LiAlH, m CcHsCH, > C,H,CH,Cl <> C,H,CH,CN aoe 

C,H;CH,CH,NH, 
CH;COO), CH; q (CH).CO ——"- "CH, COCH. CH GOGH: — 

moles 

A 
(CH;),COHCH,CH,COH(CHsS), or (CH3)2C =CHCH=C(CHs), 

(Separate from some 

isomeric alkenes 

which also form) 
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OH O O. a oS ages 
O 

CN CN 

d (CH;),C—N—N—C(CH3), —~> N, + (CH3),CCN <= 

CN 
| 

: (CH3;),CCN 

(CH3)2CCN 

Apparently the second compound is thermodynamically more stable 

than the first compound, so that it is the principal product after a 

length of time. 

hv 

f N,O, — 2NO,° 

oe +nop—(_ ). +HNO, 

ae is ate BrCCl, =? ee ae ‘CCl, 

Br 

eo Cc a + HCCI, 
Br Zi \ 

~Br 

oS =F NO,: ee Br 

“che 
Bridged NO, 
radical 
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One need not invoke a bridged radical, but instead can use a free 

radical and the steric effect of Br and NO, to explain the trans product, 

thus: 

NO, 
. Br 

s —— 

Br NO, 

(Trans attack for steric 

reasons) 

} 
j CCI,Br ——> CCl, + Br: 

CCl, CCl, 

Qa CQ yn ss. 
Allyl radical 

ar COKCIE. 

CCl, 

Presumably no cr forms for steric reasons: both CCl, and 

Br 

Br are large 

A m (C,H,);C—O—O—C(GH,), —+ 2(G,H,),C—_O- —= > 
migrates 

2(C;H )> C—O—C;H; Te (C,Hs)2C— C(C,H;). 

| 
C; H;—O Oa € H, 

O 

20-4 a C(C;Hs)3 

+ (CsH5)3CH 

O 

CH, 

H 
Cc 

SCH; 
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20-5 The compound which solvolyzes very rapidly must be a tertiary chloride. 

The one which reacts very slowly with ethanol must be primary. After 

drawing out all possible compounds which have C,H,, as the molecular 

formula, one arrives at the following: 

CH; CH, CH, CH; CHs; CH,Cl 

cL SS x Vi 
CH—CH => Che C—_ Clas. CH—CH 

“ze x sg Ves 
CH; CH; CH; CH; CH; CH; 

CeHis Fast Slow 

solvolysis solvolysis 

CHAPTER 21 

Pale=il a 

HH 
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21-4 a CH;CH—CHCH OH c 

A 
21-6 Conrotatory: A —> 

and similarly B —~> 

21-9 a Diels-Alder with 1,3-butadiene; LiAlH,; C;H;CO,H; H,O/H* 

b Diels-Alder dimer + KMnO, (or O;) 

H, 
21-10 pat + CH,OCOC=CCOOCH; —> R & R Sebi 

R* ‘ov “R 

CH;0CO COOCH; 

Ri OGeR 
A 

CH;0CO COOCH; 
CH;0CO COOCH, 

21-11 Compound B has nitrogen electrons partly drawn off in cross-conjugation 

to carbonyl, hence less available for stabilizing aromatic resonance which 

prevents cycloaddition in A 

21-13 [2 + 14]-cycloaddition thermally forbidden if suprafacial (normal) but is 

thermally allowed if antarafacial; this case is antrafacial (note trans 

hydrogens) 

21-15 CH; Disrotatory (7 J CH, [3,3]-sigmatropic 

CH; allowed CH; shift 
CH; CH; 

——— 

CHS CH; CH; 

CH; CH; 
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CHAPTER 22 

Peek: On = 
Soe 

O: > 
A O 

‘-N=O SS ° > 

H A N=O N— 
H WA 

c CH;(CH,),CH=C—O; CH,—CH(CH,),CHO 

or 

O 
Gah 

CH; O CH; q ~S Bae 

22-4 a => \ / 

|p 
a 

ee CH 
CH 0 CH: eat 

= ad a TK tee: CH 

O 

I 

CH; - yes CH; O 

also \ -/ es + pf +:-C=O 

CH; 

Norrish Coca 

a I HO CH=CH, 
O 

O 
d 

d — 

oy) So f 

oCOCH,CH,CO¢ 
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CHAPTER 23 

23-1 F diol —— ditosylate; E2 elimination with base —~—> 

0. 
——s 

oe + KMnQ, (or O3) —— diacid; 

CrO,, 
Ola dione; 6CHO/OH- —> bis-benzylidene; KMnQ, or O; 

23-2 a CH;CH,COOCH; + OCH,” —> CH,CH,COCCOOCH; + CH;0H 

on, 
Aldol on 6CHO 

Wittig on acetylcyclopentonone 

Friedel-Crafts cyclization of m-methoxyphenylbutyraldehyde 

Diels-Alder 

CH;MglI on ester 

Claisen rearrangement (sigmatropic shift) 

Edo) SA. @ G2 A, Cs pinacol reduction 

23-3 a No good; convert —CHO to acetal first, then reduce 

c No; elimination more likely; use CH;COO7~/DMF, then saponification 

e No; KMnO, reacts with amines; —NH, must first be acylated 

CH; CH; 

Br 
KNH, iia A oO Os wa HCl 

CH, CH; 

CH; 

Se NBS 
—— 

CH; 

e Use HC==C> to obtain diacetylene for cis reduction 

g CH;COCH,COOR/base + CHs3I, C,H;I, then LiAIH, 

j Symmetry implies Diels-Alder: benzoquinone + 2 cyclopentadiene; 

reduction of ketones; O;; LiAlH,; 6;PBr.; LiAlH, 
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23-6 Require syntheses of small molecules and aromatic rings first: 

Fea; C/A HCl => HC==CH; CO; + LiAIH; ——> CH,OH; HC=C: + 

CH;I —> HC=CCH; ——> (CH3),CO; CH;0H + CrO; —~ H,CO; 

(CH;),CO + CH,O —> CH;COCH—CH,; CH;COCH; + CH,=CHCOCH; 

(Robinson annellation) 

CH, _CH,(COOH), . 

~ Spyndineso 

ae Hy Polyphospheric 
Se 

Pt acid 

COOH ee. @ z gee aa 

i a COOH 

O 

CH, CHO 
SeO, CH.=? ¢, 

b HNO, 3 ees “be 

NO, NO, 

OCHO OH 

a _HCO,H | A 
—— 

H 

‘a 
NaBH, 

f CH,COCH=CH, + CH;COCH,COOCH, — eb wale 
So COOR 

OH 

CcrO, 
——— 

O O 

23-7 a SOCI,; CH,N,; Ag,O/CH;OH (Arndt-Eistert) 

O 

h Cl,; OH~ (Favorski) —— cyclobutane carboxylic acid; HN; 
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23-8 o-Methoxybenzaldehyde offers a 6-ring with adjacent —O and —C, hence 

ring A of product; hence cyclize a 5-ring to the benzaldehyde first, then 

reduce it, as in this possible synthesis: 

CH;COCH; —:CH(COOR), 
= Sa 

CHO 

OCH; 

OH 
COOR 1) H,O+ oe 1) SOCI, 

H,NNH, 2) AICI, 
ee OH- 3) Zn/HCl 

O OCH; 

Na H,O+ H, 

NH, Pd 

OCH; OCH, O 

O 

Isomers = trans ring junction by enol equilibration in H,O*; third center 

should appear as both epimers, uncontrolled 

23-11 Acyloin condensation on diester; LiAlH,; H,/Pt to hydrogenolyze 6CH,—; , 

HIO, cleavage was followed by spontaneous internal Mannich reaction: 

CHO CHO CHO 

CHO a 
i ae Ih == 
N N N 
H + 
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23-12 HBr; t-BuO~ Kt; R;P—CH,; CH,.=CH—CHO/100°, Diels-Alder; LiAlH,, 

CH;SO,Cl/pyridine, LiAlH,; OsO,, C,H;SO,Cl/pyridine; rearrangement 

below; ¢;P—CH, 

Ba Hh OTs BO ee 

CH; 

Toeylate 

(trans periplanar orientation of migrating bond and leaving group) 

O 

: ] 

| é — | ,OR 
x Be ENR 
HROOC CH, ec? 

ACOOCH; COOR 
COCH; : 

O 
Bee COOR 

Ge) N 
H COOR 

O 

COOR 
POCI,;, NaBH,; HCOOCH,/¢;C: Na*; CH;0H/H* opens lactone to methyl 

ester, rotation of HO—CH=C and tautomerism to aldehyde allows inter- 

nal hemlacetal formation followed by B-elimination of H,O 
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CH; 

23-16 seat ; HNO; Sn/HCl; HNO,; H,O/A; (CH;),SO, —> 

CH;O 

SeO, _1) HCN - 

ie San CH,O 2) 2 Byrd 

CH;O ols 
1) ES O 

"270, 
3) SOCL 

ao leaia 

OCH, 

OCH; 

CH;O 

CH;O 
; NaBH,; CHI 

CHAPTER 24 

24-1 a 5-Methyl-isoxazole or 5-methyl-1,2-oxazole 

ce 3-Chloro-1,2,4-triazine-5-carboxylic acid 

e ) BN 
nN \g~ \COOH 

O 
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(+) NO, NO, 

24-3 | Ce ne ; second is preferred since no (+) next to —NO, 

O 

me Pyles DV 
NO, 24-4 CH; (elas COOH —™ cH; So “NO, > CH SO 

= N(CH,)» N(CH), 
24-5 

SN ESS f\ 

Ht H 

24-6 b 2-Nitro- c 5-Nitro- g 3-Nitro- 

F On 

24-8 3. ror + ~ BF aN eg 
‘ ; < ae x ) a 

O 

SS) ee eS = 24-10 a pia ‘NHR — ae 
| Ete Eee <6 / 

w NN 

gl vO 

N~ N: NZ 
OH |+ (oH | | 

R (H+) R R 

24-11 2- and 4-methyl- and 2- and 4-propyl-pyridines 

ROOC CH,O COOR ROOC COOR 

24-13 1 wh —— 

OO 

NH, 

OH 

ROOC COOR ROOC SS COOR 

ee ee wl 
"} N 

OH 



1240 ANSWERS 

24-15 // \ :CCl, See N 

S oN \Ri - (B) es 

easy solvolysis to aldehyde 

CH, 
ZnCl, ou TL ne N~ “COC,H; 

H H O H 

aa O ZnCl b C,H;NH, + CH,COCH,COCH, —> | | —> 
7 N 

H 

f dCOCHBrCH, + 6CSNH,/A 

CH, O COOCH,CH; 3 

a ONE Jace 

OR ae a _cH,COO- 

ee 
H 

O E 

N 

(Rotate) | 
| === N =— tautomer 

H 

H ¢ N b 

sit 
NZ S 

gene 
O 
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CHAPTER 25 

25-1 a CH,—CCl—CH CH, via free-radical initiators, e.g., (f-BuO), 

d CH,—CHCN via bases, e.g., NaNH, 

25-3 _H Ee 

NH H,O0 

° O 

NH 
ze ~NH~ 

--—O 

OH OH 

14-linkage reacts 1,6-linkage reacts 

with one HIO, with two HIO, 

25-7 Cysteine + H,/Raney nickel —— alanine 

COO- COO COOH 
Ht a Ht VA 

25-8 R—CH > [RC aI SS SI 
iN (pKa 9.0) AS (pK, 2.4) < 

NH, NH;* NH,t 

At pH 12 At pH 7 At pH 1 

CH,—COOH above pH 2-3; loss of next H (COOH) 

CH—COoo- resisted by internal H bond, hence 

Va pk, above normal (> 5) 

+NHs; 

Aspartic acid 

NH 

: HN 
25-11 Cytosine == ae 

On NH 

aA HN 
H,NCONH, + CH,== CHCN —> oe 

O N 
H 

and then dehydrogenate/A/Pd 
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25-13 a CH,CONHC(COOG,H;), + Cs;H;CH,Br, then hyrolysis 
b_ Pyrrole + CICOOR, then hydrolysis and hydrogenation, or 

CH,CH,CH,CH(NH,)COOCH, + chlorination and light (Sec. 22-4), 

or cyclopentanone oxime + H,SO, + H,O —~ 

H,NCH, me CH,CH,COOH + Br./PBr; 

OCH; 
8 ney ‘ COO 

CHO 

C;H;NHNH,; ZnCl, (Fischer indole synthesis) 

—~OCH; 
25-14 CH,—CHCOOCH; + Br. —> ai gn Na ==> 

CNe A/NH; 
CH,= CBrCOOCH, - —~ NCCH,CHBrCOOH Pace 

HOOCCH,CH(NH,)COOH 

25-16 CO—CH=_NH—CoO—_ 
| i. 
CH,CH,SCH; Br 

| 
| > C > S—CH; ae: 

C 
ys 

Qe BY 

Oo 
| 
C— 

H == (20), Neen CO —Cco N N 
\S SS. 

S S 
PNG uN 

CH; CH, 
oO 
i 
C— 

- —co NHCN + HOOC™ 
CNN H,O 

& SCH; 

SCH; 

25-19 ROH + R’NCO —> RO—CO—NHR’; initial compounds like 

CH; CH; 

NH—CO—OCH,CH,O—CO—NH.~_7 

SX 

N-——G—@ N=—G—@ 

Reaction with H,O: R—N=C=O > [R—NH—CO—OH] > 

+RNCO 
R—NH, + CO, * > R—NH—CO—NH-—R CO, loss affords gas 

and half of R—NCO becomes R—NH, to link with remaining R—NCO 



ANSWERS 1243 

25=22 

25-24 

b Diels-Alder —> aE OE 
O enolizes 

OH i ae OH 
HO™ Zo HO 

d Alanine + COCI,; H,O —> [HOCONHCH(CH,)COOH] —<'> 

H,NCH(CH;)COOH 

P 

So ee 
HN eee H,NCH(CH;)CONHCH(CH;)COOH, etc. 

BY 
O 

IR: NH (or OH), COOR, neue NMR: 3.40 = same NH (or OH); 4.81 = 

CH—NH (or OH), attached to CO; 5.75 and 8.70 = (~O—CH,—CH,),; 

7.92 = COCH;; CH; CONHCH(COOC,H;), is the starting material 

CHAPTER 26 

26=1 

26-2 

26-3 

Sil 0 ial +4 
HOCH,—(CHOH),—CHO —> CO,; = +5, 4 (+4), + 3 = 24 or 24/2 = 12 

2-e- oxidation steps. Average energy = 684/12 = 57 kcal/mole per step; 

CrO, KMnO, 
6HCOOH ——> 6€0;. 5HIO, ——> 5CH,0 + 1HCOOH 

“Natural fit’’ has cavities for C;H;CH,—, H—, RCONH— in t isomer; 

D isomer has two reversed so one cannot fit in a cavity (i.e., no benzyl in 

H— cavity). Other compounds show that RCONH— cavity is not satisfied 

by H— only (slower rate = 15) and benzyl is not satisfied by methyl 

(rate = 2), while methyl is too large for H— cavity (rate ~ 0). If —CONH— 

is tied back to phenyl ring, however, it can occupy H— cavity very well 

cannot occupy normal RCONH— cavity effectively. 

Resolve enantiomers of deutero-lactic acid and determine absolute stero- 

chemistry by reaction with ammonia on the ester-tosylates to the two 

alanine enantiomers by inversion (Sy). Now see which one is formed from 

pyruvate by NAD stereoselectively. 
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yo 
26-4 Key reaction = HO~ CH, “cn” ni 

| 
COOH 

tive; cannot occur in peptide (no NH») 

etc. —~ CH,O + glycine deriva- 

26-5 COOH O COOH O 
fos i + | H,O 

“HO—f—OH > CH=O5F OH 

Se OH CH. ee 

c-£6 or HeL6 COOH (CHOH) 

O R R 
COOH 9 

C 0 + HO—f—OH 

CH, OH 

COOH 

26-6 a 2-C'-pyruvate: C'‘O, comes out in step (6), first cycle; 3-C'*-pyruvate: 

CO, comes out in step (5), second cycle around 

b Fumarate with C-3 of pyruvate intact (as COOH) but C-2 of pyruvate 

gone in step (6) 

c The cycle is stopped at reaction (4) and pyruvate only goes to isocitrate 

but (labeled) glutamate is converted to a-ketoglutarate thus allowing 

more cycle to continue from there, pick up pyruvate at step (1) and pro- 

ceed to isocitrate; the four lower carbons of a-ketoglutarate become the 

lower four in isocitrate and would be labeled from labeled glutamate 

CoSH NAD 

H,O NAD RCH=CHCOSCoA ——> RCHOHCH,COSCoA —— > 

H,O 
RCOCH,COSCoA —~ RCOOH + CH;COSCoA 

26-10 a 12-unit oligonucleotide + all four mononucleotides + polymerase 

enzyme: mononucleotides bind to counterparts on 12-unit chain and 

are linked by enzyme to form the complementary 12-unit strand. 

Continue on each to develop more of both 12-unit complementary 

strands, each synthesized using the other as template. 

b_ consider building 3 particular 12-units: L| LU vata 

then add mononucleotides and polymerase to get two complementary 

strands of 24-units each, etc. 

26-12 a 20 specific enzymes to link the amino acids to their counterpart f-RNA 

carriers, one coupling enzyme to form peptide bond (Fig. 26-13) 

26-13 One DNA ——> one enzyme protein to catalyze one necessary metabolic 

reaction. Hence estimate number of required metabolic reactions to pro- 

duce energy and synthesize components, e.g., amino acids and nucleo- 

tides. Assume glucose as only initial carbon input. 
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O 

26-15 Enzyme—S—CO I 

se CH )\:O: 
Ce es 
C Megtt 

VAISS a 
GE OH *)* 

CoA 

Enzyme—S—CO CO, 7 

CH 
| ae Mett 

C Rae 
Heo —:S: 

CH, OH | 
CoA 

| “Clai “Base”’ 
Dest CHG = SC oh CH = CH CO scp 

condensation”’ (aldol) 

+ CH;—COSCoA 

(or HOOC—CH,—COSCoA) 

ia 

CH;—C —CH,—COSCoA 

CH,—COSCoA 

CHAPTER 27 

27-1 IR=much absorption ~3y; also 5.84; no UV; NMR = 2H (s) ~ —1.07 (dis- 

appear/D,O); one other peak disappears/D,O; complex 1H peak or CHOH 

around 67; complex 1H peak ~7.57 (CH—COOH); 2H (t) peak ~87 and a 

multiplet (or double quartet) of 2H a little higher and a 3H triplet at 

highest shift (~97) 

27-2 b Two diastereomers form on NaBH, reduction 

Oo O 

Methylati 

27-3. a 5CH,;COSCoA —> CO. po asthe pair eaes 

O O 

O O 

SCoA 

CH; CH; 
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ia 
CH, Cl SCoA 

Cl CAs 
OCH; 09 OH 

— 
2H 

Oma 
CH,O ee A 

Cl CH; 
co 
| 

Lysine _, nie N / | SS ie 
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27-7 a 2moles HIO, —~ 1HCOOH e 3 moles HIO, —~ 2HCOOH 

ieee 

HO CH,OH CHOH 

O O OH y 

OH or ; favors furanoside 
oH H OH 

oR HO H 

2 axial —OH All trans substituents 

OH OH(H*) (QH(H") 
LJ =) 

27-19 HQ a \ — \ = yioy-CcHo HO CHO ¥ ee 
OH :OH :040(H*) 

H 

eS) 

C ae aX i ~074, CHO G~ ~CHO 

OCY = H or OH) 

27-13 HO 1) (CH3).SO, 

2) OH7/A 

HO 

OCH, 

CH,O COOH HOOC.4X~_Xx 
i ber 

|) OCH 
CH,O HO” =~ OCH) JOG 

OCH, Y 
A B 

an 

27-16 —s 

(H*)0% HO 
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ob d 
COOCH OH NBS 

Ti R- ; 6 OR Bs 

CH, Br 

Br ad => 

Woe ea NBS ee hea 
o~ “ob & 

CH,OAc CH,OAc CH,OAc 

7 O OH 
CN 

yj Os POCI, 
OF ——} 

? ¢@ 
ae | AcCOCH, CN CH,OAc 

CN Ce O 

OH OH 
a 7,» 

CH;O SK 
27-16 

CH,O Zn 

D721 a 

Proves labeled hydrogens must all be cis for such a cyclization to be 

physically possible 
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27-24 —s 

CH;O 

CH;O0 

CH;O 

CH;O =~ SS 
+ 

N7 N 
H 

27-25 a SS SS ~ N SS <s 
: 

C!4 = e- total = 18; C — C“H, = 8 

b 5 out of 15 (18 — 15 = 3CH; lost from squalene to cholesterol) 

H;O* 
27-26 C.HyNO —2-> C,H,,NO No C—CH; ——> C;H,;NO, 

Index = 1 Index = 4 means 0] 

—COCH; or _ neutral = cleaves a Requires 

—CHOHCH, | NH COOH a 
—N—C=O | ae ring 
one ring or C=C | +C—CH, 

i (not —NH,) 

Zz 

Possible: ==) tal Also, etc. 

O—]| = ° = @) [so O = © =a 
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—OH 

=O 

Ho! 
[-OH | (0) Ps 

27-30 —=> one tartaric acid enantiomer; the other from carbons 

HO— 2,3,4,5 

—OH 

R 11 

27-32 nies 
Ht 

Se 
27-35 CH; OF EO 

NS 

(Coumarin + C; terpene side chain) 

GEE 
O 

27-36 

CH; ~CH; 

(Monoterpene) 
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H(CHs3) 

- — 

27-37 C,;H».0 —— eae 
Index=5 a 

eS 
Us nae . H 

CH; 
AS 

O;3: C=C 

CH; 

2 rings 

Articulone 

(sesquiterpene) 

27-39 Cannot be constructed from head-to-tail isoprene units but arises by later 

rearrangement in biosynthesis: 

ee — helenalin skeleton 

\e BD) 





INDEX 
Abbreviations for groups in common use, 98 

Abietic acid, 1104 

Absorption of light, 883 

Absorption spectra, 242-246 

in electronic excitation, 878-879 

in energy transfer, 883-885 

(See also Spectra) 

Abstracts to chemical literature, 1144, 1146, 

1147 

Acetal exchange, 455 

Acetaldehyde, 128, 129, 131, 315, 328 

Acetals, 78, 453-456 

Acetamide, 137, 314 

Acetanilide, 137 

Acetate, 135 

Acetate hypothesis, 1068 

Acetic acid, 128, 132, 133, 303 

glacial (pure), 133 

steric effects and, 323 

synthesis of, 3 

Acetic anhydride, 134, 135 

Acetic benzoic anhydride, 135 

Acetimide, 138 

Acetoacetic ester, 431-433 

Acetogins, 1065-1069, 1093-1099 

Acetolysis, 412 

Acetone, 129-131 

Acetonitrile, 139, 316 

Acetophenone, 129, 130 

Acetoxyl groups, migration of, 726-727 

Acetyl coenzyme A, 1037 

Acetyl] fluoride, 135 

Acetylacetone, 130, 315 

Acetylation, 1061 

1253 

Acetylenes, 105, 427-429 

Acetylenic rearrangements, 724 

Acetylides, 462-463 

Acetylimide, 138 

2-Acetylnaphthalene, photoreduction of, 

890-891 

Acetylsalicylic acid, 134 

Acid(s): 

Lewis (see Lewis acids) 

names of, 1157, 1172-1173 

sulfur derivatives of, 511 

uses of, 330-332 

Acid anhydrides, 134 

names of, 1161 

Acid-base reaction, 299 

energy and, 310-311 

Acid-catalyzed acylation, 527 

Acid chloride, 121, 134, 502 

Acid chloride hydrolysis, 504 

Acid halides, 134, 502-503 

IR of, 261 

names of, 1160-1161 

Acid strength, inductive effects on, 320 

Acidity: 

of dibasic acids, 321 

hydbridization changes and, 317-319 

scale, 303-309 

Acidity constant, 301 

Acrolein, 129, 155, 472 

Acrolein resonance hybrid, 154 

Acrylic acid, 132 

Acrylonitrile, 480 

Acrylonitrile resonance hybrid, 154 

Actinometer, 888 
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Activated complex, 357 

Activating groups, 654 

Activation energy, 356, 367 

Active site of enzyme, 1029-1031 

Acyclic anhydrides, IR of, 261 

Acyclic ketones, IR of, 261 

Acyl azide, 706 

Acyl] cations, 508 

Acyl halides, 134 

Acyl migrating groups, 726-728 

Acyl-oxygen cleavage, 505 

Acylation, 449, 501 

acid-catalyzed, 527 

of alcohols for esterification, 508 

of alkenes, 633 

of aromatic nucleus, 668, 670-672 

of carbanions, 525-526 ~ 

of carbon, 522-529 

cyclizations by, 672-676 

of enamines, 526 

Acylhydrazines, 514 

Acyloin condensation, 528, 777, 778 

Acyloin reaction, 911 

Addition, 343, 369 

abnormal, 828-829 

carbanion, 462-468 

cis, 634-642 

and eliminations in synthesis, 642-644 

nucleophilic (see Nucleophilic additions) 

radical, 827-829 

Addition compounds with sulfur and nitrogen, 

456-457 

Addition elimination, 449, 468-478, 642-644 

aldol condensation, 471-478 

Additive names, 1168 

Additivity, UV spectra of, 252-254 

Adenosine triphosphate (ATP), 1040, 1042, 

1043, 1045, 1047, 1048 

Adipic acid, 132, 758 

Ajmalicine, 946 

B-Alanine, 422 

Alcohol(s), 75, 115-118, 411-419 
addition of, 480 

from alkenes, 638 

hydration to, 627-632 

names of, 1156 

oxidation of, 754-757 

primary, secondary, and tertiary, 115-116 

reduction of, 780 

in structure determination, 1061 

Aldehyde-acid, 165 

Aldehydes, 78, 128, 129 

acidity of, 315-316 

INDEX 

Aldehydes: 

aromatic, 678-679 

as electrophiles, 679-681 

IR of, 261 

oxidation of, 757-758 

reduction of, 781 

by substitution with hydride, 518-520 

Aldohexose, 1081 

Aldol condensation, 468-478, 1062-1063 

Aldopentose, 1081 

Aldoses, 1081, 1083, 1084, 1087 

Alicyclic compounds, 776 

Alicyclic hydrocarbons, 71, 72 

Alicyclic ring systems, 529 

Alicyclics, 763 

Aliphatic hydrocarbons, 71, 72, 1169-1170 

Aliphatic nitro compounds, 491 

Aliquot, 363 

Alkaloids: 

biosynthesis of, 1075 

as natural product, 1110-1122 

Alkanes, 72, 101-103 

names of, 1153 

normal, 102 

Alkanesulfinic acid, 121 

Alkenes, 103-105 

in additions and eliminations, 642 

alkylation and acylation, 633 

by elimination, 598-601 

with proton loss, 582-597 

free-radical addition to, 829 

names of, 1153 

reduction and oxidation of, 780 

trans, 777 

Alkenyl groups, 105, 106 

Alkoxide, 413 

Alkoxide ions, 523 

Alkoxy derivatives, 119 

Alkyl carboxylates, 135 

Alkyl halides: 

from additions, 620-626 

C—X bonds, 420 

Alkyl nitrate, 125 

Alkyl nitrite, 125 

Alkyl-oxygen cleavage, 505 

Alkyl sulfone, 121 

Alkyl sulfoxide, 121 

Alkylating agent, 395 

Alkylation, 109, 110, 394, 395, 501 

of alkenes, 633 

of aromatic nucleus, 668-670 

enolate, 429-435 

Alkylbenzenes, 108 



INDEX 

Alkylboron compounds, 639 

Alkyllithiums, 486 

Alkynes, 105-106 

hydration of, 627 

triple bonds by elimination and, 604-606 

Allenes, 104, 105, 157 

Allyl alcohol, 115 

Allyl chloride, 113 

Allylic groups, Claisen rearrangement of, 

865-867 

Allylic rearrangement, 402, 721-722 

Aluminum chloride, 325 

Ambident nucleophiles, 394, 395 

Amides, 121, 137-139, 512-516 

IR of, 260-262 

Amidinium ion, 538 

Amine oxides, 125-126 

asymmetric, 205 

Amines, 75 

addition of, 480 

names of, 1159 

oxidation and reduction of, 754-757, 767, 

782-783 

and related compounds, 122-124, 421-425 

Amino acid sequence analyzer, 1001 

Amino acids: 

in biosynthesis, 1046, 1047 

proteins and, 995-1006 

2-Amino-4-hexenoic acid, 133 

B-Aminopropionic acid, 422 

Ammonia and C—N compounds, 421, 423 

Ammonium chloride, 124 

Ammonium cyanate, 2, 3 

Ammonium ion, quaternary, rearrangements 

in, 716, 718 

Amorphous polymers, 1014 

Amplitude of electron wave, 41, 43 

Amylopectin, 992 

Amylose, 991 

Analytical techniques, books on, 1133-1134 

Andosterone, 1109 

Androgens, 1109 

Angle-bending strain, 187-188 

Anhydride pyrolysis, 912 

Anhydrides, 134, 135, 261, 503, 1161 

IR of, 261 

Anhydroterramycin, UV of, 254 

Anhydrous ethanol, NMR spectrum of, 279, 

281° 

Aniline, 123 

rearrangments of derivatives of, 730-732 

Anilinium ion, 313 

Anion-exchange resin, 984 
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Anionic polymerization, 983 

Anionic skeletal rearrangements, 716-719 

Anions, 36 

radical, 819-821 

Anisole, 118, 414 

Annellation, Robinson, 921 

Annulenes, 168, 169, 751 

Anomers, 1088 

Antarafacial rearrangement, 861, 862, 869-872 

Anthocyanidins, 1096 

Anthocyanins, 1096 

Anthracene, 107, 108, 327, 328 

Anthranilic acid, 132, 705 

Antiaromatic rings, 168 

Antibonding, 146 

Apical substituents, 795 

Apocamphoral peroxide, decomposition of, 

832 

Apotoxicarol, UV of, 254 

Aprotic solvents, 388 

Arbusov reaction, 800-801, 804 

Arndt, 6 

Arndt-Eistert synthesis, 701 

Aromadendrene, 944 

Aromatic aldehydes, 678-679 

Aromatic carbonyl, UV for, 249 

Aromatic compounds: 

in biosynthesis, 1067 

electrophilic substitutions, 651-696 

synthesis of, 683-687 

UV of, 250-251 

Aromatic heterocycles, 949-953 

Aromatic hydrocarbons, 72, 106-109 

Aromatic nucleophilic substitutions, 545-549 

Aromatic rings: 

rearrangements on, 729-732 

reduction of, 776, 778, 780 

Aromatic substituents, interconversions of, 

684-685 

Aromatic substitution, 830-831 

Aromatic ynes, 606 

Aromaticity, 167-170 

in NMR spectra, 273 

Aromatization, 763 

Arrow: 

curved, 158 

double-headed, 149 

single-barbed, 283 

in tautomerism, 160, 161 

Aryl, use of word, 108 

Aryl carboxylates, 135 

Aryl diazonium salts, 546-547 

Aryl halides, 658-660 
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Aryl isocyanates, 486 

Aryl-nitrogen bonds, 660-662 

Ary] radicals, 830 

Aryl-sulfur bonds, 663-666 

Arylalkanoic acids, 672 

Arynes and triple bonds by elimination, 

606-607 

Aspidospermine, 945 

Aspirin, 134 

Asymmetric carbon, 203-206 

Asymmetric centers: 

several, 207-213 

in stereochemistry, 929-930, 932-936, 940 

Asymmetric cyclic system, 630 

Asymmetry, 198-200, 216-218 

(See also Symmetry) 

Atom(s): 

bridgehead, 590-591 

electronegativity of, 64-65 

hydrogen, 41-42 

skeletal, 67 

structure of, 25-27 

Atom-abstraction reaction, 828 

Atomic orbitals, 39-47 

hybrid, 50 

in hybridization and covalent bonds, 47-57 

linear combination of (LCAO), 47-48 

Atrolactic acid, 202 

Attachment, position of, nomenclature for, 92 

Axial-equatorial energy differences, 193 

Axial positions, 190 

Azeotropes, 232 

Azides, 423 

addition and, 489-490 

formation of, 514 

Azines, 469 

Azo compounds, 662, 1167 

Azoles, heterocycles and, 966 

Azoxy compounds, names of, 1167 

Azulene, 107 

Back-donation of electrons, 792-794 

Backside displacement, 386 

Bacteriophages, 1056 

Baeyer, 187, 189 

Baeyer-Villiger oxidation, 708, 711 

Bakelite, 680, 987 

Ball-and-stick model, 178 

Bands, absorption, 244 

Barbier-Wieland method, 762 

Base strength, parallel, 393 

Bases: 

Lewis acids and, 325-326, 348, 349, 983 

INDEX 

Bases: 

proton acids and, 300-303 

uses of, 330-332 

Basicity: 

of aromatic heterocycles, 952-953 

scale of acidity and, 303-309 

Bathochromic shifts, 248 

Beckmann rearrangement, 708 

Beer-Lambert absorption law, 245 

Beilstein Institute lists of compounds, 

1139-1144 

Benz-fused heterocycles, 958-959 

Benz-fused pyridines, 964 

Benzaldehyde, 129, 131, 563 

Benzaldehyde resonance hybrid, 154 

Benzene, 106-107 

addition of chlorine in, 829-830 

orbitals of, 145 

resonance method and, 148-150, 159 

tautomerism and, 160, 162 

Benzene hexachloride, 113 

Benzenesulfinic acid, 121 

Benzenesulfonic acid, 121 

Benzilic acid rearrangement, 719 

Benzimidazole, 123 

Benzoic acid, 132 

Benzoic anhydride, 503 

Benzoic propionic anhydride, 134 

Benzoin condensation, 474 

Benzonitrile, 139 

Benzonitrile resonance hybrid, 154 

Benzophenone, 130 

in electronic excitation, 878-879 

photoreduction of, 889-891 

Benzoyl chloride, 135 

Benzoyl substituent, migration of, 728 

Benzyl alcohol, 115 

Benzyl benzoate, 135 

Benzyl bromide, 113 

Benzyl tosylate, 394 

Benzylic groups, hydrogenolysis of, 771 

Benzyne and triple bonds, 606-607 

Berzelius, J., 2 

Biacetyl, 130 

in energy transfer, 883-885 

Bicyclic compounds, 194-196 

names of, 1175 

Bicycloheptane, 195 

Bicyclohexadiene, 160 

Bicyclooctane, 195 

Bile acids, 1107 

Bimolecular nucleophilic substitution (S,j2), 

378, 381, 384-386 

Bimolecular reactions, 356, 887-888 



INDEX 

Biochemistry, 7, 1019-1025 

Biological chemistry, 1019 

Biological energy production, 1040-1045 

Biosynthesis, 133, 1046-1049 

of natural products, 1064-1079 

tracer studies of, 1117-1122 

Biradical, trans,trans, 886 

Birch reduction, 776 

Bischler-Napieralsky reaction, 687-688 

Bisulfite addition compounds, 456, 457 

Boat conformation, 190, 191 

Bohr, N., 40, 41 

Bohr atom, 40 

Boiling point, 232 

Bombardment, electron, 281-282 

Bond(s), 4, 25-67, 70-100, 143-174 

antibonding and, 146 

aryl-nitrogen, 660-662 

aryl-sulfur, 663-666 

bent, 188-189 

carbon (see Carbon-carbon bonds) 

conjugated, 143-174 

covalent, 27-31, 49-57, 742 

in cycloaddition, 850-851 

double, 54, 55 

creation of, 643 

by elimination, 602-604 

exocyclic, 198 

migration to, 720-725 

oxidation at, 760-762 

reactions of, 643-644 

restricted rotation, 179-184 

in second-row elements, 790, 792, 794 

as term, 78 

hydrogen (see Hydrogen bonding) 

in infrared spectra, 256-261 

multiple, 52-56, 493, 613-650 

rotation around, 57 

sigma, 51, 52 

in sigmatropic rearrangements, 860-862 

single, restricted rotation in, 184-187 

in spectroscopy, 287 

triple, 89, 541, 603-608, 720-725 

am Bond in second-row elements, 790, 792 

Bond-breaking process, bombardment as, 281 

Bond-angle bending, 175 

Bond angles, 57-61 

Bond change, types of, 347 

Bond energies, 61-64 

Bond lengths, 57-58 

Bond-line convention, 34, 35 

Bond moment, 234 

Bond rotation, 175 

Bond stretching, 175 
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Books (see Literature) 

Boron, 377 

rearrangements from, 711 

Boron hydrides, 637 

Boron trifluoride, 325 

Bredt’s rule, 591 

Bridged ion, 697-699 

Bridgehead atoms, 590-591 

Bromination, 748 

Bromobenzene, 113 

‘2-Bromobutane, 222 

1-Bromo-2-chlorobenzene, 113 

o-Bromochlorobenzene, 113 

m-Bromochlorobenzene, 686 

a-Bromo-f’-chlorodiethyl ketone, 129 

Bromochlorofluoroiodomethane, 113 

Bromochloromethene, 113 

1-Bromo-5-chloronaphthalene, 113 

1-Bromo-4-hydroxybenzene, 118 

Bromonium ion, 623 

5-Bromo-2-pentanone, 461 

4-Bromo-2-pentene, 113 

p-Bromophenol, 118 

Brucine, 510 

Biichi, G., 944 

Bullvalene, 161, 162, 867-868 

Butadiene: 

to cyclobutane in electrocyclic reactio1 

840-844, 846 

in energy transfer, 883-885 

orbitals. of, 145 

1,2-Butadiene, 105 

1,3-Butadiene, 105, 144, 146, 147 

dimerization of, 885 

Butanal, 128 

n-Butane, 103 

formula for, 102 

staggered conformers of, 185-186 

Butane-2-sulfinic acid,121 

Butane-2-sulfonic acid, 121 

Butanoic acid, 133 

Butanol, 117 

2-Butanol, 201, 204, 205 

2-Butanone, 201 

sym-Butene, 104 

insym-Butene, 104 

2-Butenes, isomeric, 183 

tert-Butoxide, 394 

n-Butyl acetate, 134 

n-Butyl alcohol, 117 

sec-Butyl alcohol, 115 

tert-Butyl alcohol, 115, 116 

tert-Butyl bromide, 113 

t-Butyl group in solvolysis, 594 
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tert-Butyl isopropyl ether, 118 

tert-Butyl methyl ketone, 130 

tert-Butyl propionate, 135 

Butyl rubber, 982 

n-Butylamine, 489 

tert-Butylamine, 122 

Tri-tert-Butylcarbinol, 116 

n-Butyllithium, 464 

sec-Butyl-3-pentenoate, 136 

Tri-n-Butylsulfonium iodide, 122 

2-Butynal, 128 

1-Butyne, 106 

2-Butyne, 106 

n-Butyraldehyde, 128, 129 

n-Butyramide, 488 

n-Butyric acid, 132, 133 

n-Butyric anhydride, 135 

y-Butyrolactam, 138 

y-Butyrolactone, 136 

By-products, 342 

C9 compounds, 1101-1102 

Cys compounds, 1103 

Coo compounds, 1103-1104 

Cannizzaro, S., 815, 877 

Cannizzaro reaction, 460, 603 

Cantharidin, synthesis of, 924-928 

Caproic acid, 132 

€-Caprolactam, 138 

Carbanion additions, organometallic 1eagents, 

462-468 

Carbanion donors, 464 

Carbanions, 344, 346 

acylation of, 525-526 

names of, 1161-1162 

organometallic, 517-521 

Carbene additions, 640-641 

Carbenes, 345, 581 

Carbinol, 115 

Carbobenzoxy derivatives, 771 

Carbodiimides, 485 

2-Carboethoxycyclohexanone, 136 

Carbohydrates, 1021, 1081 

Carbomethoxycyclobutane, 136 

Carbon(s): 

acylation of, 522-529 

asymmetric, 199, 203-206 

bonding of, 29-31 

(See also Carbon-carbon bonds) 

migration to, 698-704 

NMR chemical shifts in, 270 

in organic chemistry, 1-4 

oxidation states of, 739-742 

INDEX 

Carbon(s): 

single, oxidation at, 747-573 

substitution at saturated, 824-827 

nucleophilic, 375-409 

(See also Nucleophilic substitution) 

two adjacent, oxidations at, 760-766 

Carbon-carbon bond cleavages, 764-766 

Carbon-carbon bonds, 426 

formation of, 550-557, 917-926 

enolate alkylation, 429-435 

general, 426-429 

Carbon-carbon multiple bonds, 493 

Carbon chain length, nomenclature for, 91 

Carbon dioxide derivatives, 79-82, 483-487 

Carbon-halogen bonds, 420 

Carbon-hydrogen bonds, 425 

Carbon monoxide, 109 

Carbon-nitrogen bond, 602-604 

Carbon-nitrogen compounds, 421-425 

Carbon nucleophiles, 746 

Carbon-oxygen bond, 602-604 

Carbon-oxygen compounds, 411-419 

Carbon radicals, 344-345 

Carbon site, variations at, 389 

Carbon skeleton: 

construction of, 909, 918-919, 921, 924, 926, 

927 

extension, 550-559, 561 

NMk spectrum and, 289-290 

Carbon-sulfur bonds, hydrogenolysis of, 770 

Carbon-sulfur compounds, 419-420 

Carbonic acid derivatives, 79-82 

decarboxylation and, 534-537 

Carbonium ion, 344, 346, 377, 378 

in migration to carbon, 698 

names of, 1161-1162 

rearrangements of, 402 

in solvolysis, 592, 593 

Sn1 mechanism and, 389 

in Syl reaction, 382-384 

sp” Carbonium ion, 382-383 

Carbonyl, skeleton extension a to, 551, 556 

Carbonyl compounds, 329 

Carbonyl cyclization reactions, 529-532 

Carbonyl diimidazole, 534 

Carbonyl groups, 78 

IR and, 258, 259, 261, 262 

molecular-orbital diagram for, 247 

nucleophilic addition, 441-500 

nucleophilic substitution, 501-578 

in spectroscopy, 287-288 

sulfonyl groups compared with, 811 

UV and, 249-251 

Carbonyl oxygen, 467 
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Carbonyl reactivity, 441-451 

2-Carboxychyclohexanone, 133 

Carboxylate anion, stable, 476 

Carboxylate ion, 413 

Carboxylic acid, 79, 121, 131-134, 137 

addition of, 480 

derivatives of: with hydrides and 

organometallics, 517-518 

hydrogenation of, 782 

reduction of, 782 

and keto-enol tautomerism, 163 

names of, 95, 96, 1156-1157 

Schmidt reaction and, 707 

substitution and, 501-516 

Carboxylic acid salts, IR of, 262 

Carboxylic esters, 508-510 

Carius method, 19 

B-Carotene, spectra of, 256 

Carvone in ethanol, UV of, 250 

Catalysts, enzymes as, 1023-1024 

Catalytic hydrogenation, 768-773 

Catechol, 118 

Cationic polymerization, 982-983 

Cations, 36 

radical, 819, 821 

Cell, living, 1019, 1021, 1023-1025 

in biosynthesis, 1046, 1047 

in replication, 1051 

viruses and, 1056 

Cellophane, 993 

Cellulose, 991-993 

Chain, protein, 1003 

(See also Carbon chain) 

Chain extension, glucose and, 1084 

Chain reaction course of radical reactions, 

824-828 

Chain transfer agents, 981 

Chair conformation, 190, 191, 193 

Chair ring projection, 216 

Charge-transfer complexes, 327-328 

Chemical bonds (see Bonds) 

Chirality, 199-200 

Chloramphenicol, 930-932 

2-Chlorobutanedioic acid, 133 

B-Chloro-n-butyraldehyde, 128 

a-Chlorobutyronitrile, 139 

a-Chlorodiethyl ketone, 129 

2-Chloroethanol, 414 

3-Chloro-N-ethylbutyramide, 137 

3-s-Chloro-2-S-hydroxypentane, 206 

Chloromethylation, 680 

Chlorophyll, 967 

Chloroplasts, 1024 

Chloroprene polymer, 113 
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a-Chloropropionic acid, 132 

Chlorosulfonylisocyanate, 516 

Cholesterol, 85, 86, 1072, 1074, 1105-1106 

Cholic acid, 1107 

Chromatograms, gas, 21 

Chromatography: 

column, 12-14 

gas- or vapor-phase, 14-16, 21 

general, 11-12 

thin-layer and paper, 14, 15 

Chromic acid oxidations, 762 

Chromophores, 248, 249, 252-253, 256, 287 

Chromosomes, 1024 

Chugaev reaction, 595 

Chymotrypsin, 1031 

Cinchona, 1110 

Cinnamic acid, 132, 474, 857, 858 

Circular dichroism, 203 

Cis-coplanar orientation, 595 

Citric acid cycle, 1041-1043, 1045 

Claisen arrangement, 730, 862-867 

Claisen ester condensation, 522, 524, 525, 527 

Classical ion, 697-699 

Classification of organic reactions, 341-347 

Cleavage: 

carbon-carbon bond, 760-766 

of B-dicarbonyl compounds, 532-533 

Clemmensen reduction, 778, 781 

Coal, 109, 110 

Cocaine, 1111 

Codon, 1053 

Coenzymes, 1027 

enzymes and, 1028-1037 

Coke, 109, 110 

Collisions, 357 

random thermal, in biochemical reactions, 

1022 

Color, spectra of, 255-256 

Combustion analysis, 16-17 

Competing reactions, 342 

Competitive reactions, 301, 401-404 

am Complex, 328, 615-617 

Component in fluorescence, 881 

Compounds: 

classes of, survey of, 101-142 

comparison of, 8 

numbers of, and new, 1, 2, 4-5 

organic: characterization of, 7-8 

compendia of, 1138-1144 

nomenclature of (see Nomenclature) 

polar and nonpolar, 13 

structure determination of, 82-90 

Compression of nonbonded atoms, 175 

Conant, 6 
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Concentration dependence, 357 

Concerted reaction, 341 

Condensation polymers, 975, 976, 985-988 

Condensations: 

acroloin, 528 

and acylation of carbon, 527-529 

aldol, 471-478 

with nitrogen compounds, 468-471 

Configuration: 

absolute and relative, 219-221 

of asymmetric carbon, 203-206 

chemical changes in, 222-223 

Conformation: 

in cyclic compounds, 189-198 

definition of, 175 

stereochemistry and, shapes of molecules, 

175-230 

summary of, 223-224 

Conformational analysis, 175, 188-189 

Conformationally fixed structure, 221 

Conformer, 185 

Coniine, 1111 

Conjugate addition, 445, 446, 449, 479-483 

Conjugated bonds, 143-174 

Conjugated enolates, 429 

Conjugation, chromaphores, 248, 249, 

252-253, 287 

Conjunctive names, 1167 

Conrotatory direction, 841, 843, 844, 847-849, 

870, 873 

Conservation of orbital symmetry, 839 

Cope rearrangement, 862-867 

Copolymer, 976 

Copolymerization, 981 

Corey, E. J., 947 

Coronene, 107 

Correlation of orbitals, 843-844 

Correlation diagram, 843, 844 

Cotton effect, 202, 221 

Countercurrent distribution, 11 

Couper, A. S., 3, 39 

Coupling: 

oxidative, 751, 823 

of radicals, 815 

spin, 274-277, 279, 280 

Coupling constant, 276 

Coupling reactions, radical, 822-824 

Covalent bonds, 27-31 

hybridization and, 49-57 

oxidation states and, 742 

Covalent compounds, oxidation states of 

phosphorus and sulfur in, 797, 798 

Covalent ions, 36-39 

Cracking, 109, 110 

INDEX 

p-Cresol, 118 

Gricks Bs Fie Gra 2570S Iea0S2: 

Crinine, 948 
Cross-conjugation, 146 

Crossed condensations, 472 

Crotyl alcohol, 461 

Crotyl chloride, 402 

Crystallinity, 1013-1014 

Crystallization, 10 

Cuprous salts, 547 

Curtius rearrangement, 706, 707 

Curve, transition-state, 359 

Cyanamide, 424 

Cyanides, 78, 426-427, 462-463, 474 

Cyanin, synthesis of, 1096-1097 

Cyanines, as chromophores, 256 

Cyano group, 78 

Cyanoacetic acid, 139 

2-Cyano-4-chloropentane, 139 

Cyanogen bromide, 541 

Cyanohydrins, 462 

Cyclic compounds: 

conformation in, 189-198 

stereoisomerism in, 213-216 

Cyclic hemiacetals, 355 

Cyclic olefins and steric hindrance, 617-619 

Cyclic system, asymmetric, 630 

Cyclic tetrapyrrole structures, 967 

Cyclization reactions, carbonyl, 529-532 

Cyclizations, 355, 398-400, 672-676 

Cycloaddition reactions, 850-860, 871 

photochemical, 896-900 

Cycloalkanes, names of, 1153 

Cycloalkenes, names of, 1153 

Cyclobutane, 187 

Cyclobutene from butadiene, 840-846, 848 

Cyclobutyl carbinol, 115 

Cyclodecane, 197 

Cyclodimerization, 897-898 

Cycloheptane, 197 

Cycloheptatrieny] cation, 168n. 

1,3-Cyclohexadiene, 897 

Cyclohexadieny] ions, 653, 655 

Cyclohexanes, 213, 214 

conformational analysis of, 190-198 

resonance energy and, 149, 150 

Cyclohexanone, 130, 131, 318 

IR of, 261 

Cyclohexatriene, 147, 159 

Cyclohexenes, 198 

in cycloaddition reactions, 851, 853 

2-Cyclohexenone, cyclodimerization with, 

897-898 

Cyclohexyl phenyl sulfide, 419 



INDEX 

Cyclononane, 197 

Cyclooctane, 197 

Cyclooctatetraene, 161, 273 

Cyclopentane, 189, 190 

Cyclopentanecarboxylic acid, 133 

Cyclopropane, 187 

bent bonds in, 189 

Cyclopropene, 187, 197 

Cyclopropenyl ion, 168 

Cyclopropy] alcohol, 115 

Cytoplasmic fluid, 1023 

Dacron, 133, 137, 985, 1013 

Dakin oxidation, 709 

Darzens condensation, 557 

Darzens synthesis, 475 

Deactivating groups, 654 

Dealkylation-realkylation, 670 

de Broglie, L., 40 

Debye units, 234 

Decalin, 195, 196 

cis-Decalin, 935, 940 

Decarboxylation, 534-537 

Decarboxylative elimination, 599, 600 

Deformation or strain energies, 175 

Degenerate orbitals, 44 

Degenerate pair, 147 

Dehalogenation, 598-599 

Dehydrogenation: 

of alkanes to alkenes, 762-763 

in oxidation, 745 

Dehydrohalogenation reactions, 583n. 

Deionizing, 985 

Delocalization energy, 147, 150 

Deoxycholic acid, 1107 

Deoxyribonucleic acid (DNA), 967, 

1008-1010, 1024, 1025, 1028, 1051-1053, 

1056 

Derived names, 1162 

Deshielding in NMR spectra, 269, 270, 273 
Desulfurization, 770, 771 

Deuterium, 267 

Deuterium exchange, 280 

Dewar forms, 160 

Dextrorotatory, 201 

Diacetone alcohol, 472 

Diacids and steroids, 1106-1107 

Dialkylation, 432 

Dianions, 432, 820, 821 

Diastereomer, 208 

Diazines and heterocycles, 966 

Diazoketones, 489-490 

Diazoles and heterocycles, 966 
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Diazomethane, 415, 702, 1061 

Diazonium group, 423, 424 

Diazonium ions, 489-490 

Dibasic acids, 133, 321 

Diborane, 459 

1,1-Dibromoethane, 114 

1,2-Dibromoethane, 114 

gem-Dibromoethane, 114 

vic-Dibromoethane, 114 

2,6-Di-t-butyl-pyridine, 326 

Dicarbonyl compounds, 525 

B-Dicarbonyl compounds, cleavage of, 

532-533 

Dicarboxylic acid, 913 

2,2'-Dichlorodiethy] sulfide, 419, 420 

Dichlorodifluoromethane, 113 

1,3-Dichloro-5-methylbenzene, 113 

2,4-Dichloro-5-methylhexane, 113 

Dictionaries of organic compounds, 1138 

Dieckmann reaction, 525, 912, 914, 915 

Dielectric constant, 302, 388 

Diels-Alder reaction, 853-855, 858, 871, 874 

in cantharidin synthesis, 924-926 

in reserpine synthesis, 935 

S-trans Diene, 886 

Diene dimerization, 897 

Dienes, 104, 105 

in cycloaddition reactions, 853-855 

UV for, 249 

Diethanolamine, 422 

1,1-Diethoxyethylamine, 421 

Diethyl ether, 118 

Diethyl ketone, 130 

Diethyl magnesium, 126 

Diethyl malonate, 430 

Diethy] sulfide, 120 

Digonal hybridization, 52, 53 

Dihalides, 452-453 

Dihydrocostunolide, 947 

1,4-Dihydronaphthalene, 820 

Dihydropyridine, 963, 964 

1,2-Dihydroxybenzene, 118 

1,3-Dihydroxybenzene, 118 

1,4-Dihydroxybenzene, 118 

2,2'-Dihydroxydiethyl sulfide, 420 

Diketone, synthesis of, 911 

a-Diketones, IR of, 262 

B-Diketones, 329, 526 

Dimer, 370, 371 

Dimerization, 885, 897 

1,2-Dimethoxyethane, 119 

Dimethyl ether, 118 

Dimethyl] ketone, 129 

Dimethyl sulfate, 414 
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Dimethyl sulfone, 316 

Dimethylacetylene, 106 

Dimethylamine, 122, 325 

5-Dimethylaminopentanoic acid methy] ester, 

283-284 

N,N-Dimethylaniline, 123, 322, 323 

1,2-Dimethylbenzene, 107, 108 

1,3-Dimethylbenzene, 108 

1,4-Dimethylbenzene, 108 

Dimethylcarbinol, 115 

1,3-Dimethylcyclobutane, 176 

3,5-Dimethylcyclohexanol, 215 

sym-Dimethylethylene, 104 

Dimethylformamide, 138 

3,4-Dimethyl-1,5-hexadiene, Cope rearrange- 

ment of, 864 

2,5-Dimethylhex-4-ene-3-one, 129 

Dimethyl-p-nitrophenols, 323 

2,7-Dimethyl-2,4,6-octatriene, 105 

Dimethylphenylcarbinol, 116 

2,6-Dimethyl-6-pyrone, 318 

N,N-Dimethyl-o-toluidine, 322, 323 

Dimethylvinylamine, 153 

Dinitrofluorobenzene, 544 

Dinitrophenyl (DNP) group, 999, 1000 

2,4-Dinitrophenylhydrazine, 131 

Diols, 116, 629-630 

gem-Diols, 453-456 

Dioxan, 119 

1,4-Dioxan, 119 

Dipheny] derivatives, synthesis of, 831 

Dipheny] sulfone, 121 

1,3-Dipolar cycloadditions, 855-857 

Dipolar structure, 152 

Dipolarophile, 856, 857 

Dipole moment, 65, 233-235 

Dipoles, 64-66, 319-320 

Displacement, 398-399 

by hydride, 425 

Sn2, 390 
Distortatory direction, 841, 843, 844, 847-849, 

871, 873 

Dissociation constant, 301 

Dissymmetry, 198n. 

Distillation, 10 

Distribution coefficient, 10 

Disulfides, 120 

Disulfonation, 665 

Diterpenes, 1070, 1072, 1103 

1,2-Divinglycyclobutane, 863-864 

DNA, 967, 1008-1010, 1024, 1025, 1028, 

1051-1053, 1056 

Doebner condensation, 474 

INDEX 

Doering, W., 168n., 942 

Dolfini, J. E., 945 

Double resonance, 277 

Dumas analysis, 19 

Durene, 108 

Dyes, spectra of, 255-256 

E; reaction, 592-594 

Eclipsed conformations, 184-185 

Eclipsing strain, 185 

Einstein law of photochemical equivalence, 883 

Elastomers, synthetic, 978 

Electrocyclic reactions, 840-850 

Electromagentic radiation, 242 

Electron(s): 

delocalization of, 312, 314 

as waves, 40-41 

Electron bombardment, 281 

Electron-deficient skeletal rearrangements, 

697-712 

Electron-donating inductive effects, 320 

10-Electron ions, 168 

Electron microscope, 1024 

Electron-rich skeletal rearrangements, 716-719 

Electron spins, 879, 880 

m-Electron systems, conjugated (chromo- 

phores), 248, 249, 252-253, 256, 287 

Electron-withdrawing inductive effect, 320 

Electronegativity: 

dipoles and, 64-66 

in oxidation states, 742 

Electronic excitation, 878-879 

Electronic structures of atoms, 26-27, 30 

Electrophile(s), 347-350 

aldehydes and ketones as, 679-681 

in carbon-skeleton extension, 555 

protons as, 666-667 

sulfur as, 810-811 

Electrophile-nucleophile reaction, 917-919 

Electrophilic additions to multiple bonds, 

613-650 

Electrophilic catalysis, 398 

Electrophilic substitution: 

aromatic compounds, 651-696 

orientation of, 655-658 

Electrostatic effects, 319-321 

Elimination(s), 343, 369 

addition, 449, 468-478 

additions and, in synthesis, 642-644 

Elimination reactions, 401-402, 579-612 

B-Eliminations, 585 
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Elution in chromatography, 12, 13 

Emission of light, 880-882 

Enamines, 434, 482, 487, 526 

Enantiomers, 199-202, 207-209, 214, 215 

End groups, 992, 999 

“End-on” formulas, 179 

B-Endesmol, 943 

Endothermic reactions, 62, 353 

Energy: 

and acid-base reaction, 310-311 

bond, 61-64 

reaction (see Reaction energies) 

Energy barrier, 185, 359, 360 

Energy level in UV and VIS spectra, 246-247 

Energy production, biological, 1040-1045 

Energy transfer, 883-887 

Enol phosphate (PEP), 1043 

Enolate anion, 163, 394 

Enolate ankylation, 429-435 

Enolization: 

no a-hydrogen for, 460 

vinylogous, 445, 446, 450, 451 

Enols, 116, 163-165 

Enones, UV for, 249 

Enthalpy, 354 

Entropy, 354, 355 

Enzyme(s), 1023-1024 

in biosynthesis, 1046, 1048-1049 

coenzymes and, 1028-1037 

Epiandrosterone, synthesis of, 921-924, 927, 

929, 932 

Epilupinine, 944 

Epimeric chlorohydrins, 587 

Epimerization, 222, 413 

Epimers, 208 

in stereochemical control, 932-933 

Epoxides, 119, 629, 630, 634 

Equatorial positions, 190, 193 

Equatorial substituents, 795 

Equilibrium and reaction energies, 352-355 

Equilibrium constant, 301, 360 

Equilibrium-controlled reaction, 364 

Erythrose, 210 

Ester(s), 121, 134-137 

to acids, 504-508 

carboxylic, 508-510 

pheny] (vinyl), IR of, 261 
preparation of, 415-416 

reactions of, 416-419 

Ester condensations, 522-524 

Claisen, 522, 524, 525 

Ester interchange, 510-511 

Ester resonance, 316, 318 
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Esterification, 504-510 

Estradiol, 1108 

Estrogens, 1108 

Ethane, 102, 180 

1,2-Ethanediol, 116 

Ethanol, 115-117 

NMR spectrum of, 279, 280 

oxidation of, 754 

Ethanolamine, 422 

Ethanolysis, 412 

“Ether,” 118, 120 

Ethers, 75, 118-120 

names of, 1159 

preparation of, 414-415 

reactions of, 416-419 

Ethinyl estradiol, 463 

cis-B-Ethoxystyrene, 493 

Ethyl acetate, 134 

Ethyl acetoacetate, 315, 430, 522 

Ethyl alcohol and NMR, 279 

Ethyl benzoate, 134 

Ethyl chloride, 113 

Ethyl disulfide, 120, 419 
Ethyl ether, 120 

Ethyl isobutyrate, 523 

Ethyl malonate, 315 

Ethyl methyl ketone, 129, 130 

Ethyl nitrite, 125 

Ethyl orthoformate, 455 

Ethyl phenyl ketone, 460 

Ethyl sulfide, 120 

Ethyl! valerate, 488 

Ethylacetylene, 106 

Ethyl-4-bromobutanoate, 914 

Ethyldimethylphenylammonium bromide, 124 

Ethyldimethylsulfonium chloride, 122 

Ethylene, 104 

Ethylene chlorohydrin, 414 

Ethylene glycol, 116, 117, 137 

Ethylene glycol dimethyl ether, 119 

Ethylene imine, 187, 188 

Ethylene oxide, 119, 120, 187, 188, 419 

Ethylene sulfide, 187, 188 

Ethyleneimine, 123 

Ethylethylene, 104 

Ethylidene bromide, 113 

Ethylmethylcarbinol, 115 

Ethylmethyl-n-propylamine, 122 

Eucarvone, 1102 

Exchange reaction, proton, 277-280 

Excitation: 

in absorption spectra, 243 

electronic, 878-879 
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Excited states, 345 

decay of, 901, 903 

photochemistry and, 877-880 

Exocyclic double bond, 198 

Exothermic reactions, 62, 352 

Extraction, 10-11 

Faraday, M., 106 

Fats, 137 

Fatty acids, 1027, 1048-1049 

Favorski rearrangement, 718 

Ferric chloride, 325 

“Filled-shell’”’ conditions, 27 

Fingerprint region, 258 

First-order rate law, 378 

Fischer, Emil, 1082, 1084 

Fischer esterification, 504 

Fischer formulas, 1088 

Fischer indole synthesis, 959 

Fischer projection convention, 210-212, 216 

Fischer-Tropsch process, 110 

Flash kinetic studies, 891 

Flavonoids, 1095-1098 

Fluorescein, 882 

Fluorescence, 880-882, 884 

Fluorides, as leaving groups, 544 

Fluorine, 27-29 

Fluorocarbons, 112 

3-Fluorocyclopentene, 113 

Fluxional structures, 162 

Foltz, R. L., 944 

Formaldehyde, 128, 129 

Formalin, 128 

Formamide, 138 

Formic acid, 128, 132 

Formulas, molecular: in quantitative elemental 

analysis, 15-18 

structure and, 32-36, 82-85 

Formylation, 678 

Fragmentation, 445, 446 

in mass spectra, 281-283 

Fragmentation reaction, 600 

Fragments, identity of, in mass spectra, 285 

Free-energy diagrams, 358-360 

Free-radical polymerization, 979-982 

Free-radical reactions, 347 

Free radicals: 

names of, 1161-1162 

in photolytic reactions, 891-893 

short-lived, 817-819 

stable, 815-817 

(See also Radicals) 

Frequency units for shifts, 268 

INDEX 

Friedel-Crafts reaction, 668, 670, 673, 690 

Fries rearrangement, 676-677, 730 

D-Fructose, 211 

Fumaric acid, 132, 181 

Functional alteration, 909 

Functional groups, 71, 74-82 

carbonyl groups and, 447-450 

compounds containing, names of, 1165 

interconversions in, 927-928 

literature on, 1134-1135 

migration of, 725-729 
names of, 1173, 1174 

reactivity of, with reducing agents, 774 

simple, compounds containing, 112-127 

spectroscopy and, 287-289 

unsaturated, compounds containing, 

128-139 

Furan, 119, 954, 957 

Furanosides, 1088 

Furfural, 128, 129 

Fusion names, 1169 

Gabriel synthesis, 422 

D-Galactose, 211 

Gammexane, 829 

Gattermann-Koch reaction, 678 

Gattermann reaction, 678 

Geminal, as term, 114 

Genes, 1025 

Genetic code, 1025 

Geometry: 

coupling constant with, 276 

hybridization and, 60-61 

of second-row atoms, 794-796 

Glucaric acid, 1085 

B-D-Glucopyranose, 1090 

Glucose, 990 

in biological energy production, 1040-1041, 

1043, 1045 

structures and configurations of, 1081-1088 

D-Glucose, 211, 215 

Glucosides, 990 

Glutaric acid, 132 

Glycaric acids, 1083, 1085, 1086 

Glutaric anhydride, 135 

Glyceraldehyde, 220, 221 

Glycerol, 116, 117, 506 

Glycine, 321, 371 

Glycogen, 992 

1,1-Glycol, 116 

Glycolic acid, 132 

Glycols, 116 

Glycolysis, 1040-1045 
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Glycosides, 990, 1088 

Glycosidic carbon atom, 991, 992 

Glyoxal, 129 

Goal, ketone, 563 

Gomberg, M., 815 

Gomberg’s method, radicals and, 816 

Goodyear, Charles, 978 

Greek letters in nomenclature, 91, 92, 1166 

Grignard additions, conjugate, 482 

Grignard reagents, 126, 464-468, 486, 489, 517, 

Sulis}, SyAQ) Syall 

allylic, 723 
and carbon-carbon bond, 557 

Griseofulvin, 1094 

Group names, 1170 

Guanidine, 315, 317 

Gutta percha, 977, 978 

Gyromagnetic ratio, 266, 267 

Halide(s), 74, 465 
alkyl, 420, 620-626 
hydrogenolysis of, 770 

as leaving groups, 544 

names of, 1158-1159 

organic, 112-114 

oxidation of, 754-757 

reduction of, 780 

Sn2, relative displacement rates of, 390 

(See also Acid halides) 

Halide elimination, 583, 584 

a-Haloacids, 345 

N-Haloamide rearrangement, 730 

Haloamines, 75 

Haloform reaction, 749 

Halogen donors, positive, 624 

Halogenation(s), 748-750 

aryl halides, 658-660 

chain reactions and, 824 

Halogens, as substituents, 657 

Halohydrins, 414, 452-453, 624 

Hammett, L. P., 6 

a-Helix, 1003 

Hell-Volhard-Zelinsky reaction, 748 

Hemiketal, 165 

Heptanoic anhydride, 503 

Heteroatom bonds, four, to carbon, 484 

Heteroatoms: 

definition of, 71 

heterocycles with two or more, 996-967 

N,O,S,X, 452-453 

Heterocycles, 119, 168 

aromatic, 949-951 

benz-fused, 955-959 
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Heterocycles: 

biologically important, 967-969 

five-membered, 955-959 

literature on, 1135-1136 

six-membered, 960-964 

with two or more heteroatoms, 966-967 

Heterocyclic amines, 123 

Heterocyclic compounds, 949-973 

names of, 1176, 1177 

Heterolytic cleavage, 347 

Heterovalent resonance structures, 153-156 

Hexacyanoisobutene, 316, 317 

1,5-Hexadiene, 105 

Hexamethylbenzene, 108 

Hexanes, isomeric, 103 

2-Hexanone, 130 

2-Hexenoic acid, 177 

Hexoses, 1081 

Hoesch reaction, 677, 678 

Hoffmann, R., 839 

Hofheinz, W., 944 

Hofmann degradation, 1120, 1121 

Hofmann elimination, 584, 1120, 1121 

Hofmann rearrangement, 704-706 

Hofmann rule, 589 

Homologous series, 72 

Homolytic cleavage, 347 

Homopolymers, 975, 976 

Hooke’s law, 257 

Hormones, sex, 1108-1109 

Hortmann, A. G., 947 

Huckel, E:, 168 

Hund’s rule, 44 

Hunsdiecker reaction, 764 

Hybrid, 148 
Hybridization: 

covalent bonds and, 49-57 

geometry and, 60-61 

Hybridization changes and acidity, 317-319 

Hydrates, 453-456 

Hydration to alcohols and related compounds, 

627-632 

Hydratropaldehyde, 475 

Hydrazides, 514 

Hydrazines, 75, 131, 423 

Hydrazo compounds, names of, 1167 

Hydrazoic acid in migration to nitrogen, 

707 

Hydride(s): 

addition and, 481 

displacement by, 425 

reductions with, 773-775 

substitution by, 517-521 

Hydride donors, as nucleophiles, 458-462 
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Hydride transfer from carbon, 460-462 

Hydroboration, 635, 637-639, 711 

Hydrocarbons, 71-74, 101-112 

aromatic, 106-109 

names of, 1152-1155, 1163-1165 

normal saturated, 102 

oxidation and, 747-753 

reduction of 779-780 

in trans additions, 632 

Hydrogen: 

bonds to: and IR, 260 

and spectroscopy, 287 

NMR and, 290 

as simple molecule, 29 

B-Hydrogen, 401 

Hydrogen atom, 41-42 

Hydrogen bonding, 66, 237-240 

steric effects and, 322-324 

Hydrogen-bonding solvents, 388 

Hydrogen bromide, 113 

addition of, 828-829 

Hydrogen chloride, 113 

Hydrogen cyanide, 138 

Hydrogen deficiency, index of, 72-74 

of representative compounds, 83 

Hydrogen fluoride, 113, 327 

Hydrogen halides, addition of, 479-480 

Hydrogen iodide, 113 

in radical additions, 828 

Hydrogen nucleus in NMR spectra, 265, 266 

Hydrogenation, 87 

catalytic, 768-773 

Hydrogenolysis, 770-772 

Hydrolysates, protein, amino acids from, 997 

Hydrolysis, 412 

of carboxylic acids, 504-506 

Hydroperoxides, 75 

in radical reactions, 826, 827 

Hydroquinone, 118 

Hydroxamic acids, 514 

Hydroxide, 413 

Hydroxy-aldehyde, 165 

Hydroxybenzene, 117, 118 

y-Hydroxybutyric acid, 136 

2-S-Hydroxy-3-R-chloro-cyclohexanone, 206 

Hydroxylamines, 75, 131 

Hydroxylation, 630 

cis, 635 

1-Hydroxynaphthalene, 118 

2-Hydroxynaphthalene, 118 

a-Hydroxynitriles, 462 

B-Hydroxypropionic acid, 136 

4-Hydroxytoluene, 118 

6-Hydroxyvaleric acid, 136 

INDEX 

Hyperconjunction, 166-167 

Hypophalides, 75 

Imidazole, 123 

Imides, 138 

Imines, 78 

addition and, 487-489 

Imino compounds, 537-538 

Imino-ethers, 79, 488 

Imino-halides, 79 

Immonium cations and addition, 487-488 

Index of hydrogen deficiency, 72-74 

of representative compounds, 83 

Indexes of chemical literature, 1144 

Indole, 123 

Indole alkaloids, 1077 

Induction period in polymerization, 981 

Inductive effects, 319-321 

Infrared (IR) spectra, 231, 244, 246, 256-263, 

287 

Ingold, C. K., 6 

Inhibitors and radicals, 980 

Initiators, organometallic, 983-985 

Inner salt, 321 

Intensity of fluorescence, 881 

Interconversions: 

of aromatic substituents, 684-685 

of conventions, 212-213 

of functional groups, 557-559, 927-928 

oxidation states and, 796-799 

Intermediates, 342, 344 

Intermolecular interactions, 233-240 

Intermolecular polarization, 236-237 

Intermolecular reaction, 355 

Internal conversion, 880 

International Chemical Congress, 1149 

International Union of Chemistry (IUC), 1149 

Interorbital angles, 188 

Intersystem crossing, 880 

Intramolecular reaction, 355 

Inversion: 

of configuration, 203 

enantiomer, 222 

Iodoform reaction, 749 

5-Iodo-5-methyl-1-hexane, 113 

Ion(s): 

covalent, 36-39 

open, classical, bridged, nonclassical, and 

rearranged open, 697-699 

(See also specific name of ion) 

lon-exchange resin, 984-985 

Ion pair, 394 

Ion-radical, 281 
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Ionic bonding, 27-31 

Ionic compounds, 239-240 

Ionic reactions, 347-352 

for carbon skeleton construction, 918-919 

list and summary of, 368-371 

Ionization, 301 

in Newman procedure, 507 

lonizing power, 377 

Ionizing solvents, 387 

B-Ionone, 130, 473 

Isobutane, 103 

formula for, 102 

Isobutene, 104 

Isobutyl methyl sulfide, 419 

Isobutyraldehyde, 128 

Isobutyric acid, 132 

Isocyanates, 485 

in migration to nitrogen, 705, 706 

Isoelectric point, 997 

Isoelectronic bonding, 37, 38 

Isoelectronic structures, 36-39 

Isomer(s), 32-36, 652 

anti, 184 

cis, 182 

syn, 184 

trans, 182 

Isomer distribution in sulfonation, 663-665 

Isomer number, 207 

Isomerism, geometric, 181-184 

Isomerization, 109, 181-182 

of stilbene, 901, 902 

Isopentane, 103 

formula for, 102 

Isopentylacetylene, 106 

Isoprene, 104, 111 

dimerization of, 897 

rubber from, 977 

Isoprene units, 1070 

Isopropyl alcohol, 117 

Isopropyl fluoride, 113 

Isopropyl methyl ketone, 129 

Isopropyl thiocyanate, 419 

p-lsopropylcinnamic acid, NMR spectrum of, 

QT, 278 

trans-4-Isopropyl-3-cyclohexanol, 723 

Isopropylidene chloride, 113 

Isopropylmethylacetylene, 106 

Isopropylmethylamine, 122 

Isopropylvinylcarbonol, 115 

Isotopic atoms, 37 

Isotopic exchange reactions, 666 

Isovalent resonance structures, 151-153 

IUPAC nomenclature system, 90n., 95, 

1149-1152, 1157, 1162, 1169-1177 
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Journals, chemical, 1131, 1137, 1144-1146 

Kekulé, F. A., 3, 39 

Kekulé forms, 106-108, 148-149 

in tautomerism, 160, 162 

Kernel: 

definition of, 32 

electronegativity of, 64-65 

Ketals, 78, 453-456 

Ketoacid, 165 

decarboxylation of, 1037-1039 

Ketoalcohol, 165 

B-Ketobutyric acid, 132 

Keto-enol tautomerism, 162-163 

Ketoester, IR of, 258 

B-Ketoesters, 522-524 

Ketohexose, 1081 

Ketones, 78, 129-130 

acidity of, 315-316 

acyclic, IR of, 261 

as electrophiles, 679-681 

in migration to oxygen, 708, 709 

names of, 1160 

oxidation of, 757-758 

photolytic reactions of, 891-894 

reduction of, 781 

Schmidt reaction with, 707 

by substitution with carbanion 

organometallics, 520-521 

synthesis of, in acylation, 676-677 

Ketonic carbanions, 380n. 

Ketopentose, 1081 

Ketoses, 1081, 1084 

Ketoxime to amide, 708 

Ketyls, 819 

Kilocalories per mole, 63 

Kinetically-controlled reaction, 364 

Kinetics: 

in nucleophilic substitution, 378 

of reaction, 360, 363, 364 

Knoevenagel condensation, 474 

Kolbe, 3 

Kolbe electrolysis, 823 

Kolbe reaction, 681 

Korner, W., 652 

Krebs cycle, 1043 

Kuhn-Roth oxidation, 1124 

Laboratory study of reactions, 363-366 

Lactams, 138, 513 

IR of, 261 

Lactic acid, 132, 220 



1268 

Lactol, 165 

Lactones, 135-137, 511; 518 

hydrolysis and, 508 

Latin prefixes, 1167 

Lattice forces, 232 

Laudanosine, UV of, 254 

Law of mass action, 301 

LCAO method, 144, 145, 148 

Lead tetraacetate oxidations, 761, 762, 764, 765 

Leaving-group activity, relative, 397-398 

Leaving groups, 375, 381-382, 544-546 

LeBel, J. A., 3, 39 

Leuckart reaction, 460 

Levorotatory compounds, 201 

Lewis, G. N., 4, 6, 325 

Lewis acids, 325-326, 348, 349, 633, 659 

in organometallic polymerization, 983 

Lewis bases, 325-326, 348, 349, 983 

Life, chemistry of, 1019-1058 

Light: 

absorption of, 883 

absorption spectra and, 242-246 

(See also Spectra) 

Light of frequency, 247 

Light scattering, 1012 

Lignins, 993-994 

Linear conjugation, 146 

Lipids, 1027 
Liquids: 

intermolecular interactions in, 238 

refractive indices of, 236 

Literature of organic chemistry, 1131-1148 

abstracts, 1144 

compendia, 1138-1144 

information retrieval, 1146-1148 

primary, 1144-1145 

reference and review books, 1132-1138 

Lithium, 28 

Lithium aluminum hydride, 425, 458, 459, 

487 

Lithium compounds, 126 

Lithium reagents, 467 

Lithocholic acid, 225 

Localized electrons, 143 

Lossen rearrangement, 705 

LSD, 968, 969 

Lucas, 6 

Lucity, 463 

Lysergic acid diethylamine (LSD), 968, 969 

Lysozyme, 1032-1033 

McFadyen-Stevens decomposition, 519, 520, 

808 

Magnesium compounds, 126 

INDEX 

Magnetic field: 

in mass spectra, 281-282 

in NMR, 266-268, 274 

Magnetic moments, 879-880 

Magnetic shielding, 266 

Maleic acid, 132, 181 

Maleic anhydride, 181 

Malonic acid, 132 

Malonic ester synthesis, 433 

Maltase, 991 

Mannaric acid, 1084-1086 

Mannich base, 487 

Mannich reaction, 487, 488 

for alkaloids, 1075, 1076 

D-Mannose, 211 

Markownikoff’s rule, 622, 627, 712, 827 

Marshall, J. A., 943 

Mass spectra, 281-286, 288 

Mechanism of reaction, 342 

Mechanistic deductions, 364 

Meerwein, 6 

Meerwein-Ponndorf reduction, 460, 462, 603 

Melting point, 9, 231-232 

Menthy] chlorides, 587, 588 

Mercaptans, 75, 120, 122 

oxidation of, 767 

2-Mercaptoethanol, 420 

Mesitoic acid, protonated, 507 

Mesityl oxide, 272 

Mesitylene, 108 

Meso compounds, 209 

Messenger RNA (m-RNA), 1053, 1054 

Metabolism of cell, 1019 

universality of, 1020-1021 

Metal alkoxides, 466 

Metal chelates, 430 

Metal hydrides, 458-459 

Metalation reactions, 465 

Metals, reductions with, 776-779 

Methane, formula for, 102 

Methanide ion, 1162 

Methanol, 116 

Methol phenyl] ether, 118 

2-Methoxy-3-phenylbutane, 119 

Methyl acetate, 134, 135 

Methyl alcohol, 115 

Methyl cyclobutanecarboxylate, 136 

C-Methy] determination, 1124 

Methyl ethanoate, 136 

Methyl ether, 118 

Methyl formate, 134 

Methyl glucosides, 1088-1090 

Methyl ketones, halogenation of, 749 

Methyl mercaptan, 120 
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Methyl methacrylate, 463, 1014 

Methyl nitrate, 125 

Methyl phenyl] ether, 414 

Methy! phenyl ketone, 129 

Methyl] pheny! sulfide, 120, 153 

Methyl salicylate, 134 

Methyl! vinyl ether, 153, 155 

Methylallene, 105 

Methylamine, 122 

Methylammonium chloride, 124 

N-Methylaniline, 123 

N-Methylbenzamide, 137 

2-Methylbenzamide, 488 

Methylbenzene, 108 

2-Methyl-2-butenal, 128 

2-Methyl-1-butene, 104 

2-Methyl-2-butene, 104 

3-Methyl-1-butene, 104 

Methyl] n-butyrate, 134 

a-Methylbutyric acid, 223 

Methylearbinol, 115 

Methyleyclohexane, 191-193 

4-Methylcyclohexanone, 178 

Methylene bromide, 113 

Methylene compounds, active, 474 

3-Methyl-5-ethylcyclohexanol, 214 

Methylethylene, 104 

5-Methyl-1-hexyne, 106 

Methyllithium, 126 

Methylmagnesium chloride, 126 

Methylmagnesium iodide, 464 

2-Methyl-2-nitropropane, 125 

2-Methyl-3-pentanone, 129, 563, 564 

4-Methyl-2-pentyne, 106 

3-Methyl-4-phenyl-2-butanone, 283 

Methylphenylcarbinol, 115 

1-Methy]-2-phenylethyl, 384 

2-Methyl-phenylpentanoic acid, 133 

2-Methylpropanol, 128 

Methylpropionate, 134 

NMR spectrum of, 277 

Methyl! n-propyl ether, 118 

N-Methylpyridinium hydrogen sulfate, 124 

Michael addition, 481-482, 563, 564, 585, 

92] 

Michler’s ketone, 890-891 

Microns, 242 

Migrating groups, acyl and related, 726-728 

Migration, 697 

to carbon, 698-704 

of double and triple bonds, 720-725 

of functional groups, 725-729 

nitrogen, 704-708 

to oxygen, 708-710 
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Migratory aptitudes or preferences, 712-713 

Millimicrons, 242 

Mithochondria, 1024 

Mitosis, 1025, 1051 

Mixed melting-point depressions, 232 

Models of molecules, 177-179 

Molecular asymmetry, 216-218 

(See also Asymmetry) 

Molecular biology, 7, 1019 

Molecular change, expectation of, 84 

Molecular constitutions of fragments, 285 

Molecular formulas, quantitative elemental 

analysis and, 15-19 

Molecular-orbital diagram for carbonyl group, 

247 

Molecular-orbital (MO) method, 49, 144-148 

Molecular orbitals, 47-49 

in hybridization and covalent bonds, 49-57 

Molecular rearrangements, 697-738 

on aromatic ring, 729-732 

of derivatives of aniline, 730-732 

direction and stereochemistry of, 712-715 

in photoreactions, 901-903 

Molecular structure, 231-298 

chemical reactivity and, 299-340 

formulas for, 32-36 

nomenclature of, 90-100 

physical properties and, 231-298 

spectroscopy of, 286-292 

Molecular weight: 

in mass spectra, 284 

NMR spectra and, 272 

of polymers, 1012-1013 

ylecularity of reaction, 363 = 
Molecules: 

in biosynthesis, 1046 

classes of, 71-100 

in history or organic chemistry, 3-4 

of life, basic, 1025-1028 

monpolymeric small, 1027-1028 

shapes of, conformation and 

stereochemistry, 175-230 

unstable, 345 

Monoalkylation, 433 

Monochromatic beam, 245, 246 

Jonofunctional compounds, names of, 1171 

Monomers, 370, 371, 975, 976, 981 

Monosaccharides, 990, 1081-1088, 1091-1092 

Monoterpenes, 1070, 1071, 1101-1102 

Mooberry, J. B., 948 

Morphine, 85, 86, 1118-1121 

Morpholine, 123 

Morse curve, 47 

Multiplets, 289 
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Multiplicity, 880 

Muscone, 130 

Mustard gas, 419, 420 

Mutarotation, 1089 

Muxfield, H., 948 

Mylar, 137 

NADH, 1035-1036, 1040, 1043 

Names (see Nomenclature) 

Namometers, 242 

Naphthalene, 107, 109 

in cyclization by acylation, 673 

a-Naphthol, 118 

B-Naphthol, 118 

a-Naphthyllithium, 466 

Natural gas, 109 

Natural products, 4-5 

chemistry of, 1059-1129 

literature on, 1135-1136 

Negative logarithm, 301 

Neighboring-group participation, 398-400 

Neopentane, 103 

formula for, 102 

Neopenty! iodide, 402 

Neutrons, 26 

Nicotinamide-adenine dinucleotide (NAD), 

1035-1036, 1040, 1043 

Nitrates, 124-125 

Nitration, aryl-nitrogen bonds and, 660-662 

Nitrenes, 704 

additions of, 642 

in eliminations, 581 

Nitric acid, 125 

derivatives of, 539-540 

Nitriles, 78, 138-139, 426-427 

in carboxylic acid family, 514-516 

as substrates, 488-489 

triple bonds by elimination and, 607-608 

Nitrite anion, 394, 395 

Nitrite photolysis, 894-895 

Nitrites, 124-125 

aci-Nitro, 491, 492 

Nitro groups, 490-492 

addition and, 490-492 

and related compounds, in additions, 

633-634 

Nitroalkanes, 125, 423 

p-Nitroaniline, 313 

Nitrobenzene, 125 

Nitrobenzene resonance hybrid, 154 

m-Nitrobenzoic acid, 132 

2-Nitrobenzoic acid, 132 

Nitrocellulose, 993 

INDEX 

Nitrogen: 

addition compounds with, 456-457 

migration to, 704-708 

NMR chemical shifts in, 270 

oxidized, compounds containing, 124-126 

Nitrogen analogs, 130-131 

Nitrogen compounds: 

condensations with, 468-471 

reductions of, 782-783 

Nitrogen heterocycles, 123 

Nitromethane, 125, 316 

Nitronium ion, 633, 660 

Nitrophenols, 239 

3-Nitrophthalic acid, 132 

Nitropropane, 492 

Nitrosation, 540 

N-Nitroso, 540 

Nitrosoalkane, 125 

p-Nitrosotoluene, 125 

Nitrous acid, 125 

derivatives of, 539-540 

NMR (nuclear magnetic resonance) spectra, 

231, 265-281, 294-297, 1113, 1114, 1128 

No-bond resonance, 166 

Nomenclature, 1149-1180 

of aromatic heterocycles, 950 

common trivial names, 97 

of main classes of compounds, 90-99 

for molecular structures, 90-100 

of unstable intermediates, 346 

Nonclassical ion, 697-699 

Norrish type II split, 893 

Nuclear magnetic resonance (NMR) spectra, 

231, 265-281, 294-297, 1113, 1114, 1128 

Nuclear vibrations, 243 

Nucleic acids, 1007-1011, 1025, 1048 

Nucleophile(s), 347-350, 375, 379 

carbon, 426 

in carbon-carbon bond formation, 550, 552 

hydride donors as, 458-462 

phosphorus as, 800-802 

relative reactivity of, 393-395 

sulfur as, 807-809 

(See also Electrophile-nucleophile reaction) 

Nucleophilic additions: 

carbonyl groups, 441-500 

with heteroatoms, 452-457 

to related groups, 487-492 

and substitutions, in synthesis, 549-564 

Nucleophilic reaction mechanism types, 581 

Nucleophilic substitutions: 

and additions, in synthesis, 549-564 

aromatic, 545-549 

in carbonyl and related groups, 501-578 
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Nucleophilic substitutions: Organic chemistry; 

in related unsaturated groups, 537-542 identity and purity of substances in, 7-9 
at saturated carbon, 375-409 nature of, 1-2 

synthetic uses of, 411-440 purification and separation methods in, 9-15 
at unsaturated carbon, 444, 445, 449 quantitative elemental analysis and 

Nucleophilicity, 393 molecular formulas in, 15-19 
Nucleosides, 1007, 1011 Organolithium compounds, 464, 466 
Nucleotide pairing and self-duplication, Organomercury compounds, 634 

1051-1052 Organometallic carbanions, 517-521 

Nucleotides, 1008-1010 Organometallic compounds, 126 

Nucleus of cell, 1024 Organometallic initiators, 983-985 

Numbering and lettering, multiple, 1166 Organometallic reagents, 462-468 

Nylon, 133, 1013 Orientation of substitution, 655-658 

Orientation effects, 777 

Octant rule, 221 Orthoacid chloride, 504 
Oil of wintergreen, 134 Osazone formation, 1083, 1084 

Olefins, 103 Osmium tetroxide, 635 

Oligomers, 975 Osmotic pressure, 1012 
Oligosaccharides, 1081 Ostwald, W. F., 815 

Onium ions, 38 Oxahieaccdie2) 321 

Open-chain compounds, 71 Oxetanes, 898-900 

Open ion, rearranged, 697-699 Oxidation(s), 370, 739-787 

Opium, 1118-1119 of amines and sulfide, 767 

Opium alkaloids, 1076 double-bond, 760-762 

Oppenauer oxidation, 461, 603 radical reactions and, 826-827 

Optical activity, 201-203 reduction and, 739-787 

Optical rotation, 201 at single carbon, 747-760 

Optical rotatory dispersion (ORD), 202, 203, in synthesis, 779-783 

221-222 at two adjacent carbons, 760-766 

Optically active alcohol, 832-833 Oxidation-reduction reactions, radicals from, 

Optically active material, 201 818 

Optically pure and optically active states, 929, | Oxidation states, 739-747, 796-799 

930 Oxidative coupling, 751, 823 

Optically pure 2-phenylpentane, 929-930 Oxides, 119 

Orbital(s), 41 Oxidizing agents, common, 744, 746 

atomic, 39-47 Oxidoreductases, 1028 

s, p, and d, 42-46 Oxime, 608, 708 

bonding and antibonding, 48-49 anti-Oxime, 184 

in cycloaddition reactions, 851-853 syn-Oxime, 184 

in electrocyclic reactions, 841-845 Oxygen: 

in hybridization and covalent bonds, 49-57 migration to, 708-710 

molecular, 47-49 NMR chemical shifts in, 270 

(See also Molecular orbital) Ozonides, 87-88, 636 

pi, 54 Ozonization, 636-637 

sigma, 51 Ozonolysis, 87-89, 636-037 

m-Orbital double bonds in second-row atoms, 

790, 792 

Order of reaction, 363 Pairing, nucleotide, 1051-1052 

first-, 363 Paraftins, 72 

for hydrogenation, 769 Parent ion, 281, 282 

of Lewis bases, 348 Parr method, 19 
second-, 363 Paukstelis, J. V., 944 

Organic chemistry, 1-19 Pauli exclusion principle, 44, 45 

history and present practice of, 2-7 Pauling, L., 64 
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Pechmann reaction, 682 N-Phenyl-B-propiolactam, 138 

1,4-Pentadiene, 105 N-Phenylpropionamide, 137 

n-Pentane, 103 Phenyl! n-propyl sulfoxide, 121 

formula for, 102 Phenylsodium, 126 

2-Pentanone, 131 1-Phenyl-3-p-tolyl-1-propanone, 489 

3-Pentanone, 129 Phloroglucinol, 118, 165 

1,2,3,4,5-Pentan-penta-ol, 212 Phosgene, 534 

1-Pentene, 104 Phosphines, 75, 601, 799-801 

2-Pentene, 104 Phosphites, 601, 799-801 

Pentoses, 1081 Phosphoranes, 795 

PEP (enol phosphate), 1043 pentacovalent, 803 

Peptides, 995, 1000, 1004-1006 A Phosphorazine, 490 
Peracids, 709 Phosphorescence, 880-882, 884 

Perfume bases, 529-530 and photoreduction, 891 

Perhydro-1,2,-cyclopentanophenanthrene ring Phosphorus: 

system, 1105 as electrophile, 803-805 

Pericyclic reactions, 370, 839-876 as nucleophile, 800-802 

Periodic acid, 762 oxidation states of,- 797 

Perkin reaction, 474 sulfur and, 789-814 

Peroxides, 75 Phosphorus compounds, names of, 1160 

free radicals from, 818 Phosphorus halides, 418 

Peroxytrifluoroacetic acid, 709 Phosphorylation, 805, 1047-1048 

Perspective representation, 191 Photochemical bromination, 825 

Petroleum, 109, 111 Photochemical equivalence, Einstein law of, 

Phenanthrene, 107 883 

derivatives of, 673 Photochemical halogenation, 824 

Phenol-formaldehyde resins, 680 Photochemical reactions, radicals from, 818 

Phenolate salt, 681 Photochemistry, 877-906 

Phenolic ketones, 676 Photochlorination and halogenation, 825 

Phenolphthalein, 330 Photocycloaddition, 857 

Phenols, 115-118 Photolysis, 839 

names of, 1158 Photolytic reaction course, 848 

oxidative coupling of, 823 Photolytic reactions of ketones, 891-894 

Phenonium ion, 712 Photon, 243 

Phenyl acetate, 135 Photoreactions: 

Pheny! disulfide, 120 characteristics of, 887-889 

Phenyl mercaptan, 120 typical, 889-903 

Phenyl radical, 830 Photoreduction, 889-891 

3-Pheny] valeronitrile, 139 Photosensitization, 887 

N-Phenylacetamide, 137 Photosensitizer, 885 

3-Phenyl-2-butanol, 207 Photosynthesis, 1021, 1024, 1040 

3-Phenyl-2-butanone, 129 Phthalic acid, 132 

2-Phenyl-1-butene, 365 Phthalic anhydride, 135 

3-Phenylbutyl bromide, 421 Phthalimide, 138, 422 

Phenylearbinol, 115 Physical chemistry, 6 

1-Phenylethyl bromide, 383 Physical organic texts, 1132-1133 

1-Phenylethy! chloride, 383 Physical properties and molecular structure, 

1-Phenylethanol, 115, 202 86-87, 231-298 

A Phenylhydrazone, 490 Picric acid, 327 

Phenylmagnesium chloride, 464 Pigments, spectra of, 255-256 

1-Phenyl-1,3-pentadiene, 182-183 Pike, M. T., 943 

2-Phenylpentane, 929-930 Pinacol rearrangement, 700 

3-Phenylpentanonitrile, 139 Pinacol reduction, 777 

1-Phenyl-2-propanol, 384 Piperidine, 123 
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Pivaloyl chloride, 502 

pKa, negative logarithm, 301-311, 333-334 

348 

Placeway, C., 946 

Plane of symmetry, 198 

Plasticizer, 1014 

Plastics, thermosetting, 987 

Plexiglas, 463, 1014 

Polar compounds, 238-239 

Polarity, 388 

Polarizability, 235-236 

Polarizable electrons, 393 

Polarization, 153 

Polarized light, 201 

Polyamides, 986 

Polyenes, 104, 105 

Polyesters, 985 

Polyethers, 986 

Polyethylene terephthalate, 137 

Polyfunctional compounds, names of, 1173 

Polyglycine, 371 

Polymerization, 370 

cationic and anionic, 982-983 

free-radical, 979-982 

initiation of, 978 

rate of, and cyclization, 531 

Polymers, 370, 371 

addition, 975, 976 

biochemistry and, 1025 

condensation, 975, 976, 985-988 

cross-linked, 976 

linear, 976 

natural and synthetic, 975-1017 

physical properties of, 1011-1014 

vinyl, 977-985 

Polynucleotides, 1010-1011 

Polypeptides, 996 

Polysaccharides, 989-994, 1081 

biochemistry and, 1025-1026 

in biological energy production, 1040 

lysozyme and, 1032-1033 

Polystyrene, 108 

Ponndorf reduction, 460, 462 

Population and energy, 354 

Possession of electron pair, 742 

Potassium azide, 423 

Potassium phthalimide, 422 

Prefixes in nomenclature, 91, 92 

Probability factor, 356, 357 

Problems in organic chemistry, literature on, 

S77 

Products (see Natural products) 

Progesterone, 1108 

J 

Projection formulas, 179 
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Proof: 

chemical and physical structure, 1098-1099 

structure, physical methods in, 1113-1116 

Propadiene, 105 

Propanal, 128 

Propane, formula for, 102 

1,3-Propanediol, 116 

1,2,3-Propanetriol, 116 

2-Propanol, 117 

B-Propiolactone, 136 

Propionaldehyde, 128 

Propionanilide, 137 

Propionic acid, 132 

Propiophenone, 460 

n-Propylamine, 414 

Propylene, 104 

Propylene oxide, 119 

3-Propyl-1-hexene, 104 

n-Propylmagnesium bromide, 126 

Protecting groups, 928 

Protein(s): 

and amino acids, 995-1006 

biochemistry and, 1025 

fibrous, soluble, globular, 995 

and peptide synthesis, 1004-1006 

synthesis of, 1046, 1053-1056 

Protein chain, 1003 

Protic solvent, 388 

nucleophilicities, 393 

Proton(s), 26 

as electrophiles, 666-667 

in NMR spectra, 266-280 

Proton acceptor, 300 

Proton acid, 300-303 

Proton donor, 300 

Proton-exchange reactions, 277-280 

Proton loss, alkenes by eliminations with, 

582-597 

Proton signal, splitting in, 275 

Proton tautomerism, 162-165 

Proton transfer, 299 

Protonation, normal, 507 

Protonium ion in electrophilic addition, 623 

Pseudoasymmetry, 211 

Puckered configuration, 189, 190 

Purification methods, 9-15 

Purine, 123 

Pyranoside, 1088 

Pyrene, 107 

Pyridine, 123 

benz-fused, 964 

as resonance hybrid, 952-953 

as six-membered heterocycle, 960-964 

Pyridine oxide, 126 
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Pyrimidine, 123 

Pyrolysis, 63, 528, 595-597, 1062 

Pyrophosphates, 805 

Pyrrole, 123, 952, 954, 956, 957, 966, 967 

Pyrrolidine, 123 

Quanta, 242 

Quantitative elemental analysis and molecular 

formulas, 15-19 

Quantitative measurements, 888-889 

Quantum, 243 

Quantum states, 880 

Quantum theory, 40, 41 

Quantum yield, 888-889 

Quaternary ammonium compounds, 123 

Quaternization of amines, 584 

Quench reactions, 887 

Quenching, 363 

Quinhydrone electrode, ‘760 

Quinhydrones, 820 

Quinine, 85, 86, 1110, 1111 

Quinoline, 123 

Quinones, synthesis of, 758-760 

Quinuclidine, 327 

Racemates, 200, 205, 207, 212 

Racemic acid, resolution of, 218 

Racemic mixture, 200, 929-931 

Racemization, 222, 223, 383 

Radical additions, 827-829 

Radical coupling reactions, 822-824 

Radical ions, 819-822 

Radical reactions, 815-837 

chain reaction course of, 824 

Radical scavengers, 893 

Radicals, 346, 347 

free (see Free radicals) 

generation of, 817-822 

stereochemistry of, 831-833 

Radicofunctional names, 1158 

Radioactive study (see Tracer study) 

Raman spectra, 265 

Raney nickel, 770 

Rate of attack, relative, in electrophilic 

additions, 619-620 

Rate-controlling step, 364 

Rates of reaction (see Reaction rates) 

Rates of substitution, 653 

Rayon, 993 

Reactant, 342 

Reaction coordinate, 358, 359, 362, 378 

Reaction energies and equilibrium, 352-355 

INDEX 

Reaction rates, 360-362 

of aromatic substitution, 654 

summary of, 367-368 

and transition state theory, 356-363 

Reactions, organic, 341-374 

competitive, 401-404 

laboratory study of, 363-366 

literature on, 1134-1135 

order of, 363 

substitution (see Substitution) 

Reactivity: 

aromaticity and, of heterocycles, 952-953, 

955 

of functional groups with reducing agents, 

774 

molecular structure and, 299-340 

order of, for hydrogenation, 769 

(See also Order of reaction) 

relative: of carbonyl groups, 450-451 

of nucleophiles, 393-395 

in substitution, 387-398 

(See also Reaction rates) 

Reagents, 342, 347, 353 

acid and base, 331 

electrophilic, 613, 614 

Grignard and related, 464-468 

(See also Grignard reagents) 

Rearrangements, 343, 370, 401 

allylic, 721-722 

carbonium-ion, 402 

direction of, 712-715 

molecular, 697-738 

sigmatropic, 860-868, 872 

useful in synthesis, 920 

Redox systems, 980 

Reducing agents, 745, 746, 774 

Reductions: 

with hydrides, 773-775 

with metals, 776-779 

oxidation and, 739-787 

in synthesis, 779-783 

Reference books of organic chemistry, 

1132-1138 

Reformatsky condensation, 467, 557 

Rehybridization, 843 

Reimer-Tiemann reaction, 682 

Relative reactivity: 

of nucleophiles, 393-395 

in substitution, 387-398 

Replacement names, 1175, 1176 

Replicate names, 1167 

Replication, 1051-1056 

Research literature, reviews of, 1137-1138 

Reserpine, 934-940, 1111 
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Resins: 

in condensation polymers, 986-988 

ion- and anion-exchange, 984-985 

(See also specific name of resin) 

Resolution of racemic mixture, 200 

Resonance: 

dipole moments and, 234, 235 

IR and, 259 

in NMR spectra, 279 

in Sn1 and Sj2 reactions, 391 

Resonance effects, 312-319 

Resonance energy, 147, 149-151 

Resonance hybrids, 148, 952-953 

Resonance method, 148-159 

versus tautomerism, 159-167 

Resonance-stabilization, 151 

Resonance structures, 156-159 

Resorcinol, 118, 165 

Restricted rotation: 

double bonds, 179-184 

single bonds, 184-187 

Retention of configuration, 222 

Review books of organic chemistry, 

1132-1138 

Ribonucleic acids (RNA), 1007-1010, 1024, 

1025, 1053-1056 

Ribonucleoside, 1010 

D-Ribose, 211 

L-Ribose, 211 

Ribosomes, 1024 

Ring(s): 

antiaromatic, 168 

aromatic: rearrangements on, 729-732 

reduction of, 776, 778, 780 

cyclization and, 529-531 

heterocyclic, 949-953, 955-964 

larger, 529-531 

medium, 196-197 

saturated, 197 

of steroids, 1105-1107 

in synthesis of epiandrosterone, 924 

three-membered, 615-618 

unsaturated, 197-199 

Ring-chain tautomerism, 165 

Ring-closing reactions, 911-913, 915, 916, 924, 938 

Ring compounds, four-membered, 857-858 

Ring current, 168 

induced aromatic, and shielding, 273 

Ring reactivity, 960-961 

Ring size: 

by cycloaddition, 853-859 

effect of, on C=O absorptions, 258 

Ring systems: 

fused, 107 

1275 

Ring systems: 

involved, of reserpine, 934, 936-938 

simple aromatic, 107 

unsaturated monocyclic, 169 

RNA, 1007-1010, 1024, 1025, 1053-1056 

Robinson, 6 

Robinson, 1112 

Robinson annellation, 482, 921 

Rosenmund reduction, 519, 520, 769 

Rotamers, 186 

Rotation: 

around bonds, 57 

of enantiomers, 201-202 

Rubber, 111, 977-978 

Rubber latex, 978 

Ruzicka, 529 

Salicylic acid, 132 

Salt pyrolysis, 912 

Sandmeyer reaction, 547 

Saponification, 505 

stepwise, 508 

Saturation, 71, 73, 87 

Saytzeff rule, 589, 592 

Scale model, 177 

Schmidt rearrangements, 707 

Schneider, R. S., 948 

Scopolamine, 1111 

Second-order rate law, 378 

Second-row elements, sulfur and phosphorus, 

789-814 

Secular determinant, 147 

Sedimentation rate, 1012 

Selectivity in functional-group 

interconversions, 927-928 

Selectivity control, 559-560 

Self-duplication, nucleotide pairing and, 

1051-1052 

Semicarbazide, 131 

Semiquinones, 820 

Separation methods, 9-15 

Sesquiterpenes, 1070, 1071, 1103 

Shell number in atomic orbitals, 43-44 

Shielding in NMR spectra, 269, 270, 273 

Shift(s): 

bathochromic, 248 

NMR, 267-271, 279, 289 

in UV and VIS spectra, 247, 248 

1,2-Shift: 

of carbon group, 402 

in skeletal rearrangment, 697 

Side chain, oxidation of, 751 

Side chain reactivity in pyridine, 961-963 
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Side products, 342 

Sigma orbitals, 51 

Sigmatropic rearrangements, 860-869, 872 

Singlet state, 345n. 

Singlet-triplet absorption, 885 

Singlets, 879-880, 885 

Skeletal atoms, 67 

Skeletal rearrangements: 

electron-deficient, 697-712 

electron-rich (anionic), 716-719 

Skeleton (see Carbon skeleton) 

Sn1 reaction, 378, 381-384, 386-392, 394, 395, 

397, 398, 401, 402, 411, 412, 415-417, 505 

Sn2 reaction, 378, 381, 384-388, 390-395, 397, 

401, 402, 411-413, 415, 417, 418, 721-722 

Soaps, 506 

Sodamide, 427 

Sodium benzyloxide, 415 

Sodium borohydride, 459, 775 

Sodium hydride, 458 

Solid-phase peptide synthesis, 1006 

Solubility, 233, 240 

Solvation, 240, 383 

Solvent effects, 387-388 

Solvents, 388 

Solvolysis, 377 

relative, rates of, 389 

Solvolytic elimination reaction(E;), 592-594 

Sommelet rearrangements, 718 

Sorbitol, 1082 

Space-filling model, 177 

Spanish fly, 924 

Specific rotations, 202 

Spectra: 

infrared (see Infrared spectra) 

mass, 281-286, 288 

NMR (see Nuclear magnetic resonance 

spectra) 

Raman, 265 

UV (see Ultraviolet spectra) 

VIS, 246-256 

Spectrometer: 

mass, 282 

NMR, 267 

Spectrophotometer, 245 

Spectroscopic methods, 1113-1115 

Spectroscopic solution of structure problems, 

286-292 

Spin conversion principle, 888 

Spin coupling, 274-277, 279, 280 

Spin decoupling, 277 

Spin rates of NMR spectra, 266 

Splitting, 274-278, 289 

Staggered conformations, 184-186 

INDEX 

Stannic chloride, 325 

Starch, 991 

Starting materials, 342 

in organic synthesis, 910-911 

synthetic, 563 

Stepwise B-elimination, 584 

Stereochemical control, 932-933 

Stereochemical features of reaction, 342-343 

Stereochemistry, 382-386 

of addition, 614-620 

carbonyl, 446-447 

conformation and, shapes of molecules, 

175-230 

of elimination reactions, 585-589 

in organic synthesis, 929-940 

of radicals, 831-833 

of rearrangement, 712-715 

of strychnine, 1116-1117 

Stereoisomerism, 176, 224-225 

Stereoisomers, 176, 207-211, 931, 932 

in cyclic compounds, 213-216 

separation, determination, and 

interconversion, 218-225 

Stereomers, 207 

Stereoselective reaction, 343 

Stereospecific reaction, 343 

Stereospecificity, major reactions useful for, in 

synthesis, 932-933 

Steric acceleration, 507 

Steric effects and hydrogen bonding, 322-324 

Steric hindrance, 184, 390 

and cyclic olefins, 617-619 

peri-Steric hindrance, 665 

Steroids and terpenes, 1070-1074 

biosynthesis of, 1101-1109 

Stevens rearrangements, 716-717 

Stilbene, 901 

Stobbe condensation, 476, 557 

Stork, G., 945 

Strain in cyclic compounds, 189 

Strain energies, 175 

Stretching vibration of atoms in IR, 256-257 

Structural isomers, 176 

Structure, molecular (see Molecular structure) 

Structure determinism, 82-90, 1060-1064 

Strychnine, 85, 86 

stereochemistry of, 1116-1117 

Styrene, 108 

Substituent effects on rates of substitution, 

653 

Substituents: 

added, orientation and position of, 615-617 

aromatic, interconversions of, 864, 865 

order of, 1171 
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Substitution, 343, 369, 401 

aromatic, 830-831 

electrophilic (see Electrophilic substitution) 

by hybrids and organometallic carbanions, 

517-521 

nucleophilic (see Nucleophilic substitution) 

relative reactivity in, 387-398 

at saturated carbon, 824-827 

vinylogous (see Vinylogous substitution) 

Substitutive names, 1162-1163 

Substrate(s), 342 

nitriles as, 488-489 

relative solvolysis rates for, 389, 390 

triple-bonded, 541 

Subtractive names, 1168 

Succinic acid, 132 

Succinic anhydride, 135 

Succinimide, 138, 314 

Succinyl chloride, 135 

Suffixes in nomenclature, 91 

Sugars, 990, 1026 

biosynthesis of, 1081-1092 

Fischer projection formulas of, 211 

stereoisomerism in, 215-216 

(See also Glucose) 

Sulfhydryl groups, 122 

Sulfides, 75, 120, 799 

oxidation of, 767 

Sulfinic acid, 121, 799 

Sulfonamide, 121 

Sulfonate esters, 121, 384 

Sulfonation, aryl-sulfur bonds, 663-666 

Sulfones, 121 

Sulfonic acids, 121, 122, 799 

derivatives of, 539 

Group II and, 79 

Sulfonium salts, 121-122 

Sulfonyl chlorides, 121, 539 

Sulfonyl group: 

electrophile and, 810 

nucleophile and, 807 

Sulfoxides, 121 

Sulfur: 

addition compounds with, 456-457 

as electrophile, 810-811 

as nucleophile, 807-809 

oxidation states of, 798 

phosphorus, 789-814 

Sulfur compounds, 120, 419-420 

names of, 1160 

Sulfur derivatives of acids, 511 

Sulfur halogens, NMR chemical shifts in, 270 

Sulfur trioxide, 810-811 

Sulfuric acid, 120 

277 

Sulfurous acid, 120 

Suprafacial rearrangements, 861, 862, 869-872 

Symmetry, 198-200 

axis and plane of, 845, 847 

(See also Asymmetry) 

Symmetry-allowed and symmetry-forbidden 

rearrangement reaction, 840, 861-862, 

871-873 

Synchronous reaction, 341 

Synthesis, organic, 907-948 

additions and eliminations in, 642-644 

of aromatic compounds, 683-687 

design of, in carbon-carbon bond forma- 

tion, 561-564 

of heterocycles, 957-958, 963-964 

literature on, 1135 

nucleophilic additions and substitutions 

in, 549-564 

oxidation and reduction in, 779-783 

Synthetic and natural polymers, 975-1017 

Synthetic uses of nucleophilic substitutions, 

411-440 

Synthons, 557, 561-563, 909 

Tartaric acid, 132, 208, 209 

Tautomerism, 159-167, 328-329 

ring-chain, 215 

second-row elements and, 797, 798 

Tautomers, 160 

Teflon, 113 

Terephthalic acid, 137 

Terminal-tagged protein, 999 

Terminology in organic reactions, 341-347 

(See also Nomenclature) 

Terpenes: 

biosynthesis of, 1101-1109 

steroids and, 1070-1074 

Terylene, 985 

Testosterone, 1109 

Tetracid, synthesis of, 913-916 

Tetracyanoethylene, 327, 328 

radical anion from, 820 

Tetrahedral carbon, 200 

Tetrahedral hybridization, 50-51 

Tetrahydrofuran, 119, 120, 414 

N,N,3,5,-Tetramethylaniline, 123 

1,2,4,5-Tetramethylbenzene, 108 

Tetramethylene iodide, 113 

Tetramethylethylene, 104 

Tetramethylsilane, 268 

Tetranitromethane, 327 

Tetraterpenes, 1070, 1072 

Thebaine, 1076, 1077 
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Theoretical organic texts, 1132-1133 

Thermal eliminations, 595-597 

Thermal reaction course, 848 

Thermodynamics of reaction, 360 

Thermolysis, 595 

of cyclobutenes, 841 

Thermoplastic resins, 987 

Thermosetting plastics, 987 

Thials, 78 

Thiamine, 967-968, 1037, 1038 

Thioalcohols, 75, 120 

Thioaldehydes, 78 

Thiocarbonyl groups, 79 

Thioethers, 75, 120 

Thioketal reduction, 781 

Thioketones, 78 

Thiol acids, 511 

Thiol esters, 511 

Thiols, 75, 120 

addition of, 480 

and related C—S compounds, 419-420 

Thiony] chloride, 418, 502, 503 

Thiophene, 954 

Thiophenol, 120 

Thorpe reaction, 527-528, 531, 912 

Three-membered intermediate, 615-618 

Threose, 210 

Toluene, 108 

p-Toluenesulfony! chloride, 418 

p-Toluic acid, 486 

2-p-Tolylmercapto-trans-2-butene, 493 

Torsional stereoisomerism, 217 

Torsional strain, 185 

Tosyl chloride, 418 

Tosylate, 384 

Tosylhydrazone, 808, 809 

reduction of, 781 

Tracer studies of biosynthesis, 1117-1122 

Trans addition, 616 

Trans antiparallel arrangement, 585, 715 

Trans-diaxial orientation, 586, 587 

Trans-diaxial substituents, 617, 618 

Trans elimination, 586 

Trans-periplanar arrangement, 585 

Trans-periplanar elimination, 589 

Transesterification, 510-511 

Transfer RNA (t-RNA), 1054-1055 

Transferases, 1028 

Transition points, 231-233 

Transition states, 367 

in substitution, 655, 656, 658 

theory of, 356-363 

Transition times, NMR, 279 

Transitions in UV and VIS spectra, 247, 250 

INDEX 

Transmission, light, 244 

Trialkylboron-amine compounds, 325 

Triazene, 424 

Tricarboxylic cycle, 1043 

Trichloroethylene, 113 

Tricyanomethane, 316, 317 

Trienes, 104 

Triethanolamine, 422 

Triethylamine, 326, 327 

Trigonal bipyramid, 795 

Trigonal hybridization, 52, 53 

1,3,5-Trihydroxybenzene, 118 

Trimethylacetaldehyde, 460 

Trimethylamine, 122, 126, 325 

1,3,5-Trimethylbenzene, 108 

Trimethylboron, 325, 326 

Trimethylcarbinol, 116 

Trimethylene bromide, 433 

Trimethylene glycol, 116 

Trimethylene oxide, 119, 426 

2,4,6-Trinitrotoluene (TNT), 125 

Triols, 116 

Triphenylcarbinol, 116 

Triphenylmethane, 316 

Triphenylmethane dyes, 816 

Triphenylmethyl sodium, 465 

Triple bond (see Bonds) 

Triple-bonded substrates, 541 

Triplet state, 345n. 

in energy transfer, 885, 886 

Triplets, 879-880 

Tristearin, 137 

Triterpenes, 1070, 1072, 1074, 1104 

Tropine, 1111-1113 

Tropinone, 487 

Tropylium ion, 168n. 

Tryptophan, 1077 

Ultracentrifuge for cell study, 1024 

Ultraviolet (UV) spectra, 231, 244, 246-256, 

TS ASS : 

of carvone, 250 

structural problems and, 287 

Ultraviolet maxima, 249 

Unactivated centers, reactions at, 894-896 

Unimolecular nucleophilic substitution (Sy1) 

378, 381-384, 386 

Unimolecular reactions, 887 

Unsaturated functional groups, 128-139, 

537-542 

Unsaturated rings, 197-199 

Unsaturation, 71, 73, 87 

Usnic acid, 1068 



INDEX 

Valence-bond (VB) method, 144 

(See also Resonance method) 

Valence tautomerism, 160-162 

n-Valeric acid, 132 

6-Valerolactone, 136 

vanTamelen, E. E., 944, 946 

van't Hoff, J. H., 3, 39, 50 

Vibration frequency in IR, 257 

Vibrational energy, 880-881 

Vibrations, symmetrical, in Raman spectra, 

265 

Vicinal, as term, 114 

Vicinal dibromide, 816 

Vicinal protons, 274-276 

Vilsmeyer reaction, 679 

Vindoline, 1113-1116 

Vinyl alcohols, 116 

Vinyl fluoride, 153 

Vinyl polymers, 977-985 

Vinylbenzene, 108 

Vinylborane, 639 

Vinylogous addition, 445, 449, 479-483 

Vinylogous enolization, 433n., 445, 446, 450, 

451 

Vinylogous substitution, 542-544, 721 

Viruses, 1056 

Visible (VIS) spectra, 246-256 

Vital force conception, 1-3 

Vitamin A, 927, 928, 1103 

Vitamin B, 1037, 1038 

von Braun reaction, 541 

Vulcanization, 978 

Wagner-Meerwein rearrangement, 700 

Water gas, 110 

Watson, J. D., 1025 
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Watson-Crick hypothesis, 1051, 1052 

Wave function, 41, 42, 45, 49 

Wave mechanics, 41 

Wavelengths: 

in absorption spectra, 242-245 

in electronic excitation, 879 

of maxima, 248-249 

in UV and VIS spectra, 248, 250, 257, 258 

Waves, electron, 40-41 

Williamson synthesis, 414 

Wittig reaction, 476, 717 

Wittig reagents: 

and carbon-carbon bond, 557 

phosphorus and, 800, 801 

Wohler, F., 2, 3 

Wolff-Kishner reduction, 781 

Wolff rearrangement, 701 

Wood, lignin from, 993-994 

Woodward, R. B., 5, 839, 934, 967 

Wurster radical cations, 821 

X-ray diffraction, 87, 221, 1013 

Xanthate pyrolysis, 595 

m-Xylene, 108 

o-Xylene, 108, 151 

p-Xylene, 108 

Yields in organic synthesis, 909-910 

Ynamines, 486, 541 

Ziegler, K., 983 

Ziegler system, 983-984 

Zinc chloride, 325 

Zinc compounds, 567 

Zwitterion, 321 
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TABLE 2-1 | Normal Bond Lengths (angstroms) 

H-C 109A C=C 135A. C=C goog 
H—N _- 1.00 CaN 30 C=N 4.16 

H—O 0.96 C—O 122 a 

CG 454 i 
CoN 14.47 . 
C—O 1.43 : 

C—Cl $1.76 x 

C—Br 1.94 : 

C—I 2.14 a 

TABLE 2-3 Electronegativities of Atoms 

Kernel charge: +1 +4 eS +6 Be 

H Cc N O rE 
22 25S 3Oy ee 

Si PaaS 
1.9 ZZ, aoe 3.0 

\ "Be oe 
A oe 5 

\ 3 ig 

TABLE 6-2. Axial-Equatorial Energy Differences 
for Substituents on Chair Cyclohexane 

substituent AF, kcal/mole Substituent AF, iccal/ mole: 
Sr et tte ee ee aR eee nde i art a ee eas CS 

—CH, L7 Cl, Br, I 0.5 
~CHCH "is OH, OR 0.7 
—C(CH)), Very large COOR(H) ii 
—CH, 34 CN 0.2 



TABLE 2-2. Average Bond Energies (kilocalories per mole at ae 

Diatomic niolecules 

HoH 104 He 135 FF 37 
OO. 2179 H---Cl - 103 Cl—-Cl 58 
NoUON 226°) HBr ee BeBe ae 

Hel 71 Ae 

Covalent bonds in larger molecules 

HC 99) CC 835 C=C te Coes 
H-N. 93° CN 973  C2N [47 CON 373 
HO lit €-O 66 © OF 175. : 
H-5 88 CS 65 © -5e 128 
N--N_. 39 CF... 1163 2 N=N =<200 
NEO. oe ee a Bt N=O] 145 
O:-O' 35°. CBr 68 : 
$.-5 = $4 Go] Si 

tIn-C— COLE compounds, C-—CO-—H is 176°) 
+tIn S + CS, catbon disulfide. 

_ The following figures and tables are most often needed for reference 

eos 

Ma 107 
eg eae 

6.13. Conformational Analysis of a Gal suned Cyclohexane 194 

78. Calcmanon of 2 Vy, Maxima for Conjugated Chromophores 249) 
i. 745 NMR Chemical Shifts 270 

12.3. Related Functional Groups and Their enolic Forms Aas 

13.9 ora of Major Carbonyl Reactions 566, 567 

"TABLES | . 
7.6. Antrared Absorptions oben By eteanrociera Value 2 260-204 So 

8.2 . Scale of Acidities 304-307 ye 

(791, . Relations of Population and Energy for a rguilibr bs “Bat 25 oe 

/ 30.4* Relative Solvolysis ($,1) Rates for Different cee a 

“10.5 Relative Displacement Rates of Halides (5,2) 390 : 

10:6 Average Nucleophilicities in Protic Solvents ‘(Rilative Rates for o 2) 395 : « 
Average Relative Rates for Leaving Groups. Be. Ce - | 

‘Oxidation States of Carbon in ae Compatinds 740, Ta 

Important: charts for use in synthesis designs are Histed ay och aptet 2 3 | ee 
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